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Preface 

"Nitrogen" Suppt. Vol. B 1 describes the compounds of nitrogen with noble gases and, 
in the major part, binary compounds composed of one nitrogen atom and hydrogen. Nitrogen
hydrogen compounds with two and more nitrogen atoms are covered in "Nitrogen" Suppt. 
Vol. 82. 

There is some information on various nitrogen-noble gas species, to a large extent 
because of the interest in their bonding behavior. Experimental data have been obtained 
chiefly for some singly charged cations, particularly those formed by argon Like ArN + and 
ArNi. The existence of others has only been established by mass spectrometry. 

The binary compounds of nitrogen and hydrogen comprise NH, NH 2 , NH 4 , NH 5 , the corre
sponding ions, and some adducts. NH 3 and NH1 are not treated. The predominant part 
of the volume covers the description of the molecules NH and NH 2 . 8oth species are present 
in photolytic processes in the atmosphere. They play an essential role in combustion systems 
regardless of whether the nitrogen stems from the nitrogen-containing fuel or from the 
air. Thus, much work has been devoted to the understanding of the nitrogen chemistry 
in combustion and in the atmosphere. The production and detection methods as weiL as 
the reactions have been comprehensively described. ln addition detailed information is 
given on the spectral behavior, the knowledge of which is important for detecting the mole
cules and for studying their kinetics. 

Frankfurt am Main 
November 1993 

Peter Merlet 
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Compounds of Nitrogen 

1 Compounds of Nitrogen with Noble Gases 

Species composed ol nitrogen and noble gases are described in the lollowing chapter. 
They are variably called compound, van der Waals complex, exciplex, or cluster and are 
unilormely written like a true chemical compound regardless ol the kind ol interaction be
tween nilragen and noble gas. Neutral species are treated lirst; the more important ions, 
particularly singly charged cations, lollow. 

There is not much inlormation on neutral nitrogen-noble gas compounds except some 
indications that a Iew weakly bound van der Waals complexes and exciplexes do exist. 

Nitrogen-noble gas monocations have been detected mass-spectrometrically lor the 
noble gases He, Ne, Ar, Kr, and Xe; some ol them have also been studied spectroscopically. 
The major portion ol this chapter deals with cations lormed by argon. They comprise simple 
molecular cations such as ArN +, ArN~ as well as cluster ions ol the type Ar mN~" with 
m up to 15 and n up to 23. 

Quantum chemical calculations predict that most dications are metastable with respect 
to Charge-separation reactions. But some exhibit signilicant dissociation barriers which 
should make them even detectable. ln lact, the doubly charged XN 2 + cations with X=Ne, 
Ar, Kr, and Xe could recently be identified in a charge-stripping mass-spectrometric experi
ment. 

Only a Iew theoretical studies on trications have been made. They predict unbound 
or metastable ionic states. 

HeN-, the only nitrogen-noble gas anion described, is predicted tobe unbound. 

1.1 Neutral Nitrogen-Noble Gas Compounds 

HeN 

GAS Registry Number: {71159-49-4] 

Ab initio MO SGF calculations showed that the ground state HeNeii) is unbound [1]. 
GND0/2 calculations ol the binding energy and equilibrium distance were reported in [2]. 

NeN 

GAS Registry Number: -

So lar, there seems to be no experimental evidence for the existence ol NeN. Neon 
crystals doped with nitrogen only showed emission lines ol nilragen in the luminescence 
spectrum in cantrast to nitrogen-doped argon crystals where emission lrom an ArN* exciplex 
was observed [3]. 

Gmelin Handbook 
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2 ArN, ArN 2 , XeN 

ArN 

GAS Registry Number: {68078-25-1] 

The vacuum ultraviolet emission spectrum of solid argon doped with nitrogen showed 
a broad band with a maximum at 163 nm which is attributed to a transition from an ArN* 
exciplex to the unbound ground state (4 L-> 4 L). This band has its maximum intensity at 
a concentration of 0.25 mal% N2 . ArN* is thought to be formed by a neutral argon atom 
and an excited nitrogen atom via ArC S) + N(4 P)-> ArN( 4 L). A minimum distance of 1.93 Ä 
and a depth of the energy potential curve of 94.6 kJ/mol were estimated [3]. 

ArN2 

GAS Registry Numbers: [53169-18-9], [52692-00-9] 

ArN 2 van der Waals molecules were formed by expanding typically a mixture of 300 
Torr N2 , 150 Torr Ar, and 1100 Torr He through a 10 J.Lm supersonic nozzle and detected 
by monitaring the decomposition process of the corresponding cation [4, 5]; cf. p. 5. 
Ar mN 2 n clusters with m, n ~ 1 arealso accessible by this method [6]. ArN 2 was also identified 
in mixtures of argon and nitrogen at high pressures and temperatures near the normal 
boiling point of argon. A discrete infrared absorption of ArN 2 which was recorded with 
a lang path cell maintained at 87 K broadened and diminished with increasing temperature. 
The spectrum of ArN 2 showed similar features as the N2 spectrum. The NN stretching fre
quency was shifted by 0.2 cm -l to lower wavenumbers. The prominent fine structure in 
this region was assigned to the hindered internal rotation of the N2 moiety in the complex 
with a rotational barrier of 238 J/mol. AT -shaped equilibrium geometry with the N-N bond 
perpendicular to the N2-Ar van der Waals bond axis was concluded from the fine structure. 
The bond length N2 -Ar was estimated tobe 3.9 Ä [7]. 

An ArN 2 species in Ar-N 2 mixtureswas mass spectrometrically observed earlier [8]. 

XeN 

GAS Registry Number: [119188-64-6] 

A XeN* exciplex was formed by microwave discharge through a mixture of NeP) and 
Xe atoms. Emission bands observed at 1040 and 350 nm were attributed to a bound-bound 
transition and to a transition into a repulsive state according to XeNeP)-> XeNeo) + hv(IR) 
and XeN( 2 P)-> XeN( 4 S) + hv(UV). The ratio of the band intensities was found to be ~ 20: 1 
[9]. 

The emission band system at 475 to 492 nm observed in a discharge through a Xe-N 2 

mixture was assigned to XeN transitions, because this band system only appeared in dis
charges of nitrogen-xenon mixtures [10 to 12]. 

References: 

[1] Liebman, J. F.; Allen, L. G. (J. Am. Ghem. Soc. 92 [1970] 3539/43). 
[2] Macias, A.; Marin, G. (An. Quim. 73 [1977] 472/7). 
[3] Poltoratskii, Yu. B.; Fugal', l. Ya. (Fiz. Nizk. Temp. [Kiev] 4 [1978] 783/9; Sov. J. Low 

Temp. Phys. [Engl. Transl.] 4 [1978] 373/5). 
[4] Stephan, K.; Märk, T. 0. (Ghem. Phys. Lett. 87 [1982] 226/8). 
[5] Stephan, K.; Märk, T. 0. (lnt. J. Mass Spectrom. Ion Phys. 47 [1983]195/8). 
[6] Ding, A.; Futrell, J. H.; Gassidy, R. A.; Gordis, L.; Hesslich, J. (Surf. Sei. 156 [1985] 

282/91). 
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HeN+,HeN; 3 

[7] Henderson, G.; Ewing, G. E. (Mol. Phys. 27 [1974]903/15). 
[8] Leckenby, R. E.; Robbins, E. J. (Proc. R. Soc. London A 291 [1966]389/412, 398). 
[9] Vilesov, A. F.; Pravilov, A. M.; Smirnova, L. G. (Opt. Spektrosk. 65 [1988] 896/8; Opt. 

Spectrosc. [Engl. Transl.]65 [1988] 529/30). 
[10] Herman, L.; Herman, R. (Nature 191 [1961] 346/7). 

[11] Herman, L.; Herman, R. (Nature 193 [1962]156/7). 
[12] Herman, L.; Herman, R. (J. Phys. Radium [8]24 [1963]73/5). 

1.2 Singly Charged Cations 

HeN+ 

CAS Registry Number: [11092-10-7] 

Cluster ions of HeN +, probably (HeN) + (N2 )n and/or (HeN 3 ) + (N 2 ), were observed as satel
lites in the secondary ion mass spectrum of solid nitrogen first bombarded with low-energy 
helium atoms and later probed with heavier ions, for example argon ions [1]. Theoretical 
studies were performed to examine the structure and stability of HeN +. The most relevant 
studies so far used the fourth-order M0Uer-Plesset perturbation theory (MP4) [2 to 4]. The 
following table lists values for the internuclear distances r e• the excitation energy ~E, 
the dissociation energy D, and the vibrational frequency v which were calculated for 
the ground-state HeN+(x 3~-) (--+Hees)+N+eP)) and the excited-state HeN+em 
(--+HeCS)+N+eo)) [4]: 

state 

HeN+(x 3~-) 
HeN+em 

1.749 
1.007 

~E in kJ/mol 

829.4 

0 0 in kJ/mol 

15.5 

Dein kJ/mol v in cm- 1 

17.2 
288.3 

250 

HeN+ in its ground state represents a van der Waals complex, whereas in the excited 
state HeN+ is covalently bound [4]. An earlier computation at an ab initio SCF levellikewise 
yielded a weak bond in HeN+(X 3~-) of about 7 kJ/mol [5]. Other ab initio MO SCF calcula
tions yielded a weakly bound ground state, one highly and two very weakly bound excited 
states [6]. CND0/2 calculations of the binding energy and equilibrium distance were reported 
in [7]. 

HeN2'" 

CAS Registry Number: [117268-50-5] 

HeN; ions were created in a pulsed supersonic expansion jet (N 2 /He ratio 1 :200) crossed 
close to the nozzle by an electron beam [8]. 

The photodissociation spectrum of HeN; recorded in the 391-nm region exhibits two 
major vibrational bands: the strenger band is almost coincident with the 8 2~~ +-X 2~; 
origin transition of N;, while the weaker one, displaced 195 cm - 1 to higher energy from 
the more intense band, is a hot band of HeN; which is associated with the 1-1 transition 
of N;. The similarity of this spectrum with that of N; was interpreted by the ion being 
essentially a free internal rotor in both X and 8 electronic states. These results [8] confirmed 
the predicted absence of an appreciable barrier to rotation [9]. 

The two-dimensional interaction potential of the N;(x 2~;)-He(X 1S) system was 
obtained from highly correlated ab initio MCSCF-CI calculations. The well depth, determined 
to be about 140 cm- 1 (0.017 eV), confirms a possible bound HeN; ion. The well depth 
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is nearly independent of the angle formed between the axis of the He atom to the center 
of mass of Ni and the N-N bond axis. Rovibrational calculations were performed and 
yielded band origins, rotational constants, and stretching frequencies. Dipole moments of 
the ion were calculated relative to the center of mass [9). 

Studies of the vibrational excitation of Ni ions in collisions with He gave a rough estimate 
of 0.026 eV for the ion-molecule interaction energy in HeNi [10). 

NeN+ 

GAS Registry Number: [11092-18-5] 

NeN+ was obtained from an equimolar mixture of neon and nitrogen by electron ioniza
tion and was observed as the precursor of NeN 2 + in a charge-stripping mass spectrometer 
experiment [11]. 

Gomplete active space (GAS) SGF plus second-order configuration interaction (SOGI) 
calculations [12) and MP4 calculations [13, 14] were performed. The following table lists 
values for the internuclear distance r e' dissociation energy D, ionization energy E;, and 
spectroscopic constants for NeN + eL -) (--> NeC S) + N + eP)): 

re 
in A 

1.746 
1.767 

Oe Da 
in kJ/mol 

45.3 
38.4 36.0 

E; 
in eV 

26.6 
26.3 

V 

390.5 
393 

ffieXe Be 

all in cm- 1 

10.944 0.657 

Ref. 

[12) 
[14) 

Earlier ab initio MO SGF calculations were performed for NeN + in five electronic states, 
the weakly bound ground state, one highly, one weakly bound, and two unbound excited 
states [15]; seealso [6]. GND0/2 calculations of the binding energy and equilibrium distance 
were reported in [7]. 

ArN+ 

GAS Registry Number: [71159-51-8] 

The formation of ArN +, observed mass spectrometrically in mixtures of Ar with N2 [16 
to 18), probably occurs via (Ni)*+Ar-->ArN+ +N [16, 17). ArN+ ionsform in collisions of 
nitrogen with photoionized argon in the center-of-mass energy range of 8.2 to 41.2 eV. 
ArN+ is probably formed via a nearly collinear arrangement Ar+ ···N-N [19). ln secondary 
ion mass spectra of solid N2 with a 4-keV argon ion beam, weak peaks were assigned 
to ArN + and Ar Ni, and a very weak peak to Ar(N 2)i [1). 

ArN+ was also formed by collision-induced dissociation of ArNi and ArNH~ [18]. 

ArN+ was predicted tobe covalently bound in its ground state [14]. Molecular constants 
were calculated for ground-state ArN +(X 3L -) (-->Ar+ N +) using the higher-order Moller
Ptesset perturbation theory [14, 20) or the GASSGF [20) and GASSGF/SOGI procedures [21). 
The following table lists values for the internuclear distance r e, dissociation energy D, and 
spectroscopic constants: 

re 
in A 

1.869 
1.905 

Do 
in kJ/mol 

182 
121 

532 
515 

ffieXe Be 
all in cm- 1 

2.6 0.47 
5.0 0.45 

0.0043 
0.0044 

Ref. 

[21) 
[20) 

GND0/2 calculations of binding energy and equilibrium distance were reported in [7]. 
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An appearance potential of 22.2 eV was determined [17]. The ionization energy, 
E;=20.7±2.5 eV, was obtained from charge-stripping experiments [11]. 

Potential energy curves were calculated with ab initio methods (CASSCF/SOCI) for the 
bound triptel state A 3TI and the two repulsive triptel states B 3TI and C 3~- [21]. 

The photoabsorption spectrum was studied in the visible wavelength region by photofrag
ment kinetic energy spectroscopy. Photofragments observed after dissociating ArN+ with 
photons of 1.8 to 2.5 eV by crossing or merging the ion beam with a Laser beam were 
Ar+/N and Ar!N+. The N+ signalwas several orders of magnitude smaller than the Ar+ 
signal [21]. The preference for the channel ArN + --+Ar++ N was also revealed by a study 
of the collision-induced dissociation reactions of ArN + which yielded a kinetic energy 
release of 0.91 eV for the channel ArN + --+Ar++ N and of 0.185 eV for the channel 
ArN+ --+Ar+N+ [18]. From the calculated potential energy curves for the triptel states 
X 3~-, A 3 TI, B 3 TI, and C 3~-, it was concluded that N + fragments could only result 
from the A 3 TI <--X 3~- transition of ArN +, whereas the C 3~- <--X 3~- transition was 
tentatively assigned to the Ar+ formation. The dissociation energy, 0 0 =2.16±0.10 eV, was 
determined for the process ArN+ --+Ar+N+ [21]. The value compares favorably with 
De=2.3 eV [15] and 0 0 = 2.09 eV, obtained from the appearance potential of ArN+ (see 
above) [21]. The dissociation energies calculated at the MP4 Level agree quite weiL [14, 
20]. 

The abundance of ArN + ions, which can interfere during the analytic determination of 
metal ions by inductively coupled plasma mass spectrometry, can be reduced by using 
xenon as a targetgasvia the exotherrnie reaction ArN+ +Xe--+ XeN+ +Ar [22]. 

ArN: 

GAS Registry Numbers: [12322-21-3], [140447-93-4] 

ArN; ions are formed in Ar-N 2 mixtures by electron impact in the ion source of a 
mass spectrometer, probably via the reactions Ar++ N2 --+ Ar+ N;, N; + Ar~(ArN;}*, 
(ArN;)* + M--+ ArN; + M [23], or Ar*+ N2 --+ ArN; + e- [16, 17]. Another route is the produc
tion of neutral ArN 2 species Iogether with other heterogeneaus clusters by supersonic expan
sion of nitrogen in argon and subsequent ionization by electrons or photons (24, 25]. The 
highest yield was achieved at 25% N2 [25]. For the occurrence of ArN; in a secondary 
ion mass spectrum, see p. 4. 

A Linear structure for (Ar-NN) + was predicted by applying an impulsive model for the 
photodissociation studies on ArN; [23] and on the entropy change in the reaction 
Ar+ (N 2); ~ArN; + N2 [26]. Ab initio calculations were performed on Linear ArN; with Ca.w 
[27, 28] and on T -shaped ArN; with C2 v symmetry [28]. A collinear (N-Ar-N) + species 
was predicted to be highly unslabte [28]. Calculations at the MP2/6-311G* Level yielded 
the distances r(NN) = 1.079 A and r(ArN) = 2.293 A for the Linear species [27]. Calculations 
at the HF/6-31G Level gave for the Linear species r(NN)=1.084Ä and r(ArN)=2.224A and 
for the T -shaped species r(NN) = 1.093 A and a distance of Ar to the N2 center of mass 
of 3.407 A. The Linear Ca:w form was found tobe more stable than the T -shaped one: 165.7 kJ/ 
mol at the Hartree-Fock Level of theory and 78.7 kJ/mol at the MP4 Level. Harmonie Vibration
al frequencies calculated for the caov form were 212, 208, and 2414 cm- 1 [28]. 

Appearance potentials of 14.6 [16] and 15.1 eV (17] were found by mass spectrometry. 

Dissociation energies of 119.7 kJ/mol for Ar+ /N 2 formation and of 103.3 kJ/mol for Ar!N; 
formation were derived from photodissociation experiments [23]. Other experimental values 
for the formation of Ar!N; were 102.5 kJ/mol [29], 2109±21 kJ/mol [16], and 263 kJ/mol 
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[17]. Dissociation energies were calculated at the MP4 Leveltobe 111.7 kJ/mol for Ar+/N2 

and 82.8 kJ/mol for ArtN; [28]. 

The equilibrium reaction Ar+ (N 2 ); ::;::::ArN; + N2 was studied mass spectrometrically be
tween 300 and 500 K [23], between 313 to 738 K [29], and at 300 K as a function of the 
center-of-mass interaction energy [26]. The following thermochemical data were derived: 

T 8H0 88° Ref. 
in K in kJ/mol in J·mol- 1 ·K- 1 

428 -5.4±1.7 6.3±2 [23] 
298 -2.30±0.12 14.9±0.3 [29] 
300 +8.7± 1.0 19±2 [26] 

Values were calculated for 298 Kat the MP4/6-31 G Level: 8H0 = -8.8 kcal/mol, 88° = 10.1 
cal· mol- 1 • K- 1 [28]. The equilibrium is shifted to the right based on the results of [23, 
28, 29], but contrary to the results of [26]. The rate constant for the torward reaction was 
determined to be about 3.5 x 10- 10 cm3 • molecule- 1 ·s- 1 at 300 K [26]. Under equilibrium 
conditions in a gas flow system, a torward rate constant of k = 1.4 x 10- 12 

cm3 • molecule- 1 ·s- 1 and areverserate constant of k~3 x 10- 13 cm 3 · molecule- 1 ·s- 1 were 
determined at 300 K [30]. A high-pressure mass spectrometric study revealed a rate constant 
of 1 x 10- 10 cm 3 ·molecule- 1 ·s- 1 for the torward reaction [16]. 

A reaction rate of (1.5 ± 0.5) x 10- 9 cm 3 · molecule - 1 • s - 1 was determined for the reaction 
Ar*+ N2 -+ ArN; + e- in an earlier mass spectrometric study [31]. 8rH0 = - 112.1 ± 1.3 kJ/mol 
and 8rso = - 81.6 ± 2.1 J · mol- 1 • K - 1 at 298 K were derived for the reaction N; +Ar-+ ArN; 
[27] using the corresponding data of the reactions (N 2); +Ar-+ ArN; + N2 [23] and N; + 
2 N2 -+ (N 2); + N2 [32]. 

The collision-induced and metastable dissociation of ArN; Leads to N; /Ar and Ar+ /N 2 

fragment channels [18, 24, 33]. ln one case, some ArN+ was also produced [18]. Metastabte 
fragmentation of ArN;, prepared by electron impact ionization of neutral ArN 2 , was found 
to proceed with a rate of ~65 s- 1 for Ar+/N 2 and of ~100 s- 1 for N;/Ar production (at 
70 eV electron energy). The dissociation rates of the two processes did not vary by more 
than 10% within the electron energy range 20 to 180 eV [24]. Only collision-induced dissocia
tion rather than metastable fragmentation was found in a Later experiment, where ArN; 
was formed by ion-molecule reactions in a high-pressure ion source [34]. 

Photodissociation experiments were performed by crossing an ArN; beam with a Laser 
beam. Absolute photodissociation cross sections er were measured in two studies [23, 35], 
the results of which cover the range 660 to 350 nm: er steadily increases from ~ 0.04 x 10- 18 

cm2 at 660 nm to ~ax 10- 18 cm 2 at 350 nm (see figure 5 in [23]). Two product channels 
ArN; + hv-+ Ar++ N2 and ArN; + hv-+ Ar+ N; were identified. The ArN; ions seem to be 
excited to a repulsive upper state and then dissociate to the ground-state products Ar++ N2 

and Ar+ N; in a ratio of 3: 1 [23]. 

For the reaction ArN; +Ar-+ Ar;+ N2 mass spectrometric measurements in a dritt tube 
yielded 8rH0 = 9.04± 0.13 kJ/mol and 8rS0 = 7.82± 0.33 J · mol- 1 · K- 1 at 298 K [29]. The reac
tion ArN; + Ar::;::::Ar; + N2 studied in a gas flow system was found to have an equilibrium 
constant of 0.045 at 300 K with a torward rate constant k ~ 1 x 10- 12 cm 3 · molecule - 1 · s - 1 

and areverserate constant k~2 x 10- 11 cm 3 • molecule- 1 ·s- 1 [30]. 

ArN; ions can form Ar 2 N; ions by clustering with argen atoms; see below. 
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ArN:" (2:.,;; n :.,;; 23) 

GAS Registry Number: Ar(N2)~ {84692-39-7] 

Ar(N 2)~ clusters are formed tagether with other heterogeneaus clusters by electron 
impact ionization of the equivalent neutral clusters prepared by supersonic expansion of 
argan-nitragen mixtures [33]. For the Observation of Ar(N2)~ in a secondary ion mass spec
trum, see p. 4. 

ArN~n (2:.,;; n:.,;; 23) clusters were produced by the impact of an Ar beam (8 keV) on solid 
N2 -Ar mixtures (10: 1) held at 4 or 12 K. lt was suggested that the clusters are a mixture 
of two isomers: Nt(ArN 2 n-sl and ArN~(N2n_ 4). The larger ones are more likely to contain 
Nt as centrat ion than the smaller ones which may contain Ar(N2)~ as centrat ion [36]. 

The decomposition of Ar(N 2)~, studied with a reversed double-focusing mass spectrome
ter, proceeds via Ar(N2)~--> ArN~ + N2 and Ar(N2)~--> Ar+ (N 2)~ by both collision-induced 
and metastable dissociation [33]. 

Laser-induced, collision-induced, and metastable decomposition reactions of the larger 
cluster ions were examined with a triple-quadrupole mass spectrometer. Various phenom
ena observed during the decomposition of the clusters suggested four kinds of energy 
storage: thermal, vibrational [N 2 (v= 1)], electronic, and chemical. ln smaller clusters (n :.,;;9) 
containing argon in the inner shell, two moles of N2 are lost via the reaction Ar+ Nt--> 
N2 + ArN~, which is indicative for the chemical metastability of these clusters [36]. 

Ar 2 N2'", Ar 3 N2'" 

GAS Registry Numbers: Ar2N~ [136048-01-6], [140447-94-5]; Ar3N~ [140622-66-8] 

Ar 2N~ clusters were formed tagether with other heterogeneaus argan-nitragen clusters 
by supersonic expansion of an argan-nitragen gas mixture and subsequent photoionization 
[25] or ionization by electron impact [25, 33, 37]. The formation of Ar2N~. Ar3N~. and other 
Ar mN~ (m >3) clusters was observed in gaseaus mixtures of several Torr of argon with 
10- 6 Torr of nitrogen, ionized by a pulsed 2-keV electron beam. The formation of Ar2N~ 
was only observed at ion source temperatures below 150 K. The rate of the reaction ArN~ + 
2 Ar->Ar2N~+Ar was found tobe too slow to establish an equilibrium between Ar2N~ 
and ArN~. But with the free energy estimated tobe -8.8kJ/mol at 101.0 K and assuming 
~S = -71 J · mol- 1 • K - 1 , one obtai ns ~H:.,;; - 15.9 kJ/mol. The enthalpy change for the 
reaction Ar 2N~ + 2 Ar--> Ar 3N~ +Ar was determined to be -7.3 kJ/mol assuming that the 
entropy change is -57 J · mol- 1 · K - 1 . For the reaction Ar 3N~ + 2 Ar--> Ar 4N~ +Ar values 
of ~H0 = -7.0 kJ/mol and ~S0 = -75 J·mol- 1 ·K- 1 were determined [27]. 

A linear structure was derived for Ar2N~ with ab initio calculations at the ROHF Level. 
The arrangement Ar-Ar-N-N with the distances r(ArAr) = 3.066 A, r(ArN) = 2.351 A, r(NN) = 
1.070 A was found to be more stable than the arrangement Ar-N-N' -Ar' with the distances 
r(ArN) = 2.291 A, r(NN') = 1.070 A, r(N' Ar')= 4.212 A [27]. A linear arrangement Ar-Ar-N-N 
with a delocalization of the positive charge was also concluded from the results of an 
Ar2N~ photodissociation study [37]. Two T -shaped structures were proposed for Ar3N~: 
one has a lang linear Ar-Ar' -N-N chain (r(ArAr') = 3.069 A, r(Ar'N) = 2.352 A, r(NN) = 1.070 Ä) 
and a short, nearly reetangular Ar' -Ar" band (r(Ar' Ar")= 3.966 Ä) and the other, which is 
slightly less stable, has a lang, linear Ar-N-N' -Ar chain (r(ArN) = 2.304 A, r(NN') = 1.085 A, 
r(N' Ar)= 4.226 A) and a short, also nearly reetangular Ar" -N' band (r(Ar"N') = 4.214 Ä) [27]. 

The threshold of the photoionization curve for Ar2N~ lies at 14.5 eV [25]. 
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The absolute cross sections for photodissociation of Ar 2N1 were measured tobe between 
470 and 550 nm. A maximum of (2.1 ±0.3) x 10- 16 cm 2 was found at ~500 nm. The spectral 
features suggested that direct dissociation takes place and that the photodissociation spec
trum is practically identical with the photoabsorption spectrum of Ar2 N1. The visible absorp
tion band closely resembles the 2:E~ +- 2:E~ absorption band of Arj. The peak was blue
shifted by ~20 nm. The product species were analyzed by photofragment, time-of-flight 
mass spectrometry and revealed at Least three dissociation channels: (1) Ar 2 N1+hv-+ 
N; + 2 Ar (or Ar 2 ); (2) Ar 2 N1 + hv-+ Ar++ Ar+ N2 (or ArN 2 ); (3) Ar 2 N1 + hv-+ Ar;+ N2 [37]. 
The decomposition of Ar2N1 clusters, when studied with a reversed double focusing mass 
spectrometer, was found to proceed via the two channels Ar 2 N1-+ ArN; +Ar and 
Ar 2 N1 -+Ar++ ArN 2 by both collision-induced and metastable dissociation [33]. 

ArmN:i;, (2~m~15, 1 ~n~23) 

Clusters of the composition Ar mN; with m up to 15 were produced by electron-impact 
ionization of Ar mN 2 clusters which were formed by the cluster-gas exchange reaction 
Arm+ 1 + N2 -+ Ar mN 2 +Ar under single collision conditions [38]. The formation of the Clusters 
Ar mN; with m up to 9 was observed in gaseous mixtures of some Torr of argon with 
10- 6 Torr of nitrogen which were subsequently ionized by a pulsed 2-keV electron beam 
[27]. Clusters of the composition ArmN1n with 3~m~14 and 1 ~n~4 were formed after 
electron impact on the equivalent neutral clusters produced by supersonic expansion of 
25% N2 in Ar [25]. The intensity drop in the mass spectrum for the cluster ions Ar mN1 
with m > 12, which agreed with the Observations reported in [25], was interpreted by the 
formation of a stable shell of 12 argon atoms around the centrat N; ion [38]. 

Clusters of the composition Ar2 N1n- 4 with n~4 were produced by the impact of an 
Ar beam (8 keV) on solid N2-Ar mixtures (10: 1) held at 4 or 12 K and were analyzed 
mass spectrometrically [36]. 

KrN+, KrN:i 

CAS Registry Numbers: KrN + [60280-83-3]; NKrN + [60280-82-2]; KrNN + [61312-92-3] 

KrN+ and KrN; ions were observed mass spectrometrically in gaseous mixtures of 
krypton with nitrogen [16, 39]; they are probably formed by the reactions Kr+ (N1)*-+ 
KrN + + N and Kr*+ N2 -+ KrN; + e- [39]. KrN + was detected in mixtures of 98.4% N2 and 
1.6% Kr, while KrN; was observed in nitrogen with ~0.05% Kr after electron impact ioniza
tion in a drift-tube mass spectrometer [35]. KrN+ ions were detected in the flowing afterglow 
of krypton plasmas with 0.5 to 2% nitrogenvia Kr;+ N-+ KrN+ +Kr, while KrN; ions were 
found in the flowing afterglow of nitrogen plasmas containing about 0.05% krypton [40]. 

Total photodissociation cross sections of KrN+ and KrN; were measured between 565 
and 670 nm with a drift-tube mass spectrometer and a tunable dye Laser. The photodissocia
tion proceeds via KrN+ + hv-+ Kr++ N and KrN; + hv-+ Kr++ N2 • The absolute cross sec
tions steadily increased for KrN+ and decreased for KrN; towards smaller wavelengths. 
The maximumabsolute cross sections of about 1.0x 10- 18 cm 2 for KrN+ and 0.48x 10- 18 

cm 2 for KrN; were obtained at 575 and 655 nm, respectively [35]. 

An ionization energy of E;=21.6±1.8eV was obtained for KrN+ by charge-stripping 
mass spectrometry, where the monocation KrN+ was used as precursor for KrN 2 + [11]. 
Appearance potentials of 22.2 eV for KrN+ and 13.2 eV for KrN; were determined by mass 
spectrometry [39]. 

KrN+ reacts with atomic nitrogenvia KrN+ + N-+ Kr++ N2 in a nitrogen-krypton plasma 
Leaving the N2 molecule in an unspecified energy state [40]. 
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XeN+, XeN;-

CAS Registry Number: XeN+ [12504-95-9] 

XeN+ ions were observed mass spectrometrically in mixtures of xenon with nitrogen 
[16, 35] as a product of the reaction (N;)*+Xe-+XeN++N [16]. The ionization energy 
E; = 21.1 ± 2.2 eV for XeN + was obtained by charge-stripping mass spectrometry, where 
the monocation XeN+ was used as precursor for XeN 2 + [11]. On the basis of ab initio 
MO SCF calculations on HeN+ and NeN+, it was assumed that XeN+ salts could be prepared 
[6]. 

An upper Limit of 10- 20 cm 2 was determined for the photodissociation cross section 
of XeN+ at 600 nm [35]. 

XeN; was observed mass spectrometrically in Xe-N 2 mixtures [16]. 
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1.3 Doubly Charged Cations 

HeN2 + 

GAS Registry Number: [80896-02-2] 

Ab initio calculations using the fourth-order Moller-Ptesset perturbation theory 
(MP4(SDTQ)) were performed on HeN 2 + in its ground (X 2II) and excited states (4L-) which 
both were found tobe covalently bound. HeN 2 + is metastable and dissociates via the exother
rnie charge-separation reactions HeN 2 +(X 2II)--> He+ es)+ N + eP) and HeN 2 + (4 L-)--> 
He+ es)+ N + eo). There is a barrier to dissociation of 201.7 kJ/mol for ground-state HeN 2 + 
Other calculated data are [1]: 

state r e ~E Da o. V 

in A all in kJ/mol in cm- 1 

HeN 2 +(X 2Il) 1.321 -291.6 -285.8 1011 
HeN 2 +(4L-) 1.060 325.0 -622.6 -611.7 1809 

Earlier ab initio MO SGF calculations on HeN2 +(X 2Il) gave a weil depth of about 170 kJ/mol 
for the potential curve based on dissociation to HeC S) + N2 + eP) [2]. 

GAS Registry Number: [80896-04-4] 

Ab initio SGF calculations of (HeNN) 2 + gave a dissociation energy of 359 kJ/mol relative 
to He and N~+. The molecule is nonlinear with a bond angle NNHe of 92.3° and bond 
distances r .(NN) = 1.44 and r .(NHe) = 1.50 A [2]. 

GAS Registry Number: [106007-04-9] 

Ab initio calculations at the MP4 and MP2 Levels were performed on (HeNHe) 2 +. He2 N2 + 
is metastable with respect to dissociation via He2 N2 +( 2 B1 )-->He+es)+HeN+eL-) which 
is exotherrnie by 158.6 kJ/mol [3, 4]. Other dissociation channels and their reaction energies 
are: He 2 N2 +(2 B1 )-->N 2 +ep)+2 HeCS) with ~E.=360.7 kJ/mol, He 2 N2 +( 2 B1)-->N+ep)+ 
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He+ (2 S) + HeC S) with ~Ee = - 127.2 kJ/mol [5]. A bond distance r(HeN) = 1.326 A and an 
angle HeNHe of 87.9° were determined for the ion in G2 v symmetry. Vibrational frequencies 
of 950 (82 ), 937 (A1), and 623 cm- 1 (A 1 ) were derived [3]. 

GAS Registry Number: {109909-11-7] 

Ab initio calculations at the MP2 Level were performed on (HeNNHe) 2 +. The following 
molecular parameters were calculated for the ion in the 1 Ag state with G2 h symmetry, 
i.e. an ion with a planar trans Gonfiguration: r(HeN) = 1.359, r(NN) = 1.228 A, bond angle 
HeNN=90.9°. Harmonie vibrational frequencies in cm- 1 were derived: 1608 (Ag), 707 (Ag), 
507 (Bu), 501 (Ag), 479 (Au), and 304 (Bu) [3]. 

GAS Registry Number: {106676-71-5] 

NeN 2 + was observed upon the charge-stripping of its precursor NeN+ [8]. NeN2 + is 
probably formed only from ground-state NeN +. The formation from excited states of NeN + 
may be impossible due to an unfavorable Franck-Gondon factor between the excited states 
of NeN+ and the ground state of NeN 2 + [6]. Ab initio calculations at the GASSGF-GI Level 
were performed on ground-state NeN2 +(X 2 TI) and its low-lying excited states. The ground
state ion is found to be metastable towards charge-separating dissociation: NeN 2 +(X 2 TI) 
->Ne+ eP) + N + eP) with the reaction energy ~E = -441 kJ/mol. There is a barrier of dissoci
ation of 91 kJ/mol. The equilibrium distance, r e = 1.59 A, and the spectroscopic constants, 
me = 716.2, mexe = 9.025, and Be= 0.877 cm _,, were calculated for NeN 2 + [7]. The vibrational 
frequency v = 936 cm _, was calculated at the MP2 Level [6]. 

The potential energy curve for ground-state NeN 2 + has its quasi-bound maximum 6.1 eV 
above the dissociation Limit. The translational energy release associated with the 
NeN 2 + ->Ne++ N + process was determined by ion kinetic energy spectroscopy to be 6.5 
± 0.5 eV [8] and calculated to be 5.51 eV [7]. 

GAS Registry Number: {128358-94-1] 

Ab initio calculations at the HF and at the MP2 Level were carried out on linear NeNN 2 + 
as part of a study on triatomic, asymmetrical A = B = G systems with 22 electrons. The 
bond lengths r(NeN) = 1.341 and r(NN) = 1.092 A were calculated at the HF Level (1.561 and 
1.263 A at the MP2 Level). Galculated vibrational frequencies at the HF Level (in cm- 1 ) are: 
v 1 (:Eg) = 909, v2 (II) = 116, v3 (~u) = 2710 [9]. 

GAS Registry Number: {127085-64-7] 

A bond d istance r(NeN) = 1.602 A and a bond angle NeNNe of 98° were calculated with 
ab initio methods at the MP2 Level for (NeNNef+ in its 2 8 1 state (G 2 v symmetry). An exother
rnie dissociation energy of -234 kJ/mol was calculated at the MP4(SDTQ) Level for the 
charge-separation process Ne2 N2 + es,)--+ N+ep) +Ne+ eP) + NeCS). An endothermic ener
gy of 558 kJ/mol was calculated for the process Ne2 N2 + es,)--+ N2 + eP) + 2 NeC S) [5]. 
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GAS Registry Number: {121705-52-0] 

ArN 2 + was formed by charge-stripping of the precursor ArN+ [8]. Ab initio calculations 
were performed on ArN 2 + in its ground state at the complete active space (GAS) SGF, 
MP3 and MP4 Levels of theory. ArN 2 + was found to be metastable with an exotherrnie 
dissociation energy of -449 kJ/mol for the process ArN 2 + --+Ar+ + N +. The barrier to dissoci
ation was determined tobe 24 kJ/mol. The equilibrium distance, r e(ArN) = 1.657 A, was calcu
lated at the MP3 Level. The spectroscopic constants (in cm _, ), roe = 562, roexe = 14.3, Be= 0.54, 
and tXe = 0.0104, were calculated at the GASSGF Level [10]. An approximate potential curve 
with a maximum at 5.4 eV (521 kJ/mol) above the dissociation Limit was calculated earlier 
for ArN 2 + [8]. 

The transition structure of the process ArN 2 +--+Ar++ N + was calculated at the HF Level 
to have a bond length of rT5 =2.190 A, dissociation barrier of De=28 kJ/mol (00 =24 kJ/mol), 
and a kinetic energy release of T=5.7 eV [10]. 

GAS Registry Number: {127085-65-8] 

A bond distance ArN of 1.742 A and a bond angle ArNAr of 108.4° were calculated 
with ab initio methods at the MP2 Level for (ArNAr) 2 + in its 2 8 1 state (G 2 v symmetry). 
An exotherrnie dissociation energy of -207 kJ/mol was calculated at the MP4(SDTQ) Level 
for the charge-separation process Ar2 N2 +es,)--+ N+ep) +Ar+ eP) + ArCS). An endetherrnie 
energy of 1156 kJ/mol was derived for the process Ar2 N2 + es,)--+ N2 +eP) + 2 ArCS) [5]. 

GAS Registry Number: {106676-70-4] 

The dication KrN 2 + was formed by a charge-stripping process from KrN +. The appear
ance potential for the unimolecular charge-separation process KrN2 +--+ Kr++ N+ was meas
ured to be 40 ± 1.5 eV. The translational energy release, Te= 6.0 ± 0.2 eV, connected with 
this dissociation process was determined by ion kinetic energy spectroscopy [8]. · 

GAS Registry Number: {106676-69-1] 

The dication XeN 2 + was formed by charge-stripping of its precursor XeN+. The appear
ance potential for the unimolecular Charge-separation process XeN2 + -+Xe++ N+ was 
measured to be 32 ± 2 eV. The translational energy release, Te= 6.1 ± 0.3 eV, connected 
with this dissociation process was determined by ion kinetic energy spectroscopy [8]. 
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1.4 Triply Charged Cations 

CAS Registry Number: {124395-76-2] 

Calculations at the HF Level and with the second-order M0LLer-PLesset perturbation theory 
(MP2) yielded a potential curve minimum for the species: re=1.415Ä, v=774 cm- 1 at 
the HF Level, r e = 1.499 Ä, v = 455 cm - 1 at the MP2 Level [1]; the use of higher orders of 
the M0Ller-Plesset perturbation theory yielded a purely repulsive ground-state potential 
curve for NeN 3 + [1, 2]. 

CAS Registry Number: {121705-53-1] 

Ab initio calculations were performed on ArN 3 + in its ground state at the complete 
active space (CAS) SCF, MP3, and MP4 Levels of theory (3, 4]. ArN 3 + was found to be 
metastable with an exotherrnie fragmentation energy of -927 kJ/mol for the process 
ArN 3 + --. Ar 2 + + N +. The barrier to dissociation was determined to be 16 kJ/mol. The equilib
rium distance, r e(ArN) = 1.504 Ä, was calculated at the MP3 Level [3] and is close to a bond 
Length of 1.533 Ä obtained with a version of the coupled cluster theory including double 
substitution where the effect of single and triple substitutions is incorporated into fourth
order perturbation theory (ST4CCD). ST4CCD was assumed to provide the best estimate 
for a multiply charged system [4]. The spectroscopic constants (in cm - 1 ), roe = 565, 
roexe = 19.7, Be= 0.59, and rle = 0.0160, were calculated at the CASSCF Level [3, 4]. 

The transition structu re of the process ArN 3 + --> Ar 2 + + N + was calculated at the HF 
Level to have a bond Length of r Ts = 2.069 Ä, a dissociation barrier of Oe= 22 kJ/mol 
(00 = 16 kJ/mol), and a kinetic energy release of T = 10.9 eV [3]. 

References: 
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(3] Wong, M. W.; Radom, L. (J. Phys. Chem. 93 [1989] 6303/8). 
[4] Wong, M. W.; Radom, L. (J. Phys. Chem. 94 [1990] 638/44). 

1.5 Nitrogen-Helium Anion, HeN-

Ab initio MO SCF calculations confirmed that HeN- in the states 3 L(7t2 ) and 1 ~(n2 ) 
is unbound as expected. 

Reference: 

Liebman, J. F.; Allen, L. C. (J. Am. Chem. Soc. 92 [1970] 3539/43). 
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2 Compounds of Nitrogen with Hydrogen 

The following part deals with binary compounds composed of one nitrogen atom and 
hydrogen (mononitrogen compounds). They are arranged in the order of increasing number 
of hydrogen atoms. Thus, this volume deals with the species NH, NH2 , NH4 , NH 5 , and corre
sponding ions and some adducts. NH3 and NH_t are beyond the scope of this volume. 

Binary compounds composed of two or more nitrogen atoms and hydrogen are covered 
in the volume "Nitrogen" Suppt. Vol. B 2. 

2.1 Mononitrogen Compounds 

2.1.1 The lmidogen Radical, NH 

Other names: Nitrogen monohydride, nitrene, azene, azanediyl, azanylidene, imino 

GAS Registry Numbers: NH [13774-92-0], ND [15123-00-9], 15NH [34089-09-3], 13NH 
[57437-96-4] 

2.1.1.1 Production and Detection of NH Radicals 

Walter Hack 
Max-Planck-lnstitut für Strömungsforschung 
Göttingen 

lntroduction 

The imidogen radical is found in a wide variety of environments and has been observed 
in various of astrophysical sources. 1t is the key for understanding the fate of nitrogen 
in combustion systems regardless of whether the nitrogen originates from nitrogen
containing fuel or from the air. NH was first observed in a nonlaboratory source in the 
spectrum of the sun [1]. Since then NH was detected again in the spectrum of the sun 
and in comets [2 to 4]. NH is important in understanding the photochemistry of ammoniacal 
planetary atmospheres and interstellar chemistry [5]. lt is also observable in the Earth's 
atmosphere [6]. The imidogen radical was one of the first radicals which was detected 
in stellar atmospheres [3, 7 to 14]. 

NH is one of the few species with a triplet electronic ground state (31: -), isoelectronic 
with oeP) and CH 2 (5<: 3 8 1 ). The first excited metastable singlet state (a 1 A), corresponding 
to 0( 1 D) and CH2 (ä 1 A 1), is often regarded as a differentiated species, because the reactivity 
of a given species, in general, depends on its electronic structure. Thus the kinetics of 
NH(X) and NH(a) can be expected to be significantly different and each has to be studied 
independently. 

ln practice it turns out to be more complicated to find a clean source for NH(X) than 
for NH(a) (see below). Nevertheless, the reactions of NH(X) and NH(a) can be studied directly 
in independent experiments. Detection methods are quite often state-specific, thus there 
is no need to emphasize that NH(X), NH(a), and NH in other electronic states can be detected 
characteristically (see p. 25). 

NH can be produced in the gas phase as well as in a Liquid or in the solid state (matrices). 
ln a collision-free situation, the excited electronic state has a maximum Lifetime, since 
collisions depopulate the excited states. Thus the Situation in the gas phase is significantly 
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different from that in the condensed phase. Due to the efficient quenching in condensed 
media, the radical sources in the different Situationsare described in different sections. 

References on pp. 17/9. 

2.1.1.1.1 NH Radical Sources in the Gas Phase 

ln principal it is possible to generate NH(X, A, ... a, b, c, ... ) in two consecutive steps: 
first, to produce the species NH, and, second, to bring it into the desired electronic state 
by excitation or deactivation. ln many experiments, however, a single step mechanism 
is used to produce NH directly in the desired quantum state. ln thermal systems at tempera
tures below about 1000 K, the electronic ground state is the dominant state. At very high 
temperatures or in nonthermal systems (photolytic, radiolytic systems), higher electronic 
states can be populated. Thus the NH sources are divided into those for NH(X) and those 
for NH(a, b, .... A, ... ), i.e., NH in higher electronic states. 

2.1.1.1.1.1 NH(X), NH in the Electronic Ground State 

Early experiments to produce NH, either by thermal decomposition of various precursors 
(NH 3 [15], NH 2 CL [16, 17], N2 H4 [18 to 20], HNCO [21], HN 3 [22 to 25]), or by photolysis 
of these compounds (NH 3 [26], N2 H4 [27], HNCO [28 to 32]), were not state-specific. ln 
particular, in discharges of different compounds or mixtures of compounds (N 2 -H 2 [33, 34], 
HN 3 [35]), NH was not produced and detected in a specific state, since the existence of 
NH was either concluded only from the final products or NH was detected indirectly, with 
a Long time delay between the production and detection, so that quenching could have 
occurred. ln several experiments NH was detected even alter trapping processes. On the 
other hand, if emission of NH out of a specific state is observed, it is not at all obvious 
that most of the NH radicals are in this state. 

The controlled formation of NH radicals in their electronic ground state is not an easy 
task. The thermal decomposition of HN 3 was recommended as an NH radical source in 
the early 30's [22]. This, however, is true only at sufficiently high temperatures ~ weiL 
above 800 K. The thermal decomposition of HN 3 at Lower temperatures (530 < T/K < 750), 
however, was not recommended as an NH(X) source due to secondary reactions of NH 
with HN 3 , which proceed rapidly compared to the formation reaction at these Low tempera
tures [36]. 

ln pyrolysis experiments, NH 3 [22, 36 to 44] and HN 3 [21, 45 to 49], which produces 
only NH(a 1 11) in the photolysis (see p. 19), can be applied. The pyrolysis of HN 3 and HNCO 
has two Low-Lying product channels, (i) the spin-allowed NH(a) + N2 (X) and CO(X), respec
tively, and (ii) the spin-forbidden pathway NH(X) + N2 (X) (CO(X)). ln shock tube studies, 
mainly NH(X) is formed. 

ln the thermal decomposition of N2 H4 in shock waves, NH(X) is formed in secondary 
reactions [20]. ln shock-heated NH 3 -noble gas mixtures at high temperatures (T > 3000 K) 
[37 to 39] and in a high-temperature plasma (T = 3200 K), emission from NH(A) was observed 
[40]. At Lower temperatures in shock waves NH(X) was observed [41]. HN 3 and HNCO can 
be pyrolyzed at significantly Lower temperatures (T > 1200 K); und er these conditions mainly 
NH(X) is formed [44, 45]. 

The VUV photolysis of ammonia [26, 50 to 68] Leads to the formation of NH(X 3L-), 
but simultaneously NH in other electronic states, in particular a 111 and b 1L, is formed, 
since the Low-Lying singlet states of NH 3 do not correlate with NH(X) and H2 CL;) [69, 
70] but with NH(X) + H 2eL~, i.e. 2 H). Thus short wavelengths (A. < 155 nm) have to be used 
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to obtain NH(X), and the simultaneously formed electronically excited NH* radicals have 
to be quenched to the electronic ground state. Similar problems arise, if other precursor 
molecules such as N2H4 [27, 54, 71 to 76] or CH 3 NH 2 and C2H5 NH2 [77] are inserted. 

At very short wavelengths (A-=121.6 nm) HN 3 can be photolyzed via HN 3 +hv-> 
NH(X 3 I:) + N2(B 3Il9 ) [78]. The reactions of the electronically excited nitrogen molecules 
with HN3 , however, will preclude this photodecomposition process, or the equivalent photo
reaction of HNCO, being used as an NH(X) source. 

The two-photon Laser photolysis of NH 3 , N2H4 , and CH 3 NH 2, with NH 2 as an intermediate 
state, does not Lead to the formation of NH in the electronic ground state but to electronically 
excited NH radicals [79 to 82]. The multiphoton dissociation of NH 3 at A = 193 nm, however, 
produces mainly highly excited electronic ground-state NH [83]. 

When NH3 and ND3 were photolyzed in the infrared region (C02 Laser) electronically 
excited fragments were also observed [84, 85]. ln the infrared multiphoton dissociation 
(IRMPD) of ND3 , the imidogen radical is formed in both the spin-forbidden (X 3 I:-) and 
the spin-allowed (a 1 ~) states [86, 87]. ln a C02 Laser pyrolysis experiment, in which a 
mixture of SF6 , CF4 , and NH 3 was irradiated, ground-state NH radicals were produced 
[88]. 

ln the vibrational overtone excitation in HN 3 (v1 = 5, 6), NH in the electronic ground state 
can be produced in a spin-forbidden dissociation [89 to 91]. 

ln the chemical reaction H + N3 --> NH + N2 [92], and in the analogaus reaction H + NCO--> 
NH +CO [93], NH is formed in the a 1 ~ state as weiL as in the 3I:- electronic ground 
state [92, 93]. 

NH(X) is formed in the reaction of electronically excited N atoms with H2: 
N(2D) + H2 --> NH(X 3I: -) + H [94, 95]. The presence of NH radicals in an Ar-H2-N2 plasma 
is probably due to that reaction [96]. Ground-state N atoms were assumed to produce 
the NH(X) radical in the reaction with NH 2(X) radicals [97], but it turned out Later that the 
reaction pathway Leading to N2 + 2 H is by far the dominant one [98]. 

Translational hot H atoms, formed in the Hl photolysis, react with N20 to form NH(X) 
[99]. NH(X) was also observed when the N20 · HBr van der Waals complex was photolyzed 
(100, 101]. 

NH(X) is produced in thermal systems in the chemical reactions 

NH2 + {H, OH}~NH + {H2, H20} 

(see p. 126), and it can be obtained in the Laboratory-based chemical reaction 

F(2P) + NH2(X 2A1)--> NH(X 3 I: -)+HF CI:+) 

in which NH(X) as weiL as NH(a) are formed [102, 103]. The Latter reaction above proceeds, 
as concluded from the rotational state distribution in HF (104, 105], on a triplet surface 
as an abstraction reaction; most of the excess energy ~RH= -179.7 kJ/mol is found as 
the vibrational energy of HF(v :o;4). lf the reaction would proceed on a singlet surface with 
an NH2F(X) * intermediate, the formation of NH(a 1 ~). which is exotherrnie by ~RH= 
-29 kJ/mol, would be expected. 

Finally, the NH(X) can be formed in a two-step mechanism. ln UV photolysis of HN 3 

or HNCO, NH(a 1M is the primary product (see p. 19); thus the photolysis can be used 
as an NH(X) source only in two steps: formation of NH(a) followed by quenching to NH(X) 
by Xe or N2 . 
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2.1.1.1.1.2 NH(a, b, c, ... A, ... ), NH in Electronically Excited States of the Singlet and 
Triplet Manifold 

There are four known singlet valence states of NH: a 1 ~. b 1 L-, c 1 TI, and d 1 L-. 
As far as chemical kinetics is concerned, the a 1 ~ state is the most interesting one, whereas 
for the other three states only quenching rates have been determined. The singlet ladder 
of the NH starts with the a 1 ~ state (see p. 32). This state, which has a long radiative 
lifetime (10 = 1.7 s) since the transition to the 3L- electronic ground state is twofold forbidden, 
is of great kinetic interest. The imidogen radical in the lowest metastable singlet state 
(a 1 ~) is mainly produced in the UV photodissociation of HN 3 [1 to 25] and HNCO [6, 24, 
26 to 38]. NH 3 Laser photolysis (A.= 193 nm) also produces NH(a) in a one-photon process 
but with a low quantum yield (<I>= 0.016) [14]. The near-UV photolysis of HN 3 (185::;; A./nm::;; 
290) isaclean NH(a 1 ~) source [4] due to the spin-allowed process 
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The N2 fragment is energetically constrained to the X 1 l:; state; H atom formation 

due to HN 3 +hv--+H+N 3 is of minor importance [1]. However, it should be mentioned that 

in this NH(a) source other reactive species (H atoms) are reported to be formed in a one

photon process in the Laserphotolysis of HN 3 with quantum yields of <1>=0.15 (A.= 193 nm) 

and <I>= 0.24 (A.= 248 nm) [39]. At shorter wavelengths (Kr, Xe resonance lines) the formation 

of NH(c) was observed [40]. The spin-forbidden formation of NH(A 3 TI) was due to secondary 

reactions of N; with HN 3 (see p. 22) [40 to 42]. A detailed analysis of the resulting primary 

photodissociation products showed for the electronic states: NH(a);:::.; 0.998; NH(X) < 8 x 1 o- 4 ; 

NH(b)<1 x 10-3 ; and NH(A)s5x 10- 5 [6]. 

The initial vibrational population of NH(a) was also studied experimentally. The NH(a) 

is formed only in its vibrational ground state if HN 3 is photolyzed at A. = 308 nm. At A. = 226 nm, 

however, NH(a) is, in contradiction to earlier Observations [5, 6], not only formed in its 

vibrational ground state (A. = 266 nm) as stated in the Literature [5, 6], but also in the higher 

vibrational states (0 s v s 4) for the photolysis wavelengths (A = 193, 248, and 266 nm) [14, 

17, 18, 21 to 24]. Recently, the vibrational distribution in NH(a) was studied, not only for 

two photolysis wavelengths, but continuously for the complete spectral range between 220 

and 290 nm [25]. The vibrational distribution varies strongly with the photolysis wavelength, 

with an onset for the production of both the v = 1 and v = 2 states of NH(a) between 308 

and 248 nm, far above the thermodynamic threshold. For the formation of v = 1 relative 

to v=O, a pronounced maximum is observed at approximately 240 nm [25]. 

Also the rotational distribution of NH(a) was observed [8, 13, 16]. The photodissociation 

dynamics 

has been studied in great detail experimentally [16, 43] and theoretically [44]. Not only 

were the above mentioned scalar properlies Evib and Erot of the ejected NH(a) fragment 

measured, but also Etrans• and moreover the vectorial properlies (angular distribution, rota

tional alignment, and correlation between translational and rotational motion) were analyzed 

[43]. 

The NH(a) formation in the system 

is analogaus to the NH(a) formation from the isoelectronic HN 3 [45]. NH(a) and CO are 

the major fragments (s90% [35]) in the photodissociation at A.= 193 nm, in which NH(a) 

can be characterized with a Boltzmann temperature of T rot~ 1100 K [33]. From the initial 

translational energy of NH(a) measured by photofragment translational spectroscopy, it was 

concluded that NH(a) is formed without a barrier [38], an observation which is in agreement 

with the negligible temperature dependence of the quenching rate constant k(NH(a) +CO) 

(see p. 120). The spin conservation, as discussed above for HN 3 , is responsible for the 

formation of NH(a 1 ~). In the HgeP) photosensitized decomposition of HNCO, the major 

products are H + NCO [46]. 

NH(a) can also be obtained in the ammonia photolysis NH 3 + hv(A.s224 nm) ...... NH(a) + H2 

[47 to 50], in which the NH(a) yield increases with decreasing wavelength between 147 

and 105 nm. But it is not the dominant dissociation pathway. 

NH(a) can be produced in the chemical reactions OC 0) + NH 3 --+ NH(a) + H2 0 [51] and 

OC 0) + HCN--+ NH(a) + CO(X) [52]. The reaction F + NH 2 --+ NH +HF in part proceeds on the 

singlet surface of the NH2 F molecule and thus NH(a) can be formed [53]. 
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The higher singlet states are produced either directly from photolysis or from excitation 
of NH(a). ln this respect the NH(c 1 TI) is of special importance, since this state is used 
in the NH(a) LIF detection method (see below and p. 27). 

The next state in the singlet Ladder is the b 1!: + state. NH in this state can be obtained 
in the NH 3 VUV photolysis [54 to 57] and ND(b) from ND 3 VUV photolysis, respectively 
[56]. The vacuum ultraviolet radiation is produced in Ar discharge separated from the photo
Lysis volume by an LiF window. The formation of NH(b 1 ~ +) was also observed in the 
ArF Laser photolysis of HN 3 [58]. The NH(b 1 I:+) formation was observed in a discharge 
flow reactor in the reaction of H atoms with N3 radicals [59]. 

The c 1ll state is mainly obtained by exciting the allowed transition (c 1 TI+- a 1 d), which 
is done in all NH(a) Laser-induced fluorescence studies. ln the photolysis of CH 3 NH 2 and 
C2 H5 NH 2 at "A= 123.6 nm, the production of NH(c) can be concluded from the observed 
NH(c) emission [60]. Electron bombardment of Ar-NH 3 , N2 H4 , and CH 3 NH 2 mixtures, respec
tively, at energies above the threshold ( ~ 7.8 eV) gave rise to NH(c) emission [61]. ln the 
energy transfer reaction of Ar*, Kr*, and Xe*eP;) with HNCO and HN 3 , the emission from 
NH(c) is observed [62]. Electron impact dissociation of HNCO, HN 3 , and NH 3 Leads to the 
emission of NH(c 1 TI) [63 to 65]; the precursor molecules can also be C2 H5 NH 2 , CH 3 NH 2 , 

or N2 H4 [63]. At short wavelengths ("A= 121.6 nm) the direct formation of NH(c) in the NH 3 , 

HN 3 , and HNCO photolysis was observed [66], i.e., with Lyman a. radiation or in the case 
of HNCO with synchrotron radiation (107 :s; "A/nm :s; 180). The quantum yield for the NH(c 1 TI) 
formation varies smoothly between 0.9% for "A= 107 nm and 0.02% for "A= 135 nm [67]. Small 
amounts (at most 2%) of NH(c) formationarealso reported for Ionger photolysis wavelengths 
(325:s;"A/nm:s;335) for the isocyanic and hydrazoic acid precursors [41, 45]. ln the Laser 
photolysis of HN 3 at "A=193 nm, NH(c) is formed with a quantum yield of <1>=6.3x 10- 4 

[15]. 

The Lowest triplet state above the electronic ground state, A 3 ll, is used for the LIF 
detection of NH(X), and is thus of interest in that system (see p. 25). Since the A-X transition 
is allowed, NH(A 3 TI) can be formed by exciting the electronic ground state with Light at 
"A= 336 nm [68]. Besides the two-step mechanism (formation of NH(X) followed by excitation), 
it can be obtained directly by NH 3 photolysis. There are, however, also ways to produce 
NH in the A 3 TI state directly from stable precursor molecules. 

ln the VUV photolysis of isocyanic acid with synchrotron radiation (107 :s; A/nm :s; 180), 
NH(A 3 TI) is observed as a direct photofragment [67]. The highest quantum yield (<1>=0.3%) 
is obtained at 140 nm [67]. Also in the VUV photolysis (Kr Lines, (A= 123.6, 116.5 nm) [45] 
and Lyman a. Line (A = 121.6 nm) [66]) of HNCO, emission from NH(A 3 TI) was observed. 
ln the Laser photolysis (A= 193 nm) of CH 3 NH 2 [69, 70], HN 3 , and N2 H4 [70] as weiL as 
NH 3 and ND3 [71], strong emission from NH(A) and ND(A), respectively, was observed. 
The vibrational and rotational distribution in NH(A 3 TI, v, J), formed in the ArF Laserphotolysis 
of N2 H4 , was studied to determine the photolysis mechanism as a two-photon process 
[72, 73]. The photodissociation of NH 3 to produce NH(A) was examined in the photolysis 
wavelength range 60 to 134 nm. The quantum yield for producing NH(A) was found to be 
Less than 0.2% at "A;::::97.6 nm. At wavelengths below 70 nm the photoionization quantum 
yield reaches unity [74]. ln the VUV ("A;:::: 105 nm) photolysis of N2 H4 , a weak formation of 
NH(A) appeared at wavelengths shorter than 118 nm. From this onset, the primary process 
N2 H4 + hv--> NH(A) + H + NH 2 (X) was concluded [75]. ln the excimer Laser photolysis ("A= 
193 nm) of N2 H4 and N2 D4 , emission of NH(A) and ND(A), respectively, formed by two-photon 
processes, was observed [73]. 

ln the multiphoton dissociation of DN 3 in the infrared spectral region (IRMPD) with C02 

Lasers, ND(A) emission is observed [76]. The ND(A) is, however, formed in a secondary 
reaction of ND(a) with vibrationally excited DN 3 . 
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NH can be formed directly in the A 3 IT state by energy transfer of Ar*, Kr*, Xe*ePi) 
to HNCO or HN 3 [62]. ln the energy transfer process of Kr* with ammonia, only the channel 
KreP 2 )+NH 3 --+NH(A 3D)+H 2 +KrCS0 ) is observed, in cantrast to Ar*+NH 3 in which also 
the emission of NH(c 1 I1) was observed [77]. Also in the system HeeS1 ) + NH 3 , both NH(A3 IT) 
and NH(c 1 I1) were obtained as primary products of the energy transfer process [78]. Energy 
transfer in the reaction N2 (A 3:E~) + HN 3 --+ NH(A 3 TI) + 2 N2 is responsible for NH(A) formation 
[40, 79, 80]. A reaction with N; can give rise to NH(A) formation in the reaction 
HN 3 + N;--+ NH(A) + 2 N2 in the VUV photolysis of HN 3 , since the N; (N 2 (8)) is formed as 
a primary photoproduct of HN 3 [41]. 

The electron impact dissociation of NH 3 , HN 3 , HNCO, N2 H4 , C2 H5 NH 2 , and CH 3 NH 2 leads 
to NH also in the A 3 TI state [63 to 65, 81]. HNCS dissociates via HNCS--+ NH(A 3 TI) + 
CS(a 3 :E+) when colliding with electrons having an energy larger than 9.2 eV [82]. 

NH(A 3 Il) can be formed as a primary product in various chemical reactions [83 to 
89]. The fast reaction of electronically excited 0 atoms, OC D) + HNCO--+ NH(A) + C02 , leads 
to the direct formation of NH(A) with a rate constant of k(300 K) = 2.8 x 1013 cm 3 · mol- 1 · s - 1 

[83]. The reaction of N+ ions with H2 , CH 4 , C2 H4 , C2 H6 , and C3 H8 was used to produce 
NH(A 3 TI, v) in a molecular beam [84 to 86]. The reaction of the CH(X) radical with NO, 
with a room-temperature rate constant of k=1.2X1014 cm 3 ·mol- 1 ·s- 1 [90] was shown 
to produce NH in the A 3 TI state [87, 88], and the reaction CD+ NO produces ND(A) [89]. 
The CH(X) radical reaction is one of the main sources of NH in flames (see p. 126). NO, 
excited at 'A= 193 nm, reacts with H atoms and produces NH(A) radicals [91]. ln the reaction 
of electronically excited N atoms, N( 2 D, 2 P), with H8r or Hl, NH(A 3Il) is formed as detected 
by its emission [92]. At high temperatures, T~3500 K, the HNCO pyrolysis in an incident 
shock wave was accompanied by NH(A) UV emission [93]. 

Whether a radical source is suitable, depends on the purpese for which it is used. 
For kinetic measurements in particular, if information about the reaction products are 
wanted, a clean and state-specific source is needed; whereas for photophysical or spectros
copic investigations in generat any system containing the species in the state under consider
ation is sufficient. 
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2.1.1.1.2 NH Production in Condensed Media 

The condensed phase can be an aqueous solution [1, 2]. or Liquid saturated hydrocarbons 
(C 2 H6 [3, 4]. C 5 H12 [5]. cyclopropane [6]. cyclohexane [7]), or Liquid olefins [8] and acetylenes 
[9]. as weiL as alcohols [10] and Liquid ammonia [11 to 14] at various temperatures. Most 
often, however, a low-temperature inert gas matrix is the condensed phase in which isolated 
NH radicals are produced [15 to 30]. Also NH adsorbed on zeolite [31] has to be mentioned 
in this context. 
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The NH radicals can be produced in the gas phase in a discharge (NH 3 /Ar) and then 
condensed at a cold surface (T~20 K) [19, 30], or they can be produced directly in the 
liquid or solid phase. ln the latter cases, UV photolysis of precursor molecules such as 
NH 2Cl [15, 18], HN 3 [2 to 10, 17, 20, 23 to 26, 29, 32 to 34], HNCO [23, 24, 26], NH 4 Cl04 

[35] or the VUV photolysis of ammonia [27, 28] was used to produce NH radicals. The 
irradiation of N3 ions in aqueous solutions at /..=254 nm gives rise to NH(a) radicals via 
the chemical reaction of electronically excited N3 ions with water [1]. The y radiation of 
Cu+ ions in liquid NH 3 was used to produce NH(X) radicals [36]. Also the direct y irradiation 
of liquid NH 3 [12] and the radiolysis of liquid NH 3 and ND 3 (electrons of about 8 MeV) 
produces NH and ND, respectively [11, 13, 14]. 

Due to the fast quenching processes, the NH radicals appear in the stable eL-) electronic 
ground state or in the metastable C i1) electronic state, which in the case of a Large excess 
of reactant (e.g., in C2 H6 (l)) reacts before it is quenched to the ground state (see p. 127). 

NH radicals in Ne, Ar, Kr, and Xe matrices have been studied in great detail as far 
as the lifetimes are concerned [23] but also with regard to trapping. From the high-resolution 
a 1 i1-> X 3 L emission spectrum, two NH trapping sites in the matrix with different symmetry 
were identified [28]. 

References on pp. 27/30. 

2.1.1.1.3 Detection Methods 

NH was first detected by its A 3 TI-X 3 L- transition at the wavelength of 336 nm exactly 
one hundred years ago in 1893 [37]. Since then this optical transition was observed in 
absorption as weil as in emission in a large number of experimental studies for NH [38 
to 58] and for the isotopic species ND [59 to 62]. Also theoretical investigations have dealt 
with this transition [58, 62, 63]. Several detection methods are based on the A 3 TI-X 3L
transition. With the A--> X emission the presence of electronically excited NH in the system 
is indicated. The A <-X absorption can be applied if NH(X) has to be detected. A significantly 
higher sensitivity is obtained if radiation-induced fluorescence is applied, in which the 
A <-X excitation is done by resonance radiation [45] or Laser radiation, i.e., Laser-excited 
fluorescence (LEF), more often called laser-induced fluorescence (LIF) [46, 48, 50 to 52, 
61 to 63]. To determine absolute concentrations of NH radicals, the absolute absorption 
intensities, i.e., the transition probabilities, have to be known; they were determined in 
[64] and in [65] for the A-X transition. lf the LIF method is used, the quenching rate constants 
and quencher concentrations in environments like flames [55, 56] have to be known. Even 
for the determination of relative NH radical concentrations, e.g., along a flame axis, the 
assumption of constant quenching rates is necessary [48] if the quenching rates are not 
known. Semiquantitative concentration determinations in flames, accurate to within a factor 
of three, are claimed to be possible with the LIF method [49]. ln the saturated LIF method, 
in which the lifetime of the upper state is no Ionger determined by spontaneaus emission 
and quenching, but by stimulated emission, an LIF signal independent of quencher concen
trations can be obtained. This method was used to determine NH concentrations in flames 

[50]. Another elegant method to avoid quenching is to excite a predissociating electronic 
state, the lifetime of which is shorter, due to predissociation, than the time between collisions, 
and thus the fluorescence quantum yield is low, but independent of quenching up to pres
sures weil above atmospheric pressures. This method has successfully been applied to 
other radicals like OH and NO but not yet to NH. There are, however, rovibronic states 
in the NH(A) suitable for this method. 
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A coherent technique, which has been applied as a tool to study NH radicals in flames, 
is the degenerate four wave mixing technique (DFWM) [66, 67]. ln this method [68], the 
interaction of three input Laser beams of identical frequency, ro, with a nonlinear medium 
produces a fourth coherent signal beam (the DFWM signal) also having the frequency ro 
and propagating counter and collinear with one of the incoming beams, the probe beam. 
The advantage of this technique is !hat a highly collimated signal beam is obtained [67]. 

To detect NH in the electronic ground state, the infrared absorption was applied in 
particular in solid matrices [21, 69] but also in the gas phase using a color center Laser 
[70] and different frequency Laser systems [71]. On the other hand, also the IR emission 
of NH(X 3L-, v) was investigated experimentally and theoretically [72]. IR emission of the 
vibrational states of the X 3L- electronic state were also observed with Fourier transform 
emission spectroscopy [73] with low [74] and high resolution [75]. 

ln the far infrared, the Zeemann splitting gives rise to transitions on which a very sensitive 
detection method is based, the so-called Laser magnetic resonance (LMR) technique. The 
LMR absorption has been used to detect NH(X, v = 0) at wavelengths near 0.3 mm [76] 
and NH(X, v = 0, 1) [77], and also 15NH(X, v = 0) and ND(v = 0, 1) [77]. The far-infrared Laser 
magnetic resonance (FIR-LMR) technique is not limited to triptel states; also the NH(a 
1M state was detected [78] as well as NH(a, v = 1) [79]. (For further NH(a) detection methods 
see below). Transitions, initiated in the microwave region between two Zeeman components 
of the same state which are degenerate at zero field, are applied to detect NH(a 1 ~) in 
the gas phase with the electron spin resonance (ESR) technique [80]. The high sensitivity 
in both methods is due to an intracavity device and magnetic field modulation. 

The pure rotational spectrum in the far infrared (zero field) was achieved with a tunable 
IR Laser [81]; this might, combined with multipass absorption devices, be an interesting 
method to detect NH(X) radicals. 

A universal detection method is the mass spectrometric detection technique using elec
tron impact ionization, which was used to detect NH in flow reactors [82 to 86] and even 
in shock tube experiments [87]. This method is in generat not very sensitive and not state
specific, although for NH it was possible to discriminate between NH(X) and NH(a) formed 
in the reaction F + NH 2 [86]. The sensitivity, and simultaneously the specificity, can be signifi
cantly improved by using photoionization. The energy to ionize a molecule, radical, or 
atom results from a VUV photon [88] or from intense Laser radiation from several photans 
with or without resonant intermediate states. The resonance-enhanced multiphoton ioniza
tion (REMPI) method combined with mass spectrometry was used to detect NH (ND) but 
until now only in the a 1 ~ state [89 to 95]. NH was actually the first radical which was 
detected by REMPI. With 3 photans in the wavelength range of 394 to 397 nm, the NH 
is excited to a high-lying Rydberg state, out of which it is ionized with another photon 
(3+ 1 REMPI) [92]. New high-lying Rydberg states in NH and ND have been found with 
2+ 1 REM PI [93 to 96]. 

NH radicals in higher electronic states can be detected by emission as mentioned above 
for the A 3 TI state at 336 nm [54, 58, 62, 97]; this A 3 TI-X 3 L emission was also observed 
with Fourier transform spectroscopy [47, 53]. Those electronically excited NH states, which 
have allowed transitions to lower electronic states, can easily detected by emission, but 
also a spin-forbidden, dipole-allowed radiative transition b 1 L + -..X 3L- was observed 
[98], and even the highly forbidden intercombination transition a 1 ~-..X 3L- was observed 
directly in emission [99]. These emissions, however, were of importance more for the spec
troscopy of NH to determine the excitation energy of NH(a, b) than for detecting NH(a) 
or NH(b) (see below). 
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NH in its metastable (a 1 L1) state (the radiative lifetime was determined by ab initio 
methods in [100]) is mainly detected by LIF using the c 1 IT-a 1 ~ transition at 324 nm [101 
to 103]. This method is in common use for kinetic experiments [104 to 112, 118, 119]. The 
c--.a emission has been intensively studied since the 1930's to detect NH(c) radicals [113 
to 115]. The transition c--> a was observed in high resolution with a hollow cathode discharge 
lamp [116]. Also the ND(c-a) system was analyzed, and Franck-Condon factors were calcu
lated [117]. lmproved transition probabilities, which are important for quantitative spectro
scopy, were determined for the c-a transition [120, 121]. Also for the c-a transition, the 
collision-free LIF via a predissociating state can be used by choosing an appropriate state 
in the c 1 TI ladder. 

Fourier transform emission spectra for the transition c-a for NH(c, v = 0, 1) were recorded 
[122]. The photophysics of the c 1TI state, which is essential for the LIF detection method, 
was studied experimentally in [122, 123] and theoretically in [63]. 

There are four electronically excited singlet valence states in NH: a 1 ~. b 1 L-, c 1 TI, 
and d 1 L+ and three Rydberg states: f 1TI, g 1 ~. and h 1L+; the e 1 TI Rydberg state 
is probably repulsive [93]. All transitions, at least for the valence states, are known; the 
Rydberg states play a rote in the MPI spectra. Only a few transitions provide valuable 
optical probes and thus will be discussed here only briefly. 

The excitation of NH(c 1 TI) to the d 1 L + state at 253.0 nm and the emission of the d 1 L 
state [124 to 127] (see p. 82) is mainly of spectroscopic interest as is also the d 1L+ -b 1L+ 
VUV transition at 162.0 nm [128] (see p. 82). 

The b 1 L + state can be detected by the b 1 L--. X 3 L transition [98] (see above); high
resolution observation of this system has been made [129] (see p. 69). The radiative lifetime 
of NH(b 1 L) has been determined using ab initio methods [100]. The c-b system at 450.2 nm 
has been studied [130] (see p. 71) and was used to detect NH(b) and ND(b) via the c--. a 
ultraviolet fluorescence after the c <-- b excitation [131]. The theoretical investigations for 
the spin-forbidden, dipole-allowed radiative transition and the spin-allowed c-b transition 
resulted in a radiative lifetime of 1 0 (b 1 L +) = 97 ms [63]. 

Finally, an indirect NH(a) detection method should be mentioned that was used in the 
NH(a)- HN 3 system. The reaction of NH(a) with HN 3 produces NH 2 (Ä): NH(a) + HN 3 --. 

NH 2 (Ä) + N3 (X 2 TI). The chemiluminescence of NH 2 (Ä 2 A1) produced in this reaction is 
used to detect NH(a) [7]. 
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2.1.1.2 Molecular Properlies 

Since the beginning of systematic quantum-chemical studies on diatornie hydrides in 
the Late fifties up to mid of 1992, more than 340 calculations of varying scope and accuracy 
have been published, including the NH molecule and its positive and negative ions. Some 
300 of them are ab initio calculations, beginning with simple LCAO MO approaches and 
continuing with high-quality Hartree-Fock (SCF MO), configuration interaction (Cl), perturba
tion theory (MP, MBPT), and, more recently, density functional procedures. The calculations 
have been performed with the intent to test computational methods and to compute proper
lies of NH per se. About 65% of the ab initio studies published up to 1991 have been 
quoted in the various series of 

Bibliographies on Quantum-Chemical Calculations: 

Krauss, M.; Compendium of ab initio Calculations of Molecular Energies and Properlies; 
NBS-TN-438 [1967]1/139. 

Richards, W. G.; Walker, T. E. H.; Hinkley, R. K.; A Bibliography of ab initio Molecular 
Wave Functions, Glarendon Press, Oxford 1971. 

Richards, W. G.; Walker, T. E. H.; Farnell, L.; Scott, P. R.; Bibliography of ab initio Molecular 
Wave Functions. Supplement for 1970-1974, Glarendon Press, Oxford 1974. 

Richards, W. G.; Scott, P. R.; Colburn, E. A.; Marchington, A. F.; Bibliography of ab initio 
Molecular Wave Functions. Supplement for 1974-1977, Glarendon Press, Oxford 
1978. 

Richards, W. G.; Scott, P. R.; Sackwild, V.; Robins, S. A.; A Bibliography of Ab lnitio Molecu
Lar Wave Functions. Supplement for 1978-1980, Glarendon Press, Oxford 1981. 

Ohno, K.; Morokuma, K.; Quantum Chemistry Literature Data Base - Bibliography of Ab 
lnitio Calculations for 1978-1980, Elsevier, Amsterdam 1982. 

Annual Supplements appeared in the following volumes of the Journal of Molecular Struc
ture: 91 [1982], 106 [1983], 119 [1984], 134 [1985], 148 [1986], 154 [1987], 182 [1988], 203 
[1989], 211 [1990], 252 [1991], 278 [1992]. 

ln the following sections on molecular properlies and spectra of NH, only a few relevant 
calculations will be occasionally quoted in order to Supplement the experimental results 
or in cases where experimental results either are not available or are disagreeing or uncer
tain. Otherwise, the reader is referred to the bibliographies. 

2.1.1.2.1 Electron Configuration. Electronic States 

The eight electrons of the NH molecule combine to the lowest electron configuration, 
(1cr) 2 (2cr) 2 (3crf (1n) 2 , where 1cr is the N1s core orbitaland 2cr, 3cr, and 1n are essentially 
the N2s, N2pcr-H1s bonding, and N2pn orbitals, respectively. This configuration gives rise 
to the ground state X 3 l:-, which correlates with the ground-state atoms N(4S) + H( 2S), 
and to two excited metastable states, a 1 ~ and b 1 l: +, which correlate with Neo)+ Hes) 
and NeP) + H( 2S). Excitation of one or two 3cr electrons into the 1n orbital results in the 
excited states (1cr) 2 (2cr) 2 (3cr) 1 (1n) 3 A 3 TI;, c 1TI and (1cr)2 (2crf (3cr)0 (1n)4 d 1l:+ which 
correlate with Neo)+ Hes) and N(2 2 P) + H(2S), respectively; see e.g. [1]. 

These six valence states are known from experiment. The ground state X 3 l:- has been 
observed by far-IR absorption, far-IR Laser magnetic resonance (LMR), and by IR absorption 
and emission spectroscopy. Moreover, it has been identified with the Lower state of the 
triplet system A 3 TI;<-+X 3 l:-, observed in absorption and emission in the UV araund 336 nm 
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and with the lower states of the forbidden a 1 ~+-->X 3 :E- and b 1 :E ++-->X 3 :E- transitions 

in the visible region at 795 and 471 nm. The metastable states a 1 ~ and b 1 :E + and the 
remaining singlet states c 1 TI and d 1 :E+ have been identified with the lower and upper 
states of the UV and visible singlet systems c 1 TI+->a 1 ~ at 324nm, c 1 TI->b 1 :E+ and 
d 1 :E+-> b 1 :E+ at 450 and 162 nm, and d 1 :E+ ->C 1 TI at 253 nm. The d 1 :E+ state has also 

been identified as the intermediate state responsible for the two-photon resonance enhance
ment in the multiphoton ionization spectrum of NH(a 1 ~) at excitation wavelengths araund 
285 nm. Term values T. or T 0 , derived from the UV-visible absorption, emission, and 
resonance-enhanced multiphoton ionization (REMPI) spectra, are given in the following 
table (for details concerning the method of derivation and additional references, see the 
remarks below the table): 

state 

a ,~ 
b 1:[+ 

A 3TI; 
c 1 TI 
d 1:[+ 

12655.2 (12641.7) 
21238.5(20) 
29761.1829(1) 
43359.3 (43345.8) 
82858.0 (82844.5) 

29790.7 
44420.6 (44407.1) 
83160.5 (83147.0) 

ND 
T0 (in cm- 1 ) 

12620.5 
21224.7(20) 
29790.712(5) 
43469.9 
82918.1 

T.(in cm- 1 ) remark 

a) 
b) 

29810.6 c) 
43811.8 d) 
83140.2 e) 

a) Derived using the relation T o(a 1 ~) = Yoo(b 1 :E + ->X 3 :E-) + Yoo(C 1 n-> b 1 :E +)
v00(c 1 TI-> a 1 ~) and recent results for the band origins of the b-> X [2, 3], c-> b [4] (or 
for NH the more recent result for v00(d-> b)- v00(d-> c) [5], yielding the T 0 value given 
in parentheses), and c-> a [6, 7] spectra. The earlier data for v00(b-> X) and v00 (c-> a) 
(and v00(b->c) from [4]) gave T0 =1.561 and 1.565eV (12590 and 12623 cm- 1 ) for NH and 
ND, respectively [8, 9], which Huberand Herzberg [10] converted to the uncertain equilibrium 
values T.=12566 and 12596 cm- 1 . -T0 ~12500 cm- 1 was obtained [10] from the difference 
of the Ihreshold energies for the production of NH(c 1 TI)+ CO(X 1 :E +) and NH(X 3 :E -) + 
CO(a 3 TI) by HNCO photolysis [11], and T0 =1.579±0.017eV=12735±137 cm- 1 from the 
photoelectron spectrum of the NH- ion [12]. The a 1 ~->X 3 :E- transition of NH was directly 
observed at 794.5 nm (Q branch), thus T0 ~12570 cm- 1 [13]. 

b) Band origins of the b->X spectra [2]; similar values, 21238.26(7) and 21224.87(4) cm-\ 
were obtained by [3]. The earlier results, T 0 =21231(11) cm- 1 for NH and 21244(6) cm- 1 

for ND [9], were used to derive the equilibrium values T.=21202 and 21298 cm- 1 [10]. 

c) Band origins of the A 3 TI,-> X 3 :E- spectra: for NH measured by [14], for ND derived 

by [15] from earlier data [16, 17] using the same Hamiltonian as [14]. These were converted 
to equilibrium values Te using the vibrational constants for the A and X states given in 
[14] and [15]. - Earlier studies resulted in T 0 ~ 29777 cm- 1 for NH [16, 18 to 20] and 
T0 ~29799 cm- 1 for ND [16, 21, 22] which Huberand Herzberg [10] converted to T.=29807.4 
and 29820 cm _,, respectively. 

d) Derived using the relation T0 (c 1 TI)=v00 (c 1 TI+->a 1 ~)+v00 (a 1 ~->X 3 :E-) and v00 (c+->a) 
=30704.1 cm- 1 for NH from high-resolution c 1 TI+->a 1 ~ spectra [6, 23, 24], v00 (c->a) 
= 30849.06 cm _, for ND from the emission spectrum [7], and the a 1 ~-X 3:E- energy 
separations given in the first row of the table. The equilibrium values were obtained using 
the ~G;'12 and ~G; 12 values for NH(a 1 ~) and NH(c 1 TI) given by [23] and using the vibrational 
constants ffie and ffi 9 X 9 for ND(a 1 ~) and ND(c 1 TI) given by [25] and [5]. - Huber and 
Herzberg [10] used c->b [4, 5, 26] and c+->a [7, 27, 28] data to derive T.=43744 cm- 1 

(uncertain value) for NH and T. = 43786 cm _, for ND. 
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e) Derived using the relation T 0 (d 1 ~ +) = v00(d 1 ~ + <-- a 1 ,1) + v00(a 1 Li-> X 3~ -) and v00 (d <-- a) 
= 70202.8(5) and 70297.6(5) Gm - 1 from the REM PI speGtra of NH(a 1 Li) and ND(a 1 Li), re
speGtively [29] and the a 1 Li- X 3~- energy separations as given in the first row of the 
table. The equilibrium values were obtained using reliable vibrational Gonstants we and 
wexe for the X 3~- [14, 15] and d 1 ~ + [5] states of NH and ND.- Huber and Herzberg 
[10] used d-->G [5, 30 to 33] and d-->b [5, 34] data to derive Te=83160 and 83168 Gm- 1 
for NH and ND. 

The ground state X 3~- and the experimentally observed and a number of unobserved 
exGited valenGe states have been the subjeGt of numerous quantum-GhemiGal GalGulations 
with the sGope of either aGtually deriving moleGular properties of NH or testing Gomputational 
methods. A Gonfiguration interaGtion (Cl) study of 3~-, 3Il, and 5~- states of NH prediGted, 
besides the known X 3~- and A 3Il; states and five states of mainly Rydberg GharaGter 
(see below), a repulsive 1 5~- state dissoGiating into N(4S) + H( 2S) (with Rydberg GharaGter 
at a small internuGlear distanGe r and a valenGe GharaGter inGreasing with r), a repulsive 
2 3~- state dissoGiating into Neo)+ H(2S), and a repulsive (or extremely slightly bound 
with a shallow minimum outside the FranGk-Condon region of the ground state) 2 3Il state 
dissoGiating into NeP) + Hes); their vertiGal exGitation energies from the X 3~- minimum 
at r e = 1.97 a0 are LiE = 8.88, 9.59, and 8.86 eV; the CI Goefficients of the dominant Gonfigura
tions for the triplet states at various internuGlear distanGes from 1.25 to 20.0 a0 are listed 
in the original paper [35]. MultiGonfiguration (MC) SCF wave funGtions were used to desGribe 
the b 1 ~ +, d 1 ~ +, A 3Il;, and 2 3Il states; the latter has been prediGted to be slightly 
bound [36 to 38]. CalGulations based on a quasi-degenerate many-body perturbation theory 
(QDMBPT) resulted in the known bound valenGe states (see also [39, 40]) and repulsive 
states 5~- (N( 4 S)+H(2 S)), 3~-. 3 Li, 1 ~- (NeD)+H(2 S)), and 3Il, 1Il, 3~+ (NeP)+H( 2S)) 
with vertiGal exGitation energies from the X 3~-minimum between ~ 10 and 14 eV (read 
from a figure) [41]. An earlier Cl study resulted in the same (six observed and seven unob
served) states, but found 2 3~- (Neo)+ H( 2S)) and 2 3Il (NeP) + H( 2S)) to be bound with 
energies of 5.5 and 6.6 eV, respeGtively (T0 values) [42]. Furthermore, term values and/or 
exGitation energies for the a, b, G, d, and Astates were GalGulated using various Cl methods, 
i.e., valenGe CI [43], SCF MO near Hartree-FoGk Limit plus limited CI [44, 45], POL-Cl (polari
zation-CI) [46], CEPA (Goupled eleGtron pair approximation) [47], FORS-IACC (full optimized 
reaGtion spaGe inGluding the intra-atomiG Gorrelation GorreGtion) [48], MRD Cl (multirefer
enGe double exGitation CI) [49], MC SCF (multiGonfiguration SCF) [50], and, more reGently, 
by an alternative method based on algebraiG instead of differential solutions of the SGhrö
dinger equation [51, 52]. 

Rydberg states arise by exGiting a 1rc or 3cr eleGtron into orbitals of the nscr, npcr, nprc, 
ndcr, ndrc, ndö series whiGh Gonverge to the ioniG ground and exGited states (1cr) 2 (2cr) 2 

(3cr) 2 (1rc) 1 X 2Il, and (1cr) 2 (2cr) 2 (3cr) 1 (1rc) 2 a 4~-. A 2~-. B 2L1, C 2~+ States expeGted 
for n = 3 pertaining to the 

Gares are: 
3scr, 3pcr, 3dcr 1·3II 
3prc, 3drc 1.3~-. 1,3~+.1,3,-1 
3dö 1 .3<D, 1 .3rr 

3scr, 3pcr, 3dcr 1 · 3~+, 1 ~-. 3~-(2), 1·3,-1, 5~-
3prc, 3drc 1Il(3), 3Il,(2), 3Il;(2), 1 ·3<D, 5II, 
3dö 1.3~+. 1 ' 3~-. 1L1(2), 3L1(3), 1.3r, 5L1. 

Same of these first members with n=3 and {NH+ X, a, B} Gares were deteGted as 
intermediate states, responsible for the two-photon resonance enhanGement in the multipho
ton ionization (REM PI) speGtra of NH and ND ( {NH + X} 3scr 1.3IJ states are expected or 
prediGted tobe repulsive). REM PI of NH, ND(a 1 Li) gives rise to singlet intermediate Rydberg 
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states; five states, f 1 IT, g 1 ~, h 1L+ [53 to 55], i 1 IT, and j 1 ~ [56], could be characterized 
to a certain extent. The f, g, and h states have been identified with the {NH + X} 3pcr 1 II, 
3prc 1 ~. and 3prc 1 L + states [55], where for the f state an orbital evolution with increasing 
internuclear distance from predominant 3p to 3s character is predicted theoretically [35]. 
The i 1 II state was found to be of mixed {NH + X} 3pcr/3dcr character, and the j 1 ~ state 
to arise from core mixing of {NH+ B} 3scr with {NH+ X} 3drc; additionally, perturbations 
of j-state vibrational Levels appearing in the REMPI spectra were attributed to additional 
Rydberg states with 1L(3drc), 1II(3dcr or 3di5), and 1 ~ (or 1IT or 1 <1>) symmetry [56]. REMPI 
of NH, ND(X 3L-) gives rise to triplet Rydberg states; among these have been detected 
and partially characterized the states B 3II, C 3L- [57, 58], D 3 IT, E 3L-, and F 3L- [58]. 
The B, D, and E states were found to be "regular" Rydberg states, the B state being 
the triplet counterpart of the f state ({NH+ X} 3pcr), the D state being dominated by the 
{NH+ a} 3prc configuration, and the E state arising probably from the {NH+ X} 3prc configura
tion. The C state ( {NH + X} 3prc ?), which is observed only for ND as a perturber of the 
B state, and the F state ({NH+ a} 3pcr?) were found to possess significant valence character 
and were associated [58] with two states obtained from an ab initio Cl calculation and 
Labeted 3 3L- and 4 3L- (see below) [35]. The term values Ta obtained from the band 
origins Vaa of the f 1IT, g 1 ~, h 1L+, i 1II, j 1 ~+--a 1 ~ [55, 56] and B 3 IT, C 3L-, D 3 IT, 
E 3L-, F 3L-+--X 3L- [58] transitions are as follows, where Ta(a 1 ~)=12655.2 (12641.7) 
cm - 1 for NH and Ta(a 1M= 12620.5 cm - 1 for ND (cf. p. 32) have been adopted: 

state Ta in cm- 1 for NH Ta in cm- 1 for ND 

t 1II 86433.0 (86419.5) 86454.6 
g 1~ 88197.2 (88183.7) 88223.4 
h 1L+ 89525.5 (89512.0) 89531.7 
i 1IT 92187.3 (92173.8) 92177.7 
j 1~ 95649.2 (95635.7) a) 95710.2b) 

s 3 IT 85538.6 85588.1 
C 3L- 85734.3 
D 3 IT 89277.1 89394.3 
E 3L- 89829.3 
F 3L- 90276.8 90311.8 

a> A 1 ~ perturber of the v'=O Level of j 1 ~ has Ta=95916.2 (95902.7) cm- 1 . - bl 1 IT, 1L 
perturbers of the v' = 0 Level of j 1 ~ have Ta= 95642.5, 95741.5 cm - 1 , 1 ~ perturber of the 
v' = 1 Level has Ta= 97732.1 cm - 1 . 

A theoretical (ab initio Cl) study of 3L-, 3 IT, and 5L- states of NH found, besides the 
known X 3L- and A 3 IT; valence states and three states of mainly valence character (see 
above), five states of mainly Rydberg character; their vertical excitation energies ~E (in 
eV) from the X 3L- minimum at r e = 1.97 aa and dissociation Limits are as follows (the 
Cl coefficients of the dominant configurations contributing to the triplet states at various 
internuclear distances from 1.25 to 20.0 aa are listed in the original paper) [35]: 

10.70 
11.23 
10.78 

N( 4S) + H( 2S) 
N(4 S) + H(2 P) 
N(4 S) + H(2 P) 

10.70 
12.10 

N( 4 S) + H( 2 S) 
N(4 S) + H(2 P) 

Averaged electron densities araund the N and H nuclei in the X 3L-, a 1 ~, A 3II;, 
c 1II, v=O states of NH were derived from the measured (high-resolution LIF of A 3 IT;+-
X 3L- and c 1 IT +-- a 1 ~ transitions hyperfine and quadrupole coupling constants (cf. pp. 40/2); 
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the values eonfirm the pieture of an N2pcr-H1scr-bonding orbital and two (X 3}:-, a 1 ~) 
or three (A 3 Il;, e 1 Il) 2prr orbitals loeated mainly on the N nueleus [6, 59]. 
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2.1.1.2.2 lonization Potentials 

Removal of the 17t electron from NH(X 3 I:-) Leads to the ionic ground state X 2 II,, 
removal of the 3cr electron to the excited ionic states a 4 I:-, A 2I:-, B 2 ,-1, and C 2 I: + 

Only a few experimental data for the first, third, and fourth ionization potentials E; of gaseaus 
NH are available. Resonance-enhanced multiphoton ionization (REMPI) of NH coupled with 
photoelectron spectroscopy (PES) yielded the most accurate results so far [1] and confirmed 
the values for the first E; obtained by electron-impact mass spectrometry (EIMS) [2] and 
by He I PES of NH [3]. Values for the second and third E; to be observed in the He I 
PES of NH were predicted [3] from the optical emission spectra of NH+ [4]. Adiabatic and 
vertical E;'s (in eV) are compared in the following table: 

ionic state E;(ad) [1] 

X 2II, 13.476 ± 0.002 
a 4 I:-
A 2I:- 16.16±0.04 
B 2,-1 16.34±0.04 

method REMPI-PES 
remark a) 

E;(ad) [2] 

13.47 ±0.05 

EIMS 
b) 

E;(vert) [3] 

13.49±0.01 

He I PES 
c) 

E;(ad) [3] 

~ 13.53 
~ 16.16 

predicted 
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a) Taken from a (2 + 1)-REMPI-PES study of NH(a 1 Ll) at 246 to 286 nm with the Rydberg 
states f 1Il, g 1Ll, and h 1 L as intermediate states [1]. 

b) lonization eurves of NH(X 3L -) and NH(a 1 Ll) (20: 1, from sequential F-atom reaetions 
with NH 3 ) at eleetron energies of 11.5 to 14.3 eV [2] eombined with the speetroseopie 
a 111- X 3L- separation [5, 6]. Earlier eleetron impaet data a<e E; = 13.1 ± 0.2 eV (ionization 
eurves of NH(X 3L-) and NH(a 1L'l) following pulsed eleetriealdiseharges in NH 3 ; a 1Ll-X 3L
separation not yet exaetly known) [7] and E; = 13.10 ± 0.05 eV (appearanee potentials of NH + 

formed by NH 3 dissoeiation eombined with N- H and H- H bond energies) [8]. The quoted 
uneertainty of 0.05 eV of the latter result was questioned by [2], eonsidering the quoted 
uneertainties of 0.1 eV in the appearanee potentials. 

e) ln the He I PES of NH 2 produeed by the reaetion F + NH 3 --> NH 2 +HF, a weak peak 
at 13.49 eV was tentatively assigned to the first E; of NH, generated by the seeondary reaetion 
F + NH 2 --> NH +HF [3]. 

ln good agreement with the direetly observed values for the first ionization potential, 
E; = 13.52 eV was derived from the reaetion enthalpy of N + + H2 --> NH + + H (ef. p. 130) and 
by using a value of 3.45 eV for the dissoeiation energy of the NH moleeule (estimate from 
experimental og:::; 3.47 eV [9] and theoretieal og = 3.34 eV [10]); this in turn proofs the aeeura
ey of the Dg(NH) value (ef. p. 56) [11]. 

A binding energy of 397.8 eV for the N1s eleetron of NH was obtained from X-ray PES 
reeorded upon adsorption and deeomposition of NH 3 on a tungsten (110) surfaee [12]. 

Theoretieal values for the first E; result from ab initio SCF MO [13], Cl [13 to 16], and 
perturbation [17 to 19] ealeulations; the Cl and perturbation ealeulations yield values between 
13.0 and 13.5 eV. 
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2.1.1.2.3 Electron Affinity 

Autodetachment spectra of 14NH- and 1 5NH- ion beams upon IR Laser excitation of 
the fundamental vibration-rotation transitions araund 3000 cm - 1 and photodetachment of 
14NH- beams by Ar+ ion Laser radiation at 488 nm (cf. pp. 157 /8) gave the following electron 
affinities EA (in eV): 

0.374362 ± 0.000005 
0.370 ± 0.004 
0.381 ±0.014 
0.38±0.03 

14NH(a 111) 

1.960±0.010 

15NH(X 31: -) 

0.3761 ± 0.0025 

remark Ref. 

a) [1 to 3] 
b) [4] 
c) [5] 
d) [6] 

a) Autodetachment spectra of 14NH- [1, 3] and 15NH- [2, 3] ion beams produced from 
HN 3 in a hot-cathode discharge source. The spectroscopic results E;e 4NH-) = EAe 4NH) = 
3019.4077±0.0413 cm- 1 and E;e 5NH-)=EAe 5NH)=3033.84±20.78 cm- 1 have been con
verted to eV units using the factor 1 eV = 8065.479 cm- 1. 

b) First autodetachment study of NH- (from an HN 3 discharge source) and of a negative 
ion beam in general, giving EA:<;;0.374 eV as an upper Limit; the quoted value was estimated 
[4] upon taking the lower Limit, EA~0.367 eV, from the photodetachment result of [5] (see 
c)). 

c) Photodetachment of NH- from an HN 3 discharge source; two peaks assigned to the 
transitions into the ground and first excited state of NH, both accessible with Ar+ ion Laser 
radiation [5]. 

d) First tentative assignment of a weak photodetachment peak due to mass 15 in the 
negative ion beam, extracted from an NH3 discharge source [6]. 

The electron affinity cannot be reliably predicted theoretically from the total energies 
of NH and NW (SCF, Cl, PNO-CI, CEPA, MP2, MP3, MP4) [7 to 10] or the energy of the 
first virtual MO (4cr) of NH (MBPT) [11], since the change in electron correlation energy 
caused by the attachment of an electron is of the same order of magnitude as the electron 
affinity itself (see also [12]). Calculations on NH and NH- using the composite methods 
G1 and its improved version G2, which treat the electron correlation by the Moller-Ptesset 
perturbation theory (MP4) and quadratic configuration interaction (QCISD(T)), gave EA = 
0.28 eV [13] and 0.30 eV [14], respectively, and an MP4 calculation using the isogyric compar
ison with H2 yielded EA=0.30 eV [15]. 
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Phys. 90 [1989] 5622/9). 

[14) Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, J. A. (J. Chem. Phys. 94 [1991) 
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2.1.1.2.4 Dipole Moment. Dipole Moment Function. Multipole Moments 

The only experimental data for the dipole moment 11 were obtained from Stark effect 
measurements on various vibrational-rotational Lines in the UV emission spectra, A 3II;-+ 
X 3~- and c 1 II-+ a 1 ß; the excited NH molecules were generated by electric discharges 
in NH3 . The following results were obtained for the states involved (ab initio calculations 
indicate the polarization N- H+ if 11>0): 

state 1111 in D 

1.389 ± 0.075 
1.31 ±0.03 

Ref. 

[1) 
[2) 

state 1111 in D 

1.49±0.06 
1.70±0.07 

Ref. 

[2) 
[2) 

Numerous ( ~30) quantum-chemical calculations of the dipole moment 11· its derivative 
with respect to the internuclear distance d11/dr, and the dipole moment function 11(r) for 
NH in the electronic ground state and in various excited states are available; see the biblio
graphy of quantum-chemical calculations on p. 31. Early results for 11 (before 1970) are 
Listed in [1). High-quality, ab initio Hartree-Fock calculations give values of ~ 1.61 to 1.65 D 
for 11(NH, X 3~-) (see for example [3 to 7)), whereas the inclusion of electron correlation 
slightly reduces the values to 1.47 D; see for example [4, 7 to 12). Dipole moments for 
excited valence states were calculated by applying Cl methods: A 3 II; [9, 11, 12), a 1 ß 
[9, 12, 13), b 1 ~+ [9, 10, 12, 13), c 1 II [9, 12], d 1 ~+ [12), 1 5~- [12). The dipole moment 
function of NH(X 3~-) is tabulated in [4, 8], and dipole moment functions for NH(X 3~-. 
A 3 II;), and three unobserved states 2 3~-. 2 3 II;, and 1 5~- are depicted in [11]. 

For the higher muttipole moments of NH(X 3~-), only theoretical data from ab initio 
Hartree-Fock calculations [5 to 7, 14] and an ACPF (averaged couplad-pair functional) calcu
Lation [7) are available. Values for the quadrupole, octopole, and hexadecapole moments 
0, 0, and <I> calculated relative to the center of mass at the equilibrium internuclear distance 
re are as follows (e = 1.60217733 x 10- 19 C, a0 = 5.29177249 x 10- 11 m): 

method ein e·a~ 0 in e·a~ 

SCF MO 0.448151 1.8886 
numerical Hartree-Fock 0.499092 1.891634 
SCF MO 0.4974 1.9000 
ACPF*> 0.4384 1.7111 

•> 0 and 0 also for NH(a 1ß) and NH(b 1 ~+). 
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[3] Cade, P. E.; Huo, W. M. (J. Chem. Phys. 45 [1966]1063/5). 
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No. 4 [1988]162; J. Struct. Chem. [USSR] 29 [1988] 626). 

2.1.1.2.5 Polarizability 

A recent quantum-chemical ab initio ACPF (averaged coupled-pair functional) calcula
tion gave the parallel and perpendicular components of the polarizability of NH(X 3~-). 
IX11 = 11.770 a~ ( = 1.744 Ä3 ) and IX.L = 9.016 a~ ( = 1.336 Ä3 ); the average molecular polarizabi
lity thus is iX=(IX11 +2ct.L)/3=9.934 a~ (=1.472Ä3 ). Slightly higher values were obtained for 
the two lowest excited states, a 1 ~ and b 1 ~+. of NH [1]. Using the time-dependent coupled 
Hartree-Fock method, the frequency-dependent polarizability !X(ro) was calculated; for the 
isotropic static polarizability, a value of 9.3655 a~ was obtained [2]. 

References: 
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2.1.1.2.6 Spectroscopic Constants 

2.1.1.2.6.1 Hyperfine and Quadrupole Coupling Constants. Zeeman Parameters 

Hyperfine structure (hfs) has been resolved in the far-IR Iaser magnetic resonance (LMR) 
spectra of NH (ND) in its ground state X 3~- [1, 2] and lowest excited state a 1 ~ [3 to 
5], in the high-resolution far-IR absorption spectrum of NH(X 3~-) [6], and in the high
resolution laser-induced fluorescence (LIF) spectra of the A 3 Il; +-X 3~- [7] and c 1 II .... 
a 1 ~ [8] transitions. Analysis of the spectra by using Hamiltonians, which include in addition 
to the terms for rotation, centrifugal distortion, and fine structure also those for hfs, quadru
pole, and Zeeman interactions, enabled the corresponding parameters to be derived. The 
hfs parameters b and c introduced by Frosch and Foley [9] characterize the interactions 
between the electron spin (S = 1 for X 3~- and A 3 II;) and the nuclear spins of H (I= 1/2), 
D (1=1), 14N (1=1), and 15N (1=1/2), where b+c/3=1X and c/3=ß are the Fermi contact 
term (or isotropic hf coupling constant) and the dipole-dipole term, respectively; the parame
ters a and d depict the hf interactions between the electron orbital angular momentum 
(A = 2 for a 1 ~. A = 1 for A 3 Il; and c 1 II) and the nuclear spins. The quadrupole interaction 
of the 14N nucleus is described by the coupling constants eQq 1 and eQq 2 , and the Zeeman 
interactions between the electron spin, the orbital angular momentum, and the rotational 
angular momentum and the magnetic field by the corresponding g factors g5 , gL, and 9R· 
For the theoretical background, see [10]. 
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Results for 14NH, 15NH, and 14ND in the vibronic ground state X 3~-, v = 0 are as follows 
(in MHz): 

constant 14NH 14NH 14NH 15NH 14ND 

bN 41.7±0.5 41.86(33) 42.8(16) 60.1(56) 45.1(30) 
CN -66.3±0.6 -67.94(61) -68.4(30) 93.9(66) -74.7(60) 
bN +cN/3 19.6±0.4 19.22(18) 20.0(6) -28.8(34) 20.2(10) 
bH(D) -96.5± 1.4 -96.80(57) -100.2(26) -95.3(54) -15.5(30) 
CH(D) 90.6± 1.9 91.70(160) 88.8(48) 86.4(66) 15.3(60) 
bH(D)+CH(D/3 -66.3± 1.2 -66.23(32) -70.6(10) -66.5(32) -10.2(10) 
e0q,C 4N) -5.0± 1.2 

remark a) b) c) c) c) 
Ref. [7] [6] [2] [2] [2] 

a) More than 300 hf Lines analyzed in the LIF spectrum of the A 3II;+--X 3~-. v=0+--0 
transition at 336 nm [7]. 

b) Analysis of five and nine hf Lines of the N = 1 +-- 0, J = 2 +--1 and N = 1 +-- 0, J = 1 +-- 1 
transitions, respectively, of NH(X 3~-. v=O) observed in the high-resolution far-IR absorp
tion spectrum around 1 THz (300 J.Lm) [6]. 

c) Submillimeter-LMR using six Laser Lines at 163 to 315J.Lm; analysis of fifteen resonances 
for 14NH, v = 0, N = 1 +-- 0, eight resonances for 14ND, v = 0, N = 2 +-- 1, 3 +-- 2, and three reso
nances for 15NH, v = 0, N = 1 +-- 0. The quadrupole interactions were set to zero, and the 
g factors fixed at g5 =2.002100, gR= -0.000100, and Ag'=Ag-g~= -0.001690 (Ag is a dia
magnetic correction; g~ is an orbital g factor due to coupling-in of excited electronic states) 
[2]. Previously incorrect results for 14NH, v=O, N=1<-0 [1] thus were improved. Hfs con
stants for 14NH(X 3~-, v = 1) (N = 1 +-- 0, eight resonances) and 14ND(X 3~-, v = 1) (N = 2 +-- 1, 
3 +-- 2, two resonances) were also derived [2]. 

Ground-state hfs parameters have been calculated by applying various quantum
chemical ab initio methods. Those using highly correlated wave functions are generally 
in satisfactory agreement with the experiment, giving the following isotropic hf coupling 
constants cx = b + c/3 (in MHz): 

CXN ................... 19.1 18.0 18.8 16.6 18.9 17.6 
CXH ................... -65.8 -63.5 -63.3 -64.5 -66.4 -53.6 
method*> ........ QCISD(T) UCCD(ST) MC SCF MRD Cl MBPT SD Cl 
Ref ................. [11] [12] [13] [14, 15] [16] [17] 

•> QCISD(T) = quadratic Cl including single, double, and triple excitations, UCCD(ST) = 
coupled-cluster doubles method based on the unrestricted Hartree-Fock method and cor
rected for single and triple replacements, MC SCF = multiconfiguration SCF, MRD Cl= multi
reference singles and doubles Cl, MBPT = many-body perturbation theory, SD Cl= singles 
and doubles Cl. 

The experimental results for the excited state A 3Il;. v= 0 (see remark a) in the above 
table fortheX 3~- state) [7] are (in MHz): 

= 89.6±2.3 
= 153.6±0.4 

CN = 15.2±2.6 
bN +cN/3 = 158.7±0.9 
dN = 66.4±0.4 
Gmelin Handbock 
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= 74.1±1.5 
= 270.8±0.6 

eH = 90.5 ± 4.5 
bH +cH/3 = 301.0± 1.6 
dH = 26.0 ± 0.6 

eOq,C 4N) = 7.1 ± 1.5 
e0q 2 C 4N) = 21.9 ± 2.4 
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The results for the excited states a 1 ß, v = 0 and c 1 TI, v = 0 are as follows (in MHz): 

constant NH(a 1ß) 

aN 109.65(85) 

aH(D) 70.9(14) 
eOq,C4N) [-4.0] 
e0q 2 C4N) 
gR - 0.00158(6) 

gl [1.00103] 

remark a) 
Ref. [3, 4] 

ND(a 1ß) 

109.63(22) 
11.03(23) 

-4.0(15) 

-0.0086(10) 
1.000506(17) 

a) 
[3, 4] 

NH(a 1ß) 

110.0±0.5 
69.6± 1.2 

-8.0±2.6 

b) 
[8] 

NH(c 1 TI) 

106.3± 1.8 
58.2±4.3 
11.4±2.3 

-32.0±3.2 

b) 
[8] 

a) Far-IR LMR using four Iaser lines at 102 to 190 J..lm; analysis of 18 resonances for 
NH(a 1 ß, v = 0, J = 3 +-- 2) and 66 and 24 resonances, respectively, for ND(a 1 ß, v = 0, J = 3 +-- 2 
and 5 +-- 4); the values for NH(a 1 ß) in brackets were obtained from the fit of the ND(a 1 ß) 
data [3, 4]. LMR of NH(a 1ß, v=1, J=3+-2) at 105.5 J..lm gave the constants aN, aH, and 
gR for the v= 1 Level of NH(a 1ß) [5]. 

b) Analysis of 68 hf lines in the LIF spectrum of the c 1 TI+-- a 1 ß, v = 0 +-- 0 transition 
at 324 nm [7]. 
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2.1.1.2.6.2 Fine-Structure Constants 

The fine structure in purely rotational, rotational-vibrational, and electronic spectra of 
NH (ND) arises from the interaction of the unpaired electron spin with the orbital angular 
momentum (spin-orbit coupling constant A for the 3 TI states), from the interaction of the 
unpaired electron spins with each other and with the rotational angular momentum (spin-
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spin coupling and spin-rotation coupling constants A. and y for the 3~- and 3 TI states), 
and from A-type doubling (constants p, q, and o for the 3 TI, 1 TI, and 1 Li states). 

For the electronic ground state X 3~- of NH and ND, the spin-rotation and spin-spin 
coupling constants were derived from the far-IR absorption [1] and LMR [2] spectra, from 
IR absorption [3] and emission [4] spectra in the region of the fundamental band, from 
IR emission spectra in the region of the Liv = 1 (v" = 0 to 4) sequence [5], and from the 
A 3 TI;+-+X 3~- absorption and emission transitions with v' and v" up to 2 [6 to 15]. Results 
of highest precision for y and A. and their centrifugal distortion terms y 0 and 'A 0 for 
NH(X 3~-, v= 0) and ND(X 3~-, v= 0) are as follows (in cm- 1): 

constant NH 14NH 14ND NH NH ND 

y·102 -5.4785(6) -5.466(8) -2.94(2) -5.221(83) - 5.4844(22) -2.776(94) 
Yo ·105 -1.68(11) 1.5098(75) 
A. 0.920006(14) 0.9197(2) 0.9184(4) 0.91984(33) 0.920063(148) 0.9221(57) 
"-o ·105 7.1(13) - 0.909(142) 

remark a) b) b) c) d) e) 
Ref. [1] [2] [2] [5] [6] [7] 

a) Analysis of the rotational hyperfine spectrum (N = 1 +-- 0, J = 2 +--1 and 1 +-- 1 transitions) 
of NH(X 3~-. v=O) in the far IR around 1 THz; original values: y= -1642.4(17) MHz and 
'A.=27581.1(43) MHz [1]. 

b) Submillimeter-LMR spectra of 14NH(X 3~-. v=O, 1), 14ND(X 3~-. v=O, 1), and 
15NH(X 3~-, v = 0) (cf. p. 41, remark c) of the table which lists the hf constants); results 
for 14NH(X 3~-. v=1) arealso given [2]. 

c) Fourier transform IR emission spectrum of NH(X 3~-) in the region of the Liv= 1 
sequence, v = 1 -+ 0 to 5-+ 4; results are given for the v = 0 to 5 Levels, and polynomial 
expansions in (v+1/2)" (n=O to 4) terms have been derived leading to the equilibrium 
values Ye= -5.6724(14)·10- 2 , Yo.e= -1.822(56)·10- 5, A9 =0.91911(12), and "-o.e 
= 8.5(8) -10- 5 [5]. The centrifugal distortion constants quoted here are denoted 2 y 0 and 
2 'A. 0 in the original paper; their definitions are obviously Ye11 = y- 2 y 0 ·J(J + 1) and "-en= 'A- 2 
'A. 0 ·J(J+1); compare values in column d). 

d) Fourier transform emission spectrum of the A 3 TI;-+X 3~-. Liv=O, ±1 (v':::;;2, v":::;;2) 
transitions of NH; definition of the centrifugal distortion constants is "-en = A. + 'A. 0 · J(J + 1) 
and Yen=y+y 0 ·J(J+1)+yH·J 2 (J+1) 2 ; yH= -1.366(89)·10- 9 . Results for the v=1 and 2 
Levels of NH(X 3~-) arealso given [6]. 

e) Fitting the data for the A 3 TI;-+ X 3~-, v = 0-+ 0, 1-+ 1 [9, 10], and 2-+ 2 [16] emission 
bands of ND to the same Hamiltonian used by [6]; results for the v = 1 and 2 Levels are 
also given [7]. 

Ab initio SCF MO and Cl calculations of the spin-spin coupling constant A. are available 
in [2, 17 to 19] and [20, 21], respectively. 

Fine-structure constants for the excited valence states were derived from the A 3TI; ...... 
X 3~- [6 to 16], c 1TI+-+a 1Li [22 to 26], c 1TI-+b 1 ~+ [27], and d 1 ~+ -+c 1TI [28, 29] 
spectra. The following results for the A 3TI;, v=O Levels of NH and ND were very precisely 
determined (in cm- 1): 
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constant NH ND constant NH ND 

A -34.61976(15) - 34.5987(84) p·102 5.5222(25) 2.770(100) 
A 0 ·105 [-8.1] Po ·105 -1.7795(151) 
y·102 2.9830(24) -1.66(11) q ·102 -3.15870(40) - 0.8540(83) 
Yo ·106 -5.406(52) qD ·105 1.3822(29) 
'A -0.19968(22) - 0.2107(79) 0 1.28447(20) 1.3022(69) 
'A 0 ·105 - 1.630(156) 0 0 ·104 -1.3440(136) 

remark a) b) a) b) 
Ref. [6] [7] [6] [7] 

a) Fourier transform emission spectrum of the A 3TI;-->X 3~-. ~v=O, ±1 (v'~2. v"~2) 
transitions of NH; results are given also for the v = 1 and 2 Levels. The high er centrifugal 
distortion terms of the A-doubling constants PH• qH, qL, and oH were also derived; the 
A 0 value is calculated. Assuming a vibrational dependence of the spin-orbit coupling con
stant of the form Av= Ae- aA(v + 1/2), the values Ae = - 34.6038(23) cm _, and aA = 
-0.0314(26) cm- 1 were derived [6]. 

b) Fitting the data for the A 3 Il;-->X 3~-. v=0-->0, 1-->1 [9, 10], and 2-->2 [16] emission 
bands of ND to the same Hamiltonian used by [6]; results for the v= 1 and 2 Levels are 
also given. Combining with own data from LIF measurements in the 1 +- 0, 2 +- 1, and 3 +- 2 
bands gave (cf. remark a)) the values Ae= -34.5362(45) cm- 1 and aA= -0.125(15) cm- 1 

[7]. 

An ab initio MG SCF calculation of the spin-orbit coupling constant [30] and an SCF 
calculation of the A-doubling constant [18] are available. 

The high-resolution Fourier transform emission spectrum of the c 1 TI--> a 1 ~. v = 1 --> 0, 
0--> 0, 0--> 1 transitions [23] and the high-resolution LIF spectrum of the c 1 TI+- a 1 ~. v = 0 +- 0 
transition [22] gave the following A-type doubling constants (in cm _,): 

NH(a 1 ~. v=O) 
q ·107 

-1.62(23) 
-1.61(10) 

NH(c 1Il, v=O) 
q·103 

16.711(38) 
16.74(1) 

-3.92(38) 
-4.54(13) 

0.216(88) 
0.404(43) 

a) Values for the v = 1 Levels of both states are also available. 

remark 

a) 
b) 

Ref. 

[23] 
[22] 

b) Values converted to cm- 1 units from q=502.2(3) MHz, q 0 = -0.136(4) MHz, 
qH =0.121 (13) kHz for c 1Il and q = -4.82(31) kHz for a 1 ~-

ln another analysis of the c 1 Il--> a 1 ~. v = 0--> 0 band of NH and in the analysis of 
the 0--> 0 and 0--> 1 bands of ND, A-type doubling of the a 1 ~ state was neglected. For 
the c 1TI, v=O Levels of NH and ND, q=16.60(18)·10- 3 , q 0 = -2.8(9)·10- 6 cm- 1 [24], and 
q=4.47(2)·10- 3 cm- 1 [25] were derived. The analyses of the d 1 ~+ -->C 1TI and c 1Il-+ 
b 1 ~+ emission spectra gave for the c 1Il, v= 0 Levels of NH and ND q(in 10- 3 cm- 1 ) = 16.5 
and 4.36 [28], 15.4(1) and 4.42(3) [29], 15.55(7) and 4.56(4) [27]; results for the v= 1 Level 
of NH and the v= 1 and 2 Levels of ND [28, 29] arealso available. 

For the triplet Rydberg states detected by resonance-enhanced multiphoton ionization 
(REMPI) of NH, ND(X 3~-) the following spin-orbit, spin-rotation, spin-spin coupling, and 
A-doubling constants were derived for the v=O Levels (in cm- 1 ) [31] (preliminary results 
for the B 3Il state in [32]): 
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eonstant 8 3TI D 3TI c 3l:- E 3l:- F 3l:-

NH ND NH ND ND ND NH ND 

A 39.9(5) 39.6(2) 1.2(4) 4.2(4) 
y 0.52(9) oa) 0.11(3) 0 0 0 0 0 
'),_, ob) 0.5(2) 0 -0.5(3) 0 -0.4(2) 0 0 
p 0 0.17(4) 0 -0.21(5) 
q 0 0.045(9)c) 0.89(1) 0.278(9) 

a) 0.09(2) for V= 1. - bl 1.4(2) for V= 1. - cl For V= 1. 

For the singlet Rydberg state j 1 TI, v=O, REMPI of ND(a 1 11) gave lqi=0.0368(5) em- 1 

[33]. 
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2.1.1.2.6.3 Rotational and Vibrational Constants. lnternuclear Distance 

Electronic Ground State and Excited Valence States. Purely rotational, rotational
vibrational, and numerous vibronic spectra have been analyzed to derive the rotational 
and Gentrifugal distortion constants Be or Bv and Oe, He, Le or Dv, Hv, Lv, the corresponding 
rotation-vibration interaction constants rJ.e, y e• ße, 11 e• and the vibrational constants roe, 
ffieXe, ffieYe, roeze of NH and ND in their various valence states. The equilibrium internuclear 
distances r e were obtained by converting the rotational constant Be. The high-quality results 
are compiled in the following two tables: Table 1 gives the constants for the ground state 
X 3L- and the lowest excited state a 1 A, obtained from far-IR and IR spectra, and Table 2 
the constants obtained from the A 3 TI;+-+X 3L-, c 1 TI+-+a 1A, c 1 TI--.b 1L+, d 1L+--> 
b 1L+, and d 1L+ -->C 1TI emission and absorption systems in the near-IR, visible, and 
UV. Details concerning the various analyses as weil as additional references can be found 
in the remarks below both tables. 

Geometry optimization for determining r e and evaluating the rotational and vibrational 
constants are included in numerous quantum-chemical ab initio calculations on NH. These 
are essentially the same studies !hat are quoted in the next section on potential energy 
functions (see labte on p. 55). Further references may be found in the bibliographies on 
quantum-chemical calculations given on p. 31. 
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Rydberg States. Vibrationally and rotationally resolved, (2 + 1 )-resonance-enhanced 
multiphoton ionization (REM PI) spectra and REMPI-PES of NH, ND(a 1 L'l) and NH, ND(X 3 L-) 
radicals in the UV (cf. pp. 83/7) revealed the existence of some singlet and triplet Rydberg 
states. Using Literature data for the spectroscopic constants of the a 1 tl and X 3L- states, 
the rotational constants 8 and centrifugal distortion constants D were derived by (35, 43, 
44]. in the analysis of [38], 8 and D values for both the upper and the lower states of 
the two-photon transitions were derived. 8a and Da values for the ground-vibrational Level 
are as follows (in cm _,): 

state NH ND Ref. 
8a Da ·104 8a Da ·104 

f 1 TI 14.238(2) 16.98(9) 7.730(1) 5.09(2) [43] a) 

14.2281 (65) 16.29(33) 7.7268(45) 4.94(13) [38] 
g 1tl 14.950(5) 23.2(2) 8.064(3) 6.31(9) [43] a) 

14.9936(85) 23.20(47) 7.7669(158) 11.39(79) [38] b) 

h 1L+ 15.360(9) 25.0(4) 8.200(2) 5.53(5) [43] a) 

15.2584(210) 20.77(212) 8.1524(118) 3.49(78) [38] 
i 1 TI 13.566(10) 12.6(5) 7.361(1) 4.03(4) [35] 
j 1 tl 12.932(2) 11.9(7) 7.051(4) 5.96(7) (35] c) 
8 3 TI 13.75(8) 250(30) 7.63(3) 65(7) [44] d) 

C 3L- 6.56(3) 40(6) [44] 
D 3 TI 13.86(2) 21(4) 7.63(1) 12(2) [44] 
E 3L- 7.40(4) 0 [44] 
F 3L- 9.17(2) -84(3) 4.682(7) -13.0(5) [44] 

•> Gives also values for f 1 TI, v= 1 of ND, g 1 tl, v= 1, 2 of NH, v= 1, 2, 3 of ND, and 
h 1L+, v=2 of ND. - bl Gives also values for g 1 tl, v= 1 of NH and ND. - c> Gives 
also values for j 1 tl, v = 1, 2 of NH and ND and for three states, 1 L, 1 TI, and 1 tl, identified 
as perturbers of the j 1 tl state. - dl Gives also values for 8 3TI, v = 1 of NH and ND. 

For the states Labeted 3 3L-, 4 3 L-, 3 3 TI, 2 5L-, and 3 5L- and recognized by an 
ab initio Cl calculation to have mainly Rydberg character, the spectroscopic constants Be, 
ae, me, mexe, and the internuclear distances r e were derived [45]. 
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2.1.1.2. 7 Potential Energy Functions 

Morse potential functions for the six valence states X 3L-, a 1 ~. b 1 L +, A 3 TI;, c 1 TI, 
d 1L+ of NH were calculated [1] from the spectroscopic constants derived prior to 1973 
[2, 3]; crossings of the A 3 TI; state at rc=1.36Ä and of the c 1TI state at rc~re=1.11 A 
with a possibly weakly bonding 5L- state, which arises from the ground-state asymptote 
N(4 S) + Hes), have been derived from the measured Lifetimes and the observed predissocia-
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tion of A- and c-state rovibrationallevels [4]; crossing of the d 1 L+ state with a repulsive 
1II state was found to cause predissociation of d-state Levels observed in the d 1L+ -->C 1 IT 
emission spectrum [5] (see however p. 82). The potential curves are shown in Fig. 1; also 
indicated are the observed vibrationallevels v = 0 and 1 for the bound states and the highest 
observed rotational Levels lor the c 1II (v=O and 1) state which lie above the dissociation 
Limit [1]. 
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NI'SI+H( 2SI 

Internucleor distonce r 1n Ä 

Fig. 1. Potential energy curves for NH. The vibrational Levels v = 0 and 1 are indicated 
lor all states, the highest observed rotationallevels lor the c 1 II state [1]. 

The classical turning points, r min and r max• ol the vibrationallevels have been calculated 
lor the ground state X 3L- (v = 0 to 6; molecular constants lrom [6]) assuming a Rydberg
Klein-Rees-Vanderslice potential [7], lor the X 3L- and A 3 II; states (v' and v"=O to 
8; molecular constants lrom [8]) assuming Morse and modilied Rydberg-Klein-Rees (RKR) 
potentials [9], and lor the b 1 L + and d 1 L + states (v' and v" = 0 to 3; molecular constants 
from [10]) assuming modified RKR and simplilied potentials [11] and [12], respectively. 

The harmonic and anharmonic lorce constants f;, defined by the potential energy lunction 
V(r)=1/2!·12 (r-r 8 ) 2 +1/3!·f3(r-r 8 ) 3 +····· were calculated from the ground-state spectro
scopic constants taken from [13]: 12 =5.41 aJ/Ä2 , 13 = -35.0 aJ/Ä3 [14]. 

A few empirical potential functions have been tested by comparing calculated and experi
mental molecular constants, such as rx 8 , W8 X8 , and the binding energy De [15, 16]. 
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Numerous quantum-chemical ab initio studies include the calculation of ground- and 
excited-state potential functions; tabulated energy values or graphical representations E(r) 
are given: 

states figure for r (in a0 ) table for r (in a0 ) method al Ref. 

X3L-, a 1 .:1, b1L+, A3II;, c 1II, 5L-
23L-, 21II, 23II, 3 .:1, 1L-, 3L+ 
X3L-, a 1 .:1, b1L+, A3II;. c 1II, 
d 1L+, 5L-

1.3 to 5.0 and oo 1.3 to 5.0 and oo QDM BPT [17] 
1.3 to 5.0 and oo QDMBPT [17] 

1.4 to 2.7 Cl [18] 

X3L- b) MC SCF [19] 
X3L-, A3Il; 1.0 to 6.0 

1.0 to 6.0 
1.0 to 6.0 
1.4 to 5.5 

GAS SCF [20] 
X3L-, A3II;, 23L-, 23II, 15L-
33L-, 43L-, 33Il, 25L-, 35L
X3L-
X3 L-
X3L-

A3Il;, 23II, b1L+, d 1L+ 

0 to 5 (UHF) 
1.6 to 10 
1 to 15 

X3L-, a 1 .:1, b1L+, A3II;, c 1II 1.5 to 6 
X3 L-
X3L-, a 1 .:1, b 1 L+ 1.3 to 3.8 
X3L-, a 1 .:1, b1L+, A3II;, c 1 II, d 1 L+, 1.5 to 6 and oo 
5L-, 23L-, 21II, 23II, 3.:1, 1L-, 3 L+ 

1.25 to 6.0 and 20 

1.5to 7.5 
1.6 to 7 and 10, 20 
1 to 15 

1.0 to 3.5 and 10 

1.5 to 6 and oo 

Cl [21] 
Cl [21] 
MRD Cl [22] 
MC SCF [23] 
UMP2 [24] 
MC SCF [25 to 

27] 
POL-Cl [28] 
Cl [29] 
Cl [30] 
Cl [31] 

al QDMBPT = quasi-degenerate many-body perturbation theory, (POL-) Cl= (polarization-) 
configuration interaction, MC SCF = multiconfiguration SCF, GAS SCF = complete active 
space SCF, MRD Cl= multireference double-excitation Cl, UHF= unrestricted Hartree-Fock, 
UMP2 = unrestricted Moller-Ptesset perturbation method of second order. - bl An analytical, 
combined polynomial-exponential form for E(x) with x = (r- r e)/r and a figure for x = -0.98 
to +0.04. 
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2.1.1.2.8 Dissociation Energy. Heat of Formation. Thermodynamic Functions 

The heat of formation, L'11Hg, and the dissociation energy, og, of NH in its ground state 
X 3L- have long been subjects of considerable controversy. These quantities, which are 
related to each other via the thermochemical cycle L'11Hg(N) + L'11Hg(H) = L'11Hg(NH) + Dg(NH) 
and the well-established heats of formation of N and H (e.g. L'11Hg(N) + L'11Hg(H) = 470.82 
+216.035=686.855 kJ/mol=7.119 eV [1, pp. 1211 and 1530]), have been measured by var
ious spectroscopic and thermochemical techniques. Published values are between 396 and 
320 kJ/mol for L'11Hg and between 3.0 and 3.8 eV (291 and 367 kJ/mol) for og. A few more 
or less critical reviews, however, which tried to resolve some of the controversy, confined 
L'11Hg to the range 351 to 369 kJ/mol and og to the range 3.29 to 3.48 eV (317 to 336 kJ/mol); 
the most recent and convincing recommendation is L'11Hg = 357 ± 1 kJ/mol, og = 3.42 ± 0.01 eV 
(see the following table; details are given in the subsequent remarks): 

L'11Hg in kJ/mol og in ev year authors remark 
(kJ/mol) 

339± 10 ~3.6 (348) 1971 JANAF Tables [2] a) 
377±21 or 17 3.21 (310) 1974, 1982, JANAF Tables [1, 3, 4] b) 

1985 
352± 10 3.47 (335) 1979 Piper [5] c) 
;::::352 ~3.47 (335) 1979 Huber and Herzberg [6] d) 
351.0 3.48 (336) 1982 N8S Tables [7] e) 
352 to 369 3.29 to 3.47 1985 Hofzumahaus and Stuhl [8] f) 

(317 to 335) 
357± 1 3.42 (330) 1989 Anderson [9] g) 

a) The earliest studies, i.e., a 8irge-Sponer extrapolation of ground-state vibrational 
Levels [10] combined with thermochemical data [11, 12] and the dissociative ionization of 
HN 3 [13] and NH 3 [14] by electron impact, placed og to values araund 3.6 eV. Two electron 
impact results and two semiempirical calculations yielded the same value which led to 
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L"11Hg = L"11H398 . 15 = 339± 10 kJ/mol being recommended in the 1971 JANAF Tables [2]. More 
recently, a spectroscopic value of Dg::::;3.60 eV was derived from the Fourier transform IR 
emission spectrum of the v + 1 -> v bands of NH(X 3 'L -) with v = 0 to 4; the band centers 
were fitted to a polynomial expansion of G(v) up to fourth order of (v+ 1/2), and Dg was 
calculated by assuming that it corresponds to the v value (:::::;17) for which dG/dv=O [15]. 

b) A lower dissociation energy, Dg = 3.21 eV, is consistent with the results of intensity 
measurements on A 3 IT; <--X 3 'L- absorption lines in shock-wave-excited NH 3 -Kr and 
N2 -H 2 -Kr mixtures [16], A-state lifetime measurements [17, 18], A 3 IT; (v'= 1, 0) -.X 3 'L
and c 1 n (v' = 0)--. a 1 L1 emission spectra excited (up to rotationally predissociating Levels) 
by the reactions of Ar, Kr, Xe metastables with HN 3 , NH 3 , HNCO [19], and measurements 
of the NH, NH 3 , and OH concentrations in NH 3-0 2 -N 2 flames [20]. This later revised value 
(see next paragraph) was subsequently adopted by the 1974, 1982, and 1985 JANAF Tables 
which recommend L"11Hg = L"11H398 . 15 = 377.2 ± 21 kJ/mol [3], 377 ± 17 kJ/mol [4] for a standard
state pressure of 1 atm and L"11Hg = 376.51 ± 16.7 kJ/mol, L"11H398 . 1 5 = 376.56 ± 16.7 kJ/mol for 
a standard-state pressure of 0.1 MPa [1]. Strange to say the authors used the lower L"11Hg 
value for NH from their 1971 tables to derive L"11Hg=L11H3 98 15 =375.3±21 kJ/mol for the 
ND molecule [1, 4]. - An upper Limit of 377 kJ/mol for L"11Hg was found to agree with the 
threshold energy for NH formation by VUV photolysis of HNCS [21]. 

c) in a convincing critical review of all results prior to 1979, Piper [5] revealed and cor
rected errors and faulty assumptions in the analyses of [16, 19, 20] and reanalyzed a number 
of experiments on dissociative excitation and ionization of NH-containing molecules, such 
as formation of NH(A 3 IT; ) or NH(c 1 IT) by electron impact on HN 3 , NH 3 , HNCO, (CH 2bNH, 
CH 3 NH 2 , N2 H4 and observing the A 3IT;-> X 3 'L- or c 1 n--. a 1 L1 emission [22], photoionization 
of NH 3 resulting in NH(c 1 n--. a 1 L1) fluorescence [23, 24], formation of NH(X 3 'L -) + N; 
by electron impact on HN 3 [13], formation of NH + + H2 or NH + + 2 H by electron impact 
on NH 3 [14], and formation of NH(X 3 'L-) + N2(8 3IT9 , v' = 11) by collisions of KreP2 ) metasta
bles with HN 3 [19]. The most reliable of these experiments gave an upper Limit for L"11Hg 
of 3.63 ± 0.10 eV. By including the results of spectroscopic analyses of the NH(c 1 IT) predisso
ciation [25, 26], a value of L11Hg = 3.65 ± 0.10 eV = 352 ± 10 kJ/mol (th us Dg = 3.47 eV) was re
commended [5]. 

d) Huber and Herzberg [6] adopted only the spectroscopic results, Dg :o:; 3.47 eV for NH 
and Dg:o:;3.54 eV for ND (thus L11Hg;:o:352 and::0:345 kJ/mol), derived from the limiting curves 
for predissociation by rotation of the NH(c 1 IT, v=O) and ND(c 1 IT, v=O to 3) Levels [25]. 

e) The values recommended in the NBS Tables [7], L"11Hg = 351.0 kJ/mol, L"11H398 15 = 
351.5 kJ/mol, and L11G398 .15 = 345.6 kJ/mol at a standard-state pressure of 0.1 MPa, are 
given without any reference. 

f) A rather uncritical review of Hofzumahaus and Stuhl [8] gives a List of L11Hg and Dg 
data published between 1958 and 1984; the List includes, besides the more recent results 
from VUV photolysis of NH 3 [27] and from NH 3 -02 flame equilibria [28, 29], those ([13, 
14, 16, 19, 20, 24 to 26]) already considered by Piper [5], but without taking notice of his 
reanalyses and corrections (especially those for the low Dg and high L"11Hg values ([16, 
19, 20]) quoted in the JANAF Tables up to the 3rd edition); based on their own experimental 
result, L11Hg :o:; 367 ± 2 kJ/mol derived from the rotational population in NH(A 3 IT;, v' = 0) gener
ated by ArF Laserphotolysis of NH 3 , and on the previous recommendations [4 to 6], Hofzuma
haus and Stuhl [8] suggest l'11Hg to be in the range 352 to 369 kJ/mol and Dg in the range 
317 to 335 kJ/mol=3.29 to 3.47 eV. 

g) in the most recent (critical) review, Anderson [9] summarizes and discusses spectro
scopic and thermochemical results for l'11Hg published since 1978 (the earlier results are 
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discussed elsewhere [30]) and corrects results from flame experiments. Accordingly, the 
proper value for ~tHg is bracketed between 347 and 369 kJ/mol: A firm lower Limit, 
~tHg;:::: 352 ± 5 kJ/mol, is established by the predissociation Limit of the c 1 TI state 
(Og s; 3.47 eV), derived from d 1 :E + --> c 1 TI emission spectra [25]; a similar value, but incor
rectly concluded to be an upper Limit, ~tHg<354 kJ/mol (Og>3.45 eV), was derived from 
earlier emission data by [26). Upper Limits of ~tHg are obtained from the energetics of 
dissociation reactions which produce NH, whereby it is necessary to know exactly the distri
bution of internal energies in the dissociation products. Such a sensible thermodynamic 
analysis is provided by a study of the ArF Laser photolysis (193 nm) of NH 3 , i.e., of the 
reaction NH 3 + 2hv--> NH(A 3TI;) + 2 H; the A-state rotational distribution gave ~tHg 
s;367±2 kJ/mol [8]. Other VUV photolysis studies on NH 3 provided less accurate upper 
Limits: ~tHg s; 377 to 382 kJ/mol was derived from the maximum rotational line (predissocia
tion) observed in the c 1 TI--. a 1 ~ emission spectrum [31], whereas the threshold energies 
for NH(c 1 TI) and NH(b 11:+) formation yielded ~tHgs;396±8 kJ/mol [32), s;368±6 kJ/mol 
[33), and s; 323 ± 7 kJ/mol [27) (the latter value is considered much too low, presumably 
due to experimental insufficiencies). A reanalysis of the experiments on NH 3 -02 flame 
equilibria by [20], [34], and [28, 29) gave ~tHg=362± 16, 361 ±6, and 370±5 kJ/mol, respec
tively, which were found to be inconclusive. Two values, obtained by the quite reliable 
spectroscopic and thermochemical studies referred to above, fall into the range 347 to 
369 kJ/mol. They were derived by combining the heat of formation of the NH + ion and 
the ionization potential of NH, ~tHg(NH +) = ~tHg(NH) + E;(NH), where ~tHg(NH +)was obtained 
in two independent measurements; they show excellent agreement in spite of their small 
error Limits and were considered the best data currently available: ~tHg = 356 ± 2 kJ/mol 
(Og = 3.43 ± 0.02 eV) was obtained from the threshold energy of NH + formation upon pho
toionization of NH 2 [35], ~tHg = 359 ± 3 kJ/mol (Og = 3.40 ± 0.03 eV) from the reaction enthalpy 
of N++H2 -->NH++H [36]; in both cases, the PES value E;(NH)=13.49eV [37] has been 
used. The weighted average, ~tHg = 357 ± 1 kJ/mol (Og = 3.42 eV), was therefore recom
mended by Anderson [9).- The reaction kinetics of N+ + H2 --. NH + + H, studied by another 
technique, confirmed the result of [36] yielding og = 3.42 ± 0.01 eV [38]. 

Fitting a Rydberg-Klein-Rees-Vanderslice potential function for the ground state of NH 
(cf. p. 54) to the empirical Lippincott potential function (see [39]) resulted in 0 0 = 
3.45±0.14 eV [40). 

A great number of quantum-chemical ab initio calculations include the evaluation of 
Oe or 0 0 for the ground state, the excited valence and Rydberg states, and in a few cases 
the evaluation of ~tHg. Most of these studies have been quoted in the preceding section 
on potential energy functions (see table on p. 55). Oe values for the ground state X 31:-, 
obtained from highly correlated wave functions, are in the range 3.2 to 3.7 eV, e.g., 3.54 eV 
(QOMBPT) [41], 3.35 eV (MP4) [42), 3.35 and 3.38 eV (combined MP4 and CI) [43, 44), 3.35 eV 
(Cl) [45), 3.344 eV (GAS SCF) [46], 3.43 eV (MRO CI) [47, 48], 3.40 eV (CEPA) [49), and are 
in satisfactory agreement with the most reliable experimental results (3.32 to 3.52 eV, see 
above). The recently recommended values for the heat of formation are in fair agreement 
with the theoretical value ~tHg = 364 kJ/mol obtained by MP4 calculations [42, 50]. More 
references may be found in a recent compilation of theoretical and experimental Oe values 
[41) andin the bibliographies on quantum-chemical calculations (see p. 31). 

The heat capacity C~, thermodynamic functions S0 ,- (G 0 - H~98)/T, W- H~98 , and the 
equilibrium constant Kt for the formation of NH as an ideal gas from the elements have 
been calculated for a standard-state pressure of 1 atm and tabulated for 298.15 K and 
between 0 and 6000 K at 100 K intervals in the 2nd edition of the JANAF Tables [2 to 
4); results of [2) are based on og(NH) = 3.6 eV, and the ground-state configuration 31:-
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and spectroscopic constants were used to establish the partition function; the subsequent 
JANAF tabulations are based on Dg(NH) = 3.21 eV (cf. remarks b), c) on p. 57), and electroni
cally excited states are included in the partition function, i.e., a 111, b 1L+, A 3 II; in [3], 
a 111, b 1L+, A 3 II;, c 1II, d 1L+ in [4]. The results of [4] were converted to a standard-state 
pressure of 0.1 MPa and tabulated in the 3rd edition of the JANAF Tables [1]. Analogaus 
tabulations for the ND molecule [1, 4] are based on a 11 1H~9815 value and molecular constants 
adjusted from those of the NH molecule [2]. Selected values for NH from [1] are as follows: 

T 
in K 

0 
100 
200 
298.15 
400 
600 
800 

1000 
1500 
2000 
3000 
4000 
5000 
6000 

0.0 
29.126 
29.133 
29.147 
29.175 
29.461 
30.219 
31.258 
33.730 
35.473 
37.821 
39.725 
41.480 
43.185 

0.0 
149.428 
169.618 
181.253 
189.821 
201.690 
210.259 
217.111 
230.275 
240.233 
255.088 
266.234 
275.289 
283.003 

00 

207.157 
183.918 
181.253 
182.397 
186.980 
191.775 
196.179 
205.470 
212.965 
224.671 
233.724 
241.158 
247.505 

W-H~98 
in kJ/mol 

-8.617 
-5.773 
-2.860 

0.0 
2.970 
8.826 

14.787 
20.933 
37.207 
54.535 
91.251 

130.042 
170.652 
212.986 

00 

-195.613 
-97.295 
-64.921 
-48.123 
-31.732 
-23.538 
-18.622 
-12.068 

-8.791 
-5.511 
-3.867 
-2.878 
-2.214 

The NBS Tables [7] recommend C~. 29815 =29.192 J·mol- 1 ·K- 1 , S~98 . 15 =181.23 
J · mol- 1 · K - 1 , and H~98 . 15 - Hg= 8.602 kJ/mol at a standard-state pressure of 0.1 MPa (with
out giving the literature sources). 

Values for C~, S0 , - (G 0 - Hg), W- Hg, and log K (based on 111Hg = 338.852 kJ/mol) are 
tabulated in [51] between 100 and 6000 K at 100 K intervals, between 6200 and 10000 K 
at 200 K intervals, and between 10500 and 20000 Kat 500 K intervals. 

Using the 1982 JANAF [4] thermodynamic and Huber-Herzberg [6] ground-state spectro
scopic (including og) data, the dissociation function of NH between 1000 and 6000 K has 
been derived [52]. With the 1971 JANAF data [2], the coefficients of apower series approxima
tion for the Gibbs free-energy function, -(G0 -H~98)/T=<p0 +<p Ln x+<p_ 2 x- 2 +<p_ 1 x- 1 + 
<p 1 x + <p 2 x2 + <p 3 x3 where x = 10- 4 T (T :S 6000 K), were calculated [53]. 

Earlier tabulations of thermodynamic functions are in [54 to 56]. 

Partition functions [57 to 60] and equilibrium constants [58] for temperatures up to 10000 K 
were derived mostly for their astrophysical interest. 
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2.1.1.3 Spectra 

2.1.1.3.1 Electron Paramagnetic Resonance (EPR) Spectrum. Stern-Gerlach (SG) 
Deflection Spectrum 

Most recently, the EPR spectrum of gaseous, metastable NH(a 1 ß, J = 2) has been 
recorded in an F + NH3 flame at 9.0935 GHz and magnetic field strengths of 0.9 to 1.0 T; 
the 24 Lines (two outer quartets and two inner octets) expected for a Hamiltonian that includes 
rotation, hyperfine, and Zeeman terms were weiL resolved [1]. 

The EPR spectrum, recorded upon HN 3 decomposition by rf discharges and exhibiting 
a doubletat g~2.008 with the hyperfine splitting A=2.2 mT, was assigned to transitions 
between the Zeeman Levels of NH(X 3I:-, J = 0) [2]. Similar spectra, g ~ 2.010, A = 2.38 mT, 
recorded upon photolytic decomposition of HN 3 in noble-gas matrices at 4.2 K, were tenta
tively attributed to matrix-isolated NH(X 3I:-) species [3, 4]; upon DN 3 photolysis, the 
expected triplet EPR spectrum of ND(X 3I:-) was observed [3]. 

The SG magnetic deflection spectra of NH(X 3I:-) at a rotational temperature of 3 K 
(spin-rotational Levels N = 0, J = 1 and N = 1, J = 2) and in magnetic fields up to 2 T were 
calculated (using LMR spectroscopic constants from [5]; see next paragraph); experiments 
were carried out only on the 3I:- molecule 0 2 [6]. 
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2.1.1.3.2 Far-Infrared Spectrum 

Absorption Spectrum at 0.3 mm. The rotational hyperfine (hf) spectrum of NH(X 3 :E-, 
v = 0) (obtained from a glow discharge in NH 3 ) was recorded in the region of the N = 1 +- 0, 
J = 2 +- 1 and N = 1 +- 0, J = 1 +-1 transitions around 0.3 mm ( ~ 1 THz) with a tunable Laser
sideband spectrometer. The hyperfine-free rotational frequencies were v0 (J = 2 +-1) = 
974474.85(80) MHz and v0 (J=1+-1)=999974.03(80) MHz. Five lines with ßv (=vabs-v0 )= 
+ 3.47(80) to - 38.28(60) MHz were assigned to the partially overlapping hf components 
of the J = 2 +- 1 transition (ßF = 1 and 0, F" = 5/2, 3/2, 1/2), nine lines with ßv = + 79.94(120) 
to -66.11 (60) MHz were assigned to the partially overlapping hf components of the J = 1 +-1 
transition (ßF=1, 0, and -1, F"=5/2, 3/2, 1/2; J+IN=F1 , F1 +1H=F with IN=1, IH=1/2). 
The hfs and fine-structure constants for NH(X 3:E-, v= 0) were derived in good agreement 
with data from far-IR LMR (see below) and Laser-induced fluorescence (LIF) in the UV 
(cf. p. 74) [1]. 

Laser Magnetic Resonance (LMR) at 0.32 to 0.10 mm. NH and ND radicals for LMR 
studies were produced by reacting F atoms (from MW discharges in CF 4 or F2 ) with NH3 

or ND3 . A great number of rotational transitions between the magnetic sublevels MJ of 
the rotational Levels J, Zeeman-tuned by magnetic fields of 0.1 to 2 T into resonance with 
a number of fixed far-IR Laser lines, were detected for the Lowest vibronic states of the 
radicals. Resonances were found for the N = 1 +- 0, 2 +- 1, and 3 +- 2 transitions in the ground 
state X 3:E-, v= 0, 1 (J = N, N ± 1; Hund's case (b)) and for the J = 3 +- 2 and 5 +- 4 transitions 
in the a 1 ß, v = 0, 1 state (Hund's case (a)). Hyperfine interaction occurred between the 
nuclear spins of 14N (1=1), 15N (1=1/2), 1 H (1=1/2), 2 H (1=1) and the electron spin (8=1 
for X 3 :E -) or the electron orbital angular momentum (A = 2 for a 1 ß). The splitting of most 
of the Mj +- MJ' resonances into doublets of triplets for 14NH, into triplets of triplets for 
14ND, and into doublets of doublets in the case of 15NH was resolved. The following spectra 
are available (f,L =Laser line, H = magnetic field strength, cr, 1t = number of hyperfine lines 
for Laser light polarized perpendicular (ßMJ = ± 1) or parallel (ßMJ = 0) to the magnetic 
field): 

species N' +- N" J' +- J" A.L in 1-1m Hin T cr 7t Ref. 

14NH(X 3:E-, v=O) 1+-0 1+-1,2+-1 302.3 0.39 to 1.11 3 [2, 3] •) 
1+-0 0+-1, 2+-1 314.8 0.22 to 1.09 3 
1+-0 1+-1,2+-1 301.3 0.20 to 0.89 3 [2] 
1+-0 2+-1 311.1 0.34 to 0.59 2 

14NH(X 3:E-, v=1) 1+-0 1+-1,2+-1 314.8 0.45 to 1.39 3 [2] 
1+-0 1 +-1 311.1 0.87 to 1.71 2 
2+-1 1 +-1 163.0 0.26 

14ND(X 3:E-, v=O) 2+-1 1 +-1 302.3 0.69 to 0.83 2 [2] 
2+-1 1+-1,3+-1 301.3 0.61 to 1.31 3 1 
3+-2 4+-2, 4+-3, 2+-3 192.9 0.26 to 1.36 4 3 

14ND(X 3:E-, v=1) 2+-1 1 +-1 302.3 0.16 [2] 
3+-2 3+-3 192.9 0.25 
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Table (continued) 

species N' +- N" J' +- J" AL in 1-1m H in T (J 1t Ref. 

15NH(X 3~-. v=O) 1+-0 1 +-1 302.3 0.16 to 0.34 2 1 [2] 
14NH(a 1 L\, v=O) 3+-2 102.2 1.02 to 1.55 12 6 [4, 5] 
14ND(a 1 L\, v=O) 3+-2 189.8 0.54 to 1.70 36 18 [4, 5] 

3+-2 187.8 0.65 to 1.98 30 18 
5+-4 113.7 0.77 to 1.57 24 18 

14ND(a 1 L\, v=1) 3+-2 105.5 0.023 to 0.125 29 16 [6] 

•> First detection of the Submillimeter rotational spectrum of NH [3]; results corrected in 
[2]. 

Stimulated Emission at 26.4 to 20.0 Jlm. Purely rotational Laser oscillations were observed 
for NH in the X 3~-. a 1 L\, b 1 ~+. and A 3 TI; states upon flash photolysis of HN 3 in a 
Large excess of noble gases (Ne, Ar, Kr; ratio 1: 100). The wavenumbers v and assignments 
are as follows [7] : 

state transition 

X 3~-. v=O R(12), N=12 
R(11), N=12 

a 1L\, v=O R(11) 
R(12) 
R(13) 
R(14) 
R(15) 

a 1L\, v=1 R(13) 

v in cm- 1 

410.3 
410.6 

382.8 
412.6 
441.7 
470.3 
498.6 
423.3 

state 

b 1 ~+. v=O 
b 1 ~+,v=1 

A 3TI;, v=O 

transition v in cm- 1 

R(14) 470.9 
R(14) 452.3 
R(15) 479.4 

R(11), N=12 408.1 
R(12), N = 12 408.4 
R(13), N = 12 408.8 
R(10), N=11 378.7 
R(11), N=11 379.0 

The major primary photolysis product of HN 3 is NH in the a 1 L\, v = 0 state, but smaller 
concentrations reach various vibrational Levels in the c 1TI state. These are assumed to 
be responsible for the population of vibrational Levels in the X, a, b, and A states and 
also partially for the population of the a 1 L\, v = 0 Level, by radiative transitions and collisional 
deactivation. Computersimulations have been carried out for the various relaxation mecha
nisms that result in population inversion and thus purely rotational Lasing [7]. 

Einstein Coefficients. Using the spectroscopic constants for the X 3~-, v = 0 and A 3 TI;, 
v= 0 states derived from the A +-X absorption spectrum [8] and assuming Hund's case 
(b) to hold for these states, the Einstein A coefficients were calculated for 23 purely rotational 
transitions between the X 3~-, v = 0, N = 0 to 5 Levels and for 79 purely rotational transitions 
between the A 3TI;, v=O, N=1 to 5 (and A-doublets) Levels [9]. 

References: 

[1] Van den Heuvel, F. C.; Meerts, W. L.; Dymanus, A. (Chem. Phys. Lett. 92 [1982]215/8). 
[2] Wayne, F. D.; Radford, H. E. (Mol. Phys. 32 [1976]1407/22). 
[3] Radford, H. E.; Litvak, M. M. (Chem. Phys. Lett. 34 [1975]561/4). 
[4] Leopold, K. R.; Evenson, K. M.; Brown, J. M. (J. Chem. Phys. 85 [1986] 324/30). 
[5] Leopold, K. R.; Zink, L. R.; Evenson, K. M.; Jennings, D. A.; Brown, J. M. (NBS Spec. 

Publ. [U. S.] 716 [1986] 452/8). 
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[6] Vasconcellos, E. C. C.; Davidson, S. A.; Brown, J. M.; Leopold, K. R.; Evenson, K. M. 
(J. Mol. Spectrosc. 122 [1987] 242/5). 

[7] Smith, J. H.; Robinson, D. W. (J. Chem. Phys. 71 [1979] 271/80). 
[8] Dixon, R. N. (Can. J. Phys. 37 [1959]1171/86). 
[9] Litvak, M. M.; Rodriguez Kuiper, E. N. (Astrophys. J. 253 [1982] 622/33). 

2.1.1.3.3 Infrared Spectrum 

Absorption Spectrum. The fundamental vibration-rotation bands of the free radical in 
its electronic ground state X 3~- and Lowest excited state a 1 A were measured at high 
resolution. 

Using a difference frequency Laser and a Long-path, Zeeman-modulated discharge cell 
with flowing NH 3 , twenty-nine lines between 2949.9649 and 3293.1478 cm - 1 were measured 
with an accuracy of 0.003 cm - 1 for NH(X 3~-, v = 1 <-- 0). The lines were identified according 
to the coupling scheme for Hund's case (b) to be P-branch (N = 1 to 5) and R-branch (N = 0 
to 5) transitions, exhibiting fine-structure splitting due to AJ =AN transitions between the 
rotational substates J = N -1, N, N + 1; six satellite lines (AJ =1= AN) of PQ-, PR-, RP-, and 
RQ-type were also identified. Analysis of the spectrum using a Hamiltonian [1] that includes 
vibrational-rotational energy and spin interactions yielded the band origin 

v0 (X 3~-, v = 1 <-- 0) = 3125.5724 ± 0.0020 cm - 1 

and the rotational constants given on p. 47 [2]. 

The fundamental absorption band of NH(a 1 A) formed by 193-nm excimer-Laser photoly
sis of gaseaus HN 3 was recorded between 3177 and 3535 cm- 1 using an IR color-center 
Laser. Due to the high degree of rotational excitation resulting from the photolysis, thirty
three R-branch lines (J = 2 to 34) and two Q-branch lines (J = 2 and 3) were observed. 
A Least-squares fit of twenty-one R-branch wavenumbers that have been measured with 
an accuracy of 0.003 cm - 1 allowed the determination of high-order centrifugal distortion 
constants (cf. p. 47) and gave the band origin 

v0 (a 1 A, v = 1 <-- 0) = 3182.7768 ± 0.0037 cm - 1 [3]. 

Matrix-isolated 14NH, 14ND, and 15NH molecules formed by photolysis of normal and 
isotopically substituted HN3 in solid nitrogen or argon (T = 4 to 20 K) were identified by 
their fundamental vibrations and isotopic shifts observed in the IR spectrum. Since the 
observed IR frequencies correspond reasonably weiL with the gas-phase values for the 
electronic ground state and spin-conservation rules, on the other hand, require NH to be 
initially produced in an upper singlet state, a collisional deactivation in the matrix has 
been suspected. The following wavenumbers (in cm - 1 ; T = 15 K) were assigned to the funda
mental Vibrations in the electronic ground state X 3~-: 

species N2 matrix [4] Ar matrix [4] Ar and N2 matrices [5]*' 

3122.2±0.6 
2299±2 
3115± 1 

3131.6±0.4 
2318.0±0.3 
3125.3±0.4 

3133 ± 2 
2323±2 
3126±2 

•l Values reported for both Ar and N2 matrices [5]; values 4 cm - 1 higher are quoted for 
14NH and 15NH in [6]. The different results of [4] and [5] for the N2 matrices have been 
discussed by the authors; different deposition temperatures of the matrices, 4 K [5] and 
15 and 20 K [4], were used and site effects may have become operative. 
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Emission Spectrum. High-resolution Fourier transform (FT) spectroscopy was applied 
to observe the vibrational-rotational emission bands v = 1 --+0, 2--+ 1, 3--+ 2, 4--+ 3, 5--+ 4 (and 
some 6--+ 5 lines) of ground-state NH(X 3~ -) in the range 2275 to 3460 cm - 1 . The NH 
radicals were generated in an N2 + H2 plasma reactor (see [7]) or by electrodeless rf dis
eh arges through flowing NH3 , and the FT spectra were recorded at resolutions of 0.020 
and 0.009 cm- 1 or 0.040 cm- 1 , respectively. Altogether 310 rotational lines have been 
observed and identified mostly as the R- and P-branch transitions (L\N = L\J = ± 1 ), split 
into the fine-structure components P1 , P2 , P3 and R1 , R2 , R3 with J = N + 1, N, N -1; for 
lower rotational quantum numbers N, some of the expected satellite lines (L\N =(=L\J), PQ21 , 

PQ32 , and PR31 in the P branch and RQ 12, RQ23, and RP 13 in the R branch, were also 
observed. A nonlinear Least-squares fit of all measured wavenumbers using a Hamiltonian 
that includes centrifugal distortion terms up to third order and spin-spin and spin-rotation 
interactions [1] gave a set of 47 spectroscopic constants, which are the five band origins 
and the rotational and fine-structure constants for the vibrational Levels v = 0 to 5. These 
parameters in turn were used to calculate more than 700 wavenumbers for all six possible 
components (three main-branch lines and three satellites) of each of 122 rotational
vibrational transitions in the spectral region covered by the experiments. The calculation 
reproduced the experimental wavenumbers within 0.01 cm - 1 . The band origins (v0 ), the 
number of observed and calculated lines (No.), the highest rotational quantum numbers 
in the P and R branches (N;;,.x(P), N;;,.x(R)), and the spectral regions (v region) for each 
of the vibrational bands are as follows [8]: 

v' ---+-v'' v0 in cm- 1 No.•> N;;,ax(P} a) N;;,ax(R) a) v region•> in cm- 1 

1--+0 3125.57291 (16) 72 (228) 10 (19) 17 (19) 2747 to 3457 (2328 to 3461) 
2--+1 2969.30211 (12) 75 (168) 10 (14) 14 (14) 2561 to 3264 (2429 to 3265) 
3--+2 2812.72331(15) 72 (144) 11 (12) 12 (12) 2419 to 3072 (2376 to 3073) 
4--+3 2654.71601 (34) 58 (108) 8 (9) 9 (9) 2390 to 2864 (2351 to 2865) 
5--+4 2493.83494(130) 33 (84) 6 (7)b) 7 (7)b) 2310 to 2662 (2274 to 2663) 

•> Results from calculation in parentheses. - bl P-branch transitions with N" = 2, 1 and 
R-branch transitions with N" = 0 not observed. 

The L\v= 1 bands of NH were also observed and analyzed in the high-resolution (0.005 
cm - 1 ) FT IRemission spectrum of a radiofrequency-excited N2 + SiH 4 plasma; the measure
ments are an improvement over the data of [8] and give new information, especially for 
the region above 3500 cm- 1 ; results have not yet been published [9]. 

The rotational line intensities for the five lowest L\v= 1 bands were measured in the 
FT emission spectrum of an N2 + H2 plasma source, and the vibrational transition dipole 
moment for the fundamental band, <OIM(~)I1)= -0.0648±0.008 D, was derived [10]; high
quality ab initio calculations of the dipole moment function M(~) (cf. p. 39) give <OIM@I1) 
= -0.0625 D (CEPA) [11] or -0.0594 D (full Cl) [12]. 

FT IR spectroscopy was used to observe the emission spectra of glow discharges in 
moist air (0.1 Torr) and air-H2 (3: 1) mixtures (andin NH 3 for comparison). The fundamental 
vibrational-rotational band of NH(X 3~ -) was indeed observed in these Labaratory studies 
which simulate the conditions in the upper atmosphere at an altitude of 60 km, where 
NH is assumed tobe detectable by IRemission [13, 14]. 

Using time-resolved FT spectroscopy, the IR chemiluminescence corresponding to the 
v=3--+2, 2--+1, and 1--+0 bands of NH(X 3~-) was observed in N2 -H2 and Ar- N2 -H 2 mix-
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tures, irradiated by a pulsed electron beam. The dynamics of NH formation and vibrational 
excitation via the reaction Neo)+ H2 --> NH(X 3~-, v = 1, 2, 3) + H (cf. p. 16) and the vibrational 
relaxation (cf. p. 88) were investigated [15, 16]. 

Einstein Coefficients. Oscillator Strengths. Einstein coefficients of spontaneaus emission 
of Av.v- 1 (v=1, 2, and 3)=51.7, 92.3, and 144.4 s- 1 for the fundamental band IRemission 
in NH(X 3~-) were calculated [16] using an RKR potential energy function based on the 
spectroscopic constants given in [17] and on a theoretical (ab initio Cl calculation) dipole 
moment function [18, 19]. Theoretical (CEPA) potential energy and dipole moment functions 
gave A 1 , 0 =34.9 and 9.7 s- 1 for NH(X 3~-) and ND(X 3~-). respectively [20]. Transition 
moments and band oscillator strengths for the rotationless vibrational transitions in 
NH(X 3~-) with v' <- v" = 1 <- 0 to 4<- 0, 2 <-1 to 4 <-1, 3 <- 2, 4 <- 2, and 4 <- 3 were calculated 
using theoretical (Cl) potential energy and dipole moment functions [21]. 
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2.1.1.3.4 Near-Infrared, Visible, and Ultravialet Spectra 

2.1.1.3.4.1 General 

67 

Eight absorption and/or emission systems have been found in the range from near IR 
at -1.2 11m to vacuum UV at 160 nm due to transitions between the known six lowest 
valence states of NH and ND, X 31:-, a 1 ~. b 11:+, A 3 ll;, c 1ll, and d 11:+. An energy 
Level diagram with the spectroscopically observed transitions is shown in Fig. 2, which 
was taken from the reference and completed by the a+4X and b-+ a systems observed 
later. 
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Fig. 2. Energy Level diagram showing the known absorption and emission systems of NH. 

The most prominent and most intense transition is the triplet system A 3 ll;+4X 31:
with its maximum around 336 nm. lt has been known for a long time and extensively analyzed 
over a period of almost 60 years. Since it is the chief characteristic of the NH radical, 
the spectrally or temporally resolved A+4X system has been repeatedly used to prove 
the existence of the radical and to monitor its formation and decay processes in various 
environments, such as N- and H-containing gas molecules in electric discharges or during 
photolysis or radiolysis, molecular beams, flames, or noble-gas matrices. The A+4X spec
trum even proved the existence of NH in the sun, in stellar atmospheres, and in comets. 

The prominent singlet system c 1 ll<-->a 1 ~ appears at 324 nm justat the short-wavelength 
end of the triplet system. Emission, absorption, and excitation spectra have been recorded 
in gaseous NH. Like in the case of the triplet system, the C+4a transition was used as 
an indicator for NH formation, specifically for the formation of the chemically reactive, meta
stable NH(a 1 ~) radical. 
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The singlel syslems, c 1II+-+b 1 ~+ al 450 nm, d 1 ~ + -->C 1II al 253 nm, and d 1 ~+--> b 1 ~+ 
al 162 nm, have been observed in gas-phase absorplion and emission speclra. 

The weak, forbidden lransilions a 1ß+-+X 3~- al 795 nm and b 1 ~+ +-+ X 3~- al 471 nm 
were observed in lhe emission speclra of gaseaus NH and in lhe emission and excilalion 
speclra of NH in noble-gas malrices. 

Recently, lhe lransilion belween lhe lwo lowesl melaslable slales, b 1 ~ + --> a 1 ß, was 
delecled al 1.17 Jlm in lhe emission spectrum of matrix-isolated NH. 

Detailed descriptions of the absorplion and emission syslems of NH and ND are presenled 
in lhe following seclions in lhe order of increasing energy or decreasing wavelength. 

Reference: 

Graham, W. R. M.; Lew, H. (Can. J. Phys. 56 [1978] 85/99). 

2.1.1.3.4.2 The b 11: + --> a 1 A Emission at 1.17 11m 

The b 1 ~+ -->a 1A lransilion has been observed al 5 Kin malrix-isolaled NH and ND, 
generaled by 121.6-nm photolysis of NH 3-Ar or ND3-Ar (1 :5000 to 1 :20000) condensates. 
The b 1 ~ +, v' = 0 Level was populaled eilher directly via the forbidden b 1 ~ + +--X 3~- lransi
tion with a dye Laser (tuned selectively to the 0 +-- 0 band) or indirectly by pumping lhe 
A 3II; +--X 3~- (0 +-- 0) transition wilh a nilragen Laser resulting in populating lhe b-state 
v'=O and also v'= 1 Levels by inlersyslem crossing. The emission speclrum between 1169 
and 1185 nm shows zero-phonon lines al 1173 and 1170 nm, which were identified as lhe 
0--> 0 and 1 --> 1 bands of lhe b--> a lransition, and a broad phonon sideband al higher wave
lengths. The posilions of lhe zero-phonon lines are (in cm - 1 ) 8520.9 (0--> 0) and 8543.6 
(1 --> 1) for NH, 8523.5 (0--> 0) for ND. A weak 1 --> 0 band could also be delecled al 854 nm. 

Reference: 

Ramslhaler-Sommer, A.; Becker, A. C.; Van Riesenbeck, N.; Lodemann, K.-P.; Schurath, U. 
(Chem. Phys. 140 [1990] 331/8). 

2.1.1.3.4.3 The a 1 A+-+X 31:- Emission and Absorption System at 795 nm 

The highly forbidden a 1ß+-+X 3~- transition (ßS=1, ßA=2) has been observed in 
gaseaus NH and matrix-isolaled NH and ND. 

During ArF Laser (193 nm) phololysis of gaseous HN 3 , an emission speclrum recorded 
at low resolution (0.8 nm) in the range 785 lo 805 nm was identified as the rolalionally 
resolved a 1ß-->X 3~- (0-->0) lransilion; lhe strong Q branch is al ~794.5 nm [1]. 

Ln inerl-gas matrices, a 1 ß+-+X 3~- emission and excitalion speclra of NH and ND were 
observed. The radicals were generaled by deposiling mixtures of inert gases with HN 3 

(DN3 ), HNCO, or NH3 (ND3 ) al 15 K (in Ne at 4 or 5 K) and subsequently photolyzing at 
206.2, 165, or 121.6 nm, respectively. The a 1 ß, v' = 0 slale was populated eilher immedialely 
during the photolysis of HN 3 and HNCO or after the phololysis of NH 3 by pumping the 
lransilions a 1 ß +--X 3~- or b 1 ~++--X 3~- (subsequenl radialionless b 1 ~ +--> a 1 ß relaxalion) 
with a tunable dye Laser or pumping lhe lransilion A 3II; +--X 3~- (subsequenl A 3II;- a 1 ß 
inlersyslem crossing) wilh a nitrogen Laser. Emission speclra recorded at a low speclral 
resolution of 1.0 to 1.8 nm exhibil in lhe 800-nm region a strong zero-phonon line corre
sponding lo lhe 0--> 0 band of the a--> X transilion and a weakly slruclured phonon sideband 
of low intensity at lower energies; lhe weaker 0--> 1 band appears at ~ 1060 nm. The following 
wavenumbers v00, vibrational spacings of the ground slale ßG 112 , and Franck-Condon faclor 
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ratios qo.olqo.1 were measured in the various matrices upon HN 3 and HNCO photolysis 
[2]: 

matrix Tin K . -1 v00 1n cm ~G112 in cm- 1 qo.olqo.1 

Ne 5 12686±2 3156±6 66 
N2 7 12622±3 3151 ± 10 73 
Ar 7 12606±2a) 3134±2 59 
Kr 7 12597 ± 2 b) 3129 ± 3 48 
Xe 7 12559± 2b) 3109±4 48 

al v00 ( 5 R(O) line) = 12625.5 cm - 1 measured upon NH 3 photolysis and b 1 ~ + or A 3 TI; excitation 
of NH [3].- bl High-energy satellite lines at 12605±5 (Kr) and 12583±4 (Xe) cm- 1 [2]. 

Rotationally resolved a--+ X emission [4, 5] and a <--X excitation spectra [5] were recorded 
with a spectral resolution of ~0.1 nm following HNCO phatalysis [4] ar NH 3 (ND3 ) photolysis 
and subsequent b 1 ~+ or A 3TI; excitatian [4, 5]. Analysis af the rotational structure (and 
camparison with that expected far a gas-phase 1 ~- 3~- transition), analysis af the splitting 
af rotational lines in the different matrix environments, and measurement of a 1 ~-state 
lifetimes (cf. p. 89) and their temperature dependencies pravided insight into the interactians 
between the NH (ND) guest and the hast Lattice; madels for crystal field Splitting and ratation
translatian caupling have been cansidered. 

Franck-Candan factars far a 1 ~ (v' = 0)--+ X 3~- (v") bands of NH with v" = 0 ta 4 and 
af ND with v" = 0 ta 6 were calculated using gas-phase potential energy functions and 
spectrascopic constants (literature source not given) far the a 1 ~ and X 3~- states [4]. 
Spin-farbidden, dipale-allawed transition maments were abtained fram a quantum-chemical 
ab initia (Cl) calculatian [6]. 

References: 

[1] Rahrer, F.; Stuhl, F. (Chem. Phys. Lett. 111 [1984]234/7). 
[2] Esser, H.; Langen, J.; Schurath, U. (Ber. Bunsenges. Phys. Chem. 87 [1983] 636/43). 
[3] Ramsthaler-Sommer, A.; Becker, A. C.; Van Riesenbeck, N.; Lademann, K.-P.; Schu

rath, U. (Chem. Phys. 140 [1990] 331/8). 
[4] Ramsthaler-Sammer, A.; Eberhardt, K. E.; Schurath, U. (J. Chem. Phys. 85 [1986] 3760/ 

9). 
[5] Blindauer, C.; V an Riesenbeck, N.; Seranski, K.; Winter, M.; Becker, A. C.; Schurath, 

U. (Chem. Phys. 150 [1991] 93/108). 
[6] Yarkany, D. R. (J. Chem. Phys. 91 [1989]4745/57). 

2.1.1.3.4.4 The b 11: +<--->X 31:- Emission and Absorption System at 471 nm 

The spin- (~S=1) and parity- (+<--->-) farbidden b 1L+<-->X 3~- transitian has been 
abserved for gaseaus and matrix-isalated NH and ND. 

The b 1 ~+ -+X 3~- emissian spectrum was observed far the firsttime after phatolysis 
af gaseaus NH 3 or ND3 with the Ar resonance lines at 104.8 and 106.7 nm and the Kr 
resonance lines at 116.5 and 123.6 nm. The spectrum recarded between 480 and 465 nm 
at a dispersian of 1.3 nm/mm cansisted af an intense centrat line at 471 nm, which is the 
overlap af the three 0 P, 0 0, and 0 R branches (~N = 0), and an sR and an °P branch (~N = ± 2) 
an either side. Rotatianal lines with N" = 0 ta 2 and 0 ta 6 were recarded in the sR branches 
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and with N" = 2 to 6 and 2 to 10 in the 0 P branches of NH 3 and ND 3 , respectively [1 to 
3] (for a schematic diagram of the rotational transitions between 1 ~ + (N' = J') and 
3~- (J"=N"-1, N", N"+1) states, see [1]). 

Two alternative emission sources were used to enable the b--+ X emission spectrum 
to be recorded with a dispersion of 0.11 nm/mm and the rotational lines to be measured 
with an accuracy of ± 0.05 or 0.02 cm - 1 . The first was a low-pressure discharge in NH 
or ND to which was applied a magnetic field crossed with an electric field; 0 P-branch 
lines with J" ( = N" -1) = 1 to 8 and 1 to 10 for NH and ND, respectively, and 5 R-branch 
lines with J" ( = N" + 1) = 1 to 7 for both were observed [4). The second source involved 
the energy exchange between metastable Ar atoms from a microwave discharge and NH 3 

or ND3 to produce NH (ND) molecules in vibronic b 1 ~ +, v' Levels. The emission spectrum 
recorded between 484 and 447 nm exhibits the Q branches (0 P, 0 0, and 0 R overlap) of 
the ~v=O sequence up to v=3 (4) for NH (ND) as weiL as rotational lines with N"=2 
to 9 (0 P) and 0 to 6 (5 R) in the 0--+0 band of NH, and with N"=2 to 13 and 3 to 8 (0 P), 
3 to 8 and 0 to 6 (5 R) in the 0--+ 0 and 1--+ 1 bands respectively, of ND [5]. Band origins 
v00 and v11 obtained from the high-resolution spectra are as follows: 

molecule v00 in cm- 1 [4) v00 in cm- 1 [5) v 11 in cm- 1 [5] 

NH 21238.26(7) 21238.5 ± 2 
ND 21224.87(4) 21224.7±2 21280.9±4 

The b--> X emission after NH 3 or ND3 photolysis with an ArF excimer Laser at 193 nm 
was attributed to NH, ND(b 1 ~+) formation in a two-photon resonance process [6, 7]. Chemi
luminescence due to b--> X transitions resulted also from the reaction between H and HN3 ; 

NH(b 1 ~ +) formation probably occurred in the reaction H + N3 --> NH + N2 (where N3 originates 
from H + HN3 --> H2 + N3 ) [8). 

The b 1 ~+ ->X 3~- emission has also been observed at 5 Kin matrix-isolated NH and 
ND, generated by 121.6-nm photolysis of NH 3 -Ar or ND 3 -Ar (1: 5000 to 1: 20000) condensates. 
The b 1 ~+. v'=O Level was populated either directly via the b 1 ~+ +-X 3~- transition with 
a dye Laser (tuned selectively to the 0 +--- 0 band) or indirectly by pumping the A 3 Ili +
X 3~- (0+---0) transition with a nitrogen Laser which results in the population of the b-state 
v' = 0 and also v' = 1 Levels by intersystem crossing. The b--> X bands consist of a sharp 
0 P(O) line and a broadened, crystaHield-split 0 P(2) line. The 0 P(O) lines of the b 1 ~+--+ 

X 3~-, v' ->V" bands of NH and ND have the following wavenumbers (in cm- 1 ) [9): 

molecule v' v" = 0 v" = 1 v"=2 v" = 3 

NH 

ND 

0 
1 
0 

21142.2 18018.9 15042.6 
24344.6 21218.7 18248.5 15426.4 
21130.2 18819.4 

21184.8 18958.2 

The rotationally resolved excitation spectrum, recorded on the 5 R(1) line of the a 1 ~--> 
X 3~- emission while scanning the Laser across the 0-0 band in the range 473 to 470 nm, 
isthat of a nearly free rotor; it consists of a sharp 0 P(O) line at 472.72 nm, an electric-dipole
forbidden but electric-quadrupole-allowed RQ(O) line at 472.05 nm, and a crystaHield-split 
5 R(O) line araund 470.5 nm [9). The sharp 0 P(O) line in the excitation spectra of NH and 
ND in Ar or Kr matrices has been the subject of a systematic study on the temperature 
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dependency (6 to 35 K) of line position, width, and asymmetry; these allowed conclusions 
to be drawn and models to be tested on the electron-phonon coupling between the impurity 
center (NH) and the host Lattice [10]. 

Spin-forbidden, dipole-allowed transition moments were obtained from a quantum
chemical ab initio (Cl) calculation [11]. 
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2.1.1.3.4.5 The c 1ll +--> b 11: + Emission and Absorption System at 450 nm 

The 0--> 0 band of the c 1 n--> b 1 I:+ transition of NH was detected at 450.2 nm and 
photographed at moderate dispersion in a hollow-cathode discharge in rapidly streaming 
NH 3 ; an initial rotational analysis revealed single P, Q, and R branches where the Q branch 
is the strongest one and the P and R branches are almost equally intense [1]. ln Schüler-type 
discharges through NH 3 or ND3 , the 450.2-nm band of NH and its ND counterpartat 448.5 nm 
were observed [2]. High-resolution spectra of the c 1 II--> b 1 I:+, 0--> 0 and 0--> 1 bands 
(accuracy for strong lines: ± 0.01 and ± 0.02 cm -l, respectively) of NH and ND were obtained 
in discharges through He-N2 -H 2 (D2 ) mixtures. The rotational structure (P, Q, R) up to J = 16 
and 13 was resolved in the 0--> 0 and 0--> 1 bands of NH and up to J = 22 and 17 in the 
corresponding ND bands (P and Q branches only were resolved in the 0--> 1 band of ND). 
All bands are degraded to the red and overlapped by various emission systems of the 
NH+ and ND+ ions. The observed wavelengths of the R heads A(R head) and the derived 
band origins Vaa and va 1 are as follows [3]: 

molecule 

NH 
ND 

A(R head)aa in nm 

450.1977 
448.4463 

A(R head)01 in nm 

525.398 
501.55 

. -1 
Vaa 1n cm 

22120.78(1) 
22244.94(1) 

. -1 
Va 1 1n cm 

18914.87(1) 
19873.3(2) 

Vacuum-UV photolysis of NH 3 or ND 3 with the Ar resonance lines at 104.8 and 106.7 nm 
resulted also in c 1 TI--> b 1 I:+ fluorescence; in addition to the 0--> 0 and 0--> 1 bands (wrong 
citation of the above results), the 1 --> 0 bands at 24231.3 and 23859.9 cm -l and the 1 --> 1 
bands at 21024.0 and 21487.7 cm -l for NH and ND, respectively, were observed [4]. Upon 
ArF Laser (193 nm) photolysis of HN 3 , the 0--> 0 band of NH was observed at 452.4 nm [5]. 
The rotationally resolved 0--> 0 bands were also recorded at the Low-wavelength side of 
the b 11:+ ->X 31:- emission (Ar*+NH 3 , ND 3 ; cf. p. 70) [6, figure 2]. Most recently, the 
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c +-- b, 1 +-- 1 excitation spectrum, superimposed on the c +-- a, 1 +-- 4 band, was observed 
upon 248-nm Laserphotolysis of HN 3 , the c-+b, 0-+0, 1 and 1-+0, 1, 2 fluorescence (410 
to 540 nm) was observed after c +-- a, 0, 1 +-- 0, 1 pumping [12]. 

8ased on Lifetime measurements in the c-+ b spectrum excited by electron impact on 
NH 3 [7], Franck-Condon factors and r-centroids were calculated for c- b transitions with 
v' = 0 to 3 and v" = 0 to 3 [8]. lntensity measurements in the c-+ b spectra gave transition 
probabilities Av',v" with v', v"=O, 0; 0, 1; 1, 1; 1, 2 (HN 3 photolysis) [12] and A0 , 0 (Ar*+ NH 3 

collisions) [9, 10]. A quantum-chemical ab initio (Cl) calculation gave the transition moment, 
Einstein coefficient, and Franck-Condon factor for the 0-0 transition [11]. 
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2.1.1.3.4.6 The A 30 1+-+ X 31:- Absorption and Emission System at 336 nm 

2.1.1.3.4.6.1 Gaseous NH and ND 

The A 3TI;<->X 3 l:- system of NH, first attributed to the NH 3 molecule, has been known 
since the Last century (see "Stickstoff" 1936, pp. 304/5) and has been the subject of many 
Later investigations. The spectrum can be observed upon decomposition of H- and N-contain
ing molecules, such as NH3 , N2 H4 , HNCO, HN 3 , CH 3 NH 2 , or of N2 -H 2 mixtures, involving 
decomposition by photolysis, by electron impact or collisions with metastable noble-gas 
atoms, in electric discharges or shock waves. The emission is generated also in flames 
containing N02 or N20 and H2 , NH 3 , or various hydrocarbons, in H + NF2 , H + N3 , H + HN3 

reactions, and in reactions of N+ ions with H2 or hydrocarbons. First, there are numerous 
studies on NH and/or ND spectra intended to assign the rovibrational Lines, to resolve 
the fine- and hyperfine structure, to characterize the electronic states involved, and to 
derive their spectroscopic constants. Since the spectrum is weiL known, the A+-+X emission 
and excitation (LIF) spectra have also been used in a great deal of investigations to monitor 
the production and concentration of NH radicals in their A 3 TI; or X 3 l:- states and to 
probe and compare the internal energy distributions, i.e., populations of their vibrational, 
rotational, or A-doublet Levels in various formation processes, which in turn gave insight 
into the dissociation kinetics of the parent molecules. In a great number of investigations, 
time-resolved fluorescence was used to study excited-state dynamics, such as radiative 
decay and collisional quenching of rovibrational Levels populated initially during the forma
tion of the radical or afterwards by state-selected excitation with a tunable Laser. 

The following section only refers to purely spectroscopic studies of NH and ND, in other 
words, analysis and characterization of the A 3 TI;+-+X 3l:- spectrum. References for many 
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publications that deal with the various formation processes of NH(A 3 Il;) or NH(X 3 I:-) 
radicals, their identification by means of the A 3 Il;<----+ X 3I:- spectrum, and with relaxation 
processes of A-state rovibrationallevels may be found in the Sections 2.1.1.1 and 2.1.1.4.4. 

The first rotational analyses of the spectra in the region of the 0--> 0 and 1--> 1 emission 
and 0 +-- 0 absorption bands, observed in electric discharges through NH 3 [1] and in Lighting 
gas-NH 3 flames [2], already revealed that the A 3 Il;<----+X 3I:- system is an example of a 
Hund's case (a)<----+Hund's case (b) transition for low quantum numbers J changing rapidly 
to a pure case (b)<----+case (b) transition with increasing J. This means (see [3], [4, figure 1]) 
that each vibrational band shows spin tripling into three subbands, A 3 Il(O) <---+X 3I:-, and 
each subband has three main branches, namely P1 , 0 1 , R1 for 0=2, P2 , 0 2 , R2 for 0=1, 
and P3 , 0 3 , R3 for 0= 0, corresponding to ~J =~K ( = 0, ± 1) transitions. lf A 3 Il; approaches 
case (a), additionally 3 x 6 satellite branches (~K = ~J ± 1 and ~J ± 2) may appear which 
are of typeN, 0, P, 0, R, S, T, corresponding to transitions with ~K=O, ±1, ±2, ±3. 
A-type doubling due to the A 3 Il;-state Levels (A = 1) is expected. Since the internuclear 
distances in the X and Astates of NH are nearly equal, the Q branches pile up in a narrow 
region with numerous blends, whereas the P and R branches are well separated and Lie 
on both sides of the 0 heads. 

Electric discharges through NH 3 and ND3 revealed, in addition to the known 0--> 0 and 
1--> 1 emission bands of NH, the corresponding bands of ND [5]. An absorption spectrum 
of the 0 +-- 0 band of NH with resolved P and R branches could be recorded du ring flash 
photolysis of N2 H4 (but not of NH 3 ) [6]. ln the emission spectra of NH and ND excited 
either by explosive decomposition (in a spark) of HN 3 and DN 3 or in "atomic flames" 
of reactive H-HN 3 and H-DN 3 mixtures, P, 0, and R branches of the 0--> 0, 0--> 1, 1 --> 0, 
1 --> 1, 1 --> 2, 2--> 1, and 2--> 2 bands of NH and ND have been observed [7 to 13], and rotational 
analyses for the 0--> 1 and 1--> 0 bands of NH [13 to 15] and for the 0--> 0 band of ND 
[16] (all at somewhat moderate resolution) were carried out. ln shock-wave-excited HN 3 

(DN 3 ), N2 H4 , or H2 -N 2 mixtures (not in NH 3), the ~v = 0 sequences with v = 0 to 5 for NH 
and v=O to 3 for ND and extended rotational structure were observed [17 to 19]. 

Rotational analyses of high-resolution spectra of NH and ND in the region of the ~v = 0 
(v"=v'=O, 1, 2), ~v= -1 (v"=O, 1), and ~v= +1 (v"=1, 2; for ND also v"=3) bands 
(giving reliable spectroscopic constants, cf. pp. 41, 43/4, 49) are referred to in the following 
paragraphs. 

NH Radical. The 0 +-- 0 and 1 +-- 0 bands of NH have been observed in absorption spectra 
at room temperature upon flash photolysis of HNCO vapor; the nine main branches expected 
could be resolved in both bands up to K=10 and 7, sixteen satellite branches for ~K=O, 
± 1, ± 2 transitions in the 0 +-- 0 band and ten satellite branches, ~K = 0, ± 1 transitions 
in the 1 +-- 0 band. The relative accuracy of the wavenumbers of strong rotational Lines 
was 0.03 cm- 1 [4]. The 0-->0 and 1-->1 bands (main branches and a few P- and 0-type 
satellite Lines) were observed between 319 and 347 nm (dispersion 0.06 nm/mm) in the 
emission spectrum from a hollow-cathode discharge through N2 -H 2 -He mixtures [20]. The 
weak 0--> 1, 1--> 0 and, for the first time, the 1--> 2 and 2--> 1 bands were recorded in the 
ranges 380 to 365nm (~v=-1) and 315 to 302nm (~v=+1) with dispersions of 8 or 
25 nm/mm du ring explosive decomposition of HN 3 ; only the main branches (up to K = 22, 
23, 18, and 15, respectively) could be observed [21]. Laser-induced fluorescence (LIF) of 
the A +--X system was observed in a discharge (MW) flow system with pure NH 3 or NH3 -Ar 
and NH 3 -N 2 mixtures; tuning a dye Laser (band width ~0.3 cm- 1 ) on the 0- and R-branch 
regions of the 0 +-- 0 band and on the R-branch region of the 1 +-- 0 band, almost 100 excitations 
could be identified (using the assignment of [4]) with N" up to 8, 6 and 7, respectively 
[22 to 24]. 
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Using a Fourier transform spectrometer to observe the emission from a hollow-cathode 
discharge through a continuous flow of He (4.5 Torr) with small amounts of N2 (40 mTorr) 
and H2 (120 mTorr), the precision could be improved by more than two orders of magnitude 
over that of previous measurements; for strong unblended lines in the 0--> 0 band, for exam
ple, the precision was ±0.0002 cm- 1. Between 420 and 280 nm covering the seven l\v=O, 
± 1 bands with v' :::;2, a total of 1240 lines were measured and assigned as given below; 
the analysis, which included also high-resolution IR data of NH(X 31:- ), yielded the best 
spectroscopic constants of NH so far. Unfortunately, the band origins were not published; 
they may, however, be recalculated using the term values (in cm - 1) T 0 = 29761.1829(1 ), 
T1 =32795.9283(3), T2=35633.7219(6) for the A 3TI; state and T0 =0.0, T1 =3125.57292(25), 
T 2 = 5094.87617(57) for the X 31:- state [25]. The 0-band heads /c 0 (in nm) and the assigned 
rotational branches with their highest quantum numbers of the total angular momentum 
Jmax as read from [25, tables 1 to 7] are as follows: 

band Ao Jmax in main branches P;; 0;; R; satellite branches; Jmax 

0-->0 336 34, 33, 32; 31' 29, 27; 32, 30, 32 all but PR12• 5031• Np13• TR31; 19 
1--> 1 337 25, 24, 23; 25, 25, 20; 23, 22, 21 all of 0--> 0 but 5 R32• Rp31' 0 013; 12 
2-->2 339 16, 15, 15; 13, 15, 14; 12, 10, 11 all of 1 --> 1 but 0 P23, 5 R21 ; 8 
1 -->0 305 18, 16, 16; 19, 18, 18; 19, 18, 17 •) 

2--> 1 308 10, 10, 9; 10, 10, 9; 9, 7, 6 •) 

0-->1 376 17, 19, 16; 19, 21, 20; 19, 18, 15 •) 

1-->2 375 17, 17, 13; 16, 14, 12; 13, 12, 11 •) 

*' No satellite branches were measu red in the tw = ± 1 bands. 

An LIF study of an NH molecular beam from a MW discharge in NH 3 enabled at ultrahigh 
resolution the hyperfine splitting (hfs) of both nuclei in 36 rotational lines of the 0--> 0 band 
to be resolved; these are the main-branch lines (N" values in parentheses) 0 1 (1 to 3), 
R1(0, 2 to 7), 0 2(1), R2(3), 0 3(4 to 7), R3(1 to 7), P3(3) and the satellite lines 0 Rd3), 0 R23(1, 2), 
R021 (4 to 6), 0 P21 (1, 2), 0 P32 (3 to 6); more than 300 resolved hf lines have been listed 
with splittings ranging from 20 to 1000 MHz ( ~ 1 ·10- 5 to 4 ·10- 4 nm) relative to the strongest 
hfs component, F'=J'+3/2+-F"=J"+3/2 (J+IN=F1, F1+1H=F; IN=1, IH=1/2), in each 
rotational transition tagether with the hfs parameters fortheX 31:- and, for the first time, 
the A 3TI; states (cf. p. 41) [26]. 

Collision broadening of absorption lines of NH, generated by shock heating of NH3 (3%) 
in Ar, was measured on five R1-branch lines of the 0 +-- 0 band over a temperature range 
2000 to 2600 K [27]. 

ND Radical. High-resolution emission spectra of ND have been observed in the 0-.0 
and 1 --.. 1 bands (dispersion 0.04 nm/mm; main branches observed up to K = 31 and 29) 
in hollow-cathode discharges through DN 3 [28], and in the 0--> 0, 1 --> 1, and 2--> 2 bands 
(dispersion 0.06 nm/mm; main branches observed up to K = 43, 39, and 31 and a few satellite 
lines recognized) in hollow-cathode discharges through flowing He-N2-D2 mixtures [29, 
30]. The 0-.0 band was recorded at low rotational temperatures which permitted the dense 
0-branch lines at low rotational quantum numbers and numerous satellite lines to be 
resolved: The nine main branches and lines in all satellite branches except for two (NP13 
and TR 31 ) were observed using electrodeless microwave discharges through Ne-N2-D2 
mixtures (dispersion 0.056 nm/mm; Kmax = 9) [31, 32] and upon flash photolysis of DN3 (dis
persion 0.05 nm/mm; Jmax = 14 in the main branches, Jmax = 11 in the satellite branches) 
[33]. 
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The LIF excitation spectrum in the region of the Av = + 1 sequence with v" = 0, 1, and 
2 was measured, using a molecular ND beam produced by 193-nm photolysis of ND3 and 
a tunable dye Laser operating in the range 316 to 300 nm. Because of the cold rotational 
distribution in the beam, only transitions involving low J values were recorded; these are 
the main-branch lines R1 (1 to 4), 0 1 (3), R2 (1, 2), 0 2 (1 ), R3 (1 ), 0 3 (1) in the 1 <- 0 and 2 <- 1 
bands, R1 (1 to 3), 0 1 (3), R2 (1, 2), 0 2 (1), 0 3 (1) in the 3<-2 band, and 20, 16, and 11 lines 
(J = 0 to 3) in 13, 10, and 8 satellite branches, respectively; wavenumbers are accurate 
within ±0.3cm- 1 [34]. 

Wavenumbers of the band origins (in cm - 1 ) obtained from high-resolution spectra of 
ND are as follows: 

band origin Ref. 

0-->0 29798.72 ± 0.03 •) [33] 
1--> 1 29738.42 ± 0.05 [29] 
2-->2 29658.19 ± 0.02 [30] 

•) 29798.75±0.03 [29], 29799.5 [31, 32]. 
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2.1.1.3.4.6.2 NH and ND in Liquids and Solids 

A transient absorption maximum observed at 350 nm upon pulse radiolysis (600-keV 
eleetrons) of Liquid NH 3 at 223 K was identified as the A 3 Il; +-X 3L- transition of NH, 
and an extinetion eoeffieient c= 2.0 x 104 L · mol- 1 · em- 1 was measured [1, 2]. 

The A 3 Il;--+ X 3L-, 1 --+ 0, 0--+ 0, and 0--+ 1 emission bands at 304.8, 336.0, and 376.6 nm 
were observed immediately after laser-indueed photolysis (KrF Laser at 248 nm) of solid 
NH4 Cl04 [3]. 

NH and ND radieals in inert-gas matrices were identified by their A 3 II;<-->X 3L- absorp
tion and emission speetra. HN 3 (DN 3 ), NH 3 (ND 3 ), or mixtures of H2 with N-eontaining mole
eules and a thirtyfold exeess of a noble gas were passed through a diseharge tube and 
then eondensed at 4.2 K. The absorption speetra showed the 0 +- 0 and 1 +- 0 bands of 
NH (ND) with red shifts of a few hundred em- 1 eompared to those of the gas-phase speetra 
(wavenumbers v in em- 1 ): 

speeies 

NH in Ar 
NH in Kr 
NH in Xe 

v(O +- 0) 

29581 ± 3 
29509±6 
29403±30 

v(1 +- 0) 

32560±3 

speeies 

ND in Ar 
ND in Kr 
ND in Xe 

v(O +- 0) 

29608±6 
29522±6 
29476±50 

v(1 +- 0) 

31819±6 
31711±6 
31610 ± 60 

Sharp emission lines indueed by the light souree appeared to the red of the 0 +- 0 absorp
tion bands and were assumed to result from resonanee fluoreseenee between low-lying 
rotational Levels in the A 3Il; state and X 3L- -state rotational Levels. The matrix shifts, 
the vibrational perturbations, and the rotational strueture of the absorption and emission 
bands were used to develope models that deseribe the interaetion between the trapped 
NH (ND) moleeules and the host-lattiee atoms (4 to 9]. 

Low eoneentrations of NH in noble-gas matriees have been deteeted by measuring the 
absorption and the magnetie eireular diehroism (MCD) speetrum in the region of the 0 +- 0 
band at 4.5 to 8 K after diseharges through 1% mixtures of NH 3 in Ar or Xe and eondensation 
at low temperatures [10]. 

UV photolysis during or after deposition of diluted mixtures of NH 3 (ND 3 ) or HN 3 (DN 3 ) 

in inert gases also produees NH, ND(X 3L-) radieals. The 0 +- 0 absorption bands were 
observed at 338 nm (E=4.0x 104 L·mol- 1 ·em- 1 ) in NH 3 -Ar (mole ratio 3:1000) deposits 
between 4.2 and 36 K [11] and at 336 nm in HN 3 (DN 3 )-Ar and HN 3 (DN 3)-N 2 (1: 100 to 400) 
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deposits between 4 and 20 K [12, 13]. The R, (1) Lines of the 0 +- 0 and 1 +- 0 bands at 
338.90±0.11 and 308.07±0.14 nm were found after photodecomposition of HN3 trapped in 
Kr (1: 60 ± 20; also Xe matrices) at 4.2 K [14]. Weak emission bands at 335.92 and 337.06 nm 
in electrical glow discharges from a solid nitrogen condensate (4 K) were identified to be 
the Q maxima of the 0-+ 0 and 1-+ 1 bands [15]. An intense Line at 337.9 nm and a much 
weaker one at 377.5 nm appearing at 25 to 31 K were idenlified tobe the 0-+0 and 0-+1 
bands in the luminescence spectrum recorded during UV photolysis and simultaneously 
warming up an NH3-Ar (1: 100) condensate of 10 K [16]. 

Time-resolved fluorescence was used to study radiative decay and vibrational relaxation 
of A- and X-state Levels with v~2 and interactions with the host lattice in Ne, Ar, and 
Kr matrices at 4 to 21 K [17 to 21]. 
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2.1.1.3.4.6.3 Franck-Condon Factors. r-Centroids. Transition Probabilities. 
Transition Moments 

Based on Lifetime measurements in various A-state, v' = 0 and 1, rotational Levels (NH3 

excitation by electron beam) [1], Franck-Condon (FC) factors qv·.v··· r-centroids r, oscillator 
strengths f, and electronic transition moments Re were calculated for Q-branch transitions 
with N = 0, 5, 10, and 15 in the 0-+ 0 and 1 -+ 1 bands [2]. Earlier Lifetime measurements 
in the (not rotationally resolved) 0-+ 0 and 1 -+ 1 bands [3] gave FC factors, r-centroids, 
transition probabilities (Einstein coefficients) Av', v" for A+-+X transitions with v' = 0, 1, 2 
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and v"=O, 1, 2, and f0 . 0 [4]. lntensity measurements of the 0-->1, 0--+0, and 1--.0 bands 
upon collisions of NH3 with metastable Ar atoms were used to derive A 0 . 1 , A 1 . 0 , and A1 . 2 

[5, 6]. The ratio A0 . 1/A 0 . 0 was obtained from LIF measurements in an NH 3 discharge flow 
system [7 to 9]. lntensity measurements on the entire Q branches of the 0--. 0, 1--. 1, and 
2--.2 bands in shock-wave-excited NH 3-Ar mixtures were used to derive the oscillator 
strengths f0 . 0 , f1 . 1 , and f2 . 2 and the corresponding transition moments Re; the 1--+ 1 and 
2 ...... 2 transitions were found to be stronger than the 0--.0 transition which according to 
[6] results from the overlap with P and R branches of other bands [10]. FC factors and 
r-centroids for transitions with Av = 0, ± 1 and v = 0, 1, 2 are based on earlier data for 
band-head intensities [11, 12]. 

Absorption measurements in the Q-branch region of the 0 +-- 0 band (reflected shock
waves in NH 3 -Ar and N2 -H 2 -Ar mixtures) combined with FC factors [4] and a partition 
function based on spectroscopic constants of NH resulted in the transition probability 
IRel 2 = 0.086 ± 0.024 (ea0 f for the A +--X transition [13] (in a review, the authors quote only 
half the value, 0.043±0.024 (ea0 ) 2 [14]). 

Using spectroscopic constants for the X and A states of NH, rotationally dependent FC 
factors have been calculated for P, Q, R transitions with J = 1, 21, 41 in the 0-0, 1 -1, 
1-0,0-1 bands [15], for P and R transitions with J=1, 11, 21,31 in the 0-1 and 1-0 
bands [16], and Einstein coefficients for 89 rovibronic transitions between the X 3L-, v = 0, 
N = 0 to 5 and the A 3 IT;, v= 0, N = 1 to 5 (and A-doublets) Levels [17]. 

Recent quantum-chemical ab initio (Cl) calculations gave transition dipole moments 
between the X 3L- and A 3 IT; states and Einstein coefficients for the v'-v"=0-0, 1 and 
1-0, 1, 2 transitions [18], transition moments, Einstein coefficients, and Franck-Condon 
factors for the v'-v"=0-0, 1, 2 and 1-0, 1, 2 transitions [19]. 
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Besides the prominent A 3 Il;--+ X 3I:- emission system at 336 nm, electric discharges 
through NH 3 (ND3 ) or N2 -H 2 (D 2 ) mixtures revealed at lower wavelengths a system of red
degraded emission bands with simple P, Q, R structure, i.e., intense single P and Q branches 
and a weaker R branch forming the head, and obvious A-type doubling due to the upper 
state in all but the lowest J-value lines. The rotational structure and the missing lines 
were recognized to be characteristic of a 1 TI--+ 1 .<1 transition already in the earliest studies 
which dealt with the 0--+ 0, 1--+ 0, and 0--+ 1 bands of NH (ND) at 324 (323.5), 303.5 (307.5), 
and 361.0 (350.1) nm, respectively, and photographed at moderate resolution [1 to 5]. These 
investigations were followed by analyses of high-resolution spectra of the 0--+ 0 [6, 7] and 
0--+ 1 [7] bands of NH and of the 0--+ 0, 1--+ 0, and 0--+ 1 bands of ND [8]. A high-resolution 
Fourier transform emission spectrum of the 0--+ 0, 1--+ 0, and 0--+ 1 bands of NH (hollow
cathode discharges through flowing He(4.5 Torr)-N 2 (0.12 Torr)-H 2 (0.04 Torr) mixtures) 
enabled the A-type doubling due to the c 1 TI and the a 1 .<1 states to be resolved [9]. Based 
on the 0--+ 0-band analyses of [7, 9], the v00 value for the c--+ a system of NH as quoted 
by Huber and Herzberg [1 0] from the analysis of [6] has to be revised (see table on p. 80). 

High-resolution spectra of the 0--+ 2 and 1 --+ 2 bands of ND at 381.5 and 359.2 nm excited 
by MW discharges through mixtures of 0.2% ND3 in Ar have been analyzed [11]. 

Upon vacuum-UV photolysis of NH 3 and ND 3 with Ar or Kr resonance lines, the rotational
ly resolved 0--+0, 1--+0 bands of NH and ND [12, 13], the 1--+1, 1--+2, and 0--+2 bands 
of NH, and the 2--+ 0, 2--+ 1, 1--+ 1, 1--+ 2, 1--+ 3, and 0--+ 2 bands of ND [13] were recorded 
at moderate resolution. Rotational predissociation of NH(c 1 TI, v' = 0, 1) is obvious because 
of the significant decrease in intensity for rotational lines with J' :2:18 and 11, respectively 
[13]. Rotationally resolved 1--+ 0, 0--+ 0, and 0--+ 1 bands at 304.2, 325.1, and 362.7 nm were 
recorded at resolutions of 0.2 and 0.08 nm after ArF Laser (193 nm) photolysis of HN 3 [14]. 

The c <-- a absorption spectrum in the region of the 0 <-- 0, 1 <-- 0, and 2 <-- 0 bands has 
been observed in a flash discharge through NH 3 ; a rotational analysis of the 2 <-- 0 band 
is presented [15]. 

More recently, the technique of laser-induced fluorescence (LIF) has been applied to 
study highly resolved c <-- a excitation spectra; the excited NH(a 1 .<1, v") radicals were gener
ated by UV photolysis of HN 3 at 266 or 248 nm (v" up to 3 or 4, respectively) and the 
c 1 TI, v', J' <-- a 1 -<1, v", J" rovibronic transitions probed with a tunable dye Laser. Excitation 
spectra of all vibronic bands c, v' = 0 <-- a, v" = 0 to 3 in the range 324 to 466 nm and 
c, v' = 1 <-- a, v" = 1 to 4 in the range 303 to 478 nm and rotational analyses of the 0 <-- 2, 3 
and 1 <-- 4 bands are presented [16] (results for the 0 <-- 2 and 0 <-- 3 bands have been published 
in [17], for the 1 <-- 4 band in [29]). Excitation and dispersed emission spectra of v' = 0, 
1 +-+v" = 0 to 3 transitions in NH have also been studied by [18], excitation spectra of the 
0 <-- 1 and 1 <-- 2 and emission spectra of the 0--+ 0 and 1 --+ 0 transitions of NH and ND by 
[19]. 

Excitation spectra of the c 1 TI, v' = 0, 1 <-- a 1 .<1, v" = 0, 1 transitions of NH and ND were 
recorded after photolysis of NH 3 or ND3 at 193 nm [20] and of the 0 <-- 0 transition of NH 
after photolysis of HNCO at 193 nm [21]. 

An LIF study under ultrahigh resolution using an NH molecular beam from MW discharges 
in NH3 enabled the hyperfine splittings (hfs) of both nuclei in each of the A-doubling compo
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nents of the 0---.0 band lines 0(2) to 0(7) and P(2), P(5), and P(6) to be resolved; some 
120 splittings rangi ng from 25 to 390 MHz ( ~ 1 · 10- 5 to 1.4 · 10- 4 nm) relative to the strongest 
hfs component, F' = J' + 312 +-- F" = J" + 312, in each rotational transition have been listed, 
and hfs parameters (cf. p. 42) and absolute wavenumbers for the c 1 TI, v' = 0, J' +-- a 1 d, 
v" = 0, J" transitions derived [22]. 

The following tables List the band origins and the highest J values for the rotational 
structure of NH and ND, derived from high-resolution LIF spectra [16, 17, 22, 29], the Fourier 
transform emission spectrum [9], and the absorption spectrum [15] of NH, and from the 
emission spectra recorded at high resolution for NH [7] and ND [8, 11] and at moderate 
resolution for NH and ND [13]. 

Band origins Yv·. v'" (in cm - 1 ) and Jmax values for NH: 

X 0 2 

Vv',v'' Jmax Ref. Vv', v'' Jmax Ref. Vv', v" Jmax Ref. ' 

0 30704.07 43(32) 7 [22] 32825.5375(67) 12 [9] 34572.3 7 [15] 
30704.0818(16) 19 [9] 
30704.101 (26) [7] 
27521.2939(16) 18 [9] 29690.2±3 [13] 
27521.343(13) 15 [7] 

2 24484.61 ± 1.1 1;} [17, 26652.0±3 [13] 
3 21591.60 ± 0.07 16] 
4 20962.66 ± 0.12 5 [16, 29] 

Band origins Yv·. v'" (in cm - 1) and Jmax values for ND: 

v' 0 2 
v" Vv',v" Jmax Ref. Vv', v" Jmax Ref. Vv',v" Jmax Ref. 

0 30849.06 ± 0.03 30 [8] 32470.79 ± 0.04 15 [8] 33883.8±3 [13] 
1 28492.89 ± 0.02 16 [8] 30113.9±3 [13] 31531.7 ± 3 [13] 
2 26215.53 ± 0.08 10 [11] 27837.0 ± 0.05 10 [11] 

26216.4±3 [13] 27834.3±3 [13] 

3 25636.4 ± 3 [13] 

The c 1 TI---. a 1 d fluorescence or c 1 TI+-- a 1 d excitation (LIF) spectra of NH or ND are 
presented in numerous publications which report on various formation processes of NH 
(ND) in the c 1 Jl or a 1d states, such as formation by VUV photolysis of NH 3 , HN 3 , HNCO, 
CH 3 NH 2 , or CH 2 NHCH 2 , by electron impact on NH 3 , HN 3 , HNCO, N2 H4 , CH 3 NH 2 , or 
CH 2 NHCH 2 , in collisions of metastable noble-gas atoms with NH 3 , HN 3 , or HNCO, and in 
chemical reactions of H atoms with NF2 or N3 . The rotationally resolved c 1Il.-.a 1d spectra 
supply information on the branching ratios of electronic states and vibrational, rotational, 
and even A-doublet Levels populated in a definite formation process; time-resolved spectra 
give insight into the subsequent relaxation processes. For details and Literaturesee Sections 
2.1.1.1 and 2.1.1.4.5. 

Franck-Condon factors and r-centroids for c 1 Jl (v' = 0 to 3) ...-. a 1 d (v" = 0 to 3) transitions 
of NH and ND were calculated using the own spectroscopic constants and Literature data 
and assuming a Morse potential function for the molecules [11]. Based on lifetime measure
ments in the c---. a spectrum excited by electron impact on NH 3 [23], Franck-Condon factors 
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and r-centroids were calculated for c- a transitions with v' = 0 to 3 and v" = 0 to 4 [24]. 
lntensity measurements on the 0-+ 0, 1, 2, 3 and 1 -+ 0, 1, 2, 3, 4 bands upon HN 3 photolysis 
and NH(c <- a) excitation were used to derive the transition probabilities Av', v"' [29]; intensity 
measurements on the 0-> 0 and 0-> 1 bands upon collisions of NH 3 with metastable Ar 
atoms gave A 0 , 1 [25, 26]. lntensity measurements on the 0<---> 1, 2 and 1 <---> 1, 2, 3 emission 
and LIF bands yielded the relative (with respect to the 0-0 and the 1-0 bands, respectively) 
Einsteintransition probabilities Av', v"' for emission and Bv', v"' for absorption [18]. A quantum
chemical ab initio (Cl) calculation gave the transition moment, Einstein coefficient, and 
Franck-Condon factor for the 0- 0 transition [27]. 
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2.1.1.3.4.8 The d 1 ~+ ---+C 10 Emission System at 253 nm 

The d 1 ~+ ---+C 10 emission spectrum was excited in hollow-cathode discharges through 
flowing NH3 (0---+ 0 and weak 1---+ 1 bands at 255.7 to 247.5 nm) [1, 2], in mildly condensed 
Iransformer discharges through flowing NH 3 (0---+ 0, 0---+ 1, and 1 ---+ 1 bands at 268.4 to 
246.6 nm) [3], in positive column discharges through flowing He-N2 -H2 (D2 ) mixtures (0---+ 0 
and 1 ---+ 1 bands of NH and ND, 2---+ 2 band of ND, at 246 to 256 nm) [4], and by impact 
of an electron beam on NH3 or ND3 from supersonic gas jets (six bands of NH and eight 
bands of ND (see below) in the range 268.4 to 235.4 nm) [5]. The rotational structure consists 
of single P, Q, and R branches characteristic of a 1 ~---+ 1 n transition. For the 0---+ 0, 1 ---+ 1, 
and 0---+1 bands (Jmax=23, 16, and 16) of NH and for the 0---+0, 1---+1, and 2---+2 bands 
(Jmax = 31, 26, and 18) of ND, the wavenumbers Listed for the rotational Lines from the high
resolution studies (accuracy better than 0.1 cm- 1 ) are in good agreement [3 to 5]. A rotational 
analysis yielded the following wavenumbers (in cm- 1 ) for the band origins [5]: 

NH 

0---+0 
1---+ 0 
2---+1 

39512.26 
42042.73 
42306.49 

0--+1 
1 --+ 1 
2--+2 

37389.72 
39920.00 
40612.41 

ND 

0---+0 
1---+0 
2---+2 

39484.22 
41362.43 
40116.22 

0---+1 
1 ---+ 1 
2---+3 

37863.33 
39740.59 
38948.03 

38314.93 
40672.45 

Predissociation by rotation of the c 1 TI state is evident from the abrupt disappearance 
or weakening of rotational structure simultaneously in all three branches at J" ~ 24 or 32 
in the 0---+ 0 bands of NH or ND, at J" ~ 17 in the 0---+ 1 band of NH, and at J" ~ 26, 19, 
and 6 in the 1---+1, the 2---+1 and 2---+2, andin the 2---+3 and 3---+3 bands of ND [3, 5, 6). 
Predissociation of the d 1 ~ + state as concluded from the cutoff in rotational structure at 
J' ~ 16 in the 1--+ 1 band of NH [3, 6] most Likely does not occur, since rotational Levels 
up to J'=23 could be observed in the intense 1---+2 and 1---+3 bands of the d 1 ~+--+ 
b 1 ~+ system (see next section) [5]. 

Franck-Condon factors and r-centroids were calculated for d- c transitions with v' = 0 
to 4 and v" = 0 to 3 [7) using Lifetime data for the d---+ c spectrum excited by electron impact 
on NH3 [8]. 

References: 

[1) Lunt, W.; Pearse, R. W. 8.; Smith, E. C. W. (Nature 136 [1935] 32). 
[2) Lunt, W.; Pearse, R. W. 8.; Smith, E. C. W. (Proc. R. Soc. [London] A 155 [1936]173/82). 
[3) Narasimham, N. A.; Krishnamurty, G. (Proc. Indian Acad. Sei. A 64 [1966) 97/110). 
[4) Whittaker, F. L. (Proc. Phys. Soc. [London]90 [1967]535/41). 
[5] Graham, W. R. M.; Lew, H. (Can. J. Phys. 56 [1978] 85/99). 
[6] Krishnamurty, G.; Narasimham, N. A. (J. Mol. Spectrosc. 29 [1969) 410/4). 
[7) Smith, W. H.; Liszt, H. S. (J. Quant. Spectrosc. Radial. Transfer 11 [1971]45/54). 
[8) Smith, W. H. (J. Chem. Phys. 51 [1969) 520/4). 

2.1.1.3.4.9 The d 1 ~ + ---+ b 1~ + Emission System at 162 nm 

Two of the emission sources for d 1 ~+ ---+c 1 TI excitation, electric discharges in flowing 
He-N2 -H2 (D2 ) mixtures and electron bombardment of NH3 , also excite the d 1 ~+ ---+b 1 ~+ 
system, the vibrational bands of which show single P and R branches characteristic of 
a 1 ~---+ 1 ~ transition. The spectra of NH and ND generated by electric discharges were 
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too weak for rotational analysis; R-branch heads observed for NH at 170.846, 180.101, and 
181.440 nm were attributed to the 0--+ 1, 0--+ 2, and 1--+ 3 bands, those observed for ND 
at 168.315, 175.036, 169.517, 176.103, and 177.192 nm to the 0--+1, 0--+2, 1--+2, 1--+3, and 
2--+ 4 bands; wavenumbers for the missing 0--+ 0 and 1 --+ 2 band heads of NH and the missing 
0--+ 0 band head of ND (unobservable due to overlap) and wavenumbers for all band origins 
were calculated using the known spectroscopic data [1, 2] for the states involved; 
v00 =61619.23 cm- 1 for NH and v00 =61721.63 cm- 1 for ND [3]. Electron bombardment on 
NH 3 enabled the observation and analysis of 15 rotational-vibrational bands (wavenumber 
accuracy±0.06 cm- 1 ) that involve vibrational Levels v'=O to 6 (except 4) in the d state 
and v" = 1 to 9 in the b state and rotational Levels with Jmax = 24 to 26 in the 0--+ 1, 0--+ 2, 
1 --+ 2, and 1 --+ 3 and Jmax = 8 to 12 in the remaining bands; the 0--+ 0 band could not be 
analyzed because of overlap by H2 bands. Wavenumbers (in cm - 1 ) of the band origins 
are as follows [4]: 

0--+0 61619.60*) 0--+ 1 58413.75 0-->2 55350.61 
1--+2 57880.82 1--+3 54958.51 
2-->3 57345.28 2--+4 54562.63 2--+5 51917.61 
3--+4 56807.98 3--+5 54163.48 3--+6 51657.29 
5-->6 55723.73 5-->7 53356.46 5--+8 51129.90 
6-->8 52958.53 6-->9 50876.07 

•l Calculated value. 

Using the molecular constants from [3] and modified RKR potential energy functions 
for the b 1 :E + and d 1 :E + states, Franck-Condon factors and r-centroids for d- b transitions 
with v' = 0 to 3 and v" = 0 to 3 were calculated [5]. 
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2.1.1.3.5 Resonance-Enhanced Multiphoton Ionization (REMPI) Spectra 

Multiphoton ionization by UV radiation, (2+ 1) REMPI of NH(X 3 :E-) and NH(a 1d}, with 
the high-Lying valence state d 1:E+ or a number of singlet and triplet Rydberg states as 
the intermediate states responsible for the resonance enhancement has been comprehensi
vely investigated most recently (further studies obviously are in progress). Laser excitation 
wavelengths (tunable dye Lasers) between 288 and 220 nm were used which give two-photon 
energies of 69000 to 91000 cm - 1 . The NH, ND(a 1 ß) radicals, which enable REM PI via 
resonant singlet states, were produced by HN 3 (DN 3 ) photodissociation with the same Laser 
radiation as used for the (2+ 1) excitation and ionization processes. The NH, ND(X 3 :E-) 
radicals, which enable REMPI via resonant triplet states, were obtained by reacting excess 
F atoms with NH 3 (ND3 ) in a flow reactor. REMPI spectra were obtained by recording either 
the fraction of NH+ or ND+ ions (with a time-of-flight mass spectrometer) or the photoelec
tron yield (REMPI-PES) both as a function of the excitation wavelength. These spectra are 
consistent with the excitation or absorption spectra of the NH (ND) radicals for the two-photon 
transitions between the Lower X 3:E- or a 1 L1 states and the resonant intermediate state; 
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they allow the Latter to be characterized by analyzing the rotational-vibrational structure 
which, in addition to the P, Q, R branches appearing in one-photon spectra, exhibits S 
and 0 branches due to ßJ or ßN = ± 2 transitions. Moreover, electronic transitions with 
ßA = ± 2 (e.g. 1 ll+-+ 1 ~) occur. Vibrationally and rotationally resolved REMPI-PE spectra 
were obtained by measurements of the photoelectron kinetic energy at selected excitation 
wavelengths which show ionizations of selected intermediate state Levels (v', J', N') into 
definite (v+, J+, N+) Levels of the ion. 8esides REMPI via the two-photon d 1 ~+ <-- <--a 1ß 
transition, REMPI via a number of hitherto undetected Rydberg states, identified as the 
first members of {NH+ X 2 TI" a 4~-, or 8 2ß} nscr, npcr, npn, ndcr, or ndn series, have 
been investigated. Five singlet Rydberg states, f 1 TI, g 1 ß, h 1 ~ +, i 1 TI, and j 1 ß for NH 
and ND, three triplet Rydberg states, 8 3 TI, D 3 TI, and F 3~- for NH, and five triplet Rydberg 
states, 8 3 TI, C 3~-, D 3 TI, E 3~-, and F 3~- for ND have been detected and characterized. 
Details for the individual REMPI processes are given below. 

The d 11: + <-- <-- a 1A Transition. This resonance enhancement gives rise to band systems 
of NH and ND between 287 and 273 nm with well-resolved 0-, P-, Q-, R-, and S-branch 
Lines in the 0-0 band centered araund 285 nm [1 to 5], in the 1-0 band araund 274 nm 
[1, 3], and in the 2-1 band in the range 278 to 279 nm [1]. The assignment is supported 
by the so-called Jmin pattern, i.e., by the five J;;,;n values of the rotational branches correlat
ing in a definite manner with the upper- and Lower-state symmetries, and by rotational 
and vibrational analyses which yielded rotational constants and vibrational spacings in 
good agreement with those known from one-photon transitions involving the d and a states. 
The following band origins v0 (in cm- 1 ) were determined [1, 3] (according to [1], the discre
pancies of the v0 values are presumably due to neglecting the air-to-vacuum correction 
of the wavenumbers by [3]): 

band v0 (NH)al v0 (ND)al v0 (NH)bl v0 (ND)bl 
[1] [3] 

v=0<--0 70202.8(5) 70297.6(5) 70211.39(13) 70306.91(12) 
v=1<--0 72732.1(5) 72175.8(5) 72740.89(16) 72185.13(19) 
v=2<--1 71935.3(5) 71620.3(5) 

al Values in parentheses represent the Likely uncertainty in interpolating between the Ne 
calibration Lines. - bl One standard deviation in parentheses. 

lt may be noted that early REMPI studies of NH 3 in the range 380 to 500 nm identified 
an absorption band at 396 nm as the three-photon d 1 ~ +, v' = 2 <-- <-- <-- a 1 ß, v" = 0 transition 
(75780 cm- 1 ) in NH and subsequent ionization by a fourth photon. NH(a 1 ß) obviously results 
from collisional quenching of NH(c 1TI) (a three-photon photolysis product of NH3 ), because 
the (3+ 1) process was observed only in static NH3 gas but not in an expansion-cooled 
NH 3 beam where the environment is essentially collision-free [6, 7]. 

The I 10, g 1 A, h 11:, i 10, j 1 A<-- <--a 1A Transitions. Resonance enhancements due 
to the three Rydberg {NH + X 2 TI,} 3p states, f 1 TI, g 1 ß, and h 1 I:, were identified at 
excitation wavelengths of 283 to 245 nm [3, 8, 9]. At shorter wavelengths down to 235 nm, 
the two higher Rydberg states i 1 TI and j 1 ß were found; their characterization was complicat
ed by perturbations observed in the spectra. 8ased on the results of REMPI-PES following 
excitation via selected (v', J') Levels of the i and j states, the following conclusions were 
drawn: The i 1 TI state has the ground-state ionic core {NH+ X 2 TI,} and a mixed 3pcr/3dcr 
character; a close Lying 1 ~ + or 1 ~- state, most Likely arising from the {NH + X 2 0,} 3dn 
configuration, was assumed to be the perturbing state of ND(i 1 TI, v = 0). The j 1 ß state 

Gmelin Handbook 
N Suppt. Val. B 1 



REMPI Spectra 85 

exhibits significant core mixing with the configurations {NH+ 8 2M 3scr and {NH+ X 2Il,} 
3dn involved; states perturbing the Lowest vibrational Levels of j 1 d were found to have 
1d symmetry in the case of NH, and 1 ~, 1 II, and 1 d symmetry in the case of ND; the 
1 II perturber most Likely involves {NH + X 2 II,} 3dcr or 3dö contributions; the identity of 
the 1 ~ and 1 d perturbers is unknown [10]. The analysis of a number of rovibrational REM PI 
bands (including hot bands from a 1 d, v= 1 and 2) gave the following assignments and 
band origins v0 (in cm- 1 ; as in the case of the d +-- +-- a transition, there is a systematic 
shift in the wavenumbers reported by [3] and [8]; see preceding table and remark): 

transition v'-v'' Vo(NH) a). c) Vo(ND) a).c) v0 (NH)bl v0 (ND)bl 
[8] (f, g, h); [10] (i, j) [3] 

f 1 Il+-- +--a 1 d 0-0 73777.8(10) 73834.1(8) 73789.13(13) 73843.86(13) 
1-0 75637.8(7) 
2-0 77421.4(7) 

g 1 d+--+--a 1d 0-0 75542.0(10) 75602.9(6) 75551.01 (14) 75585.86(33) 
1-0 78005.0(10) 77479.4(7) [78004.2(2)] d) 
0-1 72368.42(29) 
1-1 74830.75(15) 75133.75(17) 
2-0 80036.8(6) 79141.8(6) 
3-0 80580.7(7) 

h 1 ~+-- +--a 1d 0-0 76870.3(6) 76911.2(6) 76942.25(23) 76955.60(22) 
2-1e) 78610.0(10) 

i 1 Il+-- +--a 1 d 0-0 79532.1(7) 79557.2(9) 
j 1 d+--+--a 1d 0-0 82994.0(8) 83089.7(6) 

1-0 85340.4(6) 84818.3(5) 
2-1 e) 84509.0(6) 
2-0 86371.0(5) 

1 rr perturber 83022(2) 
1 ~ perturber 83121(6) 
1 d perturber 83261(3) 85101.6(9) 

al Values in parentheses represent the probable uncertainty in interpolating between the 
Ne calibration Lines. - bl One standard deviation in parentheses. - cl Hot bands from 
a 1 d, v = 1 (and v = 2 for j 1 d of ND) were also observed. - dl From a wavelength scan 
of the total electron current in REMPI-PES study [9]. - el From analysis of hot bands. 

The B 30, C 3l:-, D 30, E 3l:-, F ~-+--+--X~- Transitions. Using NH radicals in their 
electronic ground state X 3~- and Laser excitation wavelengths of 235 to 220 nm, REMPI 
via triplet Rydberg states was observed [11, 12]. The spectra exhibit the 0;, P;, 0;, R;, 
and S; (i = 1, 2, 3) branches expected for dJ = dN = 0, ± 1, ± 2 transitions and fine-structure 
Splitting; because of Limited resolution ( ~0.8 cm- 1 at the two-photon energy), the rotational 
structure was incompletely resolved. Analysis based on the rotational Line positions and 
Line strengths Led only to a partial characterization of the detected Rydberg states. The 
8 3 II, D 30, and E 3~- states were viewed as "regular" Rydberg states; 8 3Il was identified 
as the triplet counterpart of f 1Il, {NH+ X 2 II,} 3pcr, and D 30 was found to arise mainly 
from the {NH+ a 4l:-} 3pn configuration, and E 3~- probably from the {NH + X} 3pn configur
ation. The C 3~- state, which perturbs the v=O Levels of the 8 3Il state of NH and ND 
and provides its own resonance enhancements in the case of ND, and the F 3~- state 
both have significant valence character; they can be identified with the 3 3l:- and 4 3~
states obtained from an ab initio Cl calculation [13]. The following band origins v0 (in cm- 1 ) 
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were determined with an uncertainty of ± 1.0 cm _,, allowing for a possible error in the 
interpolation between the Ne calibration lines [12]: 

transition v'-v'' v0 (NH) v0 (ND) 

B 3 TI +-- +-- X 3L- 0-0 85538.6 85588.1 
1-0 87957.9 87387.2 

C 3L- +-- +--X 3L- 0-0 85734.3 
D 3 TI +-- +-- X 3L- 0-0 89277.1 89394.3 
E 3L- +-- +--X 3L- 0-0 89829.3 
F 3L- +-- +--X 3L- 0-0 90276.8 90311.8 

NH+ +-- NH Transitions. The REMPI-PES technique allows selection of a single rovibra
tional Level (v', N', J') in the resonant Rydberg state so that only a few Levels of the ion 
(v+, N +, J +) are accessed; this procedure substantially simplifies the PES (compared with 
traditional PES). lnspection of the vibrational-rotational structure and intensity distributions 
among the vibrational bands or rotational lines enables conclusions to be drawn about 
the nature of the intermediate Rydberg orbitaland about the photoelectron dynamics. Special 
criteria are the vibrational branching ratio, which may indicate either a Franck-Condon 
or a non-Franck-Condon vibrational distribution in the ion, and the propensities for certain 
selection rules in the Iw ( = v+- v') and ~N ( = N +- N') transitions. Deviations from Franck
Condon behavior and violations of the expected selection rules, ~v = 0 and ~N = odd, are 
explained by rapid Rydberg orbital evolution (i.e., a rapidly changing Rydberg orbital with 
increasing internuclear distance r already in the vicinity of r .) and by the existence of 
Cooper minima for certain ionization channels (i.e., minima in the photoionization cross 
section vs. photon (or photoelectron kinetic) energy curves arising from zeros in the dipole 
matrix element for the transition from the resonant state into the continuum at definite 
photon energies; see [14 to 16]). Rotationally resolved REMPI-PES are presented for 
NH + +-- NH transitions via the Rydberg states f 1 TI, v' = 0, J' = 13; g 1 ~. v' = 1, J' = 14 [9]; 
f 1 TI, v'=O, J'=11; g 1 ~, v'=O, J'=16; and h 1L, v'=O, J'=11 [17], only vibrationally 
resolved REMPI-PES for ionizations via the states i 1 TI, v' = 0, J' = 1 and j 1 ~. v' = 0, 1, 
2, J'=2 [10]. 

In the case of the intermediate f, g, and h states, the spectra illustrate transitions into 
the ionic Levels X 2 TI" v+ = 0 to 3, J + = J', J' ± 1, J' ± 2 and clearly demonstrate the expected 
~v = 0 propensity but unusually strong transitions with ~N = even, particularly ~N = 0 [9, 
17]. Combining the experimental results with quantum-chemical calculations of ground
state, resonant-state, and photoelectron orbitals, a number of Cooper minima were predicted 
to occur in various photoelectron channels of the f, g, and h states; calculations of the 
photoelectron angular momentum distributions and the angular momentum compositions 
of photoelectron matrixelementsalso provided insight into the origin of these Cooper minima 
[17]. 

In the case of the intermediate j state, transitions into X 2TI" v+ = 0 to 2 Levels showing 
a clear ~v=O propensity were also observed. For the j 1 ~, v'=O, 1, and 2 intermediates 
however, the spectra demonstrate the excitation of NH+(x 2 TI" v+ =0 to 2, 0 to 3, and 
0 to 5), respectively, in non-Franck-Condon vibrational branching ratios and also show 
some weak probability to form NH+(A 2L-) ions and a high probability of forming NH+(B 2~) 
ions, the latter with a clear ~v = 0 preference (unpublished results of rotationally resolved 
REMPI-PES following excitation via higher J' Levels of the j state [18] are included in the 
analysis) [10]. 
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Quantum-chemical calculations for (3+ 1) REMPI via the B 3TI ({NH+ X 2llr} 3pcr) Rydberg 
state predicted Cooper minima resulting in non-Franck-Condon vibrational distributions 
[19] and unusual rotational branching ratios [20] for various vibrational transitions. 

N + and H + Fragment-Ion Formation. Wavelength scans of the d 1 ~ + <- <- a 1 Li (2 + 1) 
REMPI spectrum were also obtained by monitoring the 14N+, H+, or o+ ion channels; 
the peaks in these spectra match with the features in the excitation spectra forming NH + 
or ND+; variations in the intensities, however, are large [1]. Monitoring the 14N+ ion channel 
for REMPI spectra via the triplet Rydberg states enabled the C 3~- <-<-X 3~- transition 
in ND and the F 3~- <-<-X 3~-, 0-0 bands in NH and ND to be better observed than 
wavelength scans for the 14NH+ and 14ND+ ions [12]. Various mechanisms for the daughter
ion formation were discussed; most probably, a three-photon process Leads to highly excited 
(autoionizing) molecular states and dissociation by a fourth photon [1, 12]. 
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2.1.1.4 Relaxation Processes 

2.1.1.4.1 Deactivation of X 3!:- -State Vibrational Levels 

Collision-induced vibrational relaxationwas studied on vibrationally excited NH(X 3 L-), 
produced by pulsed electron impact on N2-H 2 or N2-H2-Ar gaseous mixtures; time-resolved 
IR Fourier transform spectroscopy was used to observe the v = 3--> 2, 2 -->1, and 1 ..... 0 funda
mental band emission (2500 to 3400 cm - 1 ) which allowed the time-dependent vibrational 

populations to be determined. The following rate constants for V--> V -1 transitions, kv ~ v- 1 , 

were derived at room temperature for the collision partners N2, Ar, and H2 [1]: 

kV----+V~ 1 in 10- 14 cm 3 ·molecule- 1 ·s- 1 

V N2 Ar H2 

1.2±0.5 0.2 ± 0.1 :s; 50 

2 3.8± 1.5 0.5±0.2 :s; 100*1 

3 7.5±2.5 0.8±0.3 :s; 150*1 

*1 May include reactive quenching via the reaction NH + H2 --> NH2 + H. 

Vibrational relaxation of the X 3L-, v" = 1 Level of NH and ND in noble-gas matrices 
was studied by an optical-optical double resonance technique (using excitation of A 3 n;, 
v' = 0 by a pump Laser and probing the X 3 L-, v" = 1 population by another Laser with 
variable time delays). The following lifetimes t were obtained at 4 K in photolyzed NH 3 

(ND3 )-noble gas (1: 10000) samples [2]: 

matrix t in !lS for NH 

Ne ~0.5 

Ar*1 180 
Kr 2300 

t in !lS for ND 

240 
24000 
21000 

*1 Preliminary results: 1: = 190 and 31000 ( ± 10%) !lS for NH and ND [3]. 

The strong dependence of r upon the host lattice and the strong isotopic effect, which 
are contrary to the predictions of the so-called energy-gap law for multiphonon relaxation 
processes, indicate a relaxation mechanism with transfer of the vibrational energy into 
rotational energy of the impurity molecule rather than transfer into phonons of the host 
lattice. Theoretical models for vibrational relaxation of diatornie molecules in solids, which 
describe the experimental results for NH and ND, have been presented [4 to 9]. 
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2.1.1.4.2 Deactivation of the a 1 Li State 

NH(a 1 L't) radicals for kinetic studies are usually generated by UV and VUV photolysis 
of HN 3 at wavelengths of 313, 308, 285, 266, 248, or 193 nm and, in some cases, by VUV 
photolysis (193 nm) of HNCO, NH 3 , and N2 H4 . The decay of NH(a 1 L't) by spontaneaus radiative 
transitions into the ground state and by collisions with parent or foreign-gas molecules 
(quenching) was monitared either by observing the chemiluminescence from the forbidden 
a 1 L't-> X 3I:- transition at 795 nm or by probing the decreasing NH(a 1 L't) or increasing 

NH(X 3I:-) concentrations by laser-induced fluorescence (LIF) excitation of the c 1 TI+--
a 1 L't or A 3 Tl; +---X 3I:- transitions at 324 or 336 nm. Despite the long radiative lifetime 
of the metastable a 1 L't state, its high chemical reactivity in collisions with the parent mole
cules complicates the time-resolved spectroscopic measurements; thus, data for the radia
tive lifetime are scarce and somewhat disagreeing (only one measurement of Trad by a 
more direct method is available, see next paragraph). Collision-induced deactivation of 
NH(a 1 L't) has been studied for a number of collision partners; besides the parent molecules 
HN 3 , HNCO, NH 3 , and N2 H4 , suitable collision partners include noble-gas atoms, the di
and triatomics H2 , N2 , 0 2 , F2 , CO, NO, HF, HCL, H2 0, C0 2 , N2 0, N02 , HCN, and a number 
of hydrocarbons. For some of these, only the physical quenching pathway, the a 1 L't-> X 3I:
intersystem crossing (isc), is allowed; for others, physical quenching and chemical reaction 
(cf. pp. 119/22) occur with various intensity. Two comparative and critical reviews on recent 
isc experiments are given in [1] and [2]. 

Radiative Lifetime trad 

The Einstein coefficient of spontaneaus emission, A = 3.7 ± 0.6 s - 1 , thus Trad = 0.27 ± 0.04 s, 
was determined by measuring the absolute a 1 L't-> X 3I:- emission rate using a calibrated 
(emission intensity from the 0 +NO reaction) optical detection system and the absolute 
NH(a 1 L't) concentration using an ESR spectrometer; the NH(a 1 L't) molecules were generated 
by the reaction F + NH 2 -> NH +HF in a fast-flow reaction chamber equipped with these 
two detection systems [3]. 

By observing the disappearance of the a 1 L't--> X 3I:- emission du ring ArF (193 nm) 
photolysis of HN 3 in dilute mixtures with 0= N2 , He, or Ar (semilogarithmic plots of the 
intensity at 789 nm vs. time (up to ~5 ms) and Stern-Volmer plots of the decay rates 
,- 1 vs. total pressure at very small HN 3 :Q mixing ratios), the NH(a 1A) radicals were found 
to decay with rates faster than 33 s-\ thus Trad>0.03 s [4]. LIF due to A 3 Tl;+---X 3I:
excitation following 193-nm photolysis of HNCO and collision-induced a 1 L't-> X 3I:- quench
ing by 0 2 yielded Trad~0.05 s [5]. (The disappearance of NH(a 1 A) within less than 0.07 
ms, observed by absorption [6], chemiluminescence [7, 8], and LIF [9] is due to chemical 
reactions with the parent molecules, see p. 121.) 

Considerably Ionger lifetimes of more than 1 s have been observed du ring the a 1 L't-> 
X 3I:- emission in noble-gas matrices (in situ photolysis of HN 3 or HNCO) [10 to 12], and 
gas-phase values of Trad = 3.3 s [10] and 1.9 s [11] were extrapolated. These compare 
favorably (fortuitously ?) with ab initio (Cl) results, Trad = 1.7 s [13] or 2.18 s [14]. 

Rate Constants for Collision-lnduced a 1 Li-> X 3I:- Intersystem Crossing (kq in 
cm 3 · molecule- 1 · s - 1 at room temperature, unless otherwise stated). 

Noble-Gas Atoms. There are no reactive channels for collisions of NH(a 1 L't) with noble
gas atoms. Electronic quenching by He, Ar, and Kr is inefficient, whereas rapid isc has 
been observed for Xe. 

Rate constants of 1016 · kH e = 8.6 ± 1.7, 10.3 ± 1.7, and 9.9 ± 3.3 for NH(a 1 L't) in the vibration
al Levels v" = 1, 2, and 3 were derived from c +--- a LIF [15], [34, p. 35], which confirms the 
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earlier findings kHe<10- 15 (c+---a LIF) [16] and kHe=(1 to 10)·10- 16 (a->X fluorescence) 
[4]. 

When quenching with Ar, the a ...... x fluorescence also yielded kA,=(1 to 10)·10- 16 [4] 
which is more than an order of magnitude smaller than kAr = 1.2 ·1 o- 14 derived from a 
Stern-Volmer plot for the quenching of NH(a 1 ~) by HN 3 in the presence of Ar (c <--- a LIF) 
[9]; the reason for the discrepancy could not be found [4]. 

kKr ~ 1 · 10- 14 resulted from c <--- a LI F following HN 3 photolysis [17, pp. 23, 32]. 

When quenching with Xe, both the decay of NH(a 1 ~. v" = 0, 1) and the growth of NH(X 3L-, 
v" = 0, 1, 2) were probed by c <--- a and A <---X LIF excitation, and the following rate constants 
were obtained: 

1011 ·kxe for NH(a 1 ~, v"=O) 

1.09 ± 0.04 a) 
1.2±0.1 
1.7±0.2b) 
2.3c) 

Ref. 1011 ·kxe for NH(a 1 ~. v"= 1) 

[18] 1.06 ± 0.02 
[19], [17, pp. 23, 32] 1.3±0.1 
[21] 
[22] 

Ref. 

[1] 
[20] 

a> Result for T=298 K; 1011 ·kxe= 1.30±0.03 for T=476 K [18]. - bl An error Limit of 
0.02 (presumably misprinted) is given in [21]. - c> kxe/kreact=0.187 by measuring the quan
tum yields of N2 , H2 , and NH 4 N3 upon UV photolysis of HN 3 -Xe mixtures at 303 K [22]; 
the rate constant for reactive quenching by HN 3 , kreact = 1.21 · 10- 10 cm 3 · molecule - 1 · s - 1 , 

was used to derive kxe [19, 21]. kreact=1.7·10- 10 cm 3 ·molecule- 1 ·s- 1 [9] gave kxe= 
3.3·10- 11 [23]. 

Relativecross sections for the formation of NH(X 3L-, v" = 0 to 4) Levels du ring quenching 
of NH(a 1 ~) were derived from A <---X LIF, excited in crossed NH(a 1 ~) and Xe beams [2]. 

Diatomic and Triatomic Molecules. Quenching by H2 proceeds preferably via the chemi
cally reactive channel yielding rate constants of ~(3 to 5)·10- 12 using c+---a LIF [16, 24] 
and a ...... X emission [25]. A <---X LIF experiments gave kH 2 ~ 5·10- 14 for the isc [24]. 

Quenching of NH(a 1 ß) by N2 is solely a physical process. Rate constants for the Lowest 
vibrational Level, v = 0, are in reasonable agreement within the given error Limits: 
1014 · kN 2 = 7.93 ± 0.66 at 306 K (18], 7.5 ± 0.6 (16], 6.8 ± 0.5 (25], 6.6 ± 2.4 at 291 K (20], 8.3 ± 0.8 
[19], [17, pp. 25, 32]. Measurements of the temperature dependence of kN 2 for NH(a 1 ~, v=O) 
(T=306 to 596 K) [18] and for NH, ND(a 1 ~, v=O) and NH(a 1 ~, v=1) (T=290 to 527 K) [20] 
showed that the reaction NH(a 1 ~)+N2 (X 1L;) has an activation energy of ~450 cm- 1 and 
that the process probably takes place via a Long-Lived HN 3 complex (the existence of an 
entrance channel barrier to NH(a 1 ~) + N2 isc is consistent with experimental and theoretical 
work that indicated the presence of an exit channel barrier of the HN 3 ...... NH(a 1 ~) + N2 poten
tial surface, cf. p. 120). Quenching of NH(a 1 ~) in the vibrational Levels v = 1, 2, and 3 is 
about three to four times faster than in the v=O Level. ln addition to electronic quenching, 
vibrational relaxation takes place which is comparable in rate with the isc. Rate constants 
are: 1013 · kN 2 = 2.47 ± 0.03 for v = 1 [1], 2.2 ± 0.3, 2.3 ± 0.2, 2.5 ± 0.2 for v = 1, 2, 3 [34, pp. 38/43], 
2.2 and 2.5 for v= 1 and 2 [15]; the Latter two have been corrected for vibrational deactivation 
of higher vibrational Levels to give kN 2 = (2.8 ± 0.3) ·10- 13 for both the v = 1 and 2 Levels 
[15]. 

For removing NH(a 1 ~) by collisions with 0 2 , there are a number of exotherrnie reaction 
channels (yielding NO+ OH, N02 + H, HNO + 0) in addition to the somewhat dominant 
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NH(a 1 ~-+X 3~-) isc which was found to proceed via NH(a 1 ~)+02(X 3~;;-)-+NH(X 3~-)+ 
0 2 (b 1 ~;). However, there is considerable disagreement among the reported rate constant 
measurements. The Large value k0 , = 1.55 ·10- 11 was obtained using A <--X LIF for NH(X 
3~ -) detection, and 193-nm photolysis of HNCO [5] and 266-nm photolysis of HN 3 [24] 
(see comments in [1]). On the other hand, values Lower by a factor of ~300, namely, 
1014 ·k0 ,=4.5±0.5, 6.2±0.8, and 5.65±0.15, were derived for NH(a 1 ~. v=O) using UV (193, 
248, 266, 308 nm) photolysis of HN 3 and NH(c <-- a and A <--X) LIF [19], [17, pp. 26, 32], 
NH(a-+X) and 0 2 (b-+X) emission [25], and NH(c<-a) LIF [18], respectively. The ratio of 
NH(a 1 ~) isc to total depletion of NH(a 1M, k0/k~0.6, was obtained by comparing the 
NH(X 3~-) concentrations produced by coUisions of NH(a 1M with 0 2 and with Xe [19], 
[17, pp. 36/7]. The removal of NH(a 1 ~. v=2 and 1) Levels with the higher rates 
1014 ·k0 ,=12.4±1.0 and 8.6±0.4 and the appearance of NH(X 3~-. v=2, 1, 0) with rates 
(in 1014) of 18.8± 0.9, 11.0± 1.1, 4.6± 0.5 was probed by c <-- a and A <--X LIF foUowing 266-nm 
photolysis of HN3 ; the increase in the rate of NH(a 1 ~. v>O) decay can be explained by 
populating of NH(X 3~-. v>O) Levels (rather than vibrational relaxation) [1] and possibly 
accounts for the 0 2(b 1 ~;) rise which was faster by a factor of 3 than the NH(a 1 ~) decay 
observed by [25]. Measurements of the temperature dependence of k0 , for NH(a 1 ~. v = 0) 
(T = 298 to 476 K) showed that the NH(a 1 ~) + 0 2 quenching has an activation energy of 
8.66 kJ/mol which was attributed, by analogy to the NH(a 1M+ N2 system, to a barrier 
in the entrance channel for the formation of a Long-Lived complex that dissociates to 
02(b ,~;) [18]. 

ln coUisions of NH(a 1M with CO molecules, the reactive channel (giving NCO + H) domi
nates; only 12% of the observed depletion occurred by a-+ X isc [26]. The measured averaU 
rate constants, 1011 • k = 1.350 ± 0.070 [25], 2.0 ± 0.7 (independent of temperature between 
293 and 459 K) [26], 1.64±0.08 (at 301 K and increasing to 2.24±0.03 at 619 K) [18] for 
NH(a 1 ~, v=O) and 1011 ·k=1.82±0.03 for NH(a 1 ~. v=1) [1], then give values of 
1012 · kco = 1.62, 2.4, 1.97, and 2.28 for the isc, respectively. Relative cross sections for the 
formation of NH(X 3~-, v = 0, 1, 2, 3) Levels in the quenching of NH(a 1 ~) were derived 
from A<-X LIF, excited in crossed NH(a 1 ~) and CO beams [2]. 

The rate constant for isc by NO is not easy to measure, because the NH(X 3~-) is 
consumed by fast subsequent reactions with NO [26]. Measurements of the NH(a 1M decay 
and NH(X 3~-) growth profiles by c <-- a and A <--X LIF showed that ab out half of NH(a 1 ~) 
was removed due to isc. kN 0 =2.5·10- 11 with the averaU rate constant k=(4.8±0.1)·10- 11 

and kN 0 /k=0.53±0.1 was obtained by [21], whereas kNo= 1.1·10- 11 with k=2.8·10- 11 (pre
Liminary results in [17, 19]) and kN 0 /k=0.40 was obtained by [27]. 

For quenching NH(a 1 ~) with HF and F2 , the averaU rate constants 1013 ·k=7.3±2.6 
and 6.3± 1.6 were reported without discussing the reaction mechanism [16]. Quenching 
of NH(a 1 ~) by HCl is a chemicaUy reactive process (k=7.9·10- 11 ) [8]. 

For C02 , N2 0, H20, and HCN, the foUowing averaU rate constants k, branching ratios 
kq/k, and electronic quenching rate constants kq were obtained: 

quencher Q 1011 . k kq/k 1012 ·kq Ref. 

C02 *> 0.023 ± 0.005 0.24±0.08 0.055 [28] 
N2 o·> 0.17±0.02 0.06±0.03 0.10 [28] 
H2 0 4.8± 1.0 ~0.02 <0.96 [28] 
HCN 3.5± 1.0 0.04±0.01 1.4 [27] 

•> 1011 ·k=0.025±0.002 and 0.158±0.011 for C02 and N2 0, respectively, were reported with
out further analyzing the products [25]. 
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The removal of NH(a 1 ~) by the N02 radical (k=3.7·10- 11 ) is solely a chemical process 
[28). 

Hydrocarbons. ln reactions of NH(a 1M with C6 H6 [28) and CH 4 , C2 H4 , C3 H8 , cis-2-butene, 
and methyl acetylene [24), no ground-state NH(X 3~-) could be observed by A<--X LIF. 
The Latter authors [24) showed that this can be attributed to a rapid reaction of NH(X 3~-). 
and they derived upper Limits for the rate constants of isc by CH 4 and C3 H8 , kq < 4 ·10- 14 

and <4 ·10- 13 [24) (overall rate constants for CH 4 and C2 H4 , considerably different from 
those of [24], were also reported by [8]). Photolysis of HN 3 in the presence of CH 4 [29), 
C2 H6 [30], C2 H4 [31), C3 H8 [32), and C2 H2 [23) and chemical analysis of the reaction products 
yielded the ratios kq/k,eact = 0.177, 0.217, 0.0, 0.262, and 0.0, where kreact is the rate constant 
for the reaction of NH(a 1 ~) with the parent molecule HN 3 ; with k,eact = (1 to 2) ·10- 1 0 

(see below), these ratios would give kq values of ~ (2 to 5) ·10- 11 for CH 4 , C2 H6 , and C3 H8 

which are considerably higher than those derived from LIF studies. 

Parent Molecules HN3 , HNCO, NH3 , and N2H4 • Quenching of NH(a 1 ~) by its parent mole
cules is a predominantly chemically reactive process, and rate constants of k,eact = (1 to 
2) ·10- 1 0 have been obtained by various methods for HN 3 [4, 6 to 9, 23 to 25, 33], NH 3 , 

N2 H4 [16], and HNCO [5] (but kHNco= 1.65·10- 11 [16)). Recently, quenching of NH(a 1 ~) 
in its v = 0 to 4 Levels by HN 3 (248-nm photolysis of HN 3 ; c +-- a LIF) was considered to 
include vibrational and/or electronic deactivation and chemical reaction; the very similar 
rate constants, 1010 ·kHN 3 =1.21±0.18 for the v=O Level [28) and 1.26±0.13, 1.16±0.13, 
0.98 ± 0.18, and 1.13 ± 0.30 for the v = 1, 2, 3, and 4 Levels [15], [34, pp. 36/8] show that 
vibrational relaxation is negligible; unfortunately, the contributions of electronic quenching 
(e.g. by probing the NH(X 3~ -) concentrations by A +--X LIF as for other quenchers, see 
above) have not been determined so far. 
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2.1.1.4.3 Deactivation of the b 1~+ State 
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NH, ND(b 1 ~+) radicals for kinetic studies are generated by VUV photolysis of NH 3 , 

ND3 with Ar or Kr resonance lines of 104.8 and 106.7 or 116.5 and 123.6 nm or with VUV 
pulses at A. > 105 nm from capacitor discharges; VUV flash photolysis of HNCO and two
photon photolysis of NH 3 or one-photon photolysis of HN 3 with 193-nm radiation from an 
ArF Laser have also been applied. The decay of NH(b 1 ~+) by spontaneaus radiative transi
tions or by collisions with parent or foreign gas molecules was monitared by observing 
the forbidden b 1 ~+-->X 3~- transition at 471 nm or by pumping the c 1TI <- b 1 ~ + transition 
at 450 nm and observing the c 1TI--> a 1 ~ fluorescence at 324 nm. Intersystem crossing 
A 3 TI; <- b 1 ~ + has been demonstrated by observing the A 3 TI;--> X 3~- fluorescence at 
338 nm. Collision-induced deactivation of NH, ND(b 1 ~+) has been studied on a number 
of collision partners; besides the parent molecules NH3 , ND 3 , and HN 3 , noble-gases, N 
and 0 atoms, the di- and triatomics H2 , HD, 0 2 , N2 , 0 2 , CO, NO, H2 0, 0 2 0, C02 , and 
N2 0, a number of hydrocarbons, methanol, methylamine, and hydrazine have been used. 
Some of these collision partners only take the physical quenching pathway, b 1 ~+-->X 3~
and/or b 1 ~+ -->a 1 ~ deactivations or, in the case of 0 2 , intersystem crossing NH(b 1 ~+) 
+02 (a 1 ~g or b 1 ~,:;-)-->NH(A 3TI;)+0 2 (X 3~,:;-). For others, chemical reactions contribute 
to the quenching process. The various quenching channels of the NH(b 1 ~+) species, unlike 
the very reactive NH(a 1 ~) radical, generally have not been investigated. Although it is 
more energetic than NH(a 1 M. it reacts less rapidly. The rate constants kq reported in 
various publications therefore are deactivation/reaction rate constants for the processes 
NH(b 1 ~ +) + Q--> products, and possible reaction products appearing besides deactivated 
NH species are occasionally mentioned. 

Radiative Lifetime trad 

The most recent result, trad=53~g ms, was obtained from the b 1 ~+ ->X 3~- emission, 
excited by VUV flash photolysis of NH3 or ArF Laser photolysis of HN 3 [1]. This value is 
larger than previous ones, obtained by VUV photolysis of NH3 , and differing in turn by 
two orders of magnitude: trad(in ms)=17.8~~- 7 [2], ~5 [3], ~2 (probably around 6) [4], 
and 0.23±0.08 (1.6±0.2 or 2.86±0.41 for ND) [5, 6]. Ab initio Cl calculations gave <rad=72 
ms in the Franck-Condon approximation and 97 ms if experimental excitation energies 
for the low-lying valence states are employed [7], or <rad = 100 ms [8]. 
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Lifetimes have been measured on the b 11:+, v'=O, 1--+X 31:-, v"=O, 1, 2, 3 transitions 
between 5 and 30 K for NH(b 11:+) in Ar matrices, produced by VUV photolysis of NH3-Ar 
(1 :5000 to 1 :20000) deposits at 15 K and excited directly via b 11:+ +-X 31:- absorption 
or indirectly by intersystem crossing via A 3Il;+-X 31:- pumping. 'trad.o=1.55±0.1 ms was 
obtained at 5 K for the v' = 0 Level and 'trad. 1 = 520 ± 20 j.lS for the v' = 1 Level; the difference, 
,;.~. 1 - ,;.~.o = 1.3 ±0.1 ms- 1, is the vibrational relaxation rate constant kvib· The considera
bly shorter Lifetime in the Ar matrix compared to the most recent gas-phase value is attrib
uted to matrix-induced b 11: +--+ a 111 transitions which are four orders of magnitude faster 
than in the gas phase [9]. 

Quenching Rate Constants kq (in cm3 · molecule- 1 · s- 1 at room temperature, unless other
wise stated) 

The quenching of NH(b 11:+) was studied in the Late seventies by three teams that 
used VUV photolysis of NH3 and, as quenchers, He, Ar, 0, and N atoms and H2, N2, 0 2, 
CO, NH3, ND3, and CH4 molecules [2, 10), NH3, ND3 [5, 6], He, Ar, Xe atoms, H2 (HD, 
0 2), N2, 0 2, CO, NO, H20 (D20), C02, N20, ND3, N2H4 molecules, methylamine, methanol, 
and a number of normal and deuterated hydrocarbons [3, 11 to 14). Subsequent investiga
tions made use of VUV photolysis of NH3 and Q = NH3 [4), ArF Laser photolysis of HN3 
and Q=He, Ar, N2, HN3 [1], ArF Laser two-photon photolysis of NH 3 and Q=Ar, H2, N2, 
0 2, H20, C02, CH4, C2H6 [15], and VUV flash photolysis of HNCO and Q = HNCO, He, 0 2 
[16). The following tables show, that there is moderate to excellent agreement between 
the rate constants from studies where the same quenchers were used. Details on experimen
tal conditions and discussions concerning the quenching processes may be found in the 
original papers. 

Q 

He 

Ar 

Xe 
N 
0 

Q 

H2 

02 
HD 
N2 

02 

CO 
NO 

Quenching by noble-gas, N, and 0 atoms: 

kq for NH kq for ND Ref. kq for NH Ref. 

(4.2±3)·10- 17 (1.6±0.5)·10- 17 [12) (7.7 ± 0.3) ·10- 17 [1) 
(7.04± 0.15) ·10- 1 7 <5·10- 18 [10) (9.0±2.0)·10- 17 [16) 
(1.8±0.3)·10- 16 (4.5±0.5)·10- 17 [12) (7.1 ± 0.6) -10- 17 [15) 
(1.27 ± 0.04) -10- 16 <5·10- 18 [10) (1.0±0.05) -10- 16 [1) 
(1.61±0.06)·10- 16 [2) (3.6±0.7)·10- 16 [3] 
(2.8± 0.6) ·10- 1 5 (1.3±0.4)·10- 15 [14) 
(3.38 ± 0.07) ·10- 1 1 [10) 
(1.78 ± 0.09) ·10- 1 1 [10) 

Quenching by the diatornie molecules H2 , 0 2 , HD, N2 , 0 2 , CO, and NO: 

kq for NH kq for ND 

(8.6 ± 1.5). 10- 1 3 (8.1 ± 1.3)·10- 13 
(10.0±0.8)·10- 13 (8.96 ± 0.19). 10-1 3 
(1.7±0.1)·10- 14 (1.8± 0.3) ·10- 14 

(1.2±0.24)·10- 14 (1.25± 0.07) ·10- 1 4 
(6.0± 0.6) ·10- 1 6 (4.8± 0.8) ·10- 1 7 

(4.48 ± 0.20) ·10- 16 (3.83± 0.25) ·10- 1 7 

(2.4 ± 0.3) ·10- 15 (9.1 ±2) ·10- 16 

<2·10- 14 <2·10- 14 

(4.6±0.6)·10- 12 (3.9±0.6)·10- 12 

Ref. 

[12) 
[10) 
[13] 
[13) 
[12] 
[10) 
[12] 

[12] 
[14) 

kq for NH Ref. 

(4.5±2.1)·10- 13 [15] 

(5.3± 1.2)·10- 16 [15) 
(5.0±0.2)·10- 16 [1) 
(2.44 ± 0.84) ·10- 15 [2) 
(2.0±0.6)·10- 15 [15] 
(1.29±0.11)·10- 15 [2) 
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Quenching by the triatomic molecules H20, 0 20, C02 , and N20: 

Q kq for NH kq for ND Ref. kq for NH Ref. 

H20 (4.9± 1)·10- 13 (4.4 ± 0.8). 10- 13 [12] (1.0±0.21)·10- 12 [15] 
D20 (2.2±1.0)·10- 13 (4.9± 1.2)·10- 14 [13] 
co2 <1·10-14 <1·10-14 [12] (1.5±0.6)·10- 14 [15] 
N20 <1·10-14 <1·10-14 [12] 

Quenching by the parent molecules NH3 , ND3 , HN3 , HNCO, and by N2 H4 : 

Q kq for NH Ref. Q kq for ND Ref. 

NH3 (3.90±0.19) ·10- 13 [2] ND3 (5.22 ± 0.20). 10- 14 [10] 
NH3 (1.801 ±0.071)·10- 13 [5] ND3 (0.38 ± 0.3). 10- 1 4 

NH3 (4.1±0.8)·10- 13 [3] or (1.49±0.15)·10- 14 [5] 
NH3 (3.7 ± 0.3) ·10- 13 [4] ND3 1.9·10- 14 [12] 
HN3 (7 ± 1 ) . 1 0- 1 1 [1] 
HNCO (5.6 ± 0.3) ·10- 13 [16] 
N2H4 (3.6 ± 0.7) ·10- 11 [14] 

Quenching by hydrocarbons, methanol, and methylamine: 

Q kq for NH kq for ND Ref. kq for NH Ref. 

CH4 (1.8±0.3)·10- 13 (1.8±0.2)·10- 13 [12] (1.90±0.08)·10- 13 [2] 
(8.5± 1.5)·10- 14 [15] 

CD4 (3.1 ±1)·10- 14 (3.2 ± 0.4) ·10- 14 [13] 
C2H2 (5.5 ± 1.5). 10- 1 4 (4.7±2)·10- 14 [12] 
C2D2 (1.2±0.25) ·10- 14 (9.8± 1.6)·10- 15 [13] 
C2H4 (1.4±0.6)·10- 13 (1.6 ± 0.15). 10- 1 3 [12] 
C2D4 (1.3±0.5)·10- 14 (1.1±0.25)·10- 14 [13] 
C2Hs (2.6 ± 0.6). 10- 13 [15] 
C3Hs (5.7± 1.3)·10- 13 [14] (4.7±0.7)·10- 13 [12] 
1-C4H8 (6.3± 1.4)·10- 13 (7.4±0.8)·10- 13 [14] 
1,3-C4H6 ~2·10- 10 [14] 
CsHs (3.0± 1.3) ·10- 1 3 [14] 
CH30H (10.90 ± 0.90) ·10- 12 (6.00 ± 0.90) ·10- 12 [14] 
CH 3NH 2 (10.40± 2.00) ·10- 12 (8.60 ± 0.50) ·10- 12 [14] 

References: 

[1] Blumenstein, U.; Rohrer, F.; Stuhl, F. (Chem. Phys. Lett. 107 [1984] 347/50). 
[2] Gelernt, 8.; Filseth, S. V.; Carrington, T. (Chem. Phys. Lett. 36 [1975]238/41). 
[3] Zetzsch, C.; Stuhl, F. (Chem. Phys. Lett. 33 [1975] 375/7). 

95 

[4] Nguyen Xuan, C.; Di Stefano, G.; Lenzi, M.; Margani, A. (J. Chem. Phys. 74 [1981] 
6219/23). 

[5] Masanet, J.; Lalo, C.; Durand, G.; Vermeil, C. (J. Photochem. 9 [1978]171/3). 
[6] Masanet, J.; Lalo, C.; Durand, G.; Vermeil, C. (Chem. Phys. 33 [1978]123/30). 
(7] Marian, C. M.; Klotz, R. (Chem. Phys. 95 [1985] 213/23). 

Gmelin Handbook 
N Suppt. Vol. B 1 



96 NH 

[8] Yarkony, D. R. (J. Chem. Phys. 91 [1989] 4745/57). 
[9] Ramsthaler-Sommer, A.; Becker, A. C.; Van Riesenbeck, N.; Lodemann, K.-P.; Schu

rath, U. (Chem. Phys. 140 [1990] 331/8). 
[10] Gelernt, 8.; Filseth, S. V.; Carrington, T. (J. Chem. Phys. 65 [1976] 4940/4). 

[11] Zetzsch, C.; Stuhl, F. (Ber. Bunsenges. Phys. Chem. 79 [1975]1156). 
[12] Zetzsch, C.; Stuhl, F. (Ber. Bunsenges. Phys. Chem. 80 [1976]1354/64). 
[13] Zetzsch, C.; Stuhl, F. (J. Chem. Phys. 66 [1977]3107/11). 
[14] Zetzsch, C. (Ber. Bunsenges. Phys. Chem. 82 [1978]1098/102). 
[15] Van Dijk, C. A.; Sandholm, S. T.; Davis, D. D.; Bradshaw, J. D. (J. Phys. Chem. 93 

[1989]6363/7). 
[16] Presser, N.; Zhu, Y.-F.; Gordon, R. J. (J. Phys. Chem. 91 [1987] 4383/8). 

2.1.1.4.4 Deactivation of the A 3TI1 State 

Gaseous NH, ND(A 3 Il;) radicals for kinetic studies are generated by VUV photolysis 
of NH3 , ND3 and, in a few cases, N2 H4 or CH 3 NH 2 , mostly using 193-nm radiation from 
an ArF Laser which resulted in a "hot" rotational distribution of the ground vibrationallevel. 
VUV flash photolysis of HN3 and HNCO, multiphoton IR photolysis of DN 3 , MW discharges 
through NH 3 -noble-gas mixtures, and, for the earlier studies, electron impact on NH 3 have 
been applied. The decay of NH(A 3 Il;) by spontaneous radiative transitions or by collisions 
with parent or foreign-gas molecules was monitored by observing the A 3Il;-+ X 3~- fluores
cence spectrum in the range 336 to 338 nm. Selected excitation of A-state rovibrational 
and fine-structure Levels was achieved by pumping selected A 3Il; <--X 3~- lines with a 
tunable dye Laserafter a time delay long enough to enable A-+ X relaxation to be completed 
and LIF tobe observed. Collision-induced deactivation of the Astate. was extensively studied 
for many collision partners, such as noble-gas atoms and SF6 , diatornie molecules H2 , 

D2 , N2 , 0 2 , CO, NO, triatomic molecules H20, D2 0, C0 2 , N2 0, a number of hydrocarbons 
and methanol as weiL as the parent molecules NH 3 , ND3 , HN 3 , DN 3 , HNCO, CH 3 NH 2 , and 
N2 H4 . A large number of data for the radiative lifetime and the quenching rate constants, 
not always in satisfactory agreement, have accumulated. Most recently, subtle methods 
of Laser spectroscopy allowed collision-induced relaxation between fine-structure Levels, 
i.e., within the spin-orbit triplets or the A doublets, to be measured. 

For studies of radiative decay and vibrational relaxation of matrix-isolated NH (ND), 
mixtures of NH 3 (ND 3) and noble gases were photolyzed during deposition on a cold sub
strate and time-resolved A 3Il; <--X 3~- LIF transitions were measured. 

Radiative Lifetime trad 

Lifetimes of NH(A 3Il;) obtained by various methods are, with a few exceptions, in the 
range from 400 to 500 ns. Recent laser-spectroscopic studies indicate that the most reliable 
values for the ground-vibrationallevel v' = 0 are around 420 ns. A recent quantum-chemical 
ab initio (Cl) calculation resulted in '••d = 407 and 478 ns for the v' = 0 and 1 Levels [1]. 
The following table gives a compilation of the various experimental results for 1: rad (~Zero

pressure lifetime 1:0 ) of NH and, in braces, for ND beginning with the most recent studies 
(some information on the experimental conditions, comments on individual results, and 
possible corrections are given in the remarks below the table): 

Gmelin Handbock 
N Suppt. Val. B 1 



Deactivation of A 3Il; 97 

'trad in ns method remark Ref. 

422±55 NH 3 Laser photoLysis at 193 nm; a) [2] 
420±48 A 3Il;, Q=2, 1, 0, v'=O, N'=3 to 8--+X 3~- LIF 
423±4 NH 3 Laser photoLysis at 193 nm; b) [3] 

A 3Il;, v'=O, N'~24--+X 3~- LIF 
{441 ± 10} ND3 Laser photoLysis at 193 nm; c) [4] 

A 3 II;, v'=1, 2, 3, J'~4--+X 3~- LIF 
423±20 NH 3 Laser photoLysis at 193 nm; 

A 3II;, v'=O, N'= 1 to 4--+X 3~- emission 
424±8 A 3Il;, v'=O, N'=8 to 12--+X 3~- emission 
449±20 A 3II;, v'= 1, N'= 1 to 4--+X 3~- emission 
461 ± 10 A 3Il;, v'=1, N'=4 to 6--+X 3~- emission d) [5] 
{407 ± 20} ND3 Laser photoLysis at 193 nm; 

A 3Il;, v'=O, N'= 1 to 6--+X 3~- emission 
{415±5} A 3II;, v'=O, N'=8 to 15--+X 3~- emission 
{447±15} A 3Il;, v'=1, N'=4 to 6--+X 3~- emission 
500±40 HN 3 and HNCO flash photoLysis at 121.6 nm; [6] 

A 3Il;, v'=O--+X 3~- emission 
463±45 HN 3 photoLysis by Xe-resonance Lamp; e) [7] 

A 3II;, v'=O--+X 3~- emission 
418±8 NH 3 -Ar, NH 3 -He, MW discharge; f) [8] 

A 3II;, v'=O, N'=1 to 7+--X 3~- LIF 
453± 10 NH 3 , eLectron impact; high-frequency deflection technique; g) [9] 

A--+ X emission 
470±40 NH 3 Laser photoLysis at 193 nm; [10] 

A 3Il;, v'=O, N'~12--+X 3~- emission 
400±60 NH 3 Laser photoLysis at 172 nm; h) [11] 

A 3Il;, v'=O, 1, J'~25--+X 3~- emission 
424±6 NH 3 , puLsed eLectron impact; [12] 

A 3 II;, v'=O, 1(unresoLved) -+X 3~- emission 
{ ~500±50} DN 3 , Laser IR muLtiphoton excitation and dissociation; [13] 

A 3Il; -+X 3~- emission 
490±50 N2 H4 Laser photoLysis at 193 nm; i) [14] 

A 3II;, v' = 0, 1 --+X 3~- emission 
545±65 CH 3 NH 2 Laser photoLysis at 193 nm; [15] 

A 3II;, v'=O--+X 3~- emission 
347±5 NH 3 , eLectron impact; eLectron-photon deLayed coincidence, j) [16] 

A 3II; -+X 3~- emission 
404±5 NH 3 , eLectron impact; high-frequency deflection technique, k) [17] 

A 3II; -+X 3~- emission 
500±60 NH 3 , eLectron impact; [18] 

A 3Il;, v' = 0, 1 --+X 3~- intensity vs. NH 3 pressure 
410±20 NH 3 , eLectron impact; time-sampling technique, [19] 

A 3Il;, v' = 0, 1 --+X 3~- emission 
455±90 NH 3 , eLectron impact; phase-shift technique, [20] 

A 3II;, v' = 0, 1 --+X 3~- emission 
460±80 NH 3 , eLectron impact; phase-shift technique, [21] 

A 3Il;, v'=O--+X 3~- emission 
425±60 NH 3 , eLectron impact; intensity decay of [22] 

A 3II;, v' = 0, 1 --+X 3~- emission 
Gmelin Handbock 
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a) Selected excitation ol A 3 TI;, Q = 2, 1, 0, v' = 0, N' = 3 to 8 rotational and line-structure 
Levels; the liletimes ol the lowest Levels with N'=3 and Q=2 and 1 (pumping ol the P1 (4) 
and P2 (4) lines) are given above; pumping ol the 0 2 (3) line gave 442 ± 35 ns; values lor 
Levels with N'>3 are between 402±21 and 423±24 [2]. Preliminary result lor the A 3 TI;, 
Q=2, v'=O, N'=3level: 422±45 ns [23]. 

b) Selected excitation ol A 3 TI;, v' = 0 rotationallevels N' = 4 (Trad given above) and N' = 10, 
14, 19,24 (Trad=435±5, 453±6, 491 ±8, 525±8 ns) in flowing NH 3 -Ar mixtures; the increase 
ol the liletime with increasing N' is due to an electronic transition moment which decreases 
with increasing internuclear distance, coupled with a signilicant degree ol centrilugal distor
tion in the light NH molecule [3]. 

c) Selected excitation ol ND(A 3 TI;, v' = 1, 2, 3) rotational and line-structure Levels in 
a pulsed supersonic beam; average values lor the J' = 1 to 4 Levels lor v' = 1 (given above) 
and v'=2 and 3 (428± 16 and 434±20 ns). For the NH(A 3 TI;, v'=2, J'= 1 to 3) line-structure 
Levels, liletimes as short as 335 ± 30 (J' = 1, F31 ) to 210 ± 15 ns (J' = 3, F, el have been mea
sured as a result ol predissociation induced by the repulsive 5L- state; by using a high
quality ab initio calculation [24] and the most reliable (at that time) available experimental 
results lor the NH(A 3 TI;, v'=O, 1) Levels [5, 25] (see above and remarks d) and 1)), predisso
ciation rates and a pure radiative liletime ol 478.5 ns have been derived lor NH(A 3 TI;, 
v'=2) [4]. 

d) Zero-pressure liletimes lor higher rotational Levels, N' ~ 4, were obtained in neat NH 3 

and ND 3 and belong to the nascent rotational population alter photolysis, whereas the lile
times lor the lowest rotationallevels (relaxed rotational population) were obtained in NH 3 -N 2 

and ND3 -N 2 mixtures [5]. These results conlirm those ol [23] (see remark a)). They supersede 
earlier results lrom the same laboratory, alter an uncorrected systematic error (nonlinear 
response ol the photomultiplier) was detected [5]: 465±14 ns lor A 3 TI;, v'=O, N'=8 to 
13 [26], 480±40 {435±40} ns lor A 3 TI;, v'=O, 1 [27] were derived lrom A~x fluorescence 
decay alter 193-nm photolysis ol NH3 {ND 3 } and 470 ± 30 ns lor A 3 TI;, v' = 0 derived lrom 
A ~X fluorescence decay alter 193-nm photolysis ol CH 3 NH 2 [28]. For the v' = 2 Level, a 
liletime ol 406 ± 35 ns was measured lrom A ~X fluorescence decay alter 193-nm photolysis 
ol HN 3 [29]. 

e) From a Stern-Volmer plot lor the quenching ol NH(A 3 TI;) by NO at p(HN 3 )=0.123 
Torr. At higher HN 3 pressures ol 0.20, 0.30, and 0.40 Torr, liletimes ol 455±2, 441 ±25, 
and 412±25 ns were measured [7]. 

I) Prior LIF measurements with NH, produced in the NH 3 + F reaction (MW discharge 
through a flowing NH 3 -CF 4 -He mixture), yielded liletimes ol 440 ± 15 and 420 ± 35 ns lor 
the A 3 TI;, v' = 0 and 1 Levels [25]. 

g) Fluorescence decay was measured lor the F1 e line-structure components ol the A 3 TI;, 
v'=O, N'=1 to 17 and v'=1, N'=3 and 5 Levels. The liletimes ol the v'=O, N' Levels vary 
unsystematically between 439 ± 10 and 483 ± 10 ns; the value lor N' = 1 is given above. 
Values ol 488±10 and 486±10 ns were measured lor the v'=1, N'=3 and 5levels. Purely 
radiative decay and possible predissociation ol the A 3 TI; rovibronic Levels into the X 3L
continuum were investigated with the aid ol an ab initio (CASSCF) calculation [9]. 

h) Average ol the results lor v'=O and 1 [11]. 

i) The value given above is lor the v' = 0 Level; 390 ± 40 ns was measured lor the v' = 1 
Level [14]. 

j) Presumably erroneous result, cl. remark h) on p. 108. 
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k) Value for the A 3 II;, v' = 0, N' = 4 Level; measurements for the individual rotational 
Levels v' = 0, N' = 4 to 31 yielded values between 399 and 408 ( ± 4) ns for N' = 4 to 12, 
increased to 453 ± 4 ns for N' = 25 (decrease of the transition moment with increasing centrifu
gal distortion) followed by a decrease to 96 ± 2 ns for N' = 31 (predissociation); for the 
A 3II;, v' = 1, N' = 5 to 24 levels, lifetimes between 402 and 426 ( ± 6) ns were observed 
for N'=5 to 15 followed by a decrease to 41 ±3 ns for N'=24 [17]; cf. however remark 
i) on p. 108. 

Quenching Rate Constants kq (in cm 3 ·molecule- 1·s- 1) and Cross Sections crq (in Ä2) 

crq = kq · (8 kT/rc11) - 112, where k = Boltzmann constant, T= absolute temperature, 11 = 
reduced mass of the colliding pair. 

Noble-Gas Atomsand SF6 . The rate constant and cross section for quenching rotationally 
"hat" NH(A 3 II;, v'=O, N'=8 to 12) by Xe are kq=(4.1±0.3)·10- 11 and crq=6.0 [26, 29] 
(see however remark d) on p. 98). Values measured (presumably) for lower rotationallevels 
are crq = 5.1 (NH) and 1.9 (ND) [30], kq = 3.1 ·10- 11 (NH) [31]. 

For quenching NH, ND(A 3 Il;) with Kr, a cross section of crq = 0.10 was reported [30]. 

Results for Ar differ by up to four orders of magnitude: 1014 ·kq=170 (crq=0.07) [15], 
<8.6 (crq<0.011) [26], ~10 [10], <10 (ND) [5], <20 [32], =0.016±0.003 [33]. 

The remaining species are ineffective quenchers: 1014 ·kq<6.4 (crq<0.0046) [26], =20 
[32], = 0.0050 ± 0.0009 [33] for He, s 20 (NH) and < 30 (ND) [5] for SF6 . 

Diatomic Molecules H2, 0 2, N2, 0 2, CO, NO. The following table gives the rate constants 
and cross sections generally measured at room temperature (except those falling under 
remarks e) to h)). These are either for a selected rovibrational level v' = 0, N', J' of the 
A 3II; state (mostly the lowest one) or for a manifold of N', J' levels which may exhibit 
the normal (Boltzmann) distribution or some other "hat" distribution. Explanations, some 
other details, and additional results are given in the remarks following the table. Results 
for ND are given in braces. 

Q 1011 . kq (Jq remark 

H2 13±2 7.1±1.2 a) 
11 ± 1.5 5.9± 1.8 b) 
8.4±0.4 c) 
5.5±0.5 2.9 d) 
4.8±0.5 d) 

D2 3.3±0.5 2.3±0.4 i) 
{5.8±0.3} c) 

N2 0.003±0.005- j) 

{s o.oo4} 
s0.008 e) 

02 8.7± 1.7 11 ±2 k) 
4.4± 0.5 l) 
2.9±0.2 d) 

CO 19±2 23±3 o) 
13±2 17±3 p) 
5.2±0.5 6.4 m) 

NO 13.4±0.9 17 m) 
7.3± 1.0 d) 
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Ref. 

[8] 
[3] 
[5] 
[37] 
[10] 
[3] 
[5] 
[5] 

[34] 
[8] 
[5] 
[10] 
[8] 
[3] 
[26] 
[26] 
[10] 

1011 . kq 

8.4± 0.5 
8.5±0.3 
18.8 ± 2.1 
7 to 13 

3.4±0.4 
12.6± 1.4 
<0.2 

s0.005 
5.56±0.6 
3.4±0.3 
8.0±0.9 
12.2 ± 0.7 
12.3± 1.4 

7.1 
47.8±8.8 

4.5±0.5 

2.4 
4.2±0.5 
<0.1 

4.3 
4.7±0.6 

6.9±0.8 

2.8 
60± 11 

remark Ref. 

e) [34] 
I) [34] 
g) [35, 36] 
h) [38] 

d) [37] 
g) [35, 36] 
g) [35, 36] 

I) [34] 
n) [34] 
m) [26] 
g) [35] 
q) [34] 
g) [35, 36] 

d) [15] 
r) [7] 
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a) Selective excitation of the rotational Levels N' = 1 (results given above) and N' = 2 to 
6 (10 11 · kq decreased from 11 ± 2 to 3.4 ± 1.5, crq from 5.8 ± 1.0 to 1.8 ± 0.8) [8]. 

b) Selective excitation of the rotational Levels N' = 1 (results given above) and N' = 4, 
10, 12, 14 19, 24 (10 11 ·kq decreased from 8±1 to 0.9±0.4, crq from 4.3±0.5 to 0.5±0.3) 
[3]. 

c) The values given above are for a thermalized (N 2 buffer gas) rotational distribution 
N' = 1 to 4 for NH and N' = 1 to 6 for ND; corresponding values for a rotationally "hol" 
distribution (absence of buffer gas) are 6.6±0.4 (N'=8 to 12) for NH and 5.2±0.15 (N'=8 
to 15) for ND. Theseall supersede the previous results [26] which suffer from a systematic 
error (cf. remark d) on p. 98). - For the v' = 1 Level of NH in thermalized (N' = 1 to 4) 
and "hot" (N' = 4 to 6) rotational distributions, 1011 · kq = 8.5 ± 0.5 and 6.7 ± 0.6 were measured 
and the rate constants for vibrational relaxation, 1011 · kv' ~ 1 ~ 0 = 1011 · (kq,v' ~ 1 - kq,v' ~ 0 ) ::o:; 0.8 
and ::o:;0.9 derived, respectively [5]. 

d) High rotational excitation of the A 3II;, v' = 0 Level [ 10, 15, 37]. 

e) Thermalized rotational distribution at 243 ± 3 K [34]. 

f) Thermalized rotational distribution at 415 ± 5 K [34]. 

g) Thermalized rotational distribution at 1400 K [35]. The rotational Level dependence 
and the temperature dependence of quenching in NH are discussed in [39]. 

h) Selective excitation of the A 3II;, v' = 0, J' = 8, F3 Level in an H2 -N 2 0 flame at 900 
to 2700 K [38] (preliminary publications [40, 41]). 

i) Selective excitation of the rotational Levels N' = 10 (results given above) and N' = 14, 
19,24 (10 11 ·kq decreased from 1.6±0.5 to 1.2±0.5, crq from 1.1 ±0.3 to 0.8±0.3) [3]. 

j) "Hot" rotational distribution N'=8 to 12 {8 to 15}. For the v'=1 Level, 1011 ·kq= 
0.097±0.003 and 10 11 ·kv·~ 1 ~ 0 =0.094±0.006 were measured [5]. Previous results for low 
N' were 1011 · kq < 0.0049 and crq < 0.0061 [26], 1011 · kq < 0.2 [32]. 

k) Selective excitation of the rotational Levels N' = 1 (results given above) and N' = 2 to 
5 (10 11 ·kq decreased from 7.7± 1.3 to 4.2± 1.6, crq from 9.8± 1.6 to 5.4±2.0) [8]. 

l) Thermalized rotational distribution. For the v' = 1 Level in thermalized (N' = 1 to 4) and 
"hot" (N' = 4 to 6) rotational distributions, 1011 · kq = 8.9 ± 0.75 and 6.2 ± 0.3 and 
10 11 ·kv·~ 1 ~ 0 =4.5±1.2 and 2.3±0.6 were measured, respectively [5]. 

m) Rotationally "hot" (N' = 8 to 12) NH [26] (see however remark d) on p. 98). 

n) Thermalized rotational distribution at 296 ± 3 K; 1011 · kq = 5.91 ± 0.27 or 6.15 ± 0.2 at 
243±3 K and 6.09±0.28 or 5.86±0.17 at 273±3 K [34]. 

o) Selective excitation of the rotational Levels N' = 1 (results given above) and N' = 2 to 
6 (1011 · kq decreased from 17 ± 1.5 to 5.1 ± 1.6, crq from 21 ± 2 to 6.3 ± 2.0) [8]. 

p) Selective excitation of the rotational Levels N' = 1 (results given above), N' = 4, 10, 
12, 14, 19 (10 11 ·kq decreased from 10.9± 1.4 to 1.4±0.4, crq from 14±2 to 1.7±0.5), and 
N'=24 (1011 ·kq=2.4±0.4, crq=3.0±0.5) [3]. 

q) Or 12.4 ± 0.8 or 11.9 ± 0.8, all for a thermalized rotational distribution at 296 ± 3 K; 
1011 ·kq= 12±0.9, 12.0±0.2, or 10.0±0.2 at 243±3 K and 9.7±0.5 at 415±5 K [34]. 

r) Estimated from NH(c 1 II ->A 3 II;) quenching by NO [7]. 
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Triatomic Molecules H20, 0 20, C02 , N20. Room-temperature values (except those under 
remark h)) are as follows (cf. introduction of preceding table): 

Q 1011 . kq (jq remark Ref. remark Ref. 

H20 46±4 52±5 a) [8] 36.7± 1.5 42 c) [42] 
35.4± 1.5 b) [34] 

D20 44±5 52±6 d) [8] 
C02 0.8±0.3 1.0±0.4 e) [8] 0.87± 0.07 g) [34] 

0.63±0.05 f) [5] 1.9±0.2 1.2±0.2 h) [35, 36] 
N20 1.0± 0.3 1.3±0.4 e) [8] 1.23± 0.06 g) [34] 

3.5±0.9 i) [5] 4.6 ± 0.5 2.8 ± 0.3 h) [35, 36] 

a) Selective excitation of the rotational Levels N' = 1 (results given above) and N' = 2, 
3, 5, 6, and 7 (1011 ·kq decreased from 47±4 to 30±6 and 32±7, crq from 54±5 to 34±6 
and 37 ± 7) [8]. 

b) Or 37 ± 2, both for a thermalized rotational distribution at 296 ± 3 K; 1011 · kq = 39 ± 3 
at 253 K and 30±3 at 415±5 K [34]. 

c) Thermalized rotational distribution [42]. 

d) Selective excitation of the rotational Levels N' = 1 (results given above) and N' = 2 to 
7 (10 11 · kq decreased from 44 ± 4 to 27 ± 5, crq from 51± 5 to 31 ± 6) [8]. 

e) Selective excitation of the rotational Levels N' = 2 (results given above) and N' = 5 
(1011 ·kq=1.0±0.3, crq=1.3±0.4 for Q=C02 and 1011 ·kq=0.6±0.6, crq=0.8±0.8 for 
Q=N20) [8]. 

f) Thermalized rotational distribution. For the v' = 1 Level in a thermalized (N' = 1 to 4) 
distribution, 1011 ·kq=6.1±0.6 and 10 11 ·kv·~ 1 ~ 0 =5.5±0.65 were measured [5]. Previous 
results for the v'=O Level: 1011 ·kq=0.73±0.05 (crq=0.97; see however remark d) on p. 98) 
[26] and 0.45 [31]. 

g) Or four other results between 0.75±0.01 and 0.70±0.03 for a thermalized rotational 
distribution at 296±3 K; 1011 ·kq= 1.02±0.03 or 0.80±0.05 at 243±3 K, 0.71 ±0.03 at 273± 
3 K, and 0.83±0.06 at 415±5 K were measured for Q=C02 and 1011 ·kq= 1.43±0.08 at 
243 ± 3 K and 0.94 ± 0.09 at 415± 5 K were measured for Q= N20 [34]. 

h) Thermalized rotational distribution at 1400 K [35, 36]. 

i) "Hot" rotational distribution N' = 8 to 12. For the v' = 1 Level, 1011 · kq = 5.9 ± 0.5 and 
1011 · kv·~ 1 ~ 0 =2.4± 1.4 were measured [5]. 

Parent Molecules NH3 , ND3 , HN3 , DN3 , HNCO, CH3NH2 , and N2H4 . Most of the quenching 
studies used NH 3 (and in two cases ND 3 ) as the parent molecule of NH (ND). Selected 
excitation of A-state rotational (N') and fine structure F1 , F2, and F3 Levels of NH and monitar
ing the time-resolved A 3 II;--> X 3I:- fluorescence (LIF) resulted in rate constants and cross 
sections for individual A 3 II;, v'=O, N' and A 3 II;, v'=O, N', Q=2, 1, 0 Levels. Results 
for the lowest vibrational Levels v' = 0 and/or 1 came from following the A--> X emission 
in the 0--> 0 and 1 --> 1 bands. The following rate constants and cross sections were measured 
for NH and, in braces, for ND at room temperature (if no other temperature is given) for 
the lowest rovibrational Levels A 3 II;, v' = 0, N' (additional results, comments, and possible 
corrections are given in the remarks below the table): 
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1010 . kq (Jq remark Ref. 1010 · kq (Jq remark Ref. 

8.2±0.7 92±8 a) [8] 5.97±0.25 (243±3 K) e) [34] 
6.5±0.8 73±9 b) [3] 6.0±0.5 (415±5 K) e) [34] 
6.2±0.5 c) [2] 4.90±0.54 26 ± 3 (1400 K) e) [35] 
6.41 ± 0.27 d) [5] 3.5±0.7 f) [11] 
{5.93±0.12} d) [5] 5.1 (2.0 to 2.2) g) [18] 

a) Selective excitation of the rotational levels N' = 1 (results given above) and N' = 2 to 
7 (1010 ·kq decreased from 8.6±0.7 to 5.8±0.8, crq from 96±8 to 65±9) [8]. 

b) Selective excitation of the rotational levels N' = 4 (results given above) and N' = 10, 
14, 19,24 (1010 ·kq decreased from 3.3±0.4 to 1.9±0.3, crq from 37±5 to 22±3) [3]. 

c) Selective excitation of the rotational fine-structure levels N' = 3, F1 (Q = 2) (result given 
above) and F2 (Q=1) and N'=4 to 8, F1 (Q=2), F2 (f.!=1), F3 (Q=O) (1010 ·kq decreased with 
increasing N' from 5.9 ± 0.4 to 3.5 ± 0.3) [2] (see also [23] and pp. 1 03/5). 

d) The values given above are for the thermalized (N 2 buffer gas) rotational distributions 
N' = 1 to 4 for NH and N' = 1 to 6 for ND; corresponding values for rotationally "hot" distribu
tions (absence of buffer gas) are 4.50 ± 0.15 (N' = 8 to 12) for NH and 4.32 ± 0.15 (N' = 8 
to 15) for ND, values for the Q branch only (for comparison with previous work) are 4.34 ± 0.12 
{3.85±0.14}. Theseall supersede previous results [26, 27] which were affected by a system
atic error (cf. remark d) on p. 98). For the v' = 1 level of NH in a thermalized (N' = 1 to 
4) and "hot" (N' = 4 to 6) rotational distribution, 1010 · kq = 6.6 ± 1.1 and 5.5 ± 0.25 were meas
ured and the rate constants for vibrational relaxation, 1010 · kv' ~ 1 ~ 0 = 1010 · (kq, v' ~ 1 

- kq, v' ~ol ~ 1.2 and = 1.0 ± 0.4, respectively, derived; values for ND(A 3 IT;, v' = 1, N' = 4 to 6) 
are 1010 ·kq=5.2±0.35 and 10 10 ·kv·~ 1 ~ 0 =0.9±0.5. 

e) Thermalized rotational distributions. 

f) For NH(A 3 IT;, v'=O, 1, J'~25). 

g) kq=(5.1 ±0.3)·10- 10 is reported, but the Stern-Volmer plot depicted in [18] gives a 
value of (2.0 to 2.2) ·10- 1 0 (see [8, 26, 43]). 

For the quenching of NH, ND(A 3 IT;, v' = 0) by the remaining parent molecules, the follow
ing rate constants 1010 · kq have been measured: 

HN 3 

HNCO 
4.7±0.1 [6] 
4.3±0.3 [6] 
0.0065 ± 0.0005 b) [33] 

{2.3} a) 

5.5±0.15 (crq=22) 
3.4±0.2c) 

[13] 
[15] 
[28] 

a> Result for ND; kq=7.5·10 6 Torr- 1 ·s- 1 given in [13]. - bl NH(A 3 IT;) is the product of 
collision-induced intersystem crossing, NH(b 1 L +) + 0 2 (a 1 ~9)-> NH(A 3 IT;) + 0 2 (X 3 L;;-), 
observed upon VUV flash photolysis of an HNC0-02-He mixture. - c> Value presumably 
too small due to a systematic error; cf. remark d) on p. 98. 

For Q = N2 H4 , a cross section crq ~40 has been estimated [44]. 

Hydrocarbons and Methanol. Room temperature values (except those under remarks 
g) and i)) are as follows (cf. introduction of table on p. 99): 
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Q 1011 . kq (Jq remark Ref. 1011 . kq (Jq remark Ref. 

CH4 20±3 22±3 a) [8] 7.3± 1.4 8 d) [26] 
20±3 22±3 b) [3] 9.4 3.3 d, e) [15] 
8.5±0.5 c) [5] 7.5± 1.7 8.3 f) [45] 
6.6± 1.5 d) [10] 15.4±2.6 7.8± 1.5 g) [35, 36] 

C2H6 37±4 47±5 a) [8] 18.8 ± 2.0 23.9 f) [45] 
27±2 h) [34] 

C3Ha 48±2 h) [34] 24.9±2.8 33.6 f) [45] 
c-C3H6 32±2 h) [34] 14.6± 1.5 19.5 f) [45] 
n-C4H1 o 32.0 ± 3.3 44.6 f) [45] 
i-C4H10 37±2 h) [34] 30.4±2.5 42.3 f) [45] 
C2H4 48±3 i) [34] 19.8± 1.5 24.9 f) [45] 

34 13 d, e) [15] 
C3H6 58±3 h) [34] 30.5± 1.8 40.9 f) [45] 
1-C4H8 35.9±2.2 49.7 f) [45] 
i-C4H8 58.1 ±3.7 80.5 f) [45] 
t-C4H8 63±4 h) [34] 58.5±2.3 81.0 f) [45] 
c-C4H8 59.6±3.0 82.6 f) [45] 
CH30H 37 15 d, e) [15] 

a) Selective excitation of the rotational Levels N' = 1 (results given above) and N' = 2 to 
6 for CH4 (1011 ·kq decreased from 19±2 to 7.4± 1.4, crq from 21 ±2 to 8.2± 1.6) and N'=2 
to 7 for C6H6 (1011 · kq decreased from 37 ± 3 to 20 ± 3, crq from 46 ± 4 to 26 ± 4) [8]. 

b) Selective excitation of the rotational Levels N' = 1 (results given above) and N' = 4, 
10, 14, 19, and 24 (1011 ·kq decreased from 12±4 to 2.2±0.6 and 2.6±0.9, crq from 14±4 
to 2.5±0.7 and 2.9± 1.0) [3]. 

c) For a thermalized (N2 buffer gas) rotational distribution N' = 1 to 4 for NH. For the 
v' = 1 Level of NH in a thermalized rotational distribution, 1011 · kq = 15.5± 1.75 was measured 
and the rate constant for vibrational relaxation, 1011 · kv· ~ 1 ~ 0 = 7.1 ± 3.1, derived [5]. 

d) High rotational excitation of the A 3Il;, v'=O Level [10, 15, 26]. 

e) Considered tobe reactive quenching [15]. 

f) Presumably thermalized rotational distribution [45]; results considered not very reliable 
by [34]; see also p. 111. 

g) Thermalized rotational distribution at 1400 K [35, 36]. 

h) Thermalized rotational distribution at 296±3 K. For Q=C2H6, 1011 ·kq=26.0±0.8 at 
T=243±3 K and 24±1 at 415±5 K [34]. 

i) Thermalized rotational distribution at 243±3 K [34]. 

In low-pressure N20-Q flames with Q = CH4, C2H2, C2H4, and C3H8 , quenching of 
NH(A 3Il;) was measured in the range 1600 to 2700 K; therefrom, a generat value for the 
rate constant of kq ~ 1 ·10- 1 0 (for flame diagnostics) was recommended [38] (preliminary 
publications [40, 41]). 

Collision-Induced Rotational, Spin, and A-Doublet Relaxation 

Most recently, selected excitation of A 3Il;, v' = 0 rotational (N', J') and fine-structure 
(F1, F2, F3; e, f) Levels and monitaring the A--+ X LIF transition have been applied to look 
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into three additional relaxation processes (or combinations of them) induced by collisions 
with the parent molecule NH 3 (NH(X 3~-) generation by 193-nm photolysis of NH3 ) or the 
foreign quenchers Ar and He [2, 23, 46]. These processes involve (1) rotational relaxation 
within one of the three spin units F1 , F2 , or F3 (rate constant kaJ), (2) spin relaxation, 
i.e., fine-structure changes F1-F2 , F1-F3 , F2 -F3 (rate constant kanl. and (3) A-doublet 
relaxation e-f, i.e., mixing of the antisymmetric and symmetric A-doublet states (rate 
constant k •.• l; for a schematic diagram of the energy Levels and the possible transitions, 
see [46, figure 1]. Rotational relaxation was found to be fast with downward transitions 
being more likely than upward transitions and collisions with NH3 being more efficient 
than collisions with Ar: for <'\J = -1 and <'\J = + 1, respectively, 1011 · kaJ (J' = 4, N' = 3) = 
36.6± 1.3 and 24.6 ± 1.5 for Q= NH 3 , 4.4± 0.1 and 0.7 ± 0.1 for Q =Ar, 1011 • kaJ (J' = 4, N' = 5) = 
28.7±0.3 and 10.8±0.4 for Q=NH 3 . Spin-relaxation (Ml) processes are roughly half as 
efficient as L\J processes based on the relative populations in the various sublevels A 3 11;, 
v'=O, N'=3 to 6, J'=3 to 6, Q=2, 1, 0 which result from pumping various P;- and 0;-branch 
lines and subsequent collisional relaxation (k&n not derived); furthermore, a propensity 
for spin conservation was observed for collisions with NH 3 , whereas in collisions with Ar, 
spin is not conserved [46]. A-doublet mixing was found tobe a very fast process in collisions 
with NH 3 , particularly for low rotational Levels: the rate constant 1010 · k •.• had a value 
of 10.6±0.8 for the N'=3, J'=4, Q=2level and decreased with increasing rotational energy 
to 2.4±0.1 for N'=8, J'=7, Q=O; the Least energetic F1 component exhibited the largest 
mixing efficiency and the most energetic F3 component showed the smallest efficiency [2]; 
a Stern-Volmer plot depicted in [23] exhibits the intercept close to zero (slope ka.s ~ 1 ·10- 9 ) 

which indicates that A-doublet mixing is very slow without perturbing collisions. Rate con
stants for collisions with Ar and He are about a factor 3 to 8 smaller than those for NH3 

[2]. ln the case of He, these data reveal good agreement with theoretical results based 
on ab initio calculations (CEPA) of NH-He potential surfaces [47]. 

ln previous experiments, spin relaxation in A 3 11;, v' = 0, N' = 1, 2, 3, Q = 2, 1, 0 Levels 
by collisions with NH3 has been demonstrated in supersonic nozzle expansions of NH 3 -He 
mixtures [48]. 

Relaxation of NH(A 3111, v', J') in Noble-Gas Matrices 

By recording the time-resolved A 311;--> X 3~- LIF from NH and ND radicals in noble-gas 
matrices between 4 and 25 K, the following lifetimes for the A-state vibrational Levels v' = 0, 
1, and 2 have been measured (in ns) [49]: 

matrix NH ND 
v'=O v'= 1 v'=2 v'=O v'=1 v'=2 

Ne•> 340± 10 340± 10 330± 10 335± 10 360± 10 
Ar•> 235±5 185±5 96±10 220± 10 237± 10 228± 10 
Krb> 210±10 45±5 200± 10 170± 10 

•> Independent of temperature between 3.8 to 6.0 K in an Ne matrix and 3.8 to 25.0 K 
in an Ar matrix. - bl t(v' = 0) for NH and ND becomes much shorter near 10 and 25 K, 
respectively; t(v' = 1) is independent of temperature for NH and becomes shorter at T;:: 10 K 
for ND. 

The A 311;, v' Levels exhibiting lifetimes of 200 to 360 ns are considered to be purely 
radiative, whereas vibrational relaxation, v' = 2--> 1 and 1 --> 0, is responsible for the shorter 
t(v' = 1 and 2) for NH in Ar and t(v' = 1) for NH and ND in Kr [49]. The studies were extended 
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to NH and ND in mixed Ar-Ne, Ar-Kr, Ar-Xe, and Ar-H 2 matrices [50]. Exothermic, near
resonant, and anomalously fast vibrational energy transfer processes, such as NH(A 3II;, 
v'= 1) +CO(v=O)-+ NH(A 3 Il;, v'=O) +CO(v= 1), have been observed in mixed Ar-CO matri
ces [51]. 

A theoretical study of phonon-assisted Librational relaxation, with NH(A 3Il;) in solid 
Ar being the model case, and estimates of the relaxation rates at 4 to 24 K have been 
presented [52]. 
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2.1.1.4.5 Deactivation of the c 10 State 

NH(c 1 TI) radicals for kinetic measurements were obtained from various sources. Earlier 
studies used etectron impact on NH 3 to excite the c 1 TI--> a 1 ~ and c 1 TI--> b 1 L + fluorescence 
spectra of NH at 325 and 450 nm; their decay was observed by using various techniques 
to derive the radiative lifetime of the c 1 TI state. VUV photolysis of NH 3 (ND3 ), HNCO, 
or HN 3 with the Lyman-cx line at 121.6 nm, the Kr and Xe resonance lines at 123.6 and 
147.0 nm, and, in the case of NH 3 , synchrotron radiation in the 100- to 200-nm region 
also enabled the observation of c--> a fluorescence decay. ln one experiment, putsed dis
charges in ND 3 -Ar mixtures were used to observe c--> a laser-induced fluorescence (LIF) 
following c +-- b excitation. More recently, UV Laser photolysis of HN 3 has been applied to 
produce the NH(c--> a) emission directty (ArF Laser at 193 nm) or indirectly (LIF) via c +-- a 
excitation of NH(a 1 ~) (KrF Laser at 248 nm, doubled dye Laser at 285 nm, XeCL Laser at 
308 nm). Upon collisional quenching by foreign gas atoms and molecules, not only c--. a 
emission decay, but a simultaneaus increase of the intensity in the triplet system A 3 TI;--> 
X 3L- was observed for some of the quenchers; this was interpreted as collision-induced 
c 1 TI--> A 3 TI; intersystem crossing (isc) or spin conversion which, for a few quenchers, 
dominates the ordinary c--> a, b quenching. Thus, quenching and/or isc rate constants (Stern
Volmer plots ,- 1 vs. p(Q)) or cross sections and the spin conversion efficiencies have 
been measured for a number of quenchers, such as noble-gas atoms and SF6 , di- and 
triatomic motecutes H2 , 0 2 , N2 , 0 2 , CO, NO, H2 0, C0 2 , and N2 0, the parent molecutes 
NH 3 and HN 3 , and a number of hydrocarbons. Details on experimental conditions, discus
sions concerning the quenching processes, and discussions about the discrepancies be
tween some results of various authors as well as mutual criticism may be found in the 
original papers. 
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Radiative Lifetime trad 

The Lifetimes of NH(c 1 TI, v' = 0) obtained by various methods are with a few exceptions 
in the range 400 to 500 ns. Recert laser-spectrosc-<>pic studies indicate that the most reliable 
values are between 460 and 480 ns. The following table is a compilation of the various 
experimental results for trad ( ~ zero-pressure Lifetime T 0 ), beginning with the most recent 
studies (comments on individual results and possible Gorreetions are given in the remarks 
below the table; results for ND are given in braces): 

Trad in ns 

463± 11 
{500± 10} 
460±20 

480±40 

480±40 

440±40 

470±50 

455±21 

480±80 
470 

437.5± 1.3 

{425±90} 

364±5 

411 ±4 

500 ± 100 

430±20 

480±90 

435±40 

method 

HN 3 } Laser photolysis at 193 and 248 nm; 
DN 3 c 1TI, v'=O, 1, J'<--a 1 ~ LIF 
HN 3 Laser photolysis at 193 nm; 
c 1 TI, v'=O, J'=2 to 9--+a 1 ~ emission 
HN 3 Laser photolysis at 308 nm; 
c 1 TI, v'=O, J'=2, 4, 8<--a 1 ~ LIF 
NH 3 Laserphotolysis at 121.6 nm; 
c 1 TI, v'=O, J'=1 to 5--+a 1 ~ emission 
HN 3 flash photolysis at 121.6 nm; 
c 1 TI, v'=O, J'=1 to 5--+a 1 ~ emission 
HNCO flash photolysis at 121.6 nm; 
c 1 TI, v'=O, J'=2 to 4--+a 1 ~ emission 
HN 3 photolysis by an Xe-discharge lamp; 
c 1 TI--+ a 1 ~ emission 
HN 3 Laser photolysis at 193 nm; c 1 TI--+ a 1 ~ emission 
HN 3 Laser photolysis at 285 nm; 
c 1 TI, v'=O<--a 1 ~ LIF (P(2), 0(5) Lines) 
NH 3 , pulsed electron impact; 
c 1 TI, v'=O--+a 1 ~. v"=O emission 
ND3 -Ar, pulsed discharge; 
c 1 TI--+a 1 ~ LIF via c 1 TI<--b 1 L+ excitation 
NH 3 , electron impact; 
electron-photon delayed coincidence, c--+ a emission 
NH 3 , electron impact; high-frequency deflection technique, 
c--+ a emission 
NH 3 , electron impact; 
Stern-Volmer plot of c--+ a intensity vs. NH 3 pressure 
NH 3 , electron impact; 
time-dependent intensity of c--+ a emission 
NH 3 , electron impact; 
phase-shift technique, c--+ a and c--> b emission 
NH 3 , electron impact; 
phase-shift technique, c--+ a emission 

remark Ref. 

a) [1] 

b) [2] 

c) [3] 

d) [4] 

e) [5] 

f) [6] 
[7] 

[8] 

g) [9] 

h) [10] 

i) [11] 

[12] 

[13] 

[14] 

[15] 

a) Values for the NH(c 1 TI, v' = 0, J' = 1, 2) and ND(c 1 TI, v' = 0, J' = 1, 2, 3) Levels. Trad 

varies between 467 ± 11 and 461 ± 11 ns for the NH, v' = 0, J' = 1 to 7 Levels, and decreases 
steadily to 398±13 ns for Levels with J'=7 to 12; in the case of ND, Trad increases steadily 
from 510±13 to 565±16 ns for J'=7 to 16. The Lifetimes of the v'=1, J' Levels of NH 
and ND are much shorter due to predissociation by the repulsive 5L- state: 72 ± 7 to 60 ± 8 
ns for J'= 1 to 6 {236± 10 to 196± 12 ns for J'= 1 to 8} [1]. 
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b) Average value for the J' = 1 to 9 Levels from this [2] and earlier [16, 17] work. For 
the Levels v'=1, J'=1 and 4, Trad=67±7 ns was measured [2]. These values are well 
reproduced by a recent theoretical study which combines ab initio (MC SCF) electronic 
structure and coupled-states dynamics calculations; Trad = 460 ± 11 ns is the average value 
for NH(c 1 TI, v' = 0, J' = 1 to 9) and Trad = 64 ± 9 ns the average value for NH(c 1 TI, v' = 1, 
J' = 1 to 4); furthermore, 'rad = 504 ± 1 ns was obtained for ND(c 1 TI, v' = 0, J' = 1) [18]. 

c) Ouenching of thermalized and translationally hot NH(c 1 TI) by the HN 3 parent molecule 
[3]. 

d) A lifetime of 310±30 ns was measured for the J'=14 Level of NH(c 1 TI) produced 
by NH 3 photolysis [4]. Preliminary results from the studies of HN 3 photolysis are reported 
in [19]. 

e) From a Stern-Volmer plot for quenching NH(c 1 TI) by the parent molecule, Trad = 
448±22, 455±18, and 435±13 ns for quenching by CO, NO, and C0 2 , respectively. With 
He as a quencher, the very low value 357± 13 ns was obtained [5]. 

f) Emission at 326.0 nm with a bandwidth of 0.2 nm, corresponding to the region of the 
0(6) and partly of the P(2), P(3), 0(5), and 0(7) lines [6]. 

g) This result was obtained by tuning the Laser to the P(7) line of the c 1 TI, v' = 0 +--

b 1 L+, v"=O line; tuning to the 0(4) line gave a lifetime of only 350±70 ns [9]. 

h) Erroneous result according to [3]. 

i) Lifetime of the c 1TI, v'=O, J'=2 Level; measurements of the individual rotationallevels 
J' = 2 to 17 showed a steady decrease to 226 ± 5 ns; lifetimes between 57.1 and 41.7 ( ± 0.5) ns 
were measured for the c 1 TI, v' = 1, J' = 2 to 10 Levels [11]. According to [2], the values 
are too low, presumably due to faulty pressure measurements; a rough correction raised 
the lifetime of the c 1TI, v'=O, J'=2level to ~450 ns [2]. 

Quenching Rate Constants kq (in cm 3 ·molecule- 1 ·s- 1 ) and Cross Sections <rq (in Ä2 ) 

crq = kq · (8 kT/rq.t) - 112 , where k = Boltzmann constant, T =absolute temperature, J.l = 
reduced mass of the colliding pair. 

Rate constants for the total quenching and the intersystem crossing are denoted kq, tot 
and kq. isc• the corresponding cross sections crq. tot and crq. isc; the efficiency for intersystem 
crossing or spin conversion is CJq, isc/crq. tot= Pisc· 

Noble-Gas Atoms and SF6 . He and Ar atoms and the SF6 molecule are particularly 
inefficient quenchers of NH(c 1 TI), whereas quenching and collision-induced isc has been 
observed for Kr and Xe. The following rate constants, cross sections, and spin conversion 
efficiencies have been measured at room temperature (asterisked crq values were converted 
from the original [20] kq values by [21, 22]; values in braces are for ND): 

0 kq, tot crq, tot kq, isc crq,isc Pisc remark Ref. 

He <1.1·10- 13 <0.002 <0.1·10- 13 <0.0003 a) [20] 
(1.8±0.2)·10- 13 0.01 [5] 
~0.06·10- 13 ~0.0004 b) [2] 

<0.001 [3] 
Ar ~0.01 [23] 

<1.1·10- 13 <0.005 <0.1·10- 13 <0.0006 a) [20] 
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Table (continued) 

Q kq, tot crq, tot kq, isc crq,isc Pisc remark Ref. 

Ar :::::;0.06·10- 13 :::::; 0.0008 b) [2] 

< 0.001 [3] 
(3 or 2)·10- 12 c) [4] 

Kr 1.24·10- 11 1.7*> 0.14·10- 11 0.2*) 0.11 [20] 
{1.19·10- 11 } {0.498} {0.19· 10- 11 } {0.088} { 0.18} [20] 

2.34±0.06 0.06 ± 0.01 0.03 [22] 
(1.85±0.27)·10- 11 2.62±0.38 b) [2] 

Xe 2.07·10- 10 30*) 0.47·10- 10 7*) 0.23 [20] 
{2.2·10- 10} {10.5} {1.1·10- 10} {5.2} {0.5} [20] 

28.2± 1.6 9.0±0.9 0.32 [22] 
(2.29±0.11) ·10- 10 33.4± 1.6 <5 :::::;0.15 b) [2, 17] 

SF6 (2.2±0.5)·10- 13 0.03±0.007 b) [2] 

a) Values for NH and ND. 

b) For NH(c 1 TI, v' = 0) and a thermalized (Boltzmann) J' distribution at 298 ± 4 K. Results 

for "unrelaxed" NH (in the absence of an Ar buffer gas) and Q =Kr and Xe are also given 

in [2, 17]. 

c) Values that show rotational relaxation for NH(c 1 TI, v' = 0, J' = 1 to 5) from parent 

molecules NH3 and HN3, respectively; for the J' ~ 14 Level, the rate constant is increased 

to kq,tot=(1.0±0.3)·10- 11 . 

For the quenching of NH(c 1 TI, v' = 1) by Xe, kq, tot= (1 .7 ± 0.5) ·10- 1 0, and for the rotational 

relaxation of the J' = 1, 4, and 8 Levels, krot = (5 ± 2) · 10- 11 were measured [24]. 

Diatomic and Triatomic Molecules. N2, H2, and D2 arerather inefficient quenchers, where

as cross sections greater than 20 A2 were observed for the remaining collision partners 

and as much as 90 A2 for the highly polar H20 molecule. lsc has been demonstrated for 

0 2, NO, and N20 as collision partners. The following rate constants, cross sections, and 

spin conversion efficiencies have been measured at room temperature (asterisked crq values 

have been converted from the original kq values by [21, 22]; values in braces are for ND): 

Q kq, tot CJq, tot kq, isc crq, isc Pisc remark Ref. 

H2 (1.54±0.08)·10- 10 8.15±0.42 a) [2] 
8.2±0.3 b) [21] 

1.5·10- 10 >8*) [25] 

3.8·10- 10 20*) <0.001·10- 10 [20] 

{4.0· 10-10} {<0.001·10- 10} - [20] 

3 [23] 

D2 (1.09±0.09)·10- 10 7.71 ±0.64 [2] 

N2 (1.34± 0.07) ·10- 11 1.67 ± 0.09 a) [2] 
(1.4±0.1) ·10- 11 1.7*> [4] 

1.43±0.11 b) [21] 
~1.0·10- 11 1.8*) <0.007·10- 11 c) [20] 
~0.17·10- 11 0.5 [23] 
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Table (continued) 

Q kq, tot crq, tot 

02 (1.96±0.10)·10- 10 24.9±1.3 
21.4± 1.3 

(1.92 ± 0.15) -10- 10 25*) 
16*) 

4.2·10- 10 >53*) 
CO (3.42±0.25)·10- 10 42.6±3.1 

44.8±2.4 
27*) 

(3.94±0.63)·10- 10 49 
5.0·10- 10 >62*) 

NO - 62.9 ± 4.2 
(5.78±0.56)·10- 10 72.8±7.0 
(3.84±0.56)·10- 10 48 
1.7·10- 10 >21*) 

H20(7.94±1.31)·10- 10 90.4±14.9 -
coz (2.09±0.14)·10- 10 27.8± 1.9 

25.4±2.0 
(2.23 ± 0.33). 10- 10 30 

N20 (4.43±0.20)·10- 10 59.0±2.7 

NH 

Pisc remark Ref. 

a) 
10.7 ± 1.2 0.50 b) 
23*l 0.95 ± 0.05 a) 
5*) 0.33 

27.9±2.4 0.44 
69 0.95±0.05 

<6 :s; 0.1 

a) 
b) 

a) 

a) 
a) 
b) 

a) 

[2] 
[22] 
[17] 
[26] 
[25] 
[2] 
[21] 
[26] 
[5] 
[25] 
[22] 
[17] 
[5] 
[25] 
[2] 
[2] 
[21] 
[5] 
[2, 17] 

a) For NH(c 1 TI, v' = 0) and in a thermalized (Boltzmann) J' distribution at 298 ± 4 K. 
Results for "unrelaxed" NH (in the absence of the Ar buffer gas) are also given in [2, 
17]. kq,tot values at 243±3 and 415±5 K were measured for Q=H2, N2, CO, 0 2 , C02, 
and N20, at 253±3 and 415±5 K for H2 0; at 296±3 K, kq,tot=(1.18±0.07)·10- 11 for N2 

and kq,tot= (6.9±0.4)·10- 10 , crq,tot=78±5 for H20 [27]. 

b) Thermalized radicals; the more efficient quenchers CO, NO, and N20 were also tested 
for "translational hot" NH (in the absence of the He buffer gas). 

c) For NH and ND. 

For completely quenching NH(c 1 TI, v' = 1) by N2 , kq, tot= (1.6 ± 0.7) -10- 1 1, and for the 
contributions of the electronic and vibrational relaxation, kq, et = 1.1 ·10- 11 and 
kq.vib=0.5·10- 11 were measured [24]. 

Parent Moleeule and Foreign aueneher NH3 ; Parent Moleeules HN3 and HNCO. The 
rate constants for NH 3 as a foreign quencher, kq ·101 0 = 6.64 ± 0.15, 7.4 ± 0.4, 8.4 ± 0.3 at 
T=243±3, 296±3, 415±5 K (NH(c 1 TI) from 193-nm photolysis of HN 3 ) [27], and as the 
parent molecule, kq=(5.7±0.2)·10- 10 at room temperature (121.6-nm photolysis of NH 3 ) 

[4], are in reasonable agreement and correspond to a cross section of crq = 83 at 298 K 
[2]. Slightly higher values were obtained from pulsed radiolysis of NH 3 , kq = 9.5 · 10- 10 [12], 
and photolysis of NH 3 using synchrotron radiation, 1rad · kq = 5-10- 16 cm 3 /molecule, thus 
kq ~ 1 · 10- 9 [28]. Obviously too low is the value crq ~ 16 ( electron impact on NH3 ) [23]. 

Experiments with HN 3 as the photolyzed parent molecule gave the following rate con
stants and cross sections in reasonable agreement: 

kq ........................... (6.39 ± 0.24) ·10- 1 Oa) 

O"q···························85.3±3.2a) 
Ref ......................... [3] 

(7.4±0.4)·10- 10 

99b) 

[6] 

(9.8±0.4)·10- 10 

133 
[4] 
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a> Results for thermalized NH(c 1 TI); for translationally hot NH (absence of He buffer gas) 
kq and crq were also measured [3]. - b> Evaluated by [3] by assuming that the NH(c 1TI) 
radicals were translationally thermal. 

Less certain rate constants, kq=(1.1±0.5)·10- 9 for NH and kq=(1.2±0.4)·10- 9 for ND, 
were derived from the decay of NH, ND(c 1 TI, v'=O, J'=2) [1]. Much lower values, 
kq = (8.6 ± 1.7) ·10- 11 and crq = 12, were reported by [5]; according to [3]. the pressure of 
the very adsorptive HN3 must have been underestimated ( rather overestimated ?) du ring 
the fluorescence measu rements. 

For rotationally "unrelaxed" NH(c 1 TI, v'=O) (in the absence of Ar buffer gas), kq= 
(8.50± 0.32) ·10- 1 0 and crq = 49.3 were measured [2]. 

Electronic quenching of NH(c 1 TI, v' = 1) by HN3 gave kq = 7.5 ·10- 10 , and for the rotational 
relaxation of the J' = 1 Level, k,ot = 8.3 ·10- 1 0 (vibrational relaxation negligible) [24]. 

The parent molecule HNCO quenches NH(c 1 TI) at room temperature with kq= 
(7.2±0.3) ·10- 10 [4]. 

Hydrocarbons. Recent measurements of c ..... a LIF [21] and c ..... a emission [2, 27] following 
HN3 Laser photolysis gave the following rate constants and cross sections for quenching 
by some simple hydrocarbons; the last column gives the cross sections recommended 
on the basis of these results: 

Q O"q [21] 1010 ·kq [2] O"q [2] 1010 ·kq [27] O"q. rec [2] 

CH4 23.7± 1.1 2.51 ± 0.21 27.8±2.3 26 
CzH6 65.9±4.2 5.4±0.2 67 
C3Hs 98.7±4.7 7.14±0.34 95.1 ±4.5 96 
CzH4 75.4± 8.8 6.8±0.2 84 
C3H6 109.0± 5.8 8.07± 0.71 106.8±9.4 108 
c-C3H6 7.53±0.37 99.7±4.9 100 
CzHz 83.0± 10.1 83 

Earlier studies had given considerably lower kq and crq values for Q = CH4, C2 H6, C3H8 , 

C2 H4, C3H6, and c-C3H6 [29]; the cause of the discrepancy is unclear; insufficiently correct
ing for electric noise Gontributions in evaluating the rate constants has been suspected 
by [21]. Fu rthermore, kq values araund 3 · 10- 10• cr q values araund 44 for two C4H 10 isomers, 
and kq values araund 5·10- 10 , and crq values araund 73.5 for four C4H8 isomers have 
been reported by [29]. 
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2.1.1.4.6 Deactivation of the d 1l: + State 

Lifetimes of the d 1 l:+, v' = 0, J' s22 Levels of NH have been determined with a phase-shift 
technique from P-, 0-, and R- branch Li nes in the d 1 l: + --> b 1l: +, v = 0--> 0 em ission spectruin 
at 253 nm, excited by electron impact on NH3 ; trad = 46 ± 5 ns is the average value of the 
0(1) to 0(10) Lines. For ND, the P and 0 branches of the 0--> 0 transition (rotational structure 
not weiL resolved) gave trad = 62 ± 6 ns (lifetimes were also taken from the P and 0 branches 
of the 1--> 1 band) [1]. An earlier study of the d -->C emission at Low spectral resolution 
gave only 18 ± 3 ns for the radiative lifetime of the d 1 l: +, v' = 0 Level [2]. 

References: 
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[2] Smith, W. H. (J. Chem. Phys. 51 [1969] 520/4). 

2.1.1.5 Reactions of NH 

Walter Hack 
Max-Planck-lnstitut für Strömungsforschung 
Göttingen 

Elementary collision-induced processes of NH radicals can be of a chemical nature 
or of a physical nature (change of quantum state (excitation or quenching)). Only the product 
analysis gives a definite answer for the interaction pathway. Many of the investigations 
concerning elementary processes of NH were done in the gas phase, which is significantly 
different from the kinetic Situation in condensed media. Therefore, the two situations are 
described in separate sections. 
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2.1.1.5.1 Elementary Reactions of NH in the Gas Phase 

NH radicals in their electronic ground state are mainly studied with respect to their 
chemical behavior, whereas for NH in electronically excited states, the quenching processes 
also have to be taken into account; thus NH(X) and NH* are treated in separate paragraphs. 

2.1.1.5.1.1 NH(X) Reactions 

For the simplest bimolecular reaction in the N-H system 

NH(X 3L-) + H( 2S)---+ H2 (X 1L;) + N( 4 S) 

at temperatures between 1790 and 2200 K a value of the rate constant of k = 3.0 x 1013 

cm 3 · mol- 1 ·s- 1 was determined from measurements in H2 -02 -Ar flames doped with CH3 CN 
[1]. ln good agreement with this value is a rate constant of k(T) = 3.2 x 1013 

exp(- 1.36 kJ · mol- 1 /RT) cm 3 · mol- 1 · s - 1 wh ich was obtained from the reverse reaction 
[2]. 

The collision-induced dissociation of NH via 

NH(X) +Ar---+ N(4 S) + Hes) +Ar 

has, in the temperature range of 3140 to 3320 K, a rate constant k(T) = 2.65 x 1014 

exp(-31.6 kJ·mol- 1 /RT) cm 3 ·mol- 1 · s- 1 [3]. 

The reaction of NH(X) with hydrogen molecules 

NH(X) + H2 (X)---+ products 

is slow with an upper Limit, which was determined at room temperature in an ammonia 
flash photolysis system, of k(300 K):s;6x106 cm 3 ·mol- 1 ·s- 1 [4]. No difference was found 
between the reactivity of H2 and 0 2 towards NH(X); i.e., the NH(X) radicals were depleted 
by H2 and 0 2 with the same rate constant (k(0 2 )::;; 6 x 106 cm 3 · mol- 1 · s - 1 ) [4]. An activation 
energy of EA = 6.3 kJ/mol was calculated, and for the formula k(T) = ATb exp(- EA/RT), a 
value of b = 0.67 was computed for the transfer of a hydrogen atom [5]. ln this work [5] 
other NH hydrogen transfer reactions were also calculated, which, however, are not further 
included in the text. 

Nitrogenatoms in their electronic ground state react with NH radicals in a fast reaction 

NH(X) + N(4 S)---+ N2 + H 

[6] with a rate constant k(300 K)=1.5x 1013 cm 3 ·mol- 1 ·s- 1 [7], a value which is a factor 
of two lower than one from an estimate given in [8]. 

The reaction of NH(X) with N2 (X) 

NH(X) + N2 ---+ HN 3 

is very slow. ln an NH 3 flash photolysis system the variation of the N2 pressure up to 
p(N 2 ) = 930 mbar resulted in an upper Limit for the third-order rate constant of the reaction 
NH(X) + N2 +N 2 ---+ HN 3 + N2 of k(300 K):s;7.5 x 109 cm 6 ·mol- 2 ·s- 1 [4]. Atthe highest pressure 
applied, p=930 mbar N2 , an upper Limit for the second-order room-temperature rate con
stant of k::;; 1.8 x 105 cm 3 · mol- 1 · s - 1 was stated [ 4, 9]. 

The reaction of the imidogen radical with itself 

NH(X) + NH(X)---+ products 

is of special importance, not only in the N-H system, but also in those which contain addition
al elements to model the kinetic behavior of NH in these kinetic systems. At room tempera
ture in an NH 3 -VUV photolysis system, the NH(X) depletion was followed by the resonance 
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fluorescence technique for different initial NH(X) concentrations. Taking into account all 
other NH(X) depleting reactions, a value of k(300 K) ~ 3x 1013 cm 3 ·mol- 1 ·s- 1 was deter
mined [4,10] in agreement with an upper Limit determined in a pulse radiolysis kinetic 
spectroscopy experiment [11]. At high temperatures in the range of 1100 to 2370 K, there 
are five independent shock tube studies following NH(X) with absorption methods after 
the pyrolysis of HNCO [3, 12, 13] or HN 3 [14, 50]. A rate constant, which is independent 
of temperature, of k(T)=Sx 1013 cm 3 ·mol- 1 ·s- 1 can be obtained from these experiments. 
Together with the room-temperature value of the rate constant, it can be assumed that 
the rate constant is nearly independent of temperature over the entire temperature range. 
H atoms were followed as reaction products in this reaction [14] due to 2 NH(X)--> N2 + 2 H 
in agreement with the interpretation in [8, 12]. For the reaction pathway NH(X) + NH(X) 
-->NH 2 +N, a rate constant k(T)=2X1011 T0 · 5 exp(-8.4kJ·mol- 1/RT) cm 3 ·mol- 1 ·s- 1 is 
estimated [6], indicating that this pathway is not significant compared to 2 NH--> N2 + 2 H. 

The radical-radical reaction 

NH(X) + NH 2 (X) --> products 

was studied at room temperature in an isothermal discharge flow reactor with LMR and 
LIF detection devices. A rate constant of k(296 K) =8 x 1013 cm 3 • mol- 1 ·s- 1 was measured 
[15, 16]. An earlier estimate, used for a kinetic model of the pulse radiolysis of NH 3 -0 2 

mixtures, is in agreement with this value [17]. A high-temperature (2200<T/K<2800) value 
of the rate constant was obtained from modeling the ammonia pyrolysis behind reflected 
shock waves; a value k(T)=1.5x 1015 T- 0 · 5 cm 3 ·mol- 1 ·s- 1 was obtained with the reaction 
pathway NH 2 + NH--> N2 H2 + H [2]. Extrapolating this value down to room temperatures gives 
a good agreement with the value determined directly at low temperature. 

The reaction 

NH(X) + NH 3 --> products 

was studied in an indirect way by observing N2 H4 formation in glow discharge tubes [18]. 
A direct determination of the rate constant was done in the NH 3 flash photolysis system. 
An upper Limit for the rate constant k(SOO K) ~6 x 107 cm 3 • mol- 1 · s- 1 was determined [4]. 

The reaction of imidogen with hydrazine 

NH(X) + N2 H4 --> products 

is also slow at room temperature with k(300 K) ~ 6 x 109 cm 3 · mol- 1 · s - 1 [4], a value, which 
is not in contradiction with a rate constant of k(T)=1 x 1014 exp(-41.8 kJ·mol- 1 /RT) 
cm3 • mol- 1 • s - 1 estimated from hydrazine decomposition at temperatures between 750 and 
1000 K in an adiabatic flow reactor [19]. 

ln the N-H-0 system, the first reaction tothink of is 

NH(X) + 0--> products 

An estimation of the rate constant of this reaction is given in [15] from modeling the measured 
concentration profiles in the NH-0 reaction system with k(300 K)=Sx 1013 cm3 ·mol- 1 ·s- 1 

[15, 16]. This high value is in agreement with theoretical studies predicting a small activation 
energy for the reaction [20, 21]. The activation energy was found experimentally to be 
about EA~30 kJ/mol [22]. ln shock tube experiments between 2730 and 3380 K afterthermal 
dissociation of HNCO, a rate constant of k= 9.2 x 1013 cm 3 • mol- 1 ·s- 1 was determined inde
pendent of temperature in that range [23]. ln a recent photolysis study it was shown that 
the reaction pathway NH(X)+O--.OH+N (k<1 x 1011 cm 3 ·mol- 1 ·s- 1 ) is of minor impor-
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tance at room temperature [7]. The internal state distribution of the NO product has been 
determined [24], giving rise to the assumption that the reaction proceeds by the formation 
and decay of a short-Lived HNO complex. 

The reaction 

NH(X) + 0 2 --+ products 

is of great interest in nitrogen combustion systems and for the oxidation of NH 3 [25]. The 
room-temperature rate constant was measured after VUV photolysis of NH3 -02 mixtures; 
a value of k(296 K)=5.1 x 109 cm 3 ·mol- 1 ·s- 1 was obtained [4, 26]. ln a pulse radiolysis 
(NH3 -02 mixtures) experiment, an upper Limit k(349 K) ~ 2 x 1010 cm 3 • mol- 1 • s - 1 was deter
mined [17]. which is not in contradiction with the earlier value. ln a discharge flow reactor 
the temperature dependence of the rate constant in the temperature range 286 to 543 K 
was found to be k(T) = 7.6 x 1010 exp(- 6.4 kJ · mol- 1 /RT) cm3 • mol- 1 ·s- 1 [25], independent 
of pressure in the range 2.3 to 10.5 mbar. OH radicals were detected as reaction products 
and actually found to be the main product near room temperature [27]. Theoretical studies 
predict both NO+ OH and 0 + HNO as products at and near room temperature [20, 28], 
whereas the HNO + 0 channel dominates at high temperatures and the NO+ OH reaction 
pathway at low temperatures [28], which is in agreement with the experimental Observations 
at low temperatures. The addition of NHe~-) to 02 e~;;-) has been investigated by SCF 
and MRD-CI calculations [29]. The NH-02 binding energy is found to be 27 kJ/mol. The 
complex is predicted to decompose to NO+ OH after 1,3 hydrogen migration [29]. 

The reaction NH(X) + 0 2 has been studied also at high temperatures [23, 30, 31, 50]. 
At temperatures between 2200 and 3270 K a significantly higher activation energy 
EA = 71.5 kJ/mol was observed than near room temperature with a preexponential factor 
of A = 3.5 x 1013 cm 3 • mol- 1 · s - 1 • Over the entire temperature range the rate constant can 
be represented by the expression k(T)=1.9x 1013 exp(-57.1 kJ·mol- 1 /RT)+8.6x 1010 

exp(- 6.6 kJ · mol- 1 /RT) cm3 • mol- 1 ·s- 1 , which is explained by a difference in the reaction 
mechanism at low and high temperatures [50]. 

For the reaction of electronically excited oxygen molecules 

NH(X) + 0 2 (a 1 Ll9 )--+ products 

an upper Limit for the room-temperature rate constant k(295 K) ~6 x 109 cm3 · mol- 1 • s - 1 

was published [27]. No products other than in the reaction NH(X) + 0 2 (X) were found to 
be formed [27]. 

For the reactions 
NH(X) + OH--+ H + HNO (a) 

--+ N + H20 (b) 

in the absence of experimental data, estimated rate constants were given in the Literature 
as ka(T) = 2 x 1013 cm 3 • mol- 1 · s - 1 independent of temperature in the range 298 to 3000 K 
and kb(T)=2x 109 T1 ·2 cm 3 · mol- 1 ·s- 1 for the same temperature range [32]. Also for 
the rate of the reaction NH(X) + H2 0--+ OH + NH2 , no direct measurements are available; 
the estimate for the temperature range 600 to 3000 K is k(T) = 1.2 x 108 T1 6 

exp( -117 kJ · mol- 1 /RT) cm3 • mol- 1 ·s- 1 [32]. 

Computersimulation of the NH and NH 2 profiles in a pulse radiolysis system of NH3 -02 

mixtures provided for the radical-radical reaction 

NH(X) + H02 --+ products 

a rate constant of k(349 K) = 4.3 x 1013 cm 3 • mol- 1 ·s- 1 [17]. 
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The most intensively studied NH(X) reaction is 

NH(X) +NO-> products 

The experimental and theoretical studies are summarized in Table 3. At room temperature 
NH(X) reacts with a rate constant of k(300 K) = 3.5 x 1013 cm3 · mol - 1 · s- 1 [42], which is 
nearly independent of temperature [42]. At high temperatures (T> 1000 K) the rate of the 
reaction is significantly slower. The agreement between different experimental studies is 
not satisfying. A recer.Jt determination [23] is, in the absolute value, in reasonable agreement 
with the extrapolation of the room-temperature data. A rate constant k(T) = 1.7 x 1014 

exp(-53.2 kJ·mol- 1/RT) cm3·mol- 1·s- 1 was found for the temperature range 2200 to 

3350 K [23]. 

The reaction pathway NH(X) +NO-> OH + N2 was the only one which was observed at 
and near room temperature [45]. This product channel is also predicted theoretically [43, 
48] at higher temperatures (T = 3500 K) using a potential energy surface (PES) which was 
improved compared to an earlier calculated PES [47]. A contribution of this product channel 
of about 30% was observed [44] from the emission of OH(A); it was assumed that OH(A) 
is also formed directly at high temperatures [49]. 

Table 3 
Experimental and Theoretical lnvestigations of the NH(X) +NO-> {N2 + OH, H + N20} Reac
tion. 

experimental experimental results Ref. 
method conditions rate constant in 

p in mbar, T in K cm3· mol- 1 -s- 1 

pulse radiolysis NH 3 T=420 k=2.3X1013 [33] 
[NH(X)](t) absorption 333 ::;; p ::;; 1330 
A.=336 nm 

rate constant T= 1820 k_ 1=1.0X1012 [34] 
calculated from N20+ H-> NH+ NO (-1) 
k1 = K·k_ 1 

VUV photolysis NH 3 T=298 k=2.8X1013 [10, 36, 
[NH(X)](t) 40::;; p ::;:931 35] 
resonance fluorescence 

shock tube NH 3 /NO/Ar 1700::;; T::;; 3000 k= 9 X 109 T0.25 [37] 

flame study T= 1790 k<4.2X 1012 [1] 
premixed H2/02/CH 3CN p=1.01x103 

flame 
LIF [NH] .... 

shock tube 1760::;; T::;; 2850 k=8X1013 [38] 
NH 3 /H 2/NO/ Ar exp(-123 kJ·mol- 1/RT) 
NH* emission 
A.= 336 nm 

1330::;; T::;; 1560 k=1.4X1012 [39] 

T=940 k=1.05X10 13 [40] 
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Table 3 (continued) 

experimental experimental results Ref. 
method conditions rate constant in 

p in mbar, T in K cm3 · mol - 1 · s -1 

quantum chemical favored products: H + N20 [20] 
calculation (BAC-MP4) rather than N2 + OH 

NH(a) from N2H4 or HN3 T = 300 k=2.9X 1013 [41] 
photolysis quenched to p=6.65 (He) 
[NH(X)] LIF 

photolysis N2H4 269~T~377 k=3.48X 1013 [42] 
/c=248 nm p= 1.33 i11dependent of temperature 
[NH(X)] LIF He, Ar, N2, N20 independent of carrier gas 

quantum chemical major prod ucts: N2 + OH [43] 
calculation (HF, MP2) rather than N20 + H 

shock wave HNCO/ Ar T=3500 ktotal = 7.1 X 1012 [44] 
NH(A) emission NH(X) +NO--+ OH(X) + N2 k(OH + N2)/ktotat = 0.32 
OH(A) emission other products (NH(X) +NO--+ OH(A) + N2) 

shock wave HNCO 2220 ~ T ~ 3350 k=1.7X 1014 [23) 
pyrolysis [NH(X))(t) exp( -53.2 kJ · mol- 1 /RT) 
Laser absorption contribution of the N2 + OH 
/c=336 nm product channel 19% 

CHBr3/NO T=300 k=2.8X 1013 [45] 
photolysis p=26.6 (Ar) only products: OH + N2 
lc= 193 nm [NO)~[NH) no H atoms produced 
[NH] LIF 

crossed-beam room temperature internal state distribution [46] 
experiment of OH product 

[OH(v = 1 ))/[OH(v = 0)] = 0.30 
Erot = 25 kJ/mol 

statistical NH +NO--+ N2 + OH (a) branching fraction: [28) 
dynamic method --+ N20 + H (b) (b) dominates over 

300~T ~3500 the entire temperature range 
k3 /(k 3 +kb)=0.19 (300 K) 

= 0.30 (3500 K) 

theoretical NH(X)+NO N2+0H [48) 
characterization of 2A' surface predicted products 
potential energy 
surface (CASSCF/CI) 

The reaction 

NH(X) + N02 --+ products 

was studied experimentally [42]. The rate constant was determined tobe k(300 K) = 9.7 x 1012 
cm3 · mol- 1 · s -1 with a small negative temperature dependence between 269 and 377 K, 
independent of pressure (i.e., of inert gas He, Ar, N2, or N20) [42]. A theoretical investigation 
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comes to the conclusion that the products might be HNO +NO; the formation of N2 0 + OH 
via the intermediate HNN0 2 is connected with a barrier which would Lead to a positive 
temperature dependence. Thus from the observed negative temperature dependence, these 
products can be excluded [43]. 

ln the N-H-C system only a very few direct experimental investigations were published 
in the Literature [4, 11, 15, 41, 51 to 53]. For the reactions of saturated hydrocarbons with 
NH(X), very small rate constants, considerably less than k < 6 x 108 cm 3 · mol- 1 · s - 1 , have 
been observed in photolysis experiments [41]; this agrees with theoretical studies in which 
high activation energies are predicted [54]. For CH 4 , C2 H6 , n-C4 H10 , n-C5H12, and n-C6 H14 

reaction with NH(X), some estimates are given relative to the rate of the reaction NH 2 + CH 4 

[53]. Also methylamine (CH 3 NH 2 ) reacts slowly at room temperature (k~3.6 x 108 

cm 3 ·mol- 1 ·s- 1 ) [4]. At high temperatures between 1400 and 1770 K the following rate 
constants were determined recently in a shock tube experiment: kcH 4 (T) =4 x 1014 

exp( -105 kJ · mol- 1 /RT) cm 3 · mol- 1 · s- 1 ; kc 2 H6 (T) = 2.3 x 1013 exp(- 59 kJ · mol- 1 /RT) cm 3 · 

mol- 1 ·s- 1 , and kc 3 H8 (T)=1x1013 exp(-48kJ·mol- 1 /RT) cm 3 ·mol- 1 ·s- 1 [50, 118]. The 
extrapolation of these data to room temperature Leads to values considerably less than 
the upper Limits given. 

For the reaction of unsaturated hydrocarbons (e.g. C2 H4 ) 

NH(X) + C2 H4 --> products 

the rate constant has been estimated [51] but also measured directly [4]. For various olefins, 
rate constants in the order of k(300 K)~6x 108 cm 3 ·mol- 1 ·s- 1 were found [4]. This value 
contradicts the Observation that the rate constant for olefins is considerably less than 6 x 108 

cm 3 · mol- 1 · s - 1 [41]. The reaction of NH(X) with ethylene has been studied theoretically 
[55, 56]; an activation barrier of about 103 kJ/mol was calculated [56]. ln a shock tube 
experiment a rate constant k(T) = 1.8 x 1013 exp(- 56 kJ · mol- 1 /RT) cm 3 · mol- 1 · s - 1 was 
determined for the temperature range 1400 to 1770 K [50, 119]. For other olefins (CH 2 =CHCH3 , 

CH 2=CHC2 H5 , and CH=CHCH=CH 2 ) room-temperature rate constants in the order of 
k ~6 x 108 cm 3 · mol- 1 · s - 1 were observed. At high temperatures (in the range given above) 
the rate constants k(T)=3.9x1013 exp(-52kJ·mol- 1 /RT) cm 3 ·mol- 1 ·s- 1 and 
k(T) = 4.1 x 1013 exp(- 40 kJ · mol- 1 /RT) cm 3 · mol- 1 · s - 1 were measured for CH 2 =CHCH 3 and 
(CH3 bC=C(CH 3b respectively [50, 119]. As final products of the reaction of NH(X) with 
olefins, cyanides are observed [51], which can be understood if the reaction proceeds 
through an alkyl nitrene intermediate as observed in matrix experiments [57] (see p. 127). 

The unsaturated compound C2 H4 NH reacts very slowly with k(300 K) = 6 x 108 

cm 3 • mol- 1 • s - 1 [4], comparable to the other olefins. 

ln the N-H-C-0 system, methanol and acetaldehyde have been studied [4, 50, 118]. 
CH 3 0H reacts with a room-temperature rate constant smaller than k ~ 5.4 x 108 cm 3 · 

mol- 1 ·s- 1 [4]. For CH 3 CHO a high-temperature (1400~T/K~1770) rate constant 
k(T) = 5 x 1013 exp( -48 kJ · mol- 1 /RT) cm 3 · mol- 1 · s- 1 was determined inshock tube experi
ments [50, 118]. 

References on pp. 122/5. 

2.1.1.5.1.2 NH(a, b, ... , A) Reactions 

lmidogen radicals in the electronically excited singlet states a 1 ~. b 1 :E, and c 1 II and 
in the A 3Il triplet state have been studied kinetically. The only one of these states, however, 
in which depletion has been observed tagether with the yield of the products is the metasta
ble a 1 ~ state. For the others only the collision-induced depletion, regarded as quenching, 
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has been observed, since there is no clean source available for those states which would 
easily make the product Observation feasable. 

For NH(a 1 .:1) many studies have been published on quenching as weiL as on elementary 
chemical reactions. With the noble gases, quenching is the only possible pathway. With 
the Light noble gases He, Ar, and Kr, the quenching processes at and near room temperature 
are slow with kq<6X 108 cm 3 ·mol- 1 ·s- 1 [58 to 62]. This is probably also the case for 
Ne which has not yet been studied directly. 

The collision-induced intersystem crossing 

NH(a 1 .:1)+Xe-+NH(X 3L-)+Xe 

is much fast er than expected from the nuclear charge of Xe: kq = 7.2 x 1012 cm 3 · mol - 1 · s - 1 

[61, 63 to 68], probably due to the formation of an exciplex intermediate. The interaction 
potential between NH(a) and Ar has, based on ab initio calculations, only a small minimum 
[69]. The complex NH(a)-Ar has been probed by the LIF technique [70]. The vibration distribu
tion of NH(a, v) is conserved du ring the quenching process by Xe [65, 68]. The fast quenching 
of NH(a) by Xe can be used for the calibration of NH(a) relative to NH(X) [65]. 

Elementary reactions of NH(a) have been studied with two more atoms (N and 0) [7]. 
The reaction 

NH(a) + N(4S)-+ products 

is not very fast at room temperature: k=6 x 1011 cm 3 ·mol- 1 ·s- 1 [7]. The product is mainly 
NH(X) due to a quenching process, kq = 6 x 1011 cm 3 · mol - 1 ·s- 1 [7]. 

The interaction of oeP) atoms with NH(a), which proceeds with a rate constant of k(300 K) 
= 5.6 x 1012 cm 3 · mol - 1 · s - 1 is mainly of chemical character 

NH(a) + oeP)-+ NO+ H (a) 
-+OH+N (b) 

with the specific rate constants ka = 3.6 x 1012 cm 3 · mol - 1 · s - 1 , kb = 7.8 x 1011 cm 3 · 

mol - 1 · s - 1 , and the quenching rate constant kq = 1.2 x 1012 cm 3 · mol - 1 · s - 1 [7]. 

The reactions of NH(a) with nine diatornie molecules H2 , 0 2 , F2 , HF, HCl, N2 , 0 2 , CO, 
and NO have been studied. The reaction 

NH(a) + H2 -+ products 

has attracted experimental [41, 58, 62, 71, 72] as weiL as theoretical attention [73]. The 
NH(a) decay rate is reported to proceed with a room-temperature rate constant k(300 K) = 
2.5x 1012 cm 3 ·mol- 1 ·s- 1 [58, 71, 72]. For the reaction NH(a)+D2 , a rate constant k(295 K) 
= 1.6 x 1012 cm 3 · mol - 1 · s- 1 was reported. The branching fraction [H]/[D] was found to be 
0.24, indicating that the reaction is dominated by the insertion of NH(a) into the 0 2 bond, 
but vibrational energy of the reaction intermediate NHDt is still localized in newly formed 
N-D bonds before it passes through the exit barrier into NHD + D or ND2 + H channels 
[72]. 

For the removal of NH(a) by F2 , a rate constant k=3.8x 1011 cm 3 ·mol- 1 ·s- 1 was pub
Lished [58], but no information about the mechanism was given. 

The reaction NH(a) +HF is also not very fast at room temperature [58, 74, 75]. For NH(a, 
v = 0) a depletion rate constant k(T) = 1.1 x 1012 exp(- 5.1 kJ · mol - 1 /RT) cm 3 · mol - 1 · s - 1 was 
determined in the temperature range 294 to 479 K [75]. NH(a, v= 1) reacts a factor of three 
faster than NH(a, v = 0). The deuterated species ND(a) reacts significantly faster with HF 
than NH, but NH reacts with HF and DF at nearly the same rate. The main product in 
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the reaction NH(a) +HF is NH 2 (X), whereas the quenching channel contributes less than 
5% [75]. The equivalent reaction NH(a) + HCL was found to be about two orders of magnitude 
faster with k(300 K) =4.7 x 1013 cm 3 · mol- 1 ·s- 1 [76]. 

The intersystem crossing induced by N2 (X 1L;) molecules 

NH(a 1 ~) + N2 (X)--+ NH(X 3L-) + N2 (X) 

proceeding via the HNt intermediate, which plays a rote in the HN 3 -NH(a) source, has 
been studied intensively [58, 62, 64 to 67, 71, 77 to 79]. The reaction has a small activation 
energy of about 5 kJ/mol due to a small barrier in the entrance channel [65, 66]. The preex
ponential factor A=4x 1011 cm 3 ·mol- 1 ·s- 1 (66] indicates that the intersystem crossing 
probability is small. The theoretical interpretation of this system was described in (80]. 

in the isoelectronic system 

NH(a) +CO( X)--+ NH(X) + CO(X) (a) 
--+ NCO + H (b) 

not only quenching but chemical reaction also was observed [81]. The rate of this reaction 
has been studied intensively [62, 67, 68, 71, 79, 81]. it has no activation energy and can 
be represented by k=1.2x 1013 cm 3 ·mol- 1 ·s- 1 independent of temperaturein the range 
293 to 459 K (79, 81]. The physical quenching (a) contributes 12%, and the chemical pathway 
(b) predominates with 88% [81]. 

The reaction of NH(a) with a triplet diatornie molecule 

NH(a) + 0 2 (X 3L)--+ products 

has been studied by several authors [61, 64, 71, 78, 79]. The Arrhenius expression obtained 
in the temperature range 298 to 476 K is k(T) = 1.1 x 1012 exp(- 8.6 kJ · mol- 1 /RT) 
cm 3 · mol- 1 · s - 1 (79]. The contribution of quenching is ;::: 60% of the overall NH(a) depletion. 
The formation of OH via NH(a) + 0 2 --+ OH +NO contributes less than 4% [61]. 

The radical-radical reaction 

NH(a) + NO(X 2II)--+ products 

is a rapid reaction (64, 77, 82, 83] with a room-temperature rate constant of k = 1.3 x 1013 

cm 3 · mol- 1 · s - 1 (83]. The physical quenching, which can occur simply by a cis-trans isomeri-
2ation of the HN-NO intermediate, contributes 40%. The chemical reaction, with OH as 
one product, remains at 60% [83]. 

Among the triatomic reactants, H2 0 has attracted much attention due to its presence 
in many natural systems [77, 84, 85]. Also the NH(a) + 0 2 0, NO(a) + H20, and NO(a) + 0 20 
reactions have been studied [85]. The reaction is, with k(298 K) = 2.9 x 1012 cm 3 · mol- 1 · s - 1 , 

a fast reaction, which proceeds as an insertion reaction with NH 2 (X) and OH as the main 
products [77] (the insertion is also observed in the liquid phase). The quenching contributes 
about 1% of the total NH(a) depletion [77]. in agreement with the insertion dynamics, it 
was found that NH(a) + H2 0 and NO(a) + H2 0 react with the same rate, whereas 0 2 0 reacts 
significantly slower with NH(a) and NO(a) (85]. 

The insertion mechanism is dominant for all H-atom-containing molecules like HCN 
[83], H2 S [84], NH 3 [58, 86], and saturated hydrocarbons (see below). HCN reacts with a 
rate constant of k(298 K)=2.1 x 1013 cm 3 ·mol- 1 ·s- 1 and Leads to the products NH 2 (X)+CN 
[83]. 

Three additional triatomic molecules have been studied: C0 2 [71, 77, 87], N2 0 [71, 77], 
and N0 2 [77, 87]. C02 reacts with NH(a) with a rate constant k(296 K) = 1.4 x 1011 
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cm 3 ·mol- 1 ·s- 1 and a quenching ratio kq/k101a1=0.24 [77, 87]. N2 0 also does not react very 

fast with NH(a): k(298 K) = 1.0 x 1012 cm 3 · mol- 1 · s - 1 with a quenching contribution of 6%. 
The chemical products are not known. The OH formation relative to the NH(a) depletion 
is less than 1% [77, 87]. The radical-radical reaction NH(a) + N02 is, as expected, very 
fast with k(298 K) = 2.2 x 1013 cm 3 · mol- 1 · s- 1 [77, 87]. 

In the group of molecules with four atoms are the commonly used NH(a) precursors 
HN 3 and HNCO and ammonia, the last of which is of special interest in the N-H system. 
Mainly the reaction 

NH(a) + HN 3 --> NH 2 (Ä) + N3 

has been intensively studied [41, 58 to 60, 63, 71, 76, 77, 88 to 91], and DN 3 has also 
been investigated [78, 85]. The formation and emission of NH 2 (Ä) has been used to detect 
NH(a) indirectly [76] (see p. 27). The rate constant for the NH(a) depletion by HN 3 is high; 
values in the range (5.6 to 11)X1014 cm 3 ·mol- 1 ·s- 1 were published in the Literature [41, 
59, 60, 77, 88, 91]. 

There are significantly less studies [58, 78, 92] on the reaction 

NH(a) + HNCO--> products 

The rate constant k(298 K)=9.8x 1013 cm 3 ·mol- 1 ·s- 1 [58] seems to be slightly higher 
than for the isoelectronic HN 3 molecule; this fact makes HNCO less favored as an NH(a) 
source. 

The reaction 
NH(a) + NH 3 --> 2 NH2 

is interesting due to the formation of a highly vibrationally excited electronic ground state 
hydrazine molecule N2 H.i. The rate constant ofthat reaction is high with k(298 K) = 8.9 x 1013 

cm 3 · mol- 1 · s - 1 [86]. The N2 H.i formed with this "chemical activation method" decomposes 
to form more than 93% NH 2 . The quenching pathway is of minor importance with < 1% 
[86]. 

Hydrazine reacts with NH(a) with a rate constant k(298 K) = 1 x 1014 cm 3 · mol- 1 · s - 1 ; 

the reaction products were not determined [58]. 

The polyatomic molecules which have to be discussed are the saturated hydrocarbons 
CH 4 [41, 71, 73, 76, 93], C2 H6 [71, 94, 95], C3 H8 [41, 71, 93, 96], n-C4 H10 [93]; the unsaturated 
hydrocarbons C2 H4 [41, 71, 75, 76, 98], C3 H8 [41, 75], trans-C 4 H8 [75], and acetylene C2 H2 

[75, 99] as well as methylacetylene CHCCH 3 [41]. The cyclic compounds cyc/o-C6 H12 [76], 
benzene C6 H6 [77, 87], and the substituted methanes CF 4 , CF3 H, CF2 H2 , CFH 3 [100] as 
well as the methanederivatives CH3 0H and CH 3 0D [101] were reacted with NH(a). 

The reaction 
NH(a) + CH 4 --> NH 2 + CH 3 

has an activation energy of EA = 7.8 kJ/mol in the temperature range 250 to 600 K, and 
the reaction rate constant is given with a preexponential factor of A = 5 x 1013 

cm 3 ·mol- 1 ·s- 1 [41]. The only reaction products are NH 2(X) and CH 3 as detected in [93]; 
the quenching is unimportant with < 1% [93]. For the other saturated hydrocarbons men
tioned above, rate constants ranging from (1.1 to 3.2) x 1013 cm 3 ·mol- 1 ·s- 1 were observed 
[41, 71, 75, 93]. The quenching pathway in all cases is unimportant at < 1% [93]. The chemical 
pathway leading to NH 2 (X) decreases with increasing number of C atoms in the hydrocarbon, 
which clearly indicates that NH(a) reacts via insertion and not via abstraction [93]. The 
insertion mechanism is also found for cyclohexane [76]. The reactions of NH(a) with unsatur-
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ated hydrocarbons arealso very fast reactions with a rate constant for, e.g., C2 H4 of k(300 K) 
=5.1 x 1013 cm 3 ·mol- 1 ·s- 1 [75]. The negative temperature dependence of the rate con
stants [41] indicates that the initial step is an addition to the double band [98]. The simplest 
molecule with a triple C-C band, C2 H2 , reacts with NH(a) with a rate constant k(300 K) 
=8.4X1013 cm 3 ·mol- 1 ·s-1, independent of temperaturein the temperature range 250 
to 600 K [41]. 

Benzene (C6 H6 ) depletes NH(a) with a nearly gas kinetic cross section of k(296 K) 
= 9.9 x 1013 cm 3 · mol- 1 · s - 1 [87]. The primary products of this reaction are not yet known. 

ln the reactions of fluoromethanes with NH(a), insertion-elimination reactions are 
observed which produce HF molecules [100]. 

For the reaction of NH(a) with methanol a rate constant k(298 K) = 8.2 x 1013 

cm 3 · mol- 1 · s - 1 is reported. The product of this reaction is mainly NH 2 (X); the physical 
quenching has been evaluated tobe less than 2.4% [101]. ln the reaction 

NH(a) + CH 30D-+ NH 2 (X) + CH 20D 
-+ NHD(X) + CH 3 0 

which proceeds with nearly the same rate as the reaction NH(a) + CH 3 0H, a band selectivity 
for the NH(a) insertion was detected from the NHD and NH 2 observations. lt was found 
that the 0-D band is about 69 times more reactive towards insertion of NH(a) than a single 
C-H band [101]. 

For the elementary processes of NH(b 1 ~), only the overall depletion rates (abbreviated 
as kq) are published in the literature. There is, in general, no discrimination between chemi
cal reaction and physical quenching. Only for the energy pooling reaction NH(b 1 ~ +) + 0 2 

(a 1 ~9 )-+ NH(A 3Il) + 0 2 (X 3 :L9 ) were products detected [1 02]. The experimental results are 
summarized in tables on pp. 94/5. For the theoretical understanding, different models have 
been applied. But a potential energy surface, which is necessary for a theoretical under
standing, has until now only been calculated for the NH(b 1:L-)-Ar system [69]. 

The quenching of NH(c 1Il) has been studied experimentally for a large number of col
lision partners [103 to 112]. Quenching cross sections in the range (1.4 to 109) x 10- 16 cm 2 

are observed [109]. The results are summarized on pp. 108/11. 

For the deactivation/chemical reaction of NH(A 311), similar arguments can be given 
as for NH(b). The experimental data are summarized in tables on pp. 99/103. The rate 
constants are about three orders of magnitude larger than for NH(b), since in the case 
of NH(A) the collision-induced transition is allowed. The quenching cross sections depend 
on the rotational state, i.e., they decrease with increasing rotational excitation [113]. Thus 
to compare the various experimentally determined rate constants, the present rotational 
distribution has to be taken into account. Recently the depletion rates have been measured 
for different vibronic states [112] and collision-induced changes of other specific quantum 
states (mixing of A doublets [114] and rotational relaxation [115 to 117]). 
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2.1.1.5.2 NH Reactions in Thermal Systems 

At the end of the last century the conversion of N2 from the air to other N-containing 
compounds in a thermal reaction to produce artificial manures was regarded as a great 
success of mankind. The thermal reactions of air nitrogen and fuel nitrogen in the combustion 
in power plants and internal combustion engines are nowadays regarded as causing a 
severe problem. The aim is to understand and then to avoid the formation of NOx in combus
tion systems, which are the most important thermal systems to be discussed in this section. 

The active intermediates of nitrogen in combustion are the NH 2 and NH radicals and 
N atoms due to the generat scheme 
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with i = 0, 1, 2, which describes the fate of nitrogen in flames with respect to the final 
product NOor N2 . The two radicals NH and NH 2 are closely linked, mainly via the reactions 

NH 2 +{H, OH}~NH+{H 2 , H20} 

Thus many aspects of the nitrogen chemistry in combustion, as described in the paragraph 
"NH 2 in Flames" (see p. 231 ), are relevant for the NH radicals and there is no need to 
repeat the description. 

The NH radicals are not only of interest in the processes of fuel-N conversion [1, 2], 
but also in the DeNOx [3] and RAPRENOx (rapid reduction of NOxl (see p. 233) processes 
[4, 5]. The reaction NH +NO--> products is important in the schemes for the control of NOx 
emission from fuel nitrogen [6, 7]. The N20 formation and removal occur primarily through 
the reaction NH +NO--> N2 0 + H [8]. The reaction of NH + HCN has to be mentioned, along 
with CH 2 + N2 , as a precursor of rapid NO formation [9]. A detailed reaction mechanism 
was developed to describe the concentration profiles of NH and other radicals in 
hydrocarbon-air flames [6,10 to 13]. 

The NH in flames is mainly in the electronic ground state and can be observed by 
LIF in, e.g., CH 4 -air flames [14] and CH 4 -N0 2 -02 flames [15]. But also electronically excited 
NH* can be present in flames as was observed by emission [16, 17]. The NH can be formed 
initially in an electronically excited state in reactions like CH(X 2Il) + NO(X)--> NH(A 3 Il) 
+ CO(X) [18]. At high temperatures, araund 2000 K, the contribution of electronically excited 
NH has to be taken into consideration [3]. In special combustion systems, like NF3 -H 2 

flames, NH(A 3Il-X 3L-) has been observed [19]. In general, however, the modeling of 
nitrogen chemistry in combustion can be achieved with NH(X) radical reactions [6, 12]. 
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2.1.1.5.3 NH Radicals in Condensed Media (NH(X, A, a, b ... )) 

Reactions of NH radicals in their electronic ground state were studied in the Liquid 
phase. When NH(X) radicals were produced by y radiation in Liquid ammonia a slow reaction, 
NH(X) + NH3 --+ N2H4 , was observed [1]. NH(X) reactions in the solid state were assumed 
when NH4Cl04 (s) was decomposed by an excimer Laser [2]. NH(X) reactions have been 
observed on a surface [3]. NH reactions with H atoms absorbed on zeolite [4] also have 
tobe mentioned. 

ln the Liquid phase most imidogen reactions were done with NH(a 1 Ll) when HN3 was 
photolyzed in solutionseither at T = 195 Kor near room temperature [5 to 14]. ln the reactions 
of NH(a) with the saturated hydrocarbons C2 H6 , C3 H8 , and iso-C4 H10 , saturated amines 
were observed as products, due to the insertion of NH(a) into the C-H bond [5 to 8]. For 
2-methylbutane CH 3CH(CH3 )CH 2 CH 3 as reactant, the insertion into the primary, secondary, 
and tertiary C-H bond was discriminated by the analysis of the final products [13]. The 
selectivity is higher at lower temperatures. For T = 278 K the ratios of the different rates 
were: k(primary) = 1, k(secondary) = 1.2, and k(tertiary) = 1.7 and forT= 201 K: k(primary) = 1, 
k(secondary) = 1.8, and k(tertiary) = 3.0 [13]. Also for the cyclic saturated hydrocarbons cyclo
butane [6] and cyclohexane [14], the insertion in the C-H bond was found to be the main 
reaction pathway. ln the interaction of NH(a) with the unsaturated hydrocarbons 1-butene, 
isobutene, and cis- and trans-2-butene, addition to the double bond and insertion into 
the C-H bondwas observed [12]. For ethylene, propene, and ethylene-ethane, three reaction 
pathways of NH(a) were discriminated quantitatively: (a) addition to the double bond, (b) 
insertion into the C-H bond, and (c) quenching to NH(X), with the ratios at T= 195 K of 
a: b :c= 1:2:3 [9]. Acetic, propionic, and isobutyric acids form alanine due to insertion of 
NH(a) into the C-H bond [11]; e.g., CH 3CH 2COOH forms rt and ~ alanine with a ratio rt/~(298 K) 
= 1.5 [11]. ln the reactions NH(a) + {CH 30H, C2H50H} the products CH30NH 2 and C2H50NH 2 , 

respectively, are observed due to an insertion into the 0-H bond rather than the C-H 
bond [10]. The selectivity seems to be significantly larger than in the gas phase reaction. 
ln the reaction NH(a) + H2 0--+ NH 20H, the hydroxylamine formation is observed [15], as 
expected from the gas phase at the high-pressure Limit. For acetylene and the acetylene 
derivative CH3 C=CCH 3 , acetonitrile, propionitrile, and butyronitrile, respectively, are 
observed as final products, which can be understood if the initial product formed in the 
reaction of NH(a) with alkynes isomerize to nitriles by the migration of two hydrogen atoms 
[16]. 

Also in matrix reactions the imidogen radical has been used in the a 1 L\ state, since 
there is a direct source for NH(a) by photolyzing HN 3 . The quenching of NH(a) as a function 
of temperature by the matrix atoms Ar, Kr, and Xe has been studied [17]. The chemical 
reaction NH(a) +NO in an Ar matrix was followed by observing the N2 0 product with FTIR 
spectroscopy. The quantum yield (<I>) of N2 0 was found to be <I>(N 2 0) = 0.7, indicating that 
N2 0 is the main product under theseexperimental conditions [18,19]. 

The reaction of NH(a) with unsaturated hydrocarbons (C2H2 and C2 H4 ) was one of the 
first NH(a) reactions studied in matrices [20]. Addition to the C-C double bond was observed 
as the initial step, with ketenimine as the final product of the NH(a) + C2 H2 reaction [20]. 
For the reaction of NH(a), again produced in the photolysis of HN3 at T= 12 K, with 
CH 3C=CCH 3 , an interesting difference was observed between the Ar and Xe matrices. ln 
Ar 3,3-dimethylketenimine is formed on the singlet surface, whereas in the Xe matrix 
N-methyl-1-amino-1-propyne is found as the major product, which is formed on the triplet 
surface after intersystem crossing of NH(a) to NH(X) induced by Xe [21]. 
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2.1.2 The lmidogen Cation, NH+ 

CAS Registry Numbers: NW [19067-62-0], ND+ [18987-16-1], 15NH+ [19121-55-2] 

2.1.2.1 Formation in the Gas Phase 

2.1.2.1.1 By Ion-Moleeule Reactions 

Reaction N+ + H2 ..... NH+ + H. The nearly thermoneutral hydrogen-atom abstraction reac
tion 

N+ +H2 --> NH+ +H (1) 
and its isotopic variants 

N+ +02 ..... ND++ D (2) 
N+ +HO ..... NH+ +D (3a) 

..... ND+ +H (3b} 

have been studied by various techniques in the temperature range 300 to 8 K. Reaction 
(1), on one hand, has served as a model system in the study of the dynamics and kinetics 
of ion-molecule reactions (for a somewhat recent review see [1]) and is, on the other 
hand, of astrochemical relevance, since it has been assumed tobe the first step of ammonia 
formation in interstellar clouds (see e.g. [2]). 

The dynamics of reactions (1) to (3) at room temperature have been studied in several 
ion-beam collision experiments by mass-spectroscopic detection of the NH + or ND+ prod
ucts and investigation of their angular and velocity distributions for initial relative energies 
ranging from 0.79 to 33 eV [3 to 8]. It was found that for initial relative energies above 
2 eV the NH+ is generated predominantly through direct reaction [3, 5, 7, 8], while a long-
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lived NH; complex is apparently involved in the reaction at energies below 1 eV [5]. The 
predominant reactive species was assumed to be the ground-state ion N+eP), although 
there is evidence for the metastable species N+CD, 1S) to participate at very high (>6 eV) 
[7] and low ( < 1 eV) [6] initial relative energies. NH + was mainly formed in the a 4~
state at <4 eV and in the X 2 Ilr state at >6.5 eV [3]. The formation of NH+ and ND+ 
in their excited states 8 2 ß from the reactions of N+CD) with H2 and D2 was demonstrated 
by observing the 8 2 ß--+ X 2 Ilr chemiluminescent transition in the visible and near UV 
(cf. p. 147) [9]. Theoretical studies of reaction (1), i.e., ab initio SCF MO [10] and Cl [11 
to 16] calculations of the potential energy surface (involving various electronic states of 
the NH; intermediate; cf. p. 240) and a classical trajectory calculation [17] (using the SCF 
potential function [10]) are available. 

The rate constants of reaction (1) were measured at 300 K using different techniques, 
and values (in 10- 10 cm 3 ·molecule- 1 ·s- 1 ) of k1 =5.6 (flowing afterglow reaction tube) [18], 
4.8±0.2 (ion cyclotron resonance) [19, 20], and 4.8 (SIFT=selected-ion flow tube) [21] were 
obtained (the values k1 =6.4 [22] and 6.2 [23] presumably include other reaction channels; 
seealso [1]). 

The rate constants and the reaction cross sections of reactions (1) to (3) have been 
measured at 300 K as a function of the ion-molecule center-of-mass kinetic energy KEc.m. 
from near thermal energies up to ~0.5 eV applying the SIFDT (selected-ion flow drift tube) 
method [24 to 26] and up to 30 eV using a guided ion beam apparatus [27]; plots of k 
(or reaction cross section) versus KEc.m. gave the reaction thermicities ßH, showing chan
nels (1), (2), and (3a) to be very slightly endoergic by a Iew tens of meV and channel 
(3b) either endoergic [27] or exoergic [24] (both with large uncertainties). To simulate inter
stellar conditions, experimental techniques that allow measurements below 80 K have been 
applied: the ion trap method at 11 to 20 K [28, 29] and the CRESU method (Cinetique 
de Reaction en Ecoulement Supersonique Uniforme) at 8 to 163 K [30, 31]; Arrhenius-type 
plots of k versus T- 1 give ßH. ln order to derive small endothermicities, the exact knowledge 
of the energetical states of the reactants is important, as there are the fine-structure Levels 
of ground state N+ePo. 1 . 2 ), the metastable ionic states N+( 1D, 1S, 5S), and the rotational 
Levels of the H2 molecule [24, 27, 32]. The energy spacings of the latter are of the same 
order of magnitude as the endothermicity itself; therefore, the 3: 1 populations of ortho
and para-H 2 had to be accounted for in analyzing low-temperature data [28 to 30], or 
else experiments with pure para-H2 (J = 0), such as 

N++para-H2 --+NH++H (4), 

have been carried out [31]. 

The results obtained from SIFDT [24], guided ion beam [27], ion trap [28, 29], and CRESU 
[31] experiments are compiled in Table 4, p. 130. Fig. 3, p. 130, shows Arrhenius-type plots 
of Ln k versus KE;.~. obtained from the SIFDT experiments at 300 K [24]. 

Reaction of N + with H2S. A minor product channel for the reaction of N + ions with 
H2 S is the formation of NH + + SH with a branching ratio of 3% compared to the formation 
of Hß+ + N, SH+ + NH, and s+ + NH2 with branching ratios of 56, 29, and 12%, respectively; 
measurements with a selected-ion flow tube (SIFT) at 300 K gave a total rate constant 
of 1.9 x 10- 9 cm 3 ·molecule- 1 ·s- 1 [1, 21]. 

Reaction N + H;- --+ NH + + H. The dynamics of the reaction N + D; ...... ND+ + D has been 
investigated in a merged-beam apparatus over the range of relative kinetic energies from 
~0.005 to 10 eV. The reaction was found to proceed by a direct mechanism at relative 
energies as low as 0.031 eV with the ground-state N(4 S) atom as the reactive species. 
The experimental findings were interpreted in terms of a qualitative electronic state correla
Gmeun Handbook 
N Suppl. Vol. B 1 



130 

Table 4 
Reaction N+ + H2--+ NH+ + H (1) and Variants (2), (3a), (3b), and (4). 
Rate constants k; in 10- 10 cm3 · molecule - 1 · s -1, reaction thermicities ~H; in meV. 

SIFDT"l guided ion beambl ion trapcl CRESUdl 
[24] [27] [28, 29] [31] 

k1 3.7 3.9±0.8 4.86 exp[- (85 ± 1 0)/T] 4.16 exp(-41.9/T) 
k2 1.3 1.7±0.4 2.37 exp( -197.9/T) 
k3a 0.5 } 2.7±0.6 

k3b 3 (34:66) 3.17 exp( -16.3/T) 
k4 8.35 exp( -168.5/T) 
~H1 11 ±3 33±24 7.4±0.8 18±2 
~H2 33±4 61 ±30 
~H3a 43±6 69±30 
~H3b -10±4 19±27 

•l Rate constants k; at T = 300 K (thermalized reactants); the ~H; values measured at 300 K 
were corrected for the rotational energies of H2, HO, and 0 2. - bl Thermal rate constants 
at T = 300 K; ~Hg values. - cl Measurements at 11 to 20 K [28, 29] combined with an 
average value for k1 at 300 K from measurements of [18, 21, 24]. The original result, 
k1 =6.48x 10- 10 exp[-(85±10)/T]. was corrected in a private communication to [1]. -
dl Results for k1 at T=8 to 163 K, k2 at T=45 to 163 K, k3b at 20 K, k4 at 20 to 163 K 
[31] combined with the SIFDT data for k1, k2, and k3b at 300 K from [24]; ~H 1 is for the 
reaction N+eP0)+H2(X 11:;, J=O)--+NH+(X 2II., J=O)+HeS). 
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Fig. 3. Arrhenius-type plots of the rate constant versus the center-of-mass kinetic energy 
KEc.m. for the reaction N + + H2--+ NH + + H and its isotopic variants obtained from SIFDT 

experiments at 300 K [24]. Gmelin Handbook 
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tion diagram for N + H; ---> NH; ---> NH + + H, assuming collinear collisions as weil as a C2 v 

approach [33]. Theoretical studies of the reaction, i.e., ab initio SCF MO [34] and Cl [15, 
16] calculations of the potential energy surface (involving various electronic states of the 
NH; intermediate; cf. p. 241) are available. 
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2.1.2.1.2 By Decomposition of NH3 

Electron Impact. Mass-spectrometric observations of NH + upon electron impact on NH 3 

suggested that the ion is formed by the two processes NH 3 + e- ..... NH + + H2 + 2 e- and 
NH 3 +e--+NH++2H+2e-. The energy difference of the two appearance potentials, 
AP(NH+)=22.9±0.5 and 27.2±0.5 eV, derived by measuring the partial ionization cross 
section for the production of NH+ as a function of the electron energy Ee1 (~10 to 183 eV), 
amounts to about the dissociation energy of H2 [1]. NH+ formation above 20 eV was also 
observed by [2] (Ee 1 = 12.5 to 80 eV) and [3] (Ee1 = 5 to 60 eV). Two other studies reported 
AP = 17.1 ± 0.1 and 21.6 ± 0.1 eV (extrapolated valtage difference technique) [4] and AP = 17.2 
(quoted in [5]) and ~22.7 eV (first differential ionization curve at electron energies of 16 
to 37 eV) [6]. The Latter results were reinterpreted by [1], and APs of ~23 and 27 eV were 
read from the ionization curve presented by [6]. Most recently however, thermochemical 
thresholds of 17.5 and 22.0 eV were derived for the formation of the ion in the ground 
state X 2 ITr (and values for NH + in the excited states A, B, and C) [7] using the ionization 
potential of NH as measured by [8] and thermochemical data from [9] (see also the paragraph 
on NH + formation by photodissociation and photoionization of NH 3 ). 

Relative abundances between 2.4 and 4.7 for the primary NH + ions at electron energies 
of 100 and 50 eV (compared to relative abundances of 51 to 54 for NHt and 42 for NHi) 
were reported [10, 11]. A rate constant of 1.6 x 10- 9 cm 3 · molecule- 1 · s - 1 for the production 
of NH + from NH 3 at Ee1 = 80 eV was measured [2]. 

Electron-impact dissociation and ionization of NH 3 (Ee1 between 40 and 150 eV) was 
also applied for spectroscopic studies on NH +. The UV-visible emission systems A 2L-, 
B 2 ,:1, and C 2 L+ -+X 2 ITr [7, 12 to 14], the A 2L- and C 2 I:+ +-X 2 ITr transitions in the 
high-resolution translational energy spectrum (TES) [15], and the hyperfine structure in 
the purely rotational spectrum [16] were observed (cf. pp. 146/8). 

Alpha-Particle Impact. The relative abundance of primary NH + ions in the mass spectrum 
of NH 3 bombarded with 1- to 3.5-MeV rx particles at pressures of 0.01 to 0.04 Torr is 3.0 ± 0.9 
compared to 53 for NHt and 44 for NHi [11]. 

Photodissociation and Photoionization. The partial cross sections for NH + production 
by dissociative photoionization of NH 3 using synchrotron radiation of 8 to 112 nm showed 
thresholds at 68.0 and 54.5nm, AP=18.23±0.05 and 22.75±0.1 eV, for the processes 
NH 3 -+ NH+ + H2 and NH 3 -+ NH+ + 2 H [17]. 

UV Laser photodissociation at 6.42 eV of Not ions (produced by electron impact on 
ND 3 ) showed a weak ND+ signal, even though thermochemical data predict the reaction 
NHt -+ NH + + H2 to be endothermic by ~ 7 eV [18]. 

Hollow Cathode Discharges. Discharges through flowing NH 3 or NH 3 -He mixtures pro
duce NH+ ions in the electronic ground and various excited states. This technique has 
been applied for spectroscopic studies of NH +, as there are observations of the A 2L-, 
B 2ß, and C 2 I:+ -+X 2 ITr emission band systems in the visible and UV [19 to 23] (cf. 
pp. 146/7), the v = 1 ...... 0 vibration-rotation transitions in the X 2 ITr and a 4 I:- states, and 
transitions between the X and a states [24, 25] (cf. p. 146). 
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2.1.2.1.3 From NH2 , N2 H4 , NH2 F, NHF2 , HN3 , and H2 -N2 Mixtures 

The Ihreshold for the dissociative photoionization process NH 2 + hv---+ NH+ + H + e- was 
observed at 71.25±0.02 nm or 17.401 ±0.005 eV; corrected for the internal energy of NH 2 , 

the 0 K Ihreshold is at 17.440 ± 0.005 eV. The extremely weak process N2 H4 + hv---+ NH + + 
NH 3 +e- has its onset at ~78 to 79 nm [1]. The onset of the process NH 2 F+hv---+NH++ 
HF+ e- is at 14.5 eV; the abundancies of NH + from NH 2 F and NHF 2 are 2% and 1% at 
hv=20.65eV [2]. The formation of NH+ ionsvia HN 3 ---+NH++N 2 +e- with an abundance 
of 16.8% relative to HNt was observed at AP=14.4±0.2eV upon electron impact on HN 3 

[3]. 

Hollow cathode discharges through N2 H4 -He mixtures allowed the Observation of the 
UV-visible A, B, and C---+ X emission systems of NH+ [4]. Hollow cathode discharges through 
H2 -N 2 mixtures were used for spectroscopic studies in the IR (v = 1 +--- 0 transitions in the 
X 2 TI, and a 4 1:- states of NH + and transitions between the X and a states) [5, 6] and 
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in the submillimeter range (purely rotational J=3/2+---1/2 transition of NH+(X 2 IT,, v=O)) 
[7]. 
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2.1.2.1.4 By lonization of NH 

A weak peak at 13.49 eV in the He I photoelectron spectrum (PES) of NH 2 (produced 
from F + NH 3 ) is attributed to the ionization process NH +(X 2IT,) +--- NH(X 3L-) with NH arising 
from the secondary reaction F + NH 2 --+ NH +HF [1]. 

Cross sections for photoionization of the 1n orbital of NH Leading to NH +(X 2IT,) and 
of the 3cr orbital of NH Leading to NH+(a 4L-) and NH+(A 2L-) at photon energies between 
10 and 60 eV were calculated applying quantum-theoretical methods [2]. 

Resonance-enhanced multiphoton ionization (REMPI) of NH and ND and detection of 
the NH + or ND+ ions with a time-of-flight (TOF) mass spectrometer [3 to 8] or TOF detection 
of the photoelectrons (REMPI-PES) [5, 9, 10] enabled highly excited states of the NH (ND) 
radical (cf. pp. 83/7) and vibrational and rotational populations of the resulting NH+ or 
ND+ ionstobe characterized. 
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2.1.2.2 Formation in a Solid 

A paramagnetic species detected by ESR in y-irradiated (NH 4 bHP04 single crystals 
and characterized by hyperfine Lines arising from one N and one H nucleus (g •• = 2.0089, 
gvv = 2.0026, gzz = 2.0048, gav = 2.0054 and (in MHz) A •• C 4 N) = 22.6, AvvC 4 N) = 101.0, AzzC 4 N) 
=10.4, A;soC 4 N)=45±5; A •• CH)= -31.6, AvvCH)= -63.4, AzzCH)= -101.1, A;soCH)= 
-65±5) [1] has been conjectured tobe NH+ [1] or NH- (2]; an ab initio UHF calculation 
supported the assignment to NH+ [3]. 
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2.1.2.3 Heat of Formation. Thermodynamic Functions 

A recent critical review of the heat of formation of NH (cf. pp. 56/8) and NH 2 (cf. p. 193) 
[1] recommended the excellently agreeing values for the heats of formation of NH +, 

d 1Hg(NH+)= 1660±3 and 1658± 1 kJ/mol. 

The first value is based on kinetics measurements (guided ion beam tandem mass spectro
scopy) for the reaction N + + H2 --> NH + + H (cf. pp. 129/30) by combining the endothermicity 
of the reaction with d 1Hg(H) and d 1Hg(N+) [2]. lt confirms the earlier result, d 1Hg(NH+) 
= 1661 ±4 kJ/mol, based on a CRESU study of the same reaction [3]. The second value 
was obtained from photoionization mass-spectrometric studies of the dissociative photoioni
zation process NH2 +hv-->NH++H+e- (cf. p. 133) by combining the Ihreshold for NH+ 
formation with d 1Hg(NH 2 ) [4]. ln another critical review of gas-phase thermochemical data, 
the photoionization results of [4] were used to derive d 1Hg(NH +) = 1678.1 kJ/mol [5]. A slightly 
Lower heat of formation, d 1Hg(NH+) = 1648± 1 kJ/mol, was obtained from mass-spectrometric 
studies of the process H2 NF + hv--> NH + +HF+ e- [6]. The previously recommended value, 
d1H~98(NH +) = 1598 kJ/mol [7], based on the appearance potantials of NH + from NH3 under 
electron impact [8], and another value, d 1H0 (NH +) = 1690 kJ/mol, based on the appearance 
potential of NH + from HN3 under electron impact [9], can thus be disregarded. 

Theoretical values from ab initio calculations are in fair agreement with the experimental 
results: d 1Hg(NH+)=1664 kJ/mol was obtained from M0Ller-Plesset perturbation calcula
tions [10, 11], d 1Hg(NH+) = 1643 kJ/mol from a Cl calculation [12]. 

The heat capacity C~. the thermodynamic functions, entropy so, Gibbs free energy 
-(G0 -Hg)/T, enthalpy H0 -Hg (based on d 1Hg=1602.852 kJ/mol), and the equilibrium con
stant K0 (for NH+ + e-~N + H) are Listed for the temperature range 298.15 to 20000 K [13]. 
Selected values are as follows: 

T co 
p 

so -(G0 -Hg)/T H0 -Hg Log K0 

in K in kJ/mol 
in J·mol- 1 ·K- 1 

298.15 32.705 187.616 155.762 9.497 164.1535 
400 31.748 197.085 165.144 12.777 123.1211 
600 31.083 209.778 178.056 19.033 83.0149 
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Table (continued) 

T co 
p 

in K 

800 31.617 
1000 32.585 
2000 36.329 
3000 38.185 
4000 39.798 
5000 41.547 
6000 42.973 

10000 40.675 
20000 28.637 

NH+ 

so -(G0 -Hg)/T 

in J·mol- 1 ·K- 1 

218.775 187.162 
225.931 194.223 
249.836 216.629 
264.944 230.365 
276.147 240.458 
285.215 248.538 
292.925 255.309 
314.803 275.142 
338.600 301.954 

H0 -Hg 
in kJ/mol 

25.290 
31.708 
66.413 

103.738 
142.716 
183.388 
225.697 
396.609 
732.928 

62.9156 
50.8275 
26.4866 
18.2350 
14.0335 
11.4653 
9.7215 
6.1114 
3.2482 

The partition function Q and the equilibrium constant K (N+ + H~NH+) have been calcu
lated, and polynomial expansions as functions ofT fitted to the tabulated values forT= 1000 
to 10000 K by [14] and forT= 1000 to 9000 K by [15]. 
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2.1.2.4 Electronic Structure. Ionization Potential. Dipole Moment 

Electron Configuration. Electronic States. The NH + ion is isoelectronic with the CH radi
cal. lts ground state X 2TI, results from the ionization of the 17t MO in the NH(X 3~-) 
radical (cf. p. 31), and the lowest excited valence states arise from 1n<-3cr, 1n<-2cr, and 
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4cr +- 3cr excitations. Experimentally observed are the ground state and the lowest four ex
cited states with the following main electron configurations and dissociation Limits [1]: 

(1cr) 2 (2cr) 2 (3cr) 2 (1n) 1 x 2 TI, N+eP)+Hes) 
(1cr) 2 (2cr) 2 (3cr) 1 (1n) 2 a 4~- N(4 S0 )+H+ 
(1cr) 2 (2cr) 2 (3cr) 1 (1n) 2 A 2~- N+eP)+Hes) 
(1cr) 2 (2cr) 2 (3cr) 1 (1n) 2 8 2ß NeD0 )+H+ 
(1 cr) 2 (2cr) 2 (3cr) 1 (1n) 2 C 2~ + N + C D0 ) + H(2 S) 

The ground state X has been identified with the lower, the states A, 8, and C with 
the upper states of the three emission systems A-+ X, 8-+ X, and C-+ X in the visible and 
UV region (cf. pp. 146/8). Perturbations of ground-state rotational-vibrationallevels observed 
in the spectra were found to arise from strong interactions between the quasidegenerate 
X 2TI, and a 4~- states. Rotational-vibrational transitions in the X and a states as weiL 
as between X and a have been observed in the IR (cf. p. 146). Term values of the excited 
states are listed together with the spectroscopic constants in Tables 5 and 6, pp. 140/2. 

A number of ab initio MO calculations referred to in the various bibliographies of 
quantum-chemical calculations (cf. p. 31) deal with the ground state and some excited states 
of NH +. To be mentioned among the various ground-state calculations are the early SCF 
MO calculation at the near-Hartree-Fock Limit [2, 3] and PNO-CI and CEPA studies [4]. 
Excited states are included in calculations by the SCF MO (including a semiempirical esti
mate of the correlation energy) method [5], by Cl methods [6 to 8], by perturbation theory 
[9 to 11], and by an algebraic approach for solving the Schrödinger equation [12]. Theory 
predicts an additional bound valence state, which lies 13.8 eV above the ground state, 

[5] 

and a number of repulsive states [5 to 7, 11]. 

The vertical excitation energies for the a 4~-. A 2~-. 8 2 ß, C 2~+ +-X 2 TI, transitions 
at r e = 1.9614 a0 (the experimental value for the equilibrium internuclear distance in the 
NH molecule) were calculated by the many-body perturbation theory of second and third 
order (H" study) [9]. 

lonization Potential. Chargestripping reactions of NH+ ions (obtained by 70-eV electron 
impact on NH 3 ) with N atoms result in unstable NH 2 + ions. The minimum energy for the 
ionization of the NH + ion in a vertical transition, E; = 25 ± 1 eV, was estimated from the 
position of the N + and H + peaks in the mass spectrum [13]. Theoretical results are E;(ad) = 
26.9 eV from an MRSD Cl calculation [14, 15] and E;(ad) = 26.4 eV and E;(vert) = 26.9 eV 
from a M0ller-Plesset perturbation calculation of fourth order (MP4) [16]. 

Dipole Moment. The dipole moments of NH+(X 2TI,) and NH+(a 4~-) at internuclear 
distances r = 0.7 to 20.0 A were derived by ab initio MO calculations using a single configura
tion (cf. above) for the a state, but three configurations (4cr +- 3cr and (4cr) 2 +- (3cr) 2 excitations 
in addition to the dominant ground-state configuration) for the X state. At r = 1.1 A ( ~ r e 

of both states), the dipole moments (with the origin at the center of mass) are 
11=6.8461 x 10- 3° C·m for the ground state X and 11=5.5832x 10- 3° C·m for the a 4~
state (=2.05 and 1.67 D, respectively) [10]. 
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2.1.2.5 Spectroscopic Constants 

Hyperfine Constants. The far-IR spectrum of the purely rotational transition J = 3/2 +-- 1/2 
of NH + in the X 2IT" v = 0 ground state (cf. p. 146) [1] has been analyzed using rotational, 
fine-structure, and A-doubling parameters [2] obtained from a fit of alt available spectro
scopic data for NH+ and using hyperfine and quadrupole coupling Hamittonians that contain 
the Frosch-Foley parameters a, b, c, and d for both nuclei [3] and the coupling constants 
eq0 Q and eq2Q for the N nucleus, respectively. Since the parameters a, b, and c could 
not be evaluated independently, the linear combinations 2[a- 0.5(b + c)] and 0.65 b + 0.25[a + 
0.5(b + c)] have been introduced (for the definition and the exact evaluations of the muttipli
cators ~0.65 and ~0.25 in the second expression, see equations (4) to (7) of [1]). The 
experimental hyperfine parameters [1] are given below tagether with the hyperfine parame
ters obtained from a many-body perturbation calculation of 3rd order [4] (alt values in 
MHz): 

hf parameter 

2[a- 0.5(b + c)] 
0.65 b+0.25[a+0.5(b+c)] 
d 
eq0 Q 
eq2Q 

experimental results [1] 
14N nucleus 1 H nucleus 

301.09(4.5) 
61.9(1.6) 

165.0(2.4) 
-9.6(6.5) 

-37.2(9.8) 

142.8(6.4) 
-51.4(2.0) 

41.7(3.3) 

theoretical results [4] 
14N nucleus 1 H nucleus 

308.1 a) 
63.3a) 

171.2 

131.0b) 
-51.3b) 

39.8 

a) Individual values: a=138.50, bF=b+c/3=22.62, c= -80.57 MHz. 
a=64.08, bF= -69.89, c= 100.00 MHz. 

bl Individual values: 

Using highly correlated wave functions from ab initio coupled-cluster (UCCD(ST)) [5] 
and quadratic configuration interaction (QCISD(T)) [6] calculations, the isotropic hf constants 
A;50 (=bF=b+c/3)=18.9 and 19.9 MHz for the 14N and -72.3 and -75.3 MHz for the 
1 H nucleus were calculated. 
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Fine-Structure Constants. For the electronic ground state X 2TI, and the very Low Lying 
excited state a 41:-, fine-structure splittings were analyzed in the high-resolution IR absorp
tion spectrum of the v = 1 <-- 0 vibration-rotation transitions in these states and between 
them. The fine-structure arises from spin-orbit coupling (constant A), spin-rotation coupling 
(constant y), and A-type doubling (constants p and q) in the X 2TI, state, from spin-rotation 
(y) and spin-spin coupling (A.) in the a 41:- state, and from spin-orbit coupling, 2TI312- 41:312 
and 2TI 112- 41:;-12, between the two states (coupling parameters ~312 and ~ 112). The high
resolution IR spectrum even enabled the inclusion of centrifugal distortion terms for the 
spin-rotation and the A-doubling constants (y 0 and p 0 , q 0 ) and for the spin-orbit coupling 
parameters (~ 0 ). The following constants were determined for the 14NH+ ion by a merged 
Least-squares fit (with suitable weight factors) [7] of the IR data [7], of term values from 
UV-visible emission (A, 8, C-+ X) spectra [8], and of the two far-IR, purely rotational transi
tions [1] (all constants in cm- 1): 

state constant v=O state v= 1 state 

A 81.6568(21) 81.7670(15) 
p 0.23330(20) 0.22748(36) 
q 0.055039(39) 0.05561(11) 
Po ·103 - 0.0316(44) 0.0142(54) 
Qo ·103 - 0.00866(33) - 0.01542(93) 
y -0.08312(44) - 0.07896(46) 
Yo·1o3•> 0.0148 0.0042 

a 41:- y 0.00243(36) 0.00187(31) 
A. 0.12332(67) 0.10214(61) 
"-o ·103 0.057(41) 0.408(33) 

~3/2 81.328(22) 77.1609(24) 

~1/2 87.162(34) 83.0025(39) 

~0 - 0.004533(55) 

•> From (D+y 0 /2)·103= 1.6387(25) and 1.5913(26), 0·103= 1.6313(15) and 1.5892(17) for v=O 
and 1, respectively, (D=centrifugal distortion constant; cf. pp. 140/1) given in [7]. 

On the basis of UV-visible emission data (A, 8, C-+X) for 14NH+, 15NH+, and 14ND+ 
[8] and IR data for 1 4NH + [7], the perturbations occurring between the X 2TI, and a 41:
states have been studied and a set of rotational (cf. pp. 140/1) and fine-structure constants 
for the three isotopic species in thei r X 2TI,. v = 0 and 1 and a 41:-, v = 0 and 1 states 
derived. They are, of course, Less accurate than those Listed above for 1 4NH +. The constants 
y 0 for X 2TI,, A., 1.. 0 , and y for a 41:-, and ~ 0 have been set equal to zero, and Po and 
q 0 could not be derived for the two heavier isotopes [9]. 

For the higher excited states, the optical emission spectra gave the following spin-orbit 
and Spin-rotation coupling constants (in cm- 1) [8]: 

constant state 14NH+ 14No+ 

A 8 2L1 v=O -3.6 -3.5 
y A 21:- v=O -0.097 -0.052 

v=1 -0.100 -0.053 
c 21:+ v=O +0.119*) 

•> y= +0.105, +0.108, and +0.111 for v=O, 1, and 2, respectively [10]. 
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Ab initio calculations of spin-orbit splittings in NH + were carried out for the X 2TI, 
state by using a relativistic (Dirac-Fock) SCF wave function [11] and for the X 2TI, [12] 
and B 2~ states [13] by using nonrelativistic (Hartree-Fock) SCF wave functions. MCSCF 
calculations of the spin-orbit splittings in 2 TI and 3 TI states of the first-row hydrides XH +, 
XH, XH- (including X=N) are available [14] which use effective nuclear charges Zett for 
the X atoms based, however, on the experimental A values quoted by Huberand Herzberg 
[15] (in the case of NH+ from [8]). 

Rotational and Vibrational Constants. lnternuclear Distance. Rotational and vibrational 
constants were obtained from the high-resolution IR absorption spectrum of 14NH + in the 
region of the v= 1 +-0 transitions in the ground state X 2 TI" in the lowest excited state 
a 41:-, and between the two states [7], from the UV-visible emission spectra A 21:-, B 2~. 
C 21:+ -+X 2TI, of 14NH+, 14ND+, and 15NH+ [8, 10, 16, 17], and by including the two lowest 
rotational transitions (J = 3/2, d) +- (J = 1/2, d) and (J = 3/2, c) +- (J = 1/2, c) observed in the 
far IR [1]. The strong perturbation of the electronic ground state X 2TI, by the very Low-lying 
a 41:- state was early discovered and had to be accounted for in the rotational-vibrational 
analyses of the spectra. Detailed studies of the perturbations using matrix diagonalization 
techniques showed spin-orbit interaction between the two states (see above) to be the 
major cause; the effective Hamiltonian matrix elements used for fitting the rotational Levels 
of the interacting X 2TI, and a 41:- states are listed in [7, 9]. The rotational constants 
Band the centrifugal distortion constants D, H (with subscripts e or 0 denoting the molecular 
equilibrium or the lowest vibrational Level, respectively), the corresponding rotation
vibration interaction constants at:e, Ye· ße, the vibrational constants we (or ~G 112 = v0 ), wexe, 
WeYe• and the internuclear distance r e or r 0 obtained by converting the rotational constant 
Be or B0 are compiled in Table 5, below, for the X 2 TI, and a 41:- states and in Table 6, 
pp. 141/2, for the A 21:-, B 2~. and C 21:+ states. The compilation of Huberand Herzberg 
[15] is based on the earlier UV-visible emission studies [8, 10, 16]. 

The resonance-enhanced multiphoton ionization-photoelectron spectra (REMPI-PES) of 
NH(a 1 ß) with the resonant intermediate Rydberg states {NH +(X 2TI,)} (3pcr/3dcr) i 1 TI and 
{NH+(B 2~)} (3scr)/{NH+(X 2TI,l} (3dn) j 1 ~ (cf. pp. 33/4) give we=3093(3) cm- 1 and wexe= 
86.3(10) cm- 1 fortheX 2TI, state, we=2350(7) cm- 1 and wexe=69.4(18) cm- 1 fortheB 2~ 
state [18]. 

A few ab initio calculations of spectroscopic constants (and potential curves; see pp. 143/4) 
are available, for NH+(X 2TI,) using PNO-CI and CEPA wave functions [19], for the X, a, 
A, B, and C states using MBPT [20], Cl [21], and SCF (and semiempirical estimate of the 
correlation energy) [22] wave functions, and for the A, B, and C states using an MRSD 
Cl wave function [23]. All these calculations, except obviously that of [20], omit the strong 
interaction between the X and the a state. A number of further ab initio calculations (SCF, 
Cl, MP) for the ground state [24 to 30] and the excited a state [29] of NH+ include geometry 
optimizations and give r e values. 

Table 5 
NH+(X 2 TI" a 41:-). Spectroscopic Constants (cm- 1) and lnternuclear Distance re (Ä). 

constant 14NH+ 14NH+ 15NH+ 14No+ 14NH+ 14No+ 

X 211, 
Be 15.6891 15.6911 15.6253 8.3781 15.67 8.35 
Bo 15.331128(46) 
Q(e 0.6075 0.6068 0.2332 0.64 0.25 
0 0 ·103 1.6313(15) 1.63 1.65 0.464 
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Table 5 (continued) 

constant 14NH+ 14NH+ 15NH+ 14No+ 14NH+ 14No+ 

H0 ·107 1.35 2.12 

ffie (ßG1/2) (2903.1718(21)) 3047.58 3040.77 2226.93 3038 2218 

ffieXe 72.19 71.87 38.55 58 31 

re 1.0692 ± 0.0002 1.0692 1.0691 1.0692 

a 41:-

Te 509.41 509.78 537.85 

To 323.8976(45) 323.90 324.57 401.86 

Be 15.0523 15.013 14.982 7.926 

Bo 14.66001(14) 

ae 0.712 0.770 0.200 
0 0 ·103 1.8270(33) 1.78 1.80 ~0.51 

ffie (ßG 1 /2) (2544.3004(40)) 2672.57 2666.60 1952.90 

ffieXe 64.23 63.94 34.30 

re 1.0924 ± 0.0001 1.093 1.092 1.099 

remark a) b) b) b) c) c) 
Ref. [7] [9] [9] [9] [17] [17] 

a) Merged Least-squares fit (with suitable weight factors) of the own high-resolution IR 
data (v = 1 <-- 0 transitions in the X 2Il, and a 4L- states and between them) [7], term values 
from the UV-visible emission spectra (A 2L-, B 211, C 2L+ ->X 2Il,) [8], and the two purely 
rotational far-IR transitions [1] for the 14NH + species alone. 

b) Extending the treatment of [7] to the other two isotopic species 15NH + and 14ND+, 
which results in less accurate constants, since no rotational-vibrational or purely rotational 
data exist for these isotopes [9]. 

c) Rotational-vibrational analysis of the B 211--> X 2Il, emission resulting from the chemi
luminescent reaction of N+CD) ions with H2 and 0 2 [17]. 

Table 6 
NH+(A 2L-, B 211, C 2.1:+). Spectroscopic Constants (cm- 1) and lnternuclear Distance r (Ä). 

constant 14NH+ 15NH+ 14No+ 14NH+ 14No+ 14NH+ 

A 2I;-

Te ~22200 ~22200 

To 21567.67 21569.13 21750.59 

Be 11.4553 6.1206 

Bo 11.1105 11.0635 5.9830 

ae 0.6897 0.2752 
0 0 ·103 2.02 2.01 0.58 
H0 ·108 18.5 
ffie ~ 1706.9 
ßG112 1585.49 1182.40 

ffieXe ~60.7 

r e 1.2511 1.2507 

ro 1.2704 1.2731 1.265 
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Table 6 (continued) 

constant 

r:t.e 

0 0 ·103 

Ho·10a 

We 

WeXe, WeYe 
r o 

c 21:+ 

Te 
To 
Be (Bo) 
r:l.e, Ye 
De (00 ) ·103 

ße ·1 04 
He ·108 

We (~G1;2l 
WeXe 
r e (r o) 

remark 
Ref. 

~23300 

22960.46 
(13.516) 

1.9 

~2280 

1.1519 

~35000 

34561.38 
(12.8766) 

(2.01) 

(2004.0) 

(1.1801) 

a) 
[8] 

22961.40 
(13.456) 

1.9 

1.1544 

a) 
[8] 

~23300 

23063.83 
(7.2715) 

0.55 
1.5 
~1672 

1.1475 

a) 
[8] 

14NH+ 

(22885) 

13.8 
0.63 

2371 
74, 1.0 

b) 
[17] 

14No+ 14NH+ 

7.4 
0.25 

1732 
39, 0.3 

34561.27 
13.2652 
0.7891, 0.0089 
2.00 
-0.8 
-11 
2150.56 
73.07 
1.1626 

b) c) 
[17] [10] 

a) The constants for the v = 0 Levels result from rotational-vibrational analyses of the 
UV-visible emission systems A 2L-(v=O, 1), B 2~(v=O) --.x 2TI,(v=O) of 14NH+ and 14ND+, 
A 2L-(v=O), B 2~ (v=O)-->X 2TI, (v=O) of 15NH+, and C 2L+(v=O)-->X 2TI,(v=O) of 14NW; 
we and wexe for 14NH+(A 2L-) have been calculated from the ~G 112 values of 14NH+ and 
14ND+ [8]; ~G 112 for 14NH+(C 2L+) is taken from [16]. The other equilibrium values have 
been evaluated by Huberand Herzberg [15]. 

b) Rotational-vibrational analysis oftheB 2~--. X 2TI, emission resulting from the chemi
Luminescent reaction of N+Co) ions with H2 and 0 2 [17]. 

c) Rotational-vibrational analysis of the C 2L + (v = 0, 1, 2)--. X 2Il ,(v = 0, 1) emission 
spectrum in the UV [10]. The constants Oe, ße, and He have been evaluated by Huber 
and Herzberg [15]. 
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2.1.2.6 Potential Energy Functions 

Rydberg-Klein-Rees (RKR) potential energy functions for the two Lowest states, X 2 TI, 
and a 4~-, were computed using the most accurate term values and equilibrium rotational 
and vibrational constants for 14NH+ and 14ND+ which are based on high-resolution IR 
absorption and UV-visible emission spectra (cf. Table 5, pp. 140/1); for the region above 
the v= 1 Level of the 14NH+ species (no spectroscopic measurements for v> 1), Morse 
potentials were assumed fortheX 2TI, state which dissociates to N+eP)+Hes) and for 
the a 4~- state which dissociates to N(4 S) + H +. Numerical values for the energy and a 
graphical representation for r = 0.900 to 1.350 A showing the observed vibrational Levels 
v=O and 1 of NH+ and ND+ are given [1]. FortheX 2II, and 8 2~ states, RKR potential 
curves at r = 0.8 to 3.0 Ä (graphical presentation with v" = 0 to 5 and v' = 0 to 6 Levels) 
were evaluated based on the term values and equilibrium rotational and vibrational con
stants for NH+ and ND+, derived from the 8 2~(v'=O to 3)->X 2 IT,(v"=O to 2) emission 
spectrum [2]. Fig. 4, p. 144, is reproduced from [1] and [2]. 

Potential energy functions for the bound states of NH + have also been calculated by 
ab initio MO methods, for the ground state X by SCF, PNO-CI, and CEPA [3], for the X, 
A, 8, and C states by MRSD Cl [4], and for the X, a, A, 8, and C states by M8PT [5], 
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Fig. 4. Rydberg-Klein-Rees potential energy curves of NH + and ND 1 ; a) X 2 n, and a 4 .L
states from [1], b) X 2n, and B 2~ states from [2]. 

Cl [6], and SCF (including a semiempirical estimate of the correlation energy) [7]. Whereas 
almost all of these calculations omit the strong interaction between the quasidegenerate 
X and a states, which predicts the a-state potential curve to lie below that of the X state 
[6, 7], an effective valence Hamiltonian study (W, based on MBPT), for the first time, resulted 
in the correct energetical ordering of the two states in the region araund the potential 
minimum [5]. lncluding the spin-orbit coupling between the X and a states in the MRSD 
Cl calculation [8] and in an MP3 calculation [9], however, also led to the wrong ordering 
of the X and a states. 

Theoretical potential curves for a number of unobserved states arealso available; these 
are a high-lying bound 4n state correlating with N(4 P) + H + [7], repulsive 4n and 2 .L
states correlating with N + eP) + H(2 S) [5 to 7], repulsive 2n 1 and 2 .L- states correlating 
with Neo)+H+ [4 to 7], and repulsive 2n and 2~ states correlating with N+CD)+Hes) 
[4, 5] (for tabulated energy values or graphical representations, see the quoted publications). 
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2.1.2. 7 Dissociation Energy 

The endothermicity of the reaction N + + H2 --+ NH + + H obtained by various experimental 
methods (cf. pp. 128/30) combined with Literature values for the ionization potentials of N 
and H and the dissociation energy of H2 result in the proton affinity of atomic N or the 
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dissociation energy of NH +: og(N-H+) = 3.531 ± 0.003 eV [1] (SI FOT apparatus), 3.524± 
0.003 eV [2] (preliminary value 3.5095 ± 0.0007 eV [3]; CRESU studies), and 3.520 eV [4] (ion
trap technique). Ll1Hg(NH+) (cf. p. 135) combined with the heats of formation of N and H+ 
gives og(N-H +) = 3.51 ± 0.03 eV [5]. A reliable value for the first ionization potential of NH, 
E;(NH)=13.47±0.05eV (see p.137), combined with E;(H) and og(NH) (=3.46±0.05eV; cf. 
pp. 56/8) results in og(N-H+)=3.59±0.07 eV [6]. 

Ab initio SCF MO and CI calculations indicate dissociation of ground-state NH+(x 2TI,) 
into N+eP)+Hes); this Limit lies 0.95eV above that of N(4 S)+H+ which correlates only 
with the a 4 L- state. Energies of dissociation into the Lowest limit, og(N-H +) = 3.11 eV (MRSO 
Cl) [7], 3.48 eV (CEPA), 3.50 eV (SCF) [8], 3.39 eV (SCF and semiempirical estimate of the 
correlation energy) [9], and Oe(NH +) = 3.57 eV (CI) [10], were calculated. 
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2.1.2.8 Spectra 

Microwave Spectrum. Oue to the possible astrophysical relevance of the NH+ ion, there 
is interest in its microwave spectrum in the wavelength range of available radiotelescopes. 
The ion, however, has not yet been observed in any extraterrestrical object, and Labaratory 
measurements in the MW region have not yet been performed. Using the molecular constants 
of NH+ in the X 2 TI, and a 4L- states based on spectroscopic measurements in the far 
IR [1], IR [2, 3], and UV-visible regions [4] (cf. pp. 139/41), the frequencies and relative 
intensities of the A-doubling transitions between various hyperfine Levels of the four Lowest 
rotational Levels of 14NH+(X 2 TI 112 , v=O) have been calculated. The following wavelength 
(A) and frequency (v) regions, numbers of transitions (no.) and strengest transitions (vmaxl 

have been predicted (lor future radioastronomical research) [2]: 

A, in cm transition no. v in MHz Ymax in MHz 

2.2 J=1/2, f-J=1/2, e 13 13375.1 to 13751.5 13734.4 
1.5 J=3/2, f-J=3/2, e 25 20073.3 to 20403.8 20403.8 
1.25 J=5/2, f-J=5/2, e 26 23765.0 to 24072.3 24061.9 
1.12 J=7/2, f-J=7/2, e 26 26586.1 to 26884.6 26865.9 

Prior to the Laser-spectroscopic studies of NH +, the A-doubling frequencies of 14NH +, 
1 5 NH +, and 14NO + in the J = 1/2 to 7/2 Levels of the ground state X 2 TI, have been predicted 
from ab initio calculations; the significance of the X 2 TI ,-a 4L- interaction was already 
recognized [5, 6]. 
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The A-doublet population inversion in the J=1/2 and 3/2 Levels of NH+(X 2 TI,) and 
excitation of MW emission by collisions with H atoms (expected to occur in interstellar 
clouds) was treated by a scattering theoretical approach [7, 8]. 

Far-IR Spectrum. The purely rotational transition J=3/2<-1/2 of NH+ in the X 2 TI" v=O 
ground state was detected at 34 cm - 1 ( ~ 0.3 mm) for the lirst time using a Submillimeter 
tunable Laser sideband spectrometer. The NH + ions were produced by hollow-cathode dis
eh arges in a fast-flowing mixture of He with ~2% admixture ol equal amounts of H2 and 

N2 . The measurements were perlormed in the 1019- and 1012-GHz regions, and seven 
hyperfine components of the (J = 3/2, d) <-- (J = 1/2, d) transition at 1019.2 GHz and five hyper
fine components of the (J = 3/2, c) <-- (J = 1/2, c) transition at 1012.5 GHz could be recorded 
(using the coupling scheme J+IN=F1 , F1 +1H=F, where the nuclear spins are IN=1 and 
IH = 1/2, and considering the selection rule ßF = 0, ± 1, seventeen transitions are expected 
in each parity component (c=n+, d=TI-) of the J=3/2<-1/2 transition). The spectrum 
has been analyzed to give the Frosch-Foley hyperfine constants a, b, c, and d for both 
nuclei, the quadrupole coupling constants eq 0 Q and eq 2 Q lor the N nucleus (cf. p. 138), 
and the following hyperline-lree purely rotational lrequencies [1]: v0 d(3/2 <-- 1/2) = 
1019210.8(6) MHz and v0 c(3/2 <--1/2) = 1012539.5(8) MHz. 

IR Spectrum. The v = 1 <-- 0 vibration-rotation transitions in the X 2 TI, and a 4L- states 
ol NH + as well as v = 1 <-- 0 transitions between these quasidegenerate states were observed 
at high resolution in the range 3.2 to 4.1 11m (3100 to 2450 cm - 1 ). The NH + ions were 
generated by hollow-cathode discharges either in a mixture of N2 ( ~ 10 mTorr), H2 ( ~ 10 
mTorr), and He ( ~ 1.4 Torr) or in a mixture ol NH 3 ( ~ 10 mTorr) and He ( ~ 1.4 Torr). The 
absorption Lines were observed with a tunable difference-lrequency Laser as a radiation 
source; the accuracy of the wavenumber measurements was estimated to be about 
0.002 cm- 1 which enabled line-structure splittings to be resolved. in the range 3100 to 
2700 cm - 1 , 39 absorption Lines, almost all of them being e <-- e, f <-- f doublets in the P and 
R branches and one being an e <--I, I<-- e doublet in the Q branch (A-type doubling), were 
assigned to the v = 1 <-- 0 transitions (J" = 1/2 to 11/2) in the X 2 TI 1 12 (22 Lines) and X 2 TI312 

(17 Lines) substates (v0 =2903.1718(21) cm- 1 ). Theseare overlapped in the Low-energy part 
by the v=1 (J', N')<--0 (J") (J"=3/2 to 11/2; e<-e and 1<--1) P- and R-branch transitions 
of the a 4L- <-X 2 TI 112 and a 4L- <-X 2 TI 312 systems (eight and four Lines, respectively). 
The region between 2700 and 2450 cm - 1 shows 18 P- and R-branch (e <-- e and I<-- I) Lines 
of the v = 1 <-- 0 transition (J" = 1/2 to 13/2) in the a 4L- state (v0 = 2544.3004(40) cm - 1 ) 

and, at the high-energy end, the two X 2 TI 1 12 , X 2 TI312 <-- a 4L-, v = 1 <-- 0 (J" = 3/2 and 5/2, 
e <-- e and f <-- f) R-branch transitions [2]. Analysis ol the IR spectrum, including data lrom 
UV-visible [4] and lar-IR [1] spectra, yielded the most accurate rotational, vibrational, and 
fine-structure constants so far lor the X 2 TI, and a 4 L- states ol 14NH+ [2] (cl. pp. 140/1 
and 139). -

Prior to the Laser-spectroscopic studies, the transitions between the v = 0 Levels ol the 
X 2 TI, and a 4 L- states and the v = 1 <-->0 transitions within the X 2TI, and a 4 L -states 
and between them, were predicted by an ab initio MO calculation (M0Ller-Plesset perturba
tion theory ol third order) that included the spin-orbit interaction between the two states 
[9]. 

UV-Visible Spectra. Three emission band systems ol NH + have been detected in the 
visible and UV region between 550 and 260 nm and identified as the A 2L- --+X 2 TI, (550 
to 430 nm), B 2ß--+ X 2 TI, (500 to 360 nm), and C 2L + --+X 2 TI, (300 to 260 nm) transitions. 

Hollow-cathode discharges through streaming NH 3 lirst revealed the UV emission bands 
which were tentatively attributed to NH + [1 0] and Later shown (by rotational-vibrational 
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analysis of spectrograms of moderate dispersion) to arise from a 2 L +---+ 2Il transition analo
gaus to the C 2 :E +---+X 2 Il transition of the isoelectronic CH radical [11]. 

High-resolution spectra of the A->X, 8---+X, and C->X emission systems of 14NH+, 
15NH +, and 14ND + were photographed from hollow-cathode discharges through rapidly 
flowing He with small amounts of 14NH 3 , 15NH 3 , 14N2 H4 , or 14N2 D4 . The wavenumbers (abso
Lute error ±0.05 cm- 1 ) of some 500 Lines for the 14NH+ species are Listed in [4], those 
for the two other isotopic species are available from the Depository of Unpublished Data, 
National Science Library, National Research Council of Canada in Ottawa. The spectra 
clearly show (as already pointed out earlier [11]) that the very Low Lying a 4 :E- state causes 
strong perturbations in the v = 0 and 1 Levels of the ground state X 2Il,. 

ln the A---+ X system, three red-degraded bands peaking at 534.94, 462.84, and 431.27 nm 
have been identified with the v = (0, 1 ), (0, 0), and (1, 0) transitions. Their rotational and 
fine structures indicate a 2 :E---+ 2 Il transition with the upper state betonging to and the Lower 
state approaching Hund's case (b), i.e., the six main branches P11 d, 0 11 c, R11 d (2 :E----+ 2I1112) 

and P22 d, 0 22 c, and R22d e:E----+ 2I1312 ), where the indices c and d are for the n+ and 
n- components of the A-doublets, are accompanied by the satellite branches P12c, 0 12d, 
and R21 c in the (0, 0) band, by the P 12c and R21 c branches in the (0, 1) and (1, 0) bands. 
Rotational Lines with J up to 31/2, 19/2, and 23/2 in the (0, 0), (1, 0), and (0, 1) bands, 
respectively, were observed. Four extra branches of R,, P1 , R2 , and P2 type with J values 
below 15/2 in the (0, 1) band obviously arose from the perturbations by the a 4 L- state. 
An additional 14 Lines in that region remained unassigned [4], ten of which could Later 
be identified by means of an ab initio MO calculation for the X 2 Il, and a 4 L- states 
and the interaction between them [9]. 

ln the red-degraded B 2 ß---+X 2 Il" v=(O, 0) band with its head at 434.85 nm, more 
than 200 rotational Lines were observed in the 450- to 430-nm region and attributed to 
the twelve main branches P;;c, P;;d, O;;c, O;;d, R;;c, R;;d (i = 1 and 2; J up to 29/2) and 
the corresponding twelve satellite branches P;jc, P;jd, O;jc, O;jd, R;jc, R;jd (ij = 12 and 21; 
J up to 15/2) as expected for a doublet-doublet 2 ß---+ 2 Il transition with both states approach
ing Hund's case (b) and allowing forA-type splitting in the 2Il state [4]. Chemiluminescence 
in the 360- to 500-nm region, resulting from N + + H2 or N + + 0 2 collisions at center-of-mass 
kinetic energies of 1 to 9 eV, was identified as the B 2ß, v'=O to 3---+X 2 Il" v"=O to 2 
spectrum of NH+ (ND+) with the following band heads A.H [12]: 

v', v'' A.H in nm v', v'' A.H in nm v', v'' A.H in nm 

0, 0 434.8 1, 0 397.0 2, 0 367.0 
1, 1 448.5 2, 1 411.0 3, 1 381.1 
2, 2 464.0 3, 2 426.5 

The C 2 :E+ ->X 2Il, emission system showed up weakly in the hollow-cathode discharge 
source; in the red-degraded (0, 0) band at ~ 290 nm, rotational Lines in the main branches 
P11 c, O,,d, R11 c, and P22 c, 0 22 d, R22c with J up to 15/2 andin the satellite branch 0 21 c 
with J up to 9/2 could be assigned [4]. ln a condensed discharge through flowing NH 3 , 

five red-degraded bands appeared in the 300- to 260-nm region. Confirming and extending 
the earlier results of [4, 10, 11], these have been identified as the (0, 0), (1, 0), (1, 1), 
(2, 1 ), and (2, 0) bands of the C---+ X system, exhibiting rotational Lines in the main branches 
with J up to 43/2, 43/2, 29/2, 31/2, and 41/2, respectively. The band origins are at 289.3, 
273.5, 297.2, 281.6, and 260.25 nm [13]. 
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Hyperfine structure in the electronic spectra of NH + (and other XH + ions) was observed 
by high-resolution Laser-photofragment spectroscopy; results for NH + have not yet been 
published [14]. 

The A, 8, and C--> X emission systems of NH + were also observed following electron 
impact on NH3. Emission cross sections at 100 eV incident energy were determined for 
the A-+X, v=(O, 0), (1, 0), 8-+X, v=(O, 0), (1, 0), and C-+X, v=(O, 0), (1, 0), (1, 1), (0, 1) 
bands [15, 16]. Using electron bombardment at energies of 7 keV and the high-frequency 
deflection (HFD) technique, the following radiative Lifetimes 'were measured for the excited 
states [17]: 

transition v', v'' A in nm (" focussed ") Tin ns 

A 2L--+X 2TI, 0, 0 473 1090± 100 

1' 0 431 1080± 100 
8 2!1 __. x 2TI, 0, 0 445 980 ± 100 
C 2L+ -+X 2TI, 0, 0 288.5 400± 40 

1' 0 275 410± 50 
2, 1 283.5 390± 50 

8ased on the spectroscopic studies, Franck-Condon factors, r-centroids, and oscillator 

strengths have been calculated for eighteen 8 2!1, v', J' = 2-+ X 2TI,. v", J" = 1 transitions 
with v'=O to 6 and v"=O to 3 [12]. The rotational dependence of the Franck-Condon factors 
was calculated for A 2L-, v', J'-+ X 2TI" v", J" and C 2L +, v', J'-+ X 2TI" v", J" transitions 
with v' = 0 to 6, v" = 0 and 1, and J" = 1, 6, 11, 16, 21, 26, 31 [18]. 

Transition moments as a function of the internuclear distance r have been derived by 
ab initio MRSD Cl calculations for the band systems A 2L- <->X 2TI, and 8 2!1<-->X 2TI, 
[19] and, in response to a comment [20] which criticized to neglect the strong spin-orbit 
interaction between the X 2TI, and a 4L- states, for the A 2L1;2<-->X 2TI, 12, A 2L1;2<-->a 4 L1;2 
and 8 2!1312 <->X 2TI 312 , 8 2!1312 <->a 4 L3;2 transitions [21]. The A<-->X and 8<->X transition 
moments are not drastically affected by the perturbation in cantrast to the spin-forbidden 
A<->a and 8<->a transitions, which are notably perturbed and have significant transition 
moments [21]. 

Translational Energy Spectrum (TES). ln the high-resolution TES recorded from grazing 
collisions of a fast NH + ion beam with He as the neutral target gas, two inelastic peaks 
at energy Losses of 2.7 and 4.1 eV were observed and assigned to the A 2L- +--X 2TI, 
and C 2L + +--X 2TI, transitions of NH +; the peak at 4.1 eV showed partially resolved vibration
al structure (!1E~0.35 eV~2800 cm- 1 ) of the ground state [22]. 
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2.1.2.9 Reactions 

The rate constants and product ion distributions of the binary reactions of NH + with 
14 (diatomic to seven-atomic) molecules [1] and of NH+ and ND+ with C2H4 and C2D4 

[2] have been measured at 300 K using an SIFT (selected-ion flow tube) apparatus; the 
NH+ ions were generated in a low-pressure electron impact ion source (electron energy 
~ 70 eV) containing NH3 at a pressure of ~ 1 mTorr. The results, quoted also in the review 
[3], are given in Table 7 together with the rate constants for the reactions NH + + H2 --> 

NHi + H and NH + + N2 --> N2H + + N from a flowing-afterglow study (FA) [4], for the reactions 
NH+ + H2 --> NHi + H and NH+ + NH 3 --> products obtained by ion cyclotron resonance (ICR) 
[5, 6], and for reactions of NH + with its parent molecule NH 3 observed mass
spectrometrically (MS) upon electron impact [7, 8] and cr-particle irradiation [9] of NH3 

(reactants are arranged in order of their ionization potentials). 

The dynamics of the reactions of NH+ with H2 and D2 was studied by measuring the 
angular and energy distributions of the product ions NHi, NHD +, and NDi at collision 
energies (center-of-mass kinetic energies) of KEc.m. = 0.4 to 1 eV [10]. 

A theoretical study of the charge exchange reaction NH + NH + --> NH + + NH (asymptotic 
theory of resonance charge exchange; near-Hartree-Fock wave functions for NH and NH + 
from [11]) gave the charge transfer cross sections at collisional energies of 0.03 to 10000 eV 
[12]. 

Table 7 
Reactions of NH + and ND+ (*') with Various Molecules. 
Rate constants in 10- 9 cm 3 · molecule - 1 · s - 1 , product ion percentages in parentheses. 

reactant product ions and percentages rate constant Ref. 

CH 3 NH2 H4 CN + (45), CH 3 NHi (20), CH 3 NHj (20), 2.1 [1] 
H2CN+ (10), H3 CN+ (5)al 

NO NO+ (80), N2W (20) 0.89 [1] 
NH 3 NHj (75), NH,i (25) 2.4 [1] 
NH 3 unknown product distribution 2.1 ±0.22 [5, 6] 
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Table 7 (continued) 

reactant product ions and percentages rate constant Ref. 

NH 3 N2H~, N 2H~, N2H+, possibly NH;t d) [7] 
NH 3 N2H~ (other channels not considered) 0.003 [8] 
NH 3 product distribution not given 2.1 ±0.5 [9] 
H2S H2S+ (55), H2NS+ (15), SW (15), HNS+ (15) 1.7 [1] 
C2H4 C2H~ (25), C2H;t (25), H2CN+ (20), C2H~ (10), 1.5 [2] 

H3CN+ (10), H3C2N+ (10) 
C2D4 C2D~ (25), C2D;t (25), HDCN+ (20), C2D~ (10), 1.5 [2] 

D3CN+ (10), D3C2N+ (5), HD2C2N+ (5) 
C2H4*l C2H~ (25), C2H;t (25), HDCN+ (20), C2H~ (10), 1.5 [2] 

H3CN+ (10), H3C2N+ (5), H2DC2N+ (5) 
c2o4•) C2D~ (25), C2D;t (25), D2CN+ (20), C2D~ (10), 1.5 [2] 

D3CN+ (10), D3C2 N+ (10) 
CH30H H3CO+ (70), HCO+ (15), CH30H~ (10), 3.0 [1] 

H2co+ (5)b) 
H2CO Hco+ (55), H2co+ (30), H3co+ (15) 3.3 [1] 
cos cos+ (85), Ns+ (5), sw (5), Hcos+ (5) 1.8 [1] 
02 0~ (55), NO+ (25), HO~ (20) 0.82 [1] 
H20 H30+ (30), H20+ (30), NH~ (25), HNO+ (10), 3.5 [1] 

NH~ (5)cl 
CH4 H2CN+ (70), NH~ (20), CHci (10) 0.96 [1] 
C02 HCO~ (35), HNO+ (35), NO+ (30) 1.1 [1] 
CO Neo+ (55), Hco+ (45) 0.98 [1] 
H2 NH~ (85), H~ (15) 1.5 [1] 
H2 NH~ (100) 0.95±0.10 [5, 6] 
H2 NH~ (100) -1 [4] 
N2 N2W (100) 0.65 [1] 
N2 N2H+ (100) -1 [4] 

al.bl.cl Obvious misprints, H2CN+ (20)"l, H2CO+ (15)bl, and NH~ (5)cl, in [1, Table 1] and 
copied by [3]. - dl Cross sections for the reactions forming N2H~ + H, N 2H~ + H2 , and 
N2 H + + H + H2 are (in 10- 18 cm2/molecule) 35, 78, and 89, respectively [7]. 

References: 

[1] Adams, N. G.; Smith, D.; Paulson, J. F. (J. Chem. Phys. 72 [1980] 288/97). 
[2] Smith, D.; Adams, N. G. (Chem. Phys. Lett. 76 [1980] 418/23). 
[3] lkezoe, Y.; Matsuoka, S.; Takebe, M.; Viggiano, A. (Gas Phase Ion-Moleeule Reaction 

Rate Constants Through 1986, Maruzen, Tokyo 1987, pp. 1/224, 91/2). 
[4] Fehsenfeld, F. C.; Schmeltekopf, A. L.; Ferguson, E. E. (J. Chem. Phys. 46 [1967] 2802/8). 
[5] Kim, J. K.; Theard, L. P.; Huntress, W. T., Jr. (J. Chem. Phys. 62 [1975] 45/52). 
[6] Huntress, W. T., Jr. (Astrophys. J. Suppl. Ser. 33 [1977] 495/514). 
[7] Derwish, G. A. W.; Galli, A.; Giardini-Guidoni, A.; Volpi, G. G. (J. Chem. Phys. 39 

[1963]1599/605). 
[8] Melton, C. E. (J. Chem. Phys. 45 [1966] 4414/24). 
[9] Fluegge, R. A.; Landman, D. A. (J. Chem. Phys. 54 [1971]1576/91). 

[10] Eisele, G.; Henglein, A.; Botschwina, P.; Meyer, W. (Ber. Bunsenges. Phys. Chem. 
78 [1974]1090/7). 
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[11] Cade, P. E.; Huo, W. (At. Data Nucl. Data Tables 12 [1973]415/66). 
[12] Yevseyev, A. V.; Radtsig, A. A.; Smirnov, B. M. (J. Phys. B 15 [1982] 4437/52). 

2.1.3 Adducts of NH+ with NH3 

The adducts [NH(NH 3 )nl + with n = 1 to 4 were identified in high-pressure mass spectrom
etry of NH 3 at p;?:0.04 Torr. The ion intensity was low relative to the main products 
[NH 4 (NH3 )ml +. The peaks assigned to the [NH(NH 3 )nl + adducts disappeared at pressures 
above 1 Torr. 

Reference: 

Lang, J. W.; Franklin, J. L. (lnt. J. Mass Spectrom. Ion Phys. 12 [1973] 403/10). 

2.1.4 NH"+ Ions (n=2 to 6) 

CAS Registry Numbers: NH 2 + {75648-91-8], NH 3 + {74341-68-7] 

NH2 +. Charge stripping reactions of NH+ ions (generated by 70-eV electron impact 
on NH 3 ) with N atoms resulted in unstable NH 2 + ions; a minimum energy of 25 ± 1 eV 
needed to ionize NH + in a vertical transition has been estimated by analyzing the mass 
spectra of the fragments N2 + + H or N+ + H+ [1]. Long-lived NH 2 + ions could be observed 
in the mass spectrum following dissociative ionization of NH 3 by 100-eV electron impact. 
An attempt was made to study electronically excited states by means of high-resolution 
translational energy spectrometry (TES) after collisions with He atoms; in cantrast to some 
other XH 2 + ions, no structure indicating electronic transitions to excited states could be 
observed for NH2 + for energy changes up to ± 20 eV; vertically accessible states either 
lie at such low energies above the ground state that the instrumental resolution is insufficient 
to enable their detection, or the cross sections for excitation processes are extremely small 
(an ab initio SCF MO calculation predicted the first excited state 1I1 (1cr) 2 (2cr) 2 (3cr) 1 (1rc) 1 

to lie 8 eV above the ground state; cf. below) [2]. 

A few quantum-chemical ab initio calculations predicted structure, stability, and some 
other molecular properlies for the ion. SCF, CASSCF, and MRSD Cl calculations with various 
basis sets up to triple-zeta plus polarization quality gave repulsive potential curves for 
the ground state X 1L+ (1cr) 2 (2cr) 2 (3crf, energies of -848.9 (SCF) or -872.8 (Cl) kJ/mol, 
and a zero activation energy for the deprotonation (or exotherrnie charge-separation) reac
tion NH 2 + --+ N + + H + [3, 4]. On the other hand, ground-state potential curves with a very 
shallow minimum at rather lang internuclear distances of r e = 1.28 and 1.249 A were obtained, 
respectively, by an SCF calculation [2] and a Moller-Ptesset perturbation calculation of 
second order (MP2) [5]. The latter calculation also rendered the transition structure (N ··· H) 2 + 
with r e = 1.692 A for the eh arge Separation reaction with a barrier of only 9.2 kJ/mol which, 
however, vanishes after including the zero-point energy (harmonic vibrational frequency 
we=1426 cm- 1 ). Thus, spontaneaus dissociation into N+ and H+, in this case with ~H= 
-570.3 kJ/mol, is very likely; the heat of formation, ~fH0 =4217 kJ/mol, was also obtained 
[5]. 

NH3 +. The charge transfer reaction between N3 + ions and H atoms at thermal energies 
was studied theoretically by an ab initio Cl calculation of the possible potential energy 
curves; the reaction was found to take place mainly via NH 3 + (1scr) 2 (2scrf (3scr) 1 , 2L+ 
with three probable dissociation Limits to H+ and, respectively, N2 +(2s2 3s, 2 S), N2 +(2s 
2p2 , 2S), and N2 +(2s 2p2 , 2 0) [6]. 
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NH4 +. The charge transfer reaction between N4 + ions and H atoms at kinetic tempera
tures of 30 to 105 K was studied theoretically; for the "low energy" regime (appropriate 
for astrophysics), Hartree-Fock and IVO (lmproved Virtual Orbital) calculations result in 
NH4 + (1scr) 2 (2scr) 1 (3cr) 1 , 1 ~ and 3~ states that dissociate into N4 + (1s2 2s, 2S) + H, N3 + (1s2 

2s 3s, 1 • 3S) + H+, N3 +(1s2 2s 2p, 1 · 3 P0 ) + H+, and N3 +(1s2 2s 3d, 1 • 3 D)+ H+[7]. 

NH5 +. Electron capture in collisions of N5 + ions with H atoms has been theoretically 
investigated by employing quantum-chemical (valence-bond Cl) and semiclassical MO 
expansion methods; for the transient quasi-molecule NH 5 +, thirteen repulsive ~ and IT 
states have been found that correlate with N4 +(3s, 3p, 3d, 4s, 4p, 4d, 4f)+H+ and, in one 
case, with N5 + + H [8). 

NH6 +. ln a theoretical study with the aim of interpreting Hund's rule for molecular sys
tems, SCF calculations were carried out for the low-lying singlet and triplet states 1 · 3~ + 
of two-electron, first-row hydride cations including NH6 + [9). 

References: 

[1) Proctor, C. J.; Porter, C. J.; Ast, T.; Bolton, P. D.; Beynon, J. H. (Org. Mass Spectrom. 
16 [1981]454/8). 

[2) Hamdan, M.; Mazumdar, S.; Marathe, V. R.; Badrinathan, C.; Brenton, A. G.; Mathur, D. 
(J. Phys. 8 At. Mol. Opt. Phys. 21 [1988) 2571/84). 

[3] Pope, S. A.; Hillier, I. H.; Guest, M. F. (Faraday Symp. Chem. Soc. No. 19 [1984]109/23). 
[4) Pope, S. A.; Hillier, I. H.; Guest, M. F.; Kendric, J. (Chem. Phys. Lett. 95 [1983) 247/9). 
[5) Koch, W.; Schwarz, H. (lnt. J. Mass Spectrom. Ion Processes 68 [1986] 49/56). 
[6) Heil, T. G.; Butler, S. E.; Dalgarno, A. (Phys. Rev. [3) A 27 [1983) 2365/83). 
[7) Feickert, C. A.; Blint, R. J.; Surratt, G. T.; Watson, W. D. (Astrophys. J. 286 ~1984) 

371/6). 
[8] Shimakura, N.; Kimura, M. (Phys. Rev. [3) A 44 [1991)1659/67). 
[9] Liu, S.-8.; Liu, X.-Y.; Yang, Q.-S.; Yu, X.-Y. (J. Mol. Struct. 251 [1991)271/81 [THEO

CHEM 83)). 

2.1.5 The Imide Ion, NH-

CAS Registry Numbers: NW [23841-33-0], 15NH- [107145-37-9] 

Formation 

Gas Phase. For Laser spectroscopic studies (for photodetachment at 488 nm and high
resolution IR absorption and autodetachment spectra of NH-, see below), beams of NH
ions were generated in hot-cathode discharge sources containing gaseaus NH 3 [1) or HN3 

[2 to 10). Electron-impact excitation of NH3 and ND3 results in NH- (ND-) formation by 
dissociative electron attachment; the maxima of the ion currents measured as a function 
of the electron energy (up to 14 eV) were observed at -10.2 and -10.6 eV for NH- and 
ND- [11) and at -10.5 eV for NH- [12]. NH- ionsarealso formed from HN 3 by resonance 
capture of electrons with an appearance potential of 0.8 ± 0.3 eV [13). NH- ions could be 
observed in a sputter source for negative ions, in which a K+ ion beam was accelerated 
towards a titanium hollow cone containing NH 3 gas; attempts to generate a beam of NH
ions were unsuccessful, however [14]. The mass spectrum of NH3 irradiated with 100-eV 
electrons at a pressure of 2x 10- 7 Torrshows 0.4% negative ions (H-, NH-, and NH2) 
as primary products; the relative abundance of NH- is 0.13 compared to 100 for H-. At 
a pressure of 1 Torr, where secondary ion-molecule reactions take place, the NH- ion 
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was observed with an abundance of 0.24% compared to ~52% for NH:J, ~ 31% for H-, 
and ~ 16% for NH:2 [15]. 

Solution. NH- ions are formed by y radiolysis of "alkaline" NH 3 solutions, i.e., liquid 
NH 3 containing NaNH 2 or KNH 2 . The NH:2 ion can cause ionization of the NH 2 radical (from 
the primary radiolytic process) according to NH2 + NH:2--+ NH- + NH 3 [16, 17]. 

Solid. Adsorption of H atoms on the surface of solid NaN 3 at 77 K and subsequent 
reaction of the H atoms with the solid after slightly heating to ~ 125 K was studied by 
electron spin resonance; the paramagnetic species observed at ~ 125 K was identified 
as the NH- radical anion, and the formation process H + NaN 3 -+ NaN 3 · Hads--+ NaNH + N2 

was postulated [18]. A paramagnetic species, detected by ESR in y-irradiated (NH 4 hHP04 

single crystals and characterized by hyperfine lines arising from one N and one H nucleus 
(see p. 135) [19], has been conjectured to be NH+ [19] or NH- [20]; an ab initio UHF 
calculation supported the assignment to NH+ [21]. 

Heat of Formation 

I11H298 (NH-) = 340.21 kJ/mol is given in a collection of critically evaluated data on the 
heats of formation of positive and negative ions in the gas phase; the value was derived 
from the thermochemical relation 111H(NH-) = 11acidH(NH2)- 111H(NH 2 ) + 111H(H +), where the 
acidity of NH 2 is given by 11acidH(NH 2 ) = D(HN-H) + E;(H)- EA(NH); the electron affinity value 
EA(NH) = 0.381 ± 0.014 eV (from Laser spectroscopic studies of NH- [2]) and Literature data 
for the remaining 111H's, for the bond dissociation energy D of NH 2 , and for the ionization 
potentialE; of H were used [22]. A !arger, but Less reliable value, I1 1H~380 kJ/mol, is based 
on the appearance potential of NH- from HN 3 under electron impact (see above) and on 
the assumption of d issociative electron attachment, HN 3 + e- --+ NH- + N2 [13]. 

Electronic Structure 

The NH- ion is isoelectronic with the extensively studied OH radical. An inverted ground 
state X 2 TI; correlating with N- eP) + HeS) and represented by the electron configuration 
(1 cr) 2 (2cr) 2 (3cr) 2 (1n) 3 (i.e., attachment of an electron into the half-filled highest MO of 
the NH(X 3 :E-) radical, cf. p. 31) and the excited valence states (1cr) 2 (2cr) 2 (3cr) 1 (1n) 4 

A 2 :E +, (1 cr) 2 (2cr) 2 (3cr) 2 (1nf (4cr) 1 4 :E-, 2 :E-, 2 11 are predicted by MO theory. The ground 
state was observed by IR autodetachment spectroscopy in the region of the fundamental 
vibration-rotation band, and a number of molecular constants were derived (see below) 
[3, 5 to 10]. The ground state has also been the subject of a few ab initio SCF MO [21, 
23 to 27], PNO-CI and CEPA [28], MP4 [29, 30], combined MP4 and Cl (G1, G2) [31, 32], 
and a series of MP2 to MP4 and multireference Cl (CIPSI, MR-CISD) [33] calculations. 
MCSCF-CI and SCEP-CEPA calculations for the ground state and MCSCF-CI calculations 
for the lowest excited state A 2 :E + deal with the potential curves of both states (see below) 
and predict a term value Te= 29153 cm - 1 for the bound, but still unobserved A state [34]. 
MBPT (many-body perturbation theory) calculations on the five lowest valence states of 
NH- at r= 1.9614 a0 , the equilibrium internuclear distance of NH(X 3 :E-), give the vertical 
excitation energies 11E(A 2 :E +, 4 :E-, 2 :E-, 2 11 +-X 2 TI ;) = 4.53, 8.21, 9.65, 10.40 eV, respectively 
[35]. 

Ionization Potential 

Photodetachment of NH- at 488 nm in a crossed ion beam-laser beam apparatus [1, 
2] and autodetachment of NH- upon excitation of the fundamental vibration-rotation band 
araund 3000 cm - 1 in a coaxial ion beam-laser beam spectrometer [3, 6, 7, 1 0] yielded 
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the energies for ionizing 14NH- and 15NH- to 14· 15NH(X 3 :E-) and 14NH- to 14NH(a 1 ~). 
The values are compiled in the Section "Electron Affinity" of NH, p. 38. 

Proton Affinity 

An "experimental" value, PA0 = 1659± 19 kJ/mol, was calculated from the relation 
PA0 (NH -) = ~tH 0(H +) + ~tH 0(NH-)- ~tH0(NH2 ) using data from recent thermochemical com
pilations; the difference of the total molecular energies of NH- and NH 2 (Moller-Plesset 
perturbation calculation MP4) gives PAe = 1698 kJ/mol and, after correcting for the zero-point 
energies, PA0 = 1668 kJ/mol [30]. 

Dipole Moment 

The dipole moment functions !J(r) for the ground state X 2n; and the excited state 
A 2 L + at r = 1.5 to 2.9 a0 were derived by an MCSCF-CI calculation; at r = 2.0 a0 , the approxi
mate equilibrium internuclear distance of both states, values of !J(X 2 n;) ~ 0.24 ea0 , 

!J(A 2:E+)~0.20 ea0 (calculated with the N atom at the center of the coordinate system) 
and !J(X 2n;) ~ 0.36 ea0 (relative to the center-of-mass of the NH- ion) were obtained; 
the positive values demonstrate charge flux from the N towards the H atom (!l becomes 
negative at r > 2.5 a0 ) [34]. 

Spectroscopic Constants 

Hyperfine Coupling Constants. Hyperfine structure (hfs) due to dipole-dipole interaction 
between the nuclear magnetic moments of 14N (I= 1), 15N (I= 1/2), and 1 H (I= 1/2) and 
the electron spin (S= 1/2) magnetic moment was observed in the Q branch and in the 
Lowest J transitions of the P and R branches of the fundamental vibration-rotation spectrum 
of the X 2n; electronic ground state. An analysis of the 0 2 (1/2, e--> f) transition, which 
shows the best-resolved hfs, resulted in the following Frosch-Foley [36] hyperfine coupling 
parameters for 14N, 15N, and 1 H in 14NH- and 15NH- [8, 9], [10, pp. 92/132, 125] (parameters 
in MHz): 

nucleus parameter in 14NH- in 15NH-

N a-(b+c)/2 79.89 - 111.72 
d 107.61 -150.525 

H a-(b+c)/2 50.79 50.87 
d 44.47 44.86 

Fine-Structure Constants. Analysis of 115 transitions in the P, Q, and R branches of 
the fundamental band of 14NH- [7], [10, p. 85] and of 52 Q- and R-branch transitions in 
the fundamental band of 15NH- [6], [10, p. 85] gave the spin-orbit coupling constants Av 
for the Lowest vibrational Levels v = 0 and 1 of the inverted electronic ground state X 2n;. 
Slightly higher are the values derived in the first study of the fundamental Vibration-rotation 
spectrum of 14NH- (48 R-branch transitions) by autodetachment spectroscopy [3]. The fol
Lowing results were obtained: 

ion A0 in cm- 1 

14NW - 48.4264(370) 
-48.83(11) 

15NW -48.4074(210) 

A1 in cm- 1 

- 48.8737(386) 
- 49.34(14) 
- 48 .8418(225) 

Ref. 

[7], [10, p, 85] 
[3] 
[6], [1 0, p. 85] 

Gmelin Handbock 
N Suppl. Val. B 1 



Spectroscopic Constants 155 

Thus, the value A(X 2 Il;) = -63 cm - 1 estimated by the isoelectronic extrapolation 
A(NH-, X 2 Il;)/A(NH, A 3Il;) ~A(OH, X 2 Il;)/A(OH+, A 3 Il;) [2] and quoted by Huberand Herz
berg [37] is obsolete. 

Theoretical results for 14NH-(A 2 II;) in the equilibrium position, A.= -57.8 cm- 1 [26] 
and -53.3 cm - 1 [27], were calculated using the ab initio near-Hartree-Fock wave function 
of [23, 24], and IA.I = 58.20 cm - 1 [38] results from MCSCF calculations for 2II and 3Il states 
of first-row hydrides XH +, XH, XH- using effective nuclear eh arges Zeff for the X atoms 
(which, however, are based on the experimental A values quoted in [37]). 

The Lower J transitions of the fundamental vibration-rotation spectra of 14NH- and 15NH-, 
both in the electronic ground state X 2 TI;, show well-resolved A-type doubling; the following 
constants Pv and qv (in cm - 1) for the vibrational Levels v = 0 and 1 were derived: 

ion 

9.219(66) 
8.9(4) 
9.338(81) 

-2.1214(109) 
-2.13(5) 
-2.129(21) 

8.413(63) 
8.1(4) 
8.619(76) 

-1.8167(88) 
-1.82(4) 
-1.806(25) 

Ref. 

[7], [10, p. 85] 
[3] 
[6], [1 0, p. 85] 

Rotational and Vibrational Constants. Internuclear Distance. Analysis of the IR spectra 
of 14NH- and 15NH- in the region of the fundamental vibration-rotation band araund 3000 
cm - 1, observed by high-resolution autodetachment spectroscopy, gave for each isotopic 
species the rotational constant 8 8 , the centrifugal stretching constants 0 8 and H., and the 
corresponding rotation-vibration interaction constants rx., ß., and lle· The vibrational con
stants w. and W8 X 8 , derived from the band origins T 1 ( = G(1)- G(O) = w.- 2m.x.) for 14NH
and 15NH- and using isotopic relations, and the equilibrium internuclear distances r e• 
obtained by converting the rotational constants 8 8 , depend on the charge Localization in 
the anion (because of the different reduced masses of N-H and NH- resulting from the 
placement of the extra electron mass). The results from more recent high-resolution IR 
studies of Miller et al. [6, 7], [10, pp. 87/90] and the Less precise results from the pioneering 
work of Neumark et al. [3] are given in Table 8 tagether with some theoretical data obtained 
from highly correlated ab initio wave functions [28, 34]. Another experimental result for 
the internuclear distance was derived from a Franck-Condon factor analysis of the photode
tachment transitions NH- (X 2 TI;)--+ NH(X 3 '2:-), NH(a 1 ~) with the known r e of NH(X 3 '2:-) to 
be r .C 4NH-, X 2 fl;) = 1.047 ± 0.002 Ä [2]. However, this value seems tobe misprinted accord
ing to [28] and was proposed to be corrected to 1.037 ± 0.01 Ä. 

For the Lowest excited (unobserved) state A 2 '2: +, predicted to be bound, the spectroscopic 
constants B. = 16.57 cm - 1, rx. = 0.739 cm - 1, w. = 3157 cm - 1, w.x. = 85 cm- 1, andre= 1.040 Ä 
were derived by an ab initio MCSCF-CI calculation [34]. 

Table 8 
NH- (X 2 II;). Rotational and Vibrational Constants in cm - 1, lnternuclear Distance r e in Ä. 

constant 

s. 
rx. 
o. ·1 03 

ße. 105 
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experimental 
14NH-

[7, 10] 

16.57971 (46) 
0.70618(14) 
1.7879(41) 
-1.67(11) 

15NH-

[6, 10] 

16.50566(25) 
0. 70191 (30) 
1.7623(48) 
-1.546(54) 

theoretical 
14NH- 14NH-

[3] [34]a) [34]bl [28]c) 

16.607 16.41 16.48 16.61 
0.712 0.876 0.731 0.691 
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Table 8 (continued) 

constant experimental 
14NH-

[7, 10] 

1.83(7) 
-1.56(4) 
3191.52 8 ) 

3193.151) 

85.568 ) 

86.381) 

1.039940(14) 8 ) 

1.039678(14)1) 

NW 

{ 1.805}d) 
{-1.54}d) 
3184.4o•> 
3186.01 1) 

85.18•> 
85.991) 

1.039942(8) 8 ) 

1.039678(8)1) 

g) 

g) 

1.039 

theoretical 
14NH-
[34]a> [34]b) 

3155 3173 

88 89 

1.043 1.045 

3226 

85 

1.039 

a> MCSCF-CI. - b> SCEP-CEPA. - c> CEPA. - d> Calculated from the constants of 14NH-. 
- •> With charge Localized on N. - 1> With charge Localized on H. - 9 > Term value of 
first vibrational Level: T1 = w.- 2w.x. = 3020.36(1) cm _,. 

Potential Energy Functions 

The potential energy curves for the ground state X 2Tii and the Lowest excited state 
A 2~+ obtained by an ab initio MCSCF-CI calculation [34] are depicted in Fig. 5 together 
with the potential energy curve for the neutral NH molecule in its ground state X 3~
from a CEPA calculation [39]. 

Jnternucleor distonce r in Da 

Fig. 5. MCSCF-CI potential energy functions for the X 2Tii and A 2~+ states of NH- [34]. 
The potential energy function of the X 3~- state of NH has been taken from [39] and shifted 

to match the experimental electron affinity of NH [3]. 
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Dissociation Energy 

An "experimental" result, D0 (N--H)=3.85±0.15eV, was derived [28] via a cycle from 
the electron affinities of N (- 0.07 eV) [40] and NH (0.38 eV) [2] and a recommended D0 (N-H) 
(3.40 eV) [39]; the dissociation energy D0 (N-W) is about 0.8 eV lower (EA(H) = 0.75 eV [40]). 
Theoretical D0 (N- -H) values are 3.92 eV (MP4) [29], 3.51 eV (PNO-CI), and 3.60 eV (CEPA) 
[28]. 

Spectra 

IR Spectrum. Laser autodetachment spectroscopy has been used to measure the 
vibration-rotation spectra of 14NH- and 15NH- in the region of the fundamental vibration 
(v = 1 +-- 0) around 3000 cm - 1 . This technique, which is very appropriate for spectroscopic 
studies of negative ions [4, 41], was applied to extract an NH- ion beam from a hot-cathode 
discharge source containing HN3 and coaxially merge it with a color-center Laser beam. 
The photons excite the fundamental N-H vibration and populate vibrational-rotationallevels 
that are energetically higher than the ground state of the neutral NH molecule (EA(NH) = 
0.374 eV ~ 3017 cm - 1 , see p. 38; seealso Fig. 5) which Leads to autodetachment. By monitor
ing the remaining fast neutral molecules or electrons as a function of Laser energy, the 
Vibration-rotation transitions of NH- appear as sharp features on a slowly varying back
ground arising from direct photodetachment. 

The observed rotational fine structure of the fundamental band is intermediate between 
Hund's case (a) and Hund's case (b) coupling of angular momenta. Spin-orbit splitting 
into the F1 (0=3/2) and F2 (0=1/2) manifolds of the inverted ground state X 2II; was 
observed for transitions at low J (case (a)) followed by a rapid convergence of the F1 /F2 

(J = N ± 1/2) doublets with increasing J due to the uncoupling of the electronic spin from 
the internuclear axis (case(b)). Furthermore, A-type doubling of the rotational Levels into 
two sublevels, Labeted e (for parity ( -1)J _ 1 , 2 ) and f (for parity - ( -1)J _ 1 , 2 ), and transitions 
according to the selection rules e-> f or f-> e for ..1J = 0 and e-> e or f-> f for ..1J = ± 1 were 
observed. 

The first IR autodetachment study of NH- and of any molecular anion was carried out 
by Neumark et al. [3] using an F-center Laser in the spectral range 3019 to 3326 cm- 1 

(3.312 to 3.020 (lm). With a resolution of better than 20 MHz (0.0007 cm- 1 ) allowing the 
resolution of spin-orbit splitting and A-type doubling, they measured 48 R-branch transi
tions, R1 (J, f->f and e-+e) with J=3/2 to 27/2 (the J=27/2, e-+e line was later discarded 
by [7]) and R2 (J, f-> fand e-> e) with J = 1/2 to 25/2 (the J = 25/2, f-> f line was later assigned 
to the F1 manifold by [7]). At low resolution, four Q-branch transitions (J = 1/2 to 5/2) were 
also observed, whereas the P-branch transitions lie beyond the low end of the Laser fre
quency range. Analysis of the linewidths gave an insight into the dynamics of the autodetach
ment process and indicated a propensity for autodetachment out of the upper A-doublet 
Levels of NH-(v= 1) [3]. This observation was accounted for by a first-order perturbation 
theory model [42]. 

Subsequent extensive studies by Miller et al. [5 to 10] in the frequency range 2941 
to 3326 cm - 1 ( ~ 3.40 to 3.01 (lm; tunable Li :RbCL color-center Laser) and at a higher resolu
tion of 7 MHz enabled the measurement (accuracy of 0.01 cm- 1 ) and assignment of 115 
R-, Q-, and P-branch lines (J up to 71/2, 21/2, and 5/2, respectively) of 14NH- [5, 7], 
[10, pp. 48/91] and of 52 R-, Q-, and P-branch lines (J up to 37/2, 13/2, and 3/2, respectively) 
of 15NH- [6], [10, pp. 48/91] with resolved spin-orbit Splitting and, at low J values, A-type 
doubling for both isotopic species. The linewidths of the higher-energy A-doublet transitions, 
terminating on the upper A doublet of the v = 1 Levels, increase rapidly with increasing 
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J, while those of the transitions terminating on the lower A doublet of the v = 1 Levels 
are narrow and independent of J. lt may be noted that the rotational Levels of the v = 0 
state with J > 27/2 have energies above the autodetachment threshold and that these rotation
ally excited metastable Levels were observed up to J = 71/2, which is 1.8 eV into the autode
tachment continuum. The hyperfine structure (hfs) due to dipole-dipole interaction between 
the nuclear magnetic moments of 14N (1=1), 15N (1=1/2), and 1 H (1=1/2) and that of the 
electron spin (S= 1/2) could be resolved in the Q branch and in the Lowest J transitions 
of the P and R branches of the 14NH- and 15NH- spectra; the Q 2 (1/2, e--+ f) transitions 
of 14NH- and 15NH-, which show the best-resolved hfs, have been analyzed [8, 9], [10, 
pp. 92/132]. 

The rotational, vibrational, fine-structure, and hyperfine-structure constants for the NH
ion, derived from the high-resolution IR autodetachment spectra, are given above; the 
electron affinity of the NH molecule is given on p. 38. 

A theoretical study (ab initio MCSCF-CI calculation) of the ground state X 2 TI; and the 
first excited valence state A 21: + of NH- gives the rotationlass dipole matrix elements 
for transitions between low-lying vibrational Levels of these states, R~, R~+ 1 , R~+ 2 with 
v up to 3, and Einstein coefficients of spontaneaus IR emission in the X and A states, 
A~+ 1 , A~+ 2 with v up to 2, all for NH- and ND- [34]. 

UV Spectrum. The as yet unobserved A 21:+ <->X 2 TI; transition has been predicted to 
occur at v00 =29155 cm- 1 (~343 nm; for Te and the vibrational constants of X and A, see 
above). lts electronic transition moment function at r = 1.5 to 2.9 a0 was obtained by an 
ab initio MCSCF-CI calculation. From the Latter and the potential energy functions for the 
X and A states (see Fig. 5, p. 156), the radiative transition probabilities, i.e., the radiative 
Lifetimes t for the two Lowest vibrational Levels v' = 0 and 1 and the absorption oscillator 
strengths fv·.o· have been derived for NH- and ND- [34]: 

NW 
t in ns fv',O 

v'=O 226 0.377 X 10- 2 221 0.388 X 10- 2 

v'=1 263 0.147 X 10- 3 245 0.947 X 10- 4 
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2.1.6 The NH2 - Ion 

GAS Registry Number: [32323-01-6] 

There is no experimental proof yet available for the existence of a free NH 2 - ion. A few 
quantum-chemical calculations were carried out on the ground state X 1 ~ + (1 cr) 2 (2cr) 2 

(3cr) 2 (17t) 4 , mostly however with the intent to test computational methods (cf. bibliography 
of quantum-chemical calculations, p. 31). A heat of formation of .!\tH~98 = 1396 kJ/mol was 
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obtained from an ab initio SCF MO calculation for the closed-shell reaction 1/2 N2 + 3/2 H2 

---+NH 2 - +2 H+ [1]. Energy differences between NH 2 - and NH:2 from SCF MO [2, 3] and 
simpler calculations [4, 5] gave values for the proton affinity. 
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2.1.7 The Amidogen Radical, NH2 

Other names: Nitrogen dihydride, amino, aminyl 
CAS Registry Numbers: NH 2 [13770-40-6], 15NH 2 [15021-32-6], ND2 [15117-84-7], 15ND2 

[28486-56-8], 13NH 2 [106083-60-7] 

2.1.7.1 Production and Detection of NH2 Radicals 

Walter Hack 
Max-Planck-lnstitut für Strömungsforschung 
Göttingen 

The experimental methods that are applied to study radical reactions in generat are 
also used for NH 2 radicals. These include photolysis systems, shock tube experiments, 
and isothermal flow reactors and are described in great detail in several publications. 
Here only NH2 -specific problems will be discussed. Elementary reactions of NH 2 radicals 
can be part of complex reaction systems, Like nitrogen-containing fuel flames, or the NH2 

radicals are present due to specific Laboratory-based production reactions in photolysis 
or flow reactors. ln the Latter case, NH 2 is produced in elementary reactions. ln complex 
and in isolated systems, it is useful to detect NH2 directly. 

2.1.7.1.1 NH2 Radical Sources in the Gas Phase 

NH 2 radicals play some rote in the environment. They are generated by photochemical 
processes in the atmosphere and by combustion processes. Moreover, NH 2 (X 2 8 1 ) can 
be produced by many chemical reactions and via energy disposal in appropriate precursor 
molecules. 

Among the chemical reactions, 

OH + NH 3 ---+ NH2 + H2 0 

is widespread (see pp. 231, 233). This reaction has been the subject of many experimental 
studies [1 to 16]. Recently, an ab initio study for the reaction OH + NH3~NH2 + H2 0 was 
also published [17]. The experimental methods applied include discharge flow reactors, 
photolysis, shock tube experiments, and flame simulations; thus, a wide temperature range 
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between 298 and 2360 K is experimentally covered. Assuming Arrhenius behavior, an activa
tion energy of EA=8 kJ/mol and a preexponential factor of k=3x 1012 cm 3 ·mol- 1 ·s- 1 is 
a good approximation between room temperature and 1000 K. Over the entire temperature 
range, a three-parameter fit, k(T)=9.6x106 T1.8 exp(-2.1 kJ·mol- 1/RT) cm 3 ·mol- 1 ·s- 1 

[15], has been recommended. 

The reaction OH + NH 3 --+ NH 2 + H20 can be used as an NH 2 source in kinetic studies; 
it produces besides the desired NH 2 radical only H20. The reaction with a room-temperature 
rate constant of about 1 x 1011 cm 3 ·mol- 1 ·s- 1 is fast enough to suppress the consecutive 
reaction NH2 + OH--+ products (k= 1.1 x 1013 cm 3 · mol - 1 ·s- 1, see below) by a sufficiently 
high excess of NH 3 over OH. This reaction has the disadvantage that another chemical 
reaction, F + H20--+ OH +HF or H + N02 --+ OH +NO, or a photolysis process, H20 2 ~ 2 OH, 
NH03 ~ OH + N02 , is needed to produce OH radicals. The reaction OH + NH 3 plays an impor
tant rote in flames (see p. 231). 

The reaction 
H+ NH 3 --+ NH2 + H2 

is an important NH 2 radical source only in high-temperature systems, in particular in fuel
rich, ammonia-seeded flames. The room-temperature rate constant k(300 K) ~7 x 103 

cm 3 · mol - 1 · s - 1 indicates that this reaction can only contribute at high temperatures. The 
reaction rate for the reactions H + NH 3 and D + ND 3 was determined with three different 
techniques: flash photolysis shock tube [18 to 21], high-temperature flow reactor [22], and 
high-temperature photochemistry [23 to 25]. ln the narrow temperature range 500 to 1000 K, 
the reaction rate can be described by an Arrhenius expression with an activation energy 
of EA = 60 kJ/mol and a preexponential factor of 1014 cm 3 • mol- 1 ·s- 1 . Over the temperature 
range 500 to 1800 K, the deviation from Linear Arrhenius behavior becomes significant 
and a three-parameter fit, k(T) = 5.4 x 105 T2 .4 exp(- 41.5 kJ · mol - 1/RT) cm 3 • mol - 1 • s - 1 , 

should be used. The activation energy for the deuterium reaction D + ND3 , measured in 
the same temperature range and with the same method as H + NH3 [23, 24], is only insignifi
cantly high er ( < 1%); in these studies the ratio of the preexponential factors was found 
to be k(D)/k(H) = 0.57. The agreement between the theoretically calculated rate constants 
for H + NH3 and D + ND3 is good, i.e. the computed barrier height is overestimated by about 
4 kJ/mol [26]. 

The reaction 
oeP) + NH 3 --+ NH 2 + OH, 

which may be important in ammonia flames under Lean conditions, has been studied with 
various methods. A recent critical review is given in [27] which recommends a rate constant 
of k(T) = 1.1 x 106 T2 · 1 exp(- 21.8 kJ · mol - 1/RT) cm 3 • mol - 1 · s - 1 at temperatures above 
400 K. ln a more recent flash photolysis shock tube investigation, a high-temperature value 
was obtained [28] in good agreement with the recommended value. 

The hydrogen abstraction from ammonia by F atoms via 

F+ NH 3 -+NH 2 + HF 

is an ideal NH 2 source, since the reaction is fast with k(T) = 1.5 x 1014 exp(- 5.4 kJ · mol - 1 /RT) 
cm 3 ·mol- 1 ·s- 1 [29]. Even at room temperature (k(300 K)=2X 1013 cm 3 ·mol- 1 ·s- 1 ) nearly 
every collision Leads to reaction. The reaction is fast enough to generate a supersonic 
beam of free NH2 radicals [30]. The consecutive reaction F+NH2 -+NH+HF (see p. 225) 
is also a fast reaction, k(300 K)=2.3x 1013 cm 3 ·mol- 1 ·s- 1 [29], but it can easily be 
suppressed by a sufficient excess of [NH 3 ] over [F]. A stationary NH 2 concentration 
[NH 2 lst = (k(F + NH3 )/k(F + NH2 )) [NH 3 ] can be obtained, if only these two reactions are taken 
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into account; thus, at room temperature, [NH 2lst~ [NH 3 ]. This indicates that the consecutive 
reaction is not the limiting process for the available NH2 concentration; other 
NH 2 -consuming reactions and the F atom concentration areessential to maximize the avail
able NH 2 concentration. The F atoms are produced in a microwave discharge (F2 /He) in 
a flow reactor [31, 32] or by pulse radiolysis of SF6 [33]. The reaction F + NH3 provides 
a clean NH 2 source, since besides the radical NH 2 wanted only the inert HF molecule 
is formed. Another hydrogen abstraction reaction, CF3 + NH 3 -> CF3 H + NH 2 , also produces 
NH 2 radicals [34], however without being regarded to be an NH2 source. 

The chemical reactions described up to now all use NH3 as the precursor molecule, 
but N2 H4 [35, 36] can also be used in a two-step mechanism 

H + N2H4 -> H2 + N2 H3 

H + N2 H3 -> 2 NH 2 

to produce NH 2 radicals. The rate constant for the initial step is k = 1.3 x 1013 

exp(- 10.5 kJ · mol- 1/RT) cm 3 · mol- 1 · s - 1 and for the second step k(300 K) = 1.6 x 1012 

cm 3 · mol- 1 · s - 1 [36], i.e. both reactions arefast at room temperature. 

The reaction 
H + HNCO-> NH 2 +CO, 

which is important in flames (see p. 233), is a fast NH 2 -producing process at high tempera
tures with k(T) = 2.1 x 1014 exp( -70 kJ · mol- 1 /RT) cm 3 · mol- 1 · s - 1 [37], e.g. in shock tube 
experiments. 

The reaction of H atoms with HN 3 , which is isoelectronic with HNCO, produces electroni
cally excited, highly vibrational-excited NH 2 (Ä 2 A, v 2 ~ 15) radicals in a direct elementary 
process [38]. 

An interesting way to produce NH 2 radicals is the electronic chemical activation method, 
starting with the electronically excited species OC D) or NH(a 1 ~) and react them with NH3 . 

The reaction 0( 1 D) + NH 3 -> NH 20H *-> NH 2 + OH has been studied by several authors [39 
to 44]. OC D) atoms were produced by 0 3 photolysis eilher with a conventional flash lamp 
[40], by exciplex Laserphotolysis (A.=248 nm) [42], or by Nd:YAG Laserpulses (A.=266 nm) 
[41]. Every OCD)-NH 3 collision Leads to reaction, even at room temperature (k(300 K) 
=2x1Q14 cm 3 ·mol- 1 ·s- 1 ) [43]. The OH radicals, which are partly vibrationally excited, 
react in these systems with NH 3 and form additional NH 2 radicals. The reaction pathway 
OC D) + NH 3 -> NH(a) + H2 0, which is also allowed on the electronic singlet surface, contribute 
about 7% relative to OH(X 2 TI, v=O) yield [41]. (The isovalent reaction SCD)+NH3 , with 
SC D) obtained by CS2 photolysis, has also been studied [45].) The NH(a 1 ~). which is isoelec
tronic with OC D), reacts with NH3 on the singlet surface NH(a) + NH 3 -> N2 Ht -> 2 NH 2 and 
produces NH 2 ()() radicals [46]. The reaction is fast with k(300 K) = 8.9 x 1013 cm 3 · mol- 1 ·s- 1 

[46]. The yield of NH(X) is below 1%. This electronic chemical activation method is an 
elegant way to produce NH 2 in the absence of other radicals. NH(a) is produced by photolysis 
of HN 3 . 

NH2 radicals are produced via energy disposal in precursor molecules like NH3 or N2H4 

and less often amines. The energy is Iransmitted to the precursor molecule most often 
as photans (single photon UV, multiphoton IR), but dissociation can also be caused by 
radiolysis, by electron impact, or energy transfer from excited atoms. ln pyrolysis systems, 
NH 2 radicals are formed by thermal dissociation of the precursor molecules. 

The NH3 ()() photolysis with a single UV photon is a well-known technique to produce 
NH 2 ()() radicals [47]. The results were described in several review publications [48 to 50]. 

Gmelin Handbook 
N Suppt. Vol. B 1 



Production 163 

The photolysis of NH 3 has been studied at different Levels of sophistication [19, 51 to 67]. 
An ab initio SCF Cl treatment of NH 3 photodissociation is given in [68]. The absorption 
spectrum of the NH 3 transition Ä 1 A~- X 1 A 1 and the photodissociation were studied theoreti
cally in [69, 70]. 

The first electronic state of NH 3 (Ä 1 A~) produced du ring the photolysis correlates adiabat
ically with the dissociation products NH 2 (Ä 2 A 1 ) + H( 2S). Thus, the fragmentation channel 
Leading to the electronically excited NH 2 (Ä) product starts to contribute as soon as the 
energetic threshold for this channel is exceeded (A.:S:206 nm). NH 3 (Ä) molecules that pass 
through a region of conical intersection between the Ä and the X states of NH3 emerge 
on the lower X surface and yield NH 2 (X) fragments [65 to 67, 69, 70]. The energy distribution 
of the NH2 fragment has been examined by several authors [56, 62, 71]. The H atoms 
are formed with excess translational energy [55]. The photodissociation dynamics of the 
Ä state of NH 3 and ND 3 was investigated using the technique of H (D) atom photofragment 
translational spectroscopy [65]. 

Other channels leading to NH(X, a, b, A ... ) + H2 (2 H) were observed below 160 nm. Above 
160 nm, no NH was detected [72]. NH can, however, appear even at 193 nm, if a significantly 
high fluence is applied leading to more than one photon absorption [73]. The quantum 
yield for NH 2 was found to be close to unity in several independent studies [74 to 76]. 
A combined flash photolysis shock tube technique was applied to study NH 2 reactions at 
high temperatures in the range 900 to 1850 K [19]. 

Hydrazine was also used as a precursor molecule in UV photolysis [77 to 83]. ln the 
excimer Laser photolysis of N2 H4 and N2 D4 , the primary photoproducts were found to be 
N2 H3 + H. The NH 2 radical is then formed via the reaction N2 H3 + H-+ 2 NH 2 [79]. The electron
ically excited radicals NH 2 (Ä) and ND2 (Ä) were obtained mainly due to two-photon processes 
[81]. At short wavelengths (105 nm), electronically excited NH2 (Ä 2 A 1 ) radicals are generated 
by direct photodissociation [82]. 

The infrared multiple photon dissociation (IRMPD) of NH 3 [84 to 89], N2 H4 [88, 90], 
and amines (CH 3 NH 2 [85, 86, 88, 90 to 94], C6 H5CH 2 NH 2 [95]) Leads to NH 2 (X) radicals 
[96 to 103]. Most of the experiments were performed with pulsed C0 2 Lasers; only in [89] 
a cw-C0 2 Laser was applied. ln the IRMPD of NH 3 the NH 2 (X) yield was about a factor 
of 20 lower than in the experiment in which CH 3 NH 2 was irradiated with the same fluence 
[85]. For small precursor molecules above threshold, the dissociaton rates are comparable 
with the Laser up-pumping rate. Thus in the cases of NH 3 and N2 H4 , no internal excitation 
of the NH 2 fragmentwas observed ( < 1 %) [90]. Molecules with a larger number of degrees 
of freedom have a langer lifetime and therefore sufficient time to absorb further photans; 
this explains why for CH 3 NH 2 substantially more vibrationally excited NH 2 (0 :S: v 1 :S: 1, 
0:S:v2 :S:3, 0) was observed than for N 2 H4 [90, 91]. The amount of internal excitation depends, 
for a given molecule, on the Laser fluence. IRMPD can be used to produce NH2 radicals 
in vibrationally excited states v2 = 0,1, in particular if CH 3 NH 2 is used as a precursor [91]. 

Pulse radiolysis is another method to form NH 2 radicals as a fragment of NH 3 . High 
concentrations of NH 2 can be produced by short pulses of 2-MeV electrons [104, 105]. 
The simultaneaus production of other active species like NH and H can Lead to complications 
when this method is used for kinetic studies. Dissociation of NH 3 by electron impact at 
low energies (0 to 100 eV) Leads to NH 2 radicals (E>6.2 eV) [106] but also to electronically 
excited NH 2 (Ä) and NH(c,A ... ) fragments [107]. Radiolysis of gaseaus NH 3 with 6°Co y-radia
tion was applied to produce NH 2 radicals in the gas phase [108]. 

Photolysis of NH 3 in shock tubes (flash photolysis shock tube technique (FPST)) can 
be applied to study NH 2 (X) radical reactions at high temperatures [18, 19]. NH 2 radicals 
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are produced in a shock tube by thermal decomposition of precursor molecules Like N2 H4 

[109 to 113], NH 3 [114 to 116], and CH 3NH 2 [117, 118]. Thermal dissociation can be attained 
in a plasma [119]. 

Energy disposal can also be achieved by energy transfer from Ar* [120 to 122], 
Ar*+ NH 3 --+ NH 2 (X) + H +Ar. ln this energy transfer process, electronicaHy excited NH 2 radi
cals are obtained [122]. NH 2 (X) radicals were observed upon energy transfer from N2 (A) 
to NH 3 [123]. 

The heterogeneaus depletion of NH 2 is a critical parameter in flow reactor experiments. 
The activity of the waH is described by a coefficient y which is defined as the number 
of NH 2 waH collisions leading to NH 2 depletion relative to aH NH 2 waH coHisions; y was 
determined for different waH materials and waH coatings (quartz [124], pyrex, halocarbon 
wax, teflon [125], and aluminum oxide [8]). A value y(300 K) = 3.4 x 10- 4 was obtained for 
teflon [126]. Halocarbon wax is nearly as good as teflon at room temperature, y(300 K) 
=4x 10- 4 , but slightly betterat higher temperatures, y(358 K)=5.9x 10- 4 [126]. Above 
600 K quartz gives values of y in the range 1 x 10- 3 to 3 x 10- 3 [125]. Above 1000 K aluminum 
oxide has tobe used with y(300 K)=1.2x 10- 2 to y(1050 K)=1.3x 10- 2 [8]. The y values 
are not optimal but nearly independent of temperature. 

Which NH 2 source to use depends on the kinetic problern and the specific facilities 
available. ln flow reactors, heterogeneaus depletion of NH 2 and other intermediate radicals 
can not be avoided, thus giving erroneous kinetic parameters, if the Y; values (as defined 
above) depend on the reactant concentrations. The photolytic NH 2 production is disadvanta
geous, if the reactant also absorbs the photolysis Light; in the case of 1 ,3-butadiene [127], 
for example, the reaction of excited species or of photofragments may interfere. NH 2 produc
tion in flames is part of a complex system; here it is difficult to identify an elementary 
process, for which the kinetic parameters aretobe determined. 
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2.1.7.1.2 NH2 Radical Sources in Condensed Phases 

The NH2 production in condensed phases will be discussed in Section 2.1.7.5.3. 
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2.1. 7 .1.3 Detection Methods 

Detection methods for free radicals are summarized in [1]. Many of the detection methods 
for NH2 are based on the Ä( 2 A 1)-5((2B 1 ) transition, using specific rotational lines of the 
(0,9,0)- (0,0,0) band. This spectrum in the visible 400- to 900-nm range was first observed 
du ring flash photolysis of ammonia [2] and has since been analyzed in detail [3, 4]. Ä +-X 
absorption with a white light source and a monochromator, i.e. conventional resonant 
absorption spectrometry, has been applied to detect NH 2 in flames [5] and in pulse radiolysis 
[6], discharge [7], and flash photolysis systems [8 to 11]. The sensitivity is limited, since 
the spectral width of the analyzing light is broader than the absorption line. Narrow-band 
absorption Lasers were used to measure the concentration quantitatively [12], i.e. to deter
mine the oscillator strength of the transition used (see p. 204). The sensitivity of the absorp
tion technique can be increased by a multiple reflection cell outside the cavity of a Laser 
or by intracavity absorption. The latter device has been used to detect NH 2 in a dye Laser 
cavity [13 to 17] and applied to study NH 2 reactions [18]. Both experimental arrangements 
yield nearly the same sensitivity [16]. 

The visible emission Ä-> X [19, 20], which was discovered more than a century ago 
[21], can also be used to detect NH 2 , if NH 2 is present in the Ä state, e.g. in shock tubes 
at high temperatures (T ~ 2000 K) [22 to 25], du ring photolytic NH 2 generation (e.g. NH 3 

photolysis at /...= 193 nm) [26, 27], or if NH 2 (X) is excited to the Ä state [28 to 30]. 

The Laser-induced fluorescence method (LIF), based on the transition Ä +-X, uses a 
tunable cw dye Laser as excitation source [29] or a pulsed dye Laser source [30, 31]. The 
most intense emissionwas obtained by exciting the rotationallines within the (0,9,0)- (0,0,0) 
vibronic band at 597.72 nm. At low pressures the LIF method is the most sensitive NH 2 

detection method ([NH 2 ];:::: 10- 15 mol/cm 3 ) and has been applied for kinetic measurements 
in flow reactors [32]. At higher pressures (p > 100 mbar) the quenching of the Ä state [26, 
27] significantly reduces the fluorescence quantum yield and thus the sensitivity. lf the 
concentration of the quencher changes in the observed area it becomes difficult to obtain 
signals proportional to the NH 2 concentrations via LIF measurements. Nevertheless, the 
laser-induced fluorescence method has been used to detect NH 2 in atmospheric-pressure 
flames with an Nd:YAG-pumped dye Laser [33] or a fixed frequency Kr+ Laser [34]. Using 
this Kr+ Laser two rotational lines of the (0, 11 ,0)- (0,2,0) vibrational hot band at 647.1 nm 
were excited. ln order to convert the LIF signalsintoabsolute or even relative NH 2 concentra
tions, the quenching rate for NH 2 (Ä) was assumed to be independent of position in the 
flame, although the Goncentration of the quenching molecules varies substantially within 
the flame. Determining even relative concentrations in an environment, in which the assump
tion of constant quenching is not valid, requires either laser-induced saturated fluorescence 
(i.e. high Laser fluence, thus the stimulated emission is much Iaster than all the quenching 
processes) or laser-induced predissociation fluorescence (i.e. the lifetime of the emitting 
state is short due to predissociation and thus a collision-free situation is obtained up to 
high pressures). ln both cases the fluorescence quantum yield and thus the sensitivity are 
lower. Even though these methods are in principal possible for NH 2 , they have not yet 
been used for this radical. 

Rotational transitions in the wavelength range around 316 11m have been used to detect 
NH 2 in a supersonic jet (~5K) with a very high sensitivity ([NH 2 ];::::2x10- 16 mol/cm 3 ) 

using a tunable, far-infrared Laser device [35]. 

The Zeeman effect was applied to detect NH 2 by using transitions between the Zeeman 
components of a single rotational state (electron spin resonance (ESR)) [36 to 39] and 
transitions between Zeeman components of two rotational states (Laser magnetic resonance 
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(LMR)) [40 to 46]. The ESR spectra are always measured in the condensed phase, i.e. 
NH 2 is produced in the gas phase and then trapped at 77 K in ammonia matrices. The 
LMR in the far-infrared region (FIR LMR) (A. = 78, 108, and 118.6 11m H2 0, 0 2 0 dc-discharge 
Laser) [40, 41] and in the 9 to 10 11m region (CO Laser and C02 Laser) [42 to 45] has been 
used to detect NH 2 in the gas phase directly. The deuterated radicals NHD [46] and ND2 

[42, 43] were also detected in the gas phase by LMR. Since an LMR spectrometer is based 
on an intracavity technique and phase-sensitive detection (due to a fast modulation of 
the magnetic field), it is a very sensitive method for detecting NH 2 below 3 x 10- 16 mol/cm 3 

[47]. 

NH 2 detection with coherent anti-Stokes-Raman scattering (CARS) was reported in [48]. 
The author found spectroscopic and kinetic evidence for an NH 2 CARS spectrum in the 
wavelength range 3195 to 3225 cm - 1 du ring Laserphotolysis of NH 3 [48]. 

NH 2 was mass-spectrometrically detected by electron impact ionization [49 to 52] and 
photoionization [53]. ln photoelectron spectroscopy experiments in the vacuum UV (He IIX 
radiation), the NHi (5( 3 8 1 , 1 A 1 , 1 8 1 ) <-- NH 2 (X 2 8 1 ) transitions were observed [54] (see p. 197), 
on which the photoionization mass spectrometry in the wavelength range 75 to 112.5 nm 
[53] is based. 
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2.1. 7.2 Molecular Properlies 

2.1.7.2.1 ELectronic Structure. PotentiaL Energy Functions 

Valence States 

The Ground State X 2 8 1 and the Excited State Ä 2A 1 . The X 2 8 1 state of the nine-electron 
radical NH 2 (ND 2 ) belongs to the point group C 2 v· The ground state of NHD (point group 
C5) is 1 1 A". According to the orbital diagram given by Walsh [1], the electron configuration 
is (1 a 1 ) 2 (2 a, )2 (1 b2 )2 (3 a 1 ) 2 (1 b1 ). For the ordering of the orbitals, see p. 175. 
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The electron configuration of the first excited state Ä 2 A1 (NH 2 , ND2 ) or 1 1 A' (NHD) 
is (1 a1 ) 2 (2 a 1 ) 2 (1 b2 ) 2 (3 a1 ) (1 b1 ) 2 ; see for example [2, 3]. Experimental evidence of this 
state was obtained from the electronic absorption and emission spectra (Ä 2 A1 <-->)( 2 8 1 ); 

see pp. 203/8. The term value T0 =11122.6 cm- 1 [4, 5] was determined from the Ä+-)( 
absorptionband systems [3]. T0 =11220.137 cm- 1 was obtained [6] by adjusting the 
T(O,O,O)K.~ 1 (J=1) value (taken from [7]) to J=O using rotational constants derived in [5] 
(for notation, see p. 195). 

NH 2 is one of the first and one of the best examples of the Renner-Teller effect. The 
very detailed analysis of the NH 2 absorption spectrum by Dressler and Ramsay [3] showed 
that the spectrum is based on a transition between the two electronic states )( 2 8 1 and 
A 2 A 1 . These widely separated electronic states rise from a hypothetical 2II state of a linear 
molecule whose degeneracy is removed by strong coupling between the electronic and 
vibrational-bending angular momentum as predicted by Herzberg and Teller [8] and dis
cussed in detail by Renner [9]. This vibronic interaction was quantitatively interpreted by 
Pople and Longuet-Higgins [10]. A schematic diagram of the vibronic energy Levels of the 
bending vibration of a linear triatomic molecule [3, 11] is given in Fig. 6, p. 172. For the 
II state (A = 1) the electronic angular momentum h/27t about the internuclear axis couples 
with the bending-vibrational angular momentum l2h/27t to form a resultant Kh/27t, where 
K=l±l2 ±11. Possible values of Kare v 2 +1, v2 -1, v 2 -3, ... , 1 or 0, depending on whether 
v2 + 1 is odd or even; see for example [3, 12]. The bending vibration of NH 2 in the ground 
state )( 2 8 1 (O,v;',O) was studied from v;'= 4 to 10 by Laser-induced fluorescence. The change 
of the K-type structure at v;'= 9 indicates the transition from bent to linear geometry and 
marks the onset of strong Renner-Teller interaction [7]. For theoretical treatments of the 
Renner-Teller effect large-amplitude bending vibrations must be considered, as shown 
by vibronic (configuration interaction) calculations [13]. 

The Excited State B 2 8 2 . No experimental results were reported for the NH 2 (ND 2 ) e 2 8 2 

state (C 2 v symmetry) or the NHD 2 2 A' state (C5 symmetry) with the electron configuration 
(1a1 ) 2 (2a 1 f (1b2 ) (3a1 ) 2 (1b 1 ) 2 • Term energies of the 8 state T9 =37585cm- 1 [14] and 
38634 cm- 1 [15] were calculated by ab initio Cl methods. An earlier ab initio study interred 
the 8 2 8 2 state to be unstable [16]. Ab initio multireference double-CI calculations were 
carried out for potential surfaces and the vibronic coupling of the 8 2 8 2 and Ä 2 A1 states 
in the region of conical intersection [17, 18]. Since the electric-dipole forbidden transition 
8 2 8 2 +-- )( 2 8 1 should become allowed due to the vibronic coupling between Ä 2A 1 and e 2 8 2 , 

information on 8 2 8 2 might be obtained from the expected absorption system in the NH 2 

spectrum with the origin near 259 nm [15]. 

Potential Energy Functions. The bending potential energy curves of the ground and 
first excited electronic states fitted by an empirical method [5] are given in Fig. 7, p. 173. 
Using the spectroscopic data of Dressler and Ramsey [3], the barrier to linearity in the 
)( 2 8 1 state was determined tobe 12024(15) cm- 1 [5]. Dixon [19] found the interesting result 
that NH2 is not linear at equilibrium in the Ä 2A 1 state but has a small barrier to linearity 
of 730(14) cm- 1 [5]. Bending potential energy curves were calculated using ab initio SCF 
[20 to 22] and Cl [14, 20, 23] methods. The bending potential curves for NH2 in the )( 2 8 1 

and Ä 2 A1 states including a-axis rotation were obtained from laser-induced fluorescence 
studies for Ka = 0, 10, and 20. The barrier to linearity increases rapidly with increasing 
Ka [24]. 

Potential curves for the symmetric and antisymmetric Stretching were calculated by ab 
initio SCF and Cl methods [20]. Potential curves for NH 2 as a function of one NH band 
length (second band length and band angle are fixed) were obtained by ab initio SCF 
calculations up to the dissociation Limit [21, 25]. The shape of the potential energy curve 
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zo 

0-
180' 135' 90' 45' 

Bond Angle HNH 

Fig. 7. Bending potential energy functions fortheX 2 8 1 and Ä 2 A 1 states [5]. Experimentally 
determined ( ) and calculated (-----) vibrational energy Levels (O,v2 ,0)K.~o are 

indicated using the bent-molecule notation for both states. 

with increasing bond length for the three lowest electronic states according to 

HNH(X 2 8 1 ) -4 HN- H(1 2 A") -4 NH(X 3L -) + Hes}, 
HNH(Ä 2 A 1 ) -4 HN- H(1 2 A') -4 NH(a 1 ~) + Hes), 
HNH(B 2 8 2 ) -4 HN- H(2 2A') -4 NH(b 1L+) + H( 2 S), 

is depicted in [25]. 

Potential energy contour plots of NH 2 with C2 v symmetry in the X 2 8 1 , Ä 2 A 1 , and 8 2 8 2 

states are presented for varying r(H···H) and R(N···H 2 ) distances (R is the distance between 
the center of mass of H2 and N) [26]. Parameters from an analytic expression for the three
dimensional potential energy surfaces of NH 2 (related to NH stretching and bending vibra
tions) in the electronic ground state X 2 8 1 were determined by fitting the potential expansion 
to potential energy points calculated by an ab initio Cl method [27]. 

Rydberg States 

Excitation from the ground state configuration to the first member of the Rydberg s 
series gives rise to one quartet state and four doublet states. These states and the corre
sponding configurations are shown in the following table tagether with the term energies 
Te and bond angles ae calculated by ab initio Cl methods for the constant bond length 
r 8 (N-H) = 1.024 A [14]. The Renner-Teller states are combined by a bracket. The correlation 
with linear NH 2 is given in the last column. 

state configuration Te in cm- 1 ae state 

3 2 A 1 (1a 1 }2 (2a 1 }2 (1b 2 ) 2 (1b 1f 3s 76719 180° 2L; 
3 2 81 •) (1a 1 ) 2 (2a 1 }2 (1b 2 }2 (3a 1 } (1b 1 } 3s 66718 180°} 2~g 2 2 A 1 •l (1a 1 }2 (2a 1 ) 2 (1b 2 ) 2 (3a 1 }2 3s 61943 ~100° 

2 2 81 (1a 1 }2 (2a 1 }2 (1b 2 }2 (3a 1 ) (1b 1 } 3s 54555 154° zL,;-
1 4 81 (1a 1 ) 2 (2a 1 ) 2 (1b 2 ) 2 (3a 1 } (1b 1 } 3s 49264 180° 4L,;-

•l States 2 2 A 1 and 3 2 8 1 were exchanged in the original. 
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Total energies of twelve core-hole states were calculated by using ab initio Cl methods. 
These Rydberg states belang to the vertical excitations from a 1 a 1 electron in the ground 
state X 2 8 1 into four quartet (two 4 8 1 , one 4 A 1 , and one 4 A 2 ) and eight doublet (lour 2 8 1 , 

two 2 A1 , and two 2 A2 ) states [28]. 

Potential Energy Functions. Thebending potential curves obtained by ab initio Cl calcula
tions indicated Linear (or almost Linear) geometry for four Rydberg 3s members. Only NH 2 

in the 2 2 A 1 state (correlated with the Linear 2~g state) was found to be decidedly bent 
(ct ~ 100°) [14]. Potential curves for NH 2 as a function of one NH bond length (the other 
bond length and the bond angle are fixed) were obtained up to the dissociation Limit by 
ab initio MCSCF calculations for the 2 2 8 1 and 2 2 A 1 states [25] according to 
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2.1.7.2.2 lonization PotentialE; in eV 

lonization potentials of NH2 were measured by photoelectron spectroscopy (PES), by 
photoionization (PI) and electron impact (EI) mass spectrometry, and were calculated by 
ab initio methods (MCSTEP, MP4, MCSCF). The first two adiabatic ionization potentials 
of NH2 are Listed in the following table. 

ionized experimental method ab initio calculations 
orbital PI PI PES EI MCSTEP MP4 MCSCF 

3a, 11.14(1) 11.17(5) 11.46*) 11.4(1) 11.00 11.20 10.9 
1 b, 12.445(2) 12.45 12.16 12.48 

Ref. [1] [2] [3] [4] [5] [6] [7] 

•> This value was questioned [1, 5] because the spectra of all species present in the sampling 
region were superimposed in the photoelectron spectrum. 

Vertical ionization potentials E; were determined by photoelectron spectroscopy [3] and 
calculated by ab initio procedures [3, 5]. 

ionized orbital ................................... 3 a1 1 b, 3a1 1 b2 1 b2 3a1 

ionic state .......................................... )( 38 1 ä 1A1 6 1 8 1 3A2 ,A2 382 
E;(PES) [3]*> ....................................... 12.00 12.45 14.27 
E;(ab initio MCSTEP) [5] ................... 11.77 12.22 14.03 16.86 18.26 19.39 
E;(ab initio SCF Cl) [3] ...................... 11.37 12.10 13.71 16.35 17.66 

•> The probable error in determining the adiabatic ionization potential from the PE spectrum 
[3] indicates that the vertical E; may also be too high [5]. 

Additional values of ionization potentials were obtained from ab initio [8 to 10] and 
semiempirical [11 to 16] calculations. 
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2.1.7.2.3 Electron Affinity A in eV. Proton Affinity AP in eV 

The electron affinity A = 0.771 ± 0.005 was determined from a high-resolution (5 to 
25 meV) photoelectron spectrum of NH:Z [1]. A=0.779±0.037 was obtained from a photoelec
tron spectrum at Lower resolution [2]. Photodetachment-threshold measurements gave A= 
0.744±0.022 [3] and 0.76±0.04 [4]. A=0.76±0.14 was determined from pulsed ICR studies 
of ion-molecule reactions in ammonia [5]. A considerably higher value, A = 1.2, resulted 
from applying the magnetron method [6]. 

Adiabatic and vertical electron affinities A(ad) = 0.69 and A(vert) = 0.68 according to 
NH 2 ()( 2 8 1 ) + e- --+ NH:2 (X 1 A1 ) were calculated by ab initio (MCSTEP) procedures [7]. Addi
tional ab initio [8 to 12] and semiempirical [13 to 17] calculations of the electron affinity 
were reported. 

The proton affinity AP = 8.09 ± 0.09 was determined from a pulsed ion cyclotron resonance 
spectrum [5]. Semiempirically calculated AP values were also published [13, 17]. 
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[16] Zahradnik, R.; Carsky, P. (Theor. Chim. Acta 27 [1972]121/34). 
[17] Lathan, W. A.; Hehre, W. J.; Curtiss, L. A.; Pople, J. A. (J. Am. Chem. Soc. 93 [1971] 

6377/87). 

2.1.7.2.4 Dipole Moment 11 in D. Quadrupole MomentE> in 10- 26 esu·cm 2 

The dipole moment of NH 2 in the X 2 8 1 state was determined as 11= 1.82 ± 0.05 by optical 
Stark spectroscopy of NHD [1]. Ab initio calculations were performed on NH 2 in the X 2 8 1 , 

Ä 2 A1 , and B 2 8 2 states. The calculated values for the ground state agree weil with the 
experimental value (UCC, unitary coupled cluster). 
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ll(X 28, ) ............................... 2.013 1.894 
ll(Ä 2A,) .............................. -

ll(B 282) ······························-

1.83 
0.82 

1.77 
0.84 

m~hod ................................ UCC 
Ref ...................................... [2] 

2.095 
0.821 
3.002 
SCF MO 
[3] 

SCF MO 
[4] 

0.90 
SCF MO 
[5] 

SCF MO 
[6] 

Semiempirical calculations [7 to 12] were also reported. 

Only theoretical values of the quadrupole moment E> are available. Ab initio calculations 

gave the tensor elements E>xx = 0.9701, E>vv = -0.3670, and E>zz = -0.6030 (y .l molecular 
plane, z = C2 axis with the positive direction from H atoms to N) [4]. 

References: 

[1] Brown, J. M.; Chalkley, S. W.; Wayne, F. D. (Mol. Phys. 38 [1979]1521/37). 
[2] Watts, J. D.; Trucks, G. W.; Bartlett, R. J. (Chem. Phys. Lett. 164 [1989] 502/8). 
[3] Bell, S.; Schaefer, H. F., 111 (J. Chem. Phys. 67 [1977] 5173/7). 
[4] Brown, R. D.; Williams, G. R. (Chem. Phys. 3 [1974]19/34). 
[5] Brown, R. D.; Williams, G. R. (Mol. Phys. 25 [1973] 673/94). 
[6] Del Bene, J. (J. Chem. Phys. 54 [1971] 3487/90). 
[7] Dixit, A. N. (Indian J. Pure Appl. Phys. 29 [1991)41/2). 
[8) Bews, J. R.; Glidewell, C. (lnorg. Chim. Acta 39 [1980)217/25). 
[9) Zahradnik, R.; Cärsky, P. (Theor. Chim. Acta 27 [1972]121/34). 

[10] Phillips, A. J. (Diss. Howard Univ. 1969, 105 pp. from Diss. Abstr. lnt. B 30 [1970] 
3814/5). 

[11] Pople, J. A.; Beveridge, D. L.; Dobosh, P. A. (J. Chem. Phys. 47 [1967) 2026/33). 
[12) Trinajstic, N. (Croat. Chem. Acta 38 [1966] 287/91). 

2.1.7.2.5 Hyperfine Interaction Constants 

2.1.7.2.5.1 Nuclear Quadrupole Coupling Constants eqQ in MHz 

Two of the three constants eqOaa• eqQbb• and eqOcc were determined from microwave 
optical double resonance (MOOR) spectra of NH2 [1 to 4], microwave absorption spectra 

of ND2 [5], and by ab initio (UHF) calculations [6). The third constant follows from 

eqOaa + eqQbb + eqQcc = 0 [3]. The nuclear quadrupole coupling constants listed in the fol
lowing table are given in terms of the principle axis system (b II C2, c .l molecular plane). 

state sample eqOaa eqQbb eqQCC Ref. 

x 2 8 1 (0,0,0) ND2C 4N) 0.21 ± 0.08 -3.75±0.11 3.54±0.20 [5] 

NH2C 4N) 0.29±0.80 -3.99±1.51 3.70±0.51 [1] 

NH2C 4N) 0.299 -2.711 2.412 [6] 
NH2CH) -0.1445 -0.1516 0.2961 [6] 
NH2(,4N) 1.4± 1.0 6.0± 1.0 -7.4±1.0 [4] 

References: 

[1] Hills, G. W.; Cook, J. M. (J. Mol. Spectrosc. 94 [1982]456/60). 
[2] Cook, J. M.; Hills, G. W.; Curl, R. F., Jr. (J. Chem. Phys. 67 [1977]1450/61). 
[3] Hills, G. W.; Cook, J. M.; Curl, R. F., Jr.; Tittel, F. K. (J. Chem. Phys. 65 [1976] 823/8). 
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[4] Hills, G. W.; 8razier, C. R.; 8rown, J. M.; Cook, J. M.; Curl, R. F., Jr. (J. Chem. Phys. 
76 [1982] 240/52). 

[5] Kanada, M.; Yamamoto, S.; Saito, S. (J. Chem. Phys. 94 [1991] 3423/8). 
[6] 8rown, R. D.; Williams, G. R. (Chem. Phys. 3 [1974]19/34). 

2.1.7.2.5.2 Nuclear Spin-Rotation Interaction Constants C in MHz 

The analysis of mierowave absorption bands of ND2 gave the 14N nuelear spin-rotation 
interaetion eonstants caa = 0.269± 0.027, cbb = 0.045± 0.021' and ccc = 0.019± 0.022. 

Reference: 

Kanada, M.; Yamamoto, S.; Saito, S. (J. Chem. Phys. 94 [1991] 3423/8). 

2.1.7.2.5.3 Magnetic Hyperfine Coupling Constants. Electronic g Factor 

Gas Phase. The isotropie or Fermi eontact hyperfine (hf) eoupling eonstant A; 50 and 
the anisotropie or dipole hf tensor elements Aaa• Abb• and Ace of NH 2 in the X 28 1 {0,0,0) 
and Ä 2A 1(0,v2,0) states are compiled in Table 9. The experimentally determined eonstants 
were derived from mierowave optieal double resonanee (MOOR), mierowave absorption 
(MWA), Laser magnetie resonanee (LMR), infrared optical double resonanee {IODR), optical 
optieal double resonanee (OODR), Saturation, and magnetie level-erossing speetra. 

A signifieant differenee between the 14N Fermi eontaet terms in the (0,9,0) and (0, 10,0) 
Levels of the Ä 2A1 state, obtained from saturation spectra [1] and magnetie level-erossing 
speetra [2, 3], eould not be eonfirmed by the MOOR study [4]. 

The g faetors gx=2.0023, gv=2.0039, g,=2.0083 (x, y, z~e. a, b), and 9av=2.0048 were 
determined [5] from rotation and spin-rotation eonstants (8; and 8~) using the relation 
9;=2.0023-8~/28;. The average value was eonfirmed by a LMR study whieh gave 
9av = 2.0050 [6]. Values of g' = 2.0023- 3- 112{9aa + gbb + 9ccl for NH 2 in several (O,v2,0) Levels 
of the Ä 2A1 state were obtained from IODR studies (for notation, see p. 195). 

Level ............................ {0,9,0)220 
g' ................................. 1.9963(19) 
Ref .............................. [7] 

(0, 1 0,0)2,, 
1.99470(62) 
[7] 

(0,11,0k~o 
2.106(63) 
[8] 

{0,12,0}Ke~1 
1.891(74) 
[8] 

Ab initio-ealculated hf coupling eonstants for the states X 28 1 and Ä 2A 1 of NH2 [9, 10] 
and isotopemers [10] are in good agreement with experimental data (Table 9). Additional 
ab initio ealeulations [11 to 27] were performed on NH2 (or isotopemers [14]) in the ground 
state X 28 1 and in the exeited states Ä 2A1 [11, 20] and 8 28 2 [20]. For semiempirieal ealeula
tions, see [21, 28 to 37]. 

Table 9 
NH2 and NHD: Fermi Gontael hf Coupling Constant A;so and Dipole hf Coupling Constants 
Aaa• Abb• and Ace (in MHz) from Mierowave Speetra. 
Anisotropie eonstants are given in terms of the prineiple axis system (b II C2, e..l moleeular 
plane). 

radieal Ai so Aaa Abb Ace remarks Ref. 

ground state X 
NH2 C4 N) 27.88(20) -43.38(30) -44.75 88.13(18) a) b) e) d) [38] 

(H) - 67.59(28) 17.54(63) -12.75 -4.79(47) a) e) [38] 
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Table 9 (continued) 

radical Ai so Aaa Abb Ace remarks Ref. 

NHD C 4 N) 28.0 -43.0 -44.4 87.5 a) [39] 
(H) -67.2 -25.5 30.5 -5.2 a) [39] 
(D) -10.3 8.2 -7.4 -0.8 a) [39] 

ND2 C 4 N) 28.055(33) -43.136(48) - 44.272(63) 87.408 e) f) [40] 
(D) -10.241(28) 2.874(45) -2.108(69) -0.766 e) f) [40] 

Ä 2A1(0,9,0) 
NH2 C 4 N) 154.6(26) -48.7(49) a) g) h) i) [4] 

(H) 49.4(55) 48.5(109) a) [4] 

Ä 2A1(0,10,0) 
NH2 C 4 N) 153.0(13) -39.5(33) 76.9(14) -37.4(19) a) d) g) [4] 

(H) 52.2(14) 59.5(34) -9.5(16) -50.0(20) a) [4] 

Ä 2A1(0,11,0) 
NH2 C 4 N) 151 (10) -26(9) 79(6) k) [8] 

Ä 2A1(0,12,0) 
NH2 C 4 N) 155(8) -60(7) k) [8] 

a) From MODR spectra. - b) Additional values from MODR spectra [41, 42]. - c) Additional 
values from LMR spectra [6, 43]. - d) Additional values from saturation spectra [1]. -
e) From MWA spectra. - f) Additional values from MODR spectra [44]. - g) Additional 
values from IODR spectra [7]. - h) Additional values from OODR spectra [45]. - i) Additional 
values from magnetic level-crossing spectra [2, 3]. - k) From IODR spectra. 

Solid Phase. There exists in the Literature a wide range of isotropic and anisotropic 
hf coupling constants which were determined from electron spin resonance (ESR) spectra 
of NH2 in the solid state. Isotropie g factors and hf coupling constants (in MHz) are compiled 
in the following table: 

solid matrix ................ Ar 
Tin K .......................... 4.2 
giso .............................. 2.0048(1) 
AisoC 4 N) ...................... 28.9 ± 0.2 
A; 50(H) ......................... -67.03 ± 0.2 b) 
Ref .............................. [46] 

NH3 

4.2 
2.0038 
31.7 
-67.0 
[47] 

NH3 

77 
2.0046(3) 
42.6 
-71.3b) 
[48] 

52.1 ±5 C5 N) 
-76.5±5b) 
[49] 

a> Single crystal. - bl The negative sign of A;50(H) was established in [47]. 

Calculations showed the increase of the 14N hf coupling constant A;so from the gaseous 
to the solid state is caused by distortion of the geometry of NH2. The nearly equal A;so 
values of NH2 in the gas phase and Ar matrix (at 4 K) indicate free rotation of NH2 in 
the matrix [46, 50]. 

Additional values of hf coupling constants and/or the g factor determined from ESR 
spectra were reported for NH2 and/or ND2 in solid Ar [50, 51]. Kr [51, 52], Xe [51]. NH 3 

[48, 53, 54], ND3 [48, 53, 55], frozen ammonia-water system (77 K) [54, 56, 57], aqueous 
glasses containing NaN 3 [58], or single crystals of NH 30HCl and (NH 30HbS04 [59]. Several 
hf coupling constants were derived from ESR spectra of NH2 and/or isotopomers in zeolites 
[60 to 62]. 
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2.1. 7 .2.6 Rotational Constants. Centrifugal Distoriion Constants. 
Spin-Rotation Coupling Constants 

Electronic Ground State 

NH2 Radical. The NH 2 radical is an asymmetric top with the asymmetry parameter K= 
(2 8- A- C)/(A- C) = -0.38 (axes b II C2 , c .1 molecular plane). An increase of the rotational 
quantum number N Leads to a change from prolate- to oblate-top behavior. The rotational 

constants A, 8, and C, the centrifugal distortion constants ~K• ~NK• ~N• oK, and ON, and 
the spin-rotational coupling constants A 5 , 8 5 , and C5 , for the vibrational ground and excited 
states are listed in Table 10, p. 182. The rotational Hamiltonian used for fitting the spectros
copic data is a combination of the A-reduced asymmetric rotor ARoT [1] and the spin-rotation 
Hamiltonian AsR [2]: 

AROT =AN~+ 8N~ + CN~- ~NN4 - ~NKN2N~- ~KN!-1/2[8NN 2 + OKN~. N~ + N~] + + ... , 
AsR = A5 N)3a + 8 5 NbSb + C5 NcSc- .... 

Higher order terms for rotation (sextic centrifugal distortion constants HK, HKN• HNK• 
HN, hK, hNK• hN plus the eigth-power term LK) and spin-rotation coupling (quartic centrifugal 
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distortion constants ~~. ~~N• ~'i.JK, ~'i.J, 8~, 8'i.J including the sextic term H~) were reported, 
for example, in [3 to 7]. 

Table 10 
NH2(X 28 1 ). Rotational Constants A, 8, and C, Spin-Rotation Coupling Constants As, 8s, 
and es, and Gentrifugal Oistortion Constants ~K• ~N K• ~N• ÖK, and ÖN for the Vibrational 
Ground State and Excited States (in cm- 1). 

constant vibrational state (v 1 ,v2,v3 ) 

(0,0,0) (0, 1 ,0) (0,2,0) (1 ,0,0) (0,0, 1) 

A 23.69299(14) 25.96802(21) 28.87719(42) 23.04758(24) 22.64606(43) 
8 12.952008(88) 13.11085(10) 13.26849(39) 12.76028(28) 12.87697(25) 
c 8.172737(55) 8.033726(56) 7.89878(38) 8.00949(28) 8.05816(15) 
~K X 102 2.1953(14) 3.5676(32) 5.8714(42) 2.0566(27) 2.0010(79) 
~NKX102 -0.41603(77) -0.5427(11) - 0.6938(24) - 0.3986(21) - 0.4248(22) 
~N X 102 0.1 0582(19) 0.11790(20) 0.13317(71) 0.10607(47) 0.10880(43) 
ÖK X 102 0.09943(97) 0.2478(14) 0.5116(45) 0.0971(33) 0.0879(27) 
ON X 103 0.4252(11) 0.4860(11) 0.5625(45) 0.4281 (30) 0.4351(22) 
As - 0.30890(12) - 0.40339(42) -0.5452(17) - 0.29452(42) - 0.28212(89) 
8s - 0.045214(55) -0.04819(28) - 0.5015(69) - 0.04446(20) - 0.04545(47) 
Cs X 103 0.404(34) 0.72(17) 0.78(58) 0.16(13) -0.12(41) 

remarks a) a), b) c), d) c), e) c), f) 
Ref. [4] [4] [3] [3] [3] 

a) From the fit of infrared frequencies of the v2 band [4] and of MOOR data [2]. - b) 
Additional values in [7 to 11]. - c) From an analysis of the coupled (1,0,0), (0,0,1), and 
(0,2,0) vibrational states. Frequencies from the IR absorption spectrum [3, 12] and the 
Ä--> X(0,2,0), X(1 ,0,0) visible and near-infrared band systems [3]. - d) Additional values 
in [7, 11].- e) Additional values in [6, 11, 12].- f) Additional values in [12]. 

Additional concurring constants of NH 2(0,0,0) were determined from MOOR [13 to 16], 
LMR [8, 17, 18], IR [4] as weiL as optical [7, 10, 19] spectra, and combinations of some 
of these investigations [20]. 

The (0,0,0) parameters [4] in Table 10 were suggested asthebest available for describing 
the rotational Levels with N < 10 and K < 6 [3]. For a wider range of rotational Levels with 
higher N and K values, the (0,0,0)-state parameters [7], obtained from a Larger set of spec
troscopic data, may be more reliable [4]. 

The values of A and As constants increase rapidly with increasing v2 as the molecule 
approaches Linearity: 

constant vibrational state (O,v2,0) 
(0,3,0) (0,4,0) (0,5,0) (0,6,0) 

A in cm- 1 32.4915(40) 37.564(23) 44.266(51) 50.57(11) 
As in cm- 1 -0.764(24) -1.16(5) -2.00(6) -4.00(28) 

remarks a) b), c) b) b) 

a) From a rotational analysis of the Ä 2A 1 (O,v~,O)--> X 28 1 (0,3,0) band systems [5]. -
b) From Laser-induced fluorescence (LIF) spectra [21]. - c) Additional data in [11]. 
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Rotational Gonstants determined from LIF speGtra were reported for NH 2 in the (1, 1 ,0) 
state [11]. Rotational, Gentrifugal distortion, and spin-rotation Goupling Gonstants were deter
mined from LIF experiments for NH 2 in the (1,3,0) and (2,1,0) states [21] and were derived 
for 14NH2 and 15NH 2 in the (0,0,0) state from an ab initio-Galculated generat quartic valenGe 
forGe field [22]. 

ND2 and NHD Radicals. Rotational, Gentrifugal distortion, and spin-rotation Goupling Gon
stants of N02 are given (in Gm - 1 ) in the following table. Additional Gonstants were determined 
from LMR [20] and MOOR speGtra [23]. 

Gonstant vibrational state 
(0,0,0) (0,1,0) 
[24] a) [25] b) 

13.342093(3) 
6.487 443(5) 
4.290101 (2) 

-0.171045(4) 
- 0.022299(3) 

0.114(2) 

14.2344(5) 
6.5513(5) 
4.2379(5) 

- 0.2054(27) 
0.0233(11) 
0.108 c) 

Gonstant 

~K X 103 

~NKX103 

~N X 103 

ÖK X 103 

ON X 103 

vibrational state 
(0,0,0) (0, 1 ,0) 
[24] a) [25] b) 

6.5636(11) 
-1.1278(8) 

0.2443(3) 
0.2101 (13) 
0.101(1) 

9.23(4) 
-1.31(5) 

0.280(12) 
0.49(12) 
0.115(7) 

a) From MW speGtrosGopiG data. - bl From a fit of MOOR, LMR, IODR, and optiGal speGtros
GopiG data [25]. - c) Fixed at the (0,0,0) value [25]. 

The analysis of MOOR speGtra of NHD gave the vibrational ground state Gonstants (in 
Gm- 1 ): A=20.1150(17), 8=8.1114(6), C=5.6674(3), A5 = -0.2348(2), 8 5 = -0.0384(1), C5 = 
2.6(13) X 10- 4 , ~K = 8.81 (19) X 10- 3, ~N K = 9.7(5) X 10- 4 , ~N = 3.2(1) X 10- 4 , ÖK = 1.52(4) X 10-3, 

and ÖN = 1.02(2) x 10- 4 [26]. These values are in good agreement with Gonstants obtained 
from an analysis of the A 2 A 1 (O,v;,o)--> X 2 8 1 (0,0,0) emission band systems [27]. 

Spin-rotation Goupling Gonstants 14ND2 and 14NHD were caLGulated [28] using a reduGed 
Spin-rotation Hamiltonian [2]. Rotational, Gentrifugal distortion, and spin-rotation coupling 
Gonstants of 14ND 2 and 14NHD in the (0,0,0) state whiGh were derived from an ab initio
GaLGulated generat valenGe forGe field of 4th order [22] agree weiL with experimentally derived 
Gonstants. 

Electronically Excited State Ä 2 A1 

The rotational Gonstants 8=8.78 for NH 2 and 8=4.41 Gm- 1 for ND2 were obtained from 
the analysis of the A 2 A 1 (O,v;,o) +--X 2 8 1 (0,0,0) absorption band systems for a wide range 
of bending vibrational exGitations [19]. 
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2.1.7.2.7 Moments of lnertia. Bond Length. Bond Angle 

Electronic Ground State X 2 B1 • The following mo~nents of inertia lA, I 8 , lc and inertial 

defect ~ (=lc-IA-1 8 ), all in amu·Ä2 , were calculated for NH 2 and ND 2 from the rotational 

constants of the (0,0,0) state. 

radical 

0.7117(5) 
1.2646 

1.3032(6) 
2.597 

2.0611 (8) 
3.920 

0.0462 
0.058 

Ref. 

[1] 
[2] 

The bond lengths r 0 (NH) = 1.02454, 1.02458 [3], 1.0244 Ä [4] and the bond angle 

et0 (HNH) = 103°20' [3, 4] were derived from rotational constants obtained from LMR [3, 4] 

and Ä +---X absorption [3, 5] spectra. The angle et decreases by 7' on complete deuteration 

of NH 2 [2]. LIF experiments showed a decrease of et to 92.2° on excitation of the rotation 

around the a axis up to Ka = 21 [6]. 

The NH 2 geometric structure was calculated by ab initio [7 to 17] and semiempirical 

[18 to 22] methods. 
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Electronically Excited State Ä 2A1 • Theoretical studies on the effects of orbital angular 
momentum in nonlinear molecules [23, 24] showed NH2 to be nonlinear at equilibrium 
(!Xe= 144° ±5°), with a small barrier to linearity (see p. 171) [24]. An empirical fit of the 
bending potential function confirmed the slightly bent nuclear arrangement yielding 
!Xe= 144.2° and r e = 1.007 A [25]. Ab initio treatments established this structure [10, 16]. These 
results corrected the earlier conclusion of a linear structure indicated by an analysis of 
the X+-- Ä absorption spectrum [2]. 

Additional Electronically Excited States. Ab initio calculations on the valence state B 2 8 2 

gave the geometry r e = 1.162 A and !Xe =47.5° [14]. Extended theoretical studies verified 
the 8 2 8 2 state structure tobe in the range 1.130Ä::;;re::;;1.227 A and 46.5°::;;1Xe::;;50.0° [13, 
22]. A considerably smaller !Xe (26.5°) and higher r e (1.62 Ä) value resulted from an earlier 
ab initio study [15]. 

For the geometry of NH 2 in the Rydberg states 4~,;-( 48 1 ), 2~,;-(2 28 1 ), 2~9 (2 2A 1 , 3 2 8 1 ) 

and 2~; eA,) [13], see p. 173. Geometry optimization was carried out on core-Rydberg 
excited states of NH2 by ab initio Cl calculations [9, 11]. 
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2.1. 7 .2.8 Molecular Vibrations 

2.1.7.2.8.1 Fundamental, Overtone, and Combination Frequencies 

Electronic Ground State 

NH2 Radicals. The following table lists the frequencies of NH 2 in the gas phase of the 
symmetric Stretching v 1 (A 1 ), the symmetric bending v2(A 1 ), the antisymmetric stretching 
v3 (8 1 ). and the 2v2 overtone. The fundamentals were determined from high-resolution IR 
spectra [1, 2]. and the overtone was derived from the emission spectrum in the visible 
and near-IR region [1). The following band origins correspond to the 00 _0 rotationallevel: 

v in cm- 1 

remarks 
Ref. 

v1 

3219.3723(4) 
a). b), c) 
[1) 

1497.3184(3) 
e) 
[2) 

2961.2369(26) 
a). d) 
[1) 

3301.1 098(7) 
b) 
[1) 

a) 8y Fermi interaction between the v1 and 2v2 vibrations perturbed band origins. The 
hypothetical unperturbed band origins, 2v2 = 2964.5026 and v 1 = 3216.1066 cm - 1 , correspond 
to the Fermiinteraction parameter W=28.85(8) cm- 1 [1].- b) 8y Coriolis coupling between 
the v 1 and v 3 vibrations perturbed band origins. A further IR study gave v 1 = 3219.371 and 
v3 =3301.110 cm- 1 [3). - c) v 1 =3219.36 cm- 1 from the analysis of Ä 2A 1 ->X 28 1 (1,0,0) 
emission band systems [4). - d) 2v2 = 2961.210(4) cm - 1 from visible emission study [5]. 
- e) Earlier v2 measurements from Laser magnetic resonance (LMR) [6]. visible absorption 
[7, 8) and emission [5, 9) studies. 

Frequencies of thebendingfundamental and overtones (O,v2,0) up to the region of Ren
ner-Teller interactions (see p. 171) and of combination vibrations are compiled in Table 11. 
Levels are perturbed by Fermi resonance between (v 1 ,v2,v3 ) and (v 1 ± 1,v2 +2.v3 ) states 
and by Darling-Denison resonance between (v 1 ,v2,v3 ) and (v 1 ±2,v2,v3 +2) states [10). Evi
dence for Fermi perturbation of (0,3,0) by (1,1,0) was found near K'~ = 8 [11]. The relatively 
large difference (28 cm- 1 ) between the observed and calculated (0,8,0) frequency at Ka = 1 
indicated the resonance of the (0,8,0) with the (0,3,2) Level [10). 

Table 11 
NH2(X 28 1 ): Frequencies of Fundamental, Overtone, and Combination Vibrations (v 1 ,v2,v3 ) 

(in cm - 1 ) for the Rotational Ground State 00 _0 . 

v2 

10 
9 
8 
7 
6 
5 
4 
3 
2 
1 
0 

(O,v2,Q) 

13448.64a) 
12181 b) 

10948.47c) 
9716.9QC) 
8451.42 c) 
7140.35 d) 

5785.57c) 
4391.35(1) e) 

2961.2369(26) f) 
1497.3184(3) g) 

10281.48 a) 
8942.59a) 
7564.63a) 
6150.27a) 
4705.8± 1 h) 

3219.3723(4) f) 

9227.14a) 
7804.69a) 
6332.62a) 

9421.48 a) 
8000.36a) 
6539a) 
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al From laser-induced fluorescence spectra [10]. - bl Value extrapolated because of the 
strong perturbation due to resonance between the states (0,9,0) and (0,3,2) for Ka = 0 [10]. -
cl From electronic emission spectra [11]. - dl Extrapolated [10]. - el From a rotational 
analysis of the Ä 2A1 (O,v;,o)--> X 28 1 (0,3,0) emissionband system [12]. - tl From IR spectrum 
[1]. - gJ From IR spectrum [2]. - hl From LIF spectrum [13]. 

Ab initio-calculated vibrational frequencies are published for v1 :o; 2, v2 :o; 6, and v3 :o; 2 
[14]. Bending overtones (O,v2,0) (up to v2 = 22) were calculated by using empirical potential 
curves [15, 16] or ab initio procedures [17 to 19]. 

The fundamental vibrations of NH2 in a matrix [20, 21] are given on p. 201. 

ND2 and NHD Radicals. Experimental frequencies of the bending vibration were reported 
for gaseaus ND2 and for NHD in a matrix. Stretching and bending vibrational frequencies 
of 14ND2 and 14NHD were derived from an ab initio-computed generat valence force field 
of 4th order [22] which reproduces the experimental NH 2 fundamentals to within a few 
cm - 1. The frequencies of v1, v2, 2v2, and v3 vibrations (in cm - 1) are compiled in the following 
table: 

radical 

14ND2 
14NHD 
method 

v1 

2359.2 
2404.1 
ab initio a) 

1108.7450(16) 
1321 
expbl 

1112.1 
1322.7 
ab initio a) 

2195.75 

expcl 

2458.0 
3258.2 
ab initio a) 

al From an all-electron (quadratic Gonfiguration interaction with all single and double excita
tions) potential [22]. - bl For gaseaus ND2 derived [23] from LMR [24] and IODR frequencies 
[25]. For NHD in a nitrogen matrix from an IR spectrum [20]. - cl For gaseaus ND2 from 
an LMR spectrum [24]. 

Overtone and combination frequencies of ND2 and NHD were ab initio-calculated for 
v1 :o;2, v2:S:6, v3 :S:3 [14] and for v1 =v3 =0, v2:S:20 [17]. 

Vibrational frequencies of ND2 in a matrix [20, 21] are given on p. 201. 

Electronically Excited State Ä 2 A1 

Fundamental Vibrations of NH2 and ND2 were derived from Ä <--X absorption band sys
tems [26]: v1(A1)=3325 and v 2(A1)=633 cm- 1 for NH2 [27]; v1(A1)=2520 and v2(A1)=430 
cm- 1 for ND2 [28]. 

The fundamental Vibration v2 and the overtones nv2 may be evaluated from the vibronic 
term values T(O,v2,0) =Te+ G(O,v2,0). T(O,v2,0) values of NH2 were determined from the Ä-X 
absorption [8, 26] and emission [11] bands (see p. 206) and calculated using empirical 
bending vibration potential curves [15, 16] or ab initio procedures [17 to 19, 29]. T(O,v2,0) 
values were determined from the Ä-X absorption bands of ND2 [26] and NHD [30] (see 
p. 205) and were calculated for ND2 and NHD by ab initio methods [17]. 
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2.1.7.2.8.2 Harmonie Frequencies and Anharmonicity Constants 

Electronic Ground State. Harmonie frequencies of NH 2 , w? = 3274.65(4.25), w~ = 
3332.15(5. 70) cm- \ and anharmonicity constants, x? 1 = - 53.82(2.06), x? 2 = - 16.02(0.66), 
x~3 = - 31.04(3.06), and x~3 = -19.68(0.98) cm- \ were calculated by Least-squares fitting 
of frequencies from laser-induced fluorescence (LIF) spectra [1]. w~= 1514.9± 1.5 and 
x~2 = 17.1 ± 1.5 cm - 1 were determined from an earlier LIF study [2]. The constants w2 and 
x22 of ND 2 in G(v2 ) =w2 (v2 + 1/2) + x22 (v 2 + 1/2f were determined from fundamental (0, 1 ,0) +-

(0,0,0) and hotband (0,2,0) <-- (0, 1 ,0) frequencies from Laser magnetic resonance (LMR) spec
tra [3]. A reanalysis of the bands gave the revised values for ND2 of w2 = 1127.75 and 
x22 = -9.5 cm- 1 [4]. w 3 =2515 cm- 1 was calculated from w 2 and the inertial defect in the 
(0,0,0) and (0, 1 ,0) states [3]. 

A complete set of harmonic frequencies and anharmonicity constants of 14NH 2 , 1 5 NH 2 , 

14ND 2 , and 14NHD (in cm- 1 ) were derived from an ab initio-calculated generat quartic 
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valence force field [5] which reproduces the experimental fundamentals to within a few 
cm- 1 : 

constant ......... w1 (l)2 (l)3 -x11 -x22 -x33 -x12 -x13 -x23 

14NH2 ............. 3375.4 1545.6 3470.0 38.88 14.75 43.96 9.25 148.26 18.87 
1 4ND2 ............. 2439.5 1135.4 2551.9 20.15 8.57 25.12 2.45 77.57 9.88 
14NHD ............ 2494.3 1356.7 3424.3 39.83 9.75 75.51 10.08 11.04 19.04 

The harmonic frequencies w1, w2, and w 3 were calculated by ab initio methods for NH2 
[6 to 8] and for ND2 and NHD [6]. 

Electronically Excited State Ä 2A1 . Vibrational constants of NH2, w? + x? 1 = 3325, w~ = 622, 
x~2 = 11.4, x? 2 = 5 cm- \ and of ND2, w? + x? 1 ~ 2520, w~ = 422, x~2 = 8.1 cm- \ were deter
mined from Ä 2A1 <--X 28 1 absorption band systems using the relations v(1 ,v;,o)- v(o,v;,O) 
= w? + x? 1 + x? 2v; and fitting the band origins to the formula v(O,v;,o) = T(O,O,O) + w~v; 
+ x~ 2v; 2 [9]. Anharmonicity constants (in cm - 1) were estimated on the basis of a normal
coordinate analysis [10]: 

constants ............... x11 X22 X33 x12 x13 X23 
14NH2 ..................... -37 11 -45 5 -153 -46 
14ND2 ..................... -19 6 -27 4 -80 -30 

The harmonic frequencies w1, w2, and w 3 were ab initio-calculated for NH 2 [6, 8] and 
for ND2 and NHD [6]. 

AdditionalExcited States. Vibrational frequencies of NH2 in the B 28 2 state were calculat
ed by ab initio procedures [8]. Stretching and bending vibrational frequencies of NH2 were 
ab initio-calculated for the core-hole states 38 1, 18 1, 3Tiu, and 1Tiu [11]. 
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2.1. 7 .2.8.3 Force Constants 

The force constants f ,, = 6.503 mdyn/ Ä, f" = 0. 706 mdyn · Ä, f ,, = - 0.068 mdyn/ Ä, and 
f" = 0.706 mdyn were Iaken from an ab initio-computed generat valence force field of 4th 
order in internal Coordinates of NH 2 in the X 28 1 state [1]. Force constants were also calculat
ed by ab initio [2 to 5] and semiempirical [6, 7] procedures for the X 28 1 and Ä 2A1 states. 
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Cubic and quartic force constants of linear radicals were estimated on the basis of anormal
coordinate analysis for NH 2 [8] and ND 2 [8, 9] in the (quasi-linear) Ä 2 A 1 state. 
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2.1. 7 .2.9 Bond Dissociation Energy. Atomization Enthalpy 

Bond Dissociation Energy D(HN-H) in kJ/mol. The bond dissociation energy 
Dg=380.9±2.1 was calculated from ~1Hg(NH)=356.4 kJ/mol, ~1Hg(H)=216.1 kJ/mol, and 
~1Hg(NH 2 ) = 191.6 kJ/mol [1]. Three decades earlier, 0 0 = 368 ± 17 had been evaluated from 
thermochemical data [2]. 0 8 (HN-H) = 412.1 was determined from enthalpies of formation 
and spectroscopic data [3]. Ab initio calculations gave D0 (HN-H) = 385 ± 8 [1] and 

0 8 (HN-H) = 378 [3]. Additional D values were obtained by ab initio [4, 5] and semiempirical 
[6, 7] calculations. 

Atomization Enthalpy ~atH in kJ/mol. The atomization enthalpies ~atH = 756.9 ± 6.3 (with
out zero point energy) [8] and ~a,H3 98 = 716.3 [9] were determined from experimental values 
of dissociation energies and enthalpies of formation. L1a,Hg = 709.6 was derived [10] from 
JANAF enthalpies of formation [11]. The sum of ab initio-calculated bond dissociation ener
gies 0 8 gave the atomization enthalpy L1a,H = 754.0 [8] and 759.6 [12]. 
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2.1. 7 .2.1 0 Relaxation Processes. Radiative Lifetimes and Quenching Rates 

The notation used for NH2 in the excited state A 2A1 is related to a linear molecule 
(v2(1inear) = 2v2(bent) + K. + 1), see p. 195. 

Relaxation of NH2 in the State Ä 2A1{0,v2 ,0). Radiative lifetime and quenching of the 
A 2 A1 state of NH2 were investigated by time-resolved laser-induced fluorescence (LIF) 
[1 to 5] or fluorescence from NH 2(Ä 2A1) formed by UV photolysis of NH3 [6 to 8]. The 
zero-pressure lifetime 10 and the quenching rate constant kq (in cm3· molecule- 1 ·s- 1) were 
determined for the 30.3, 40.4, and 50.5 rotationallevels of the A 2A 1(0,9,0) state for a variety 
of quenching gases [5]: 

gas ...................... Ar 
10 in J.!S ............... 11.9(23) 
1010 kq ................ 1.52(27) 

He 
10.0(20) 
1.45(29) 

N2 
10.8(20) 
4.01(25) 

CH4 

10.2(19) 
3.06(70) 

CO 
11.3(15) 
4.66(70) 

H2 
10.8(20) 
4.57(87) 

For He, substantially lower rate constants kq = 2.5 x 10- 11 [3] and 2.6 x 10- 11 

cm3·molecule- 1 ·s- 1 [1] were obtained for quenching the (0,9,0)1 0,1 Ievel. For quenching 
by nitrogen, the kq value given above is twice the average value determined for the 20.2 
and 7 o. 7 Ievels of the (0,9,0) state. The reason for the discrepancy is not clear [1]. Rates 
of quenching by added gases relative to spontaneaus emission were measured using the 
Stern-Volmer method [8]. Lifetimes and quenching rate constants for various bending
vibration excitations are given in Table 12. 

The lifetime •~ 10 J.!S of the A 2A 1(0,9,0) state is rather long compared to the mean 
time interval between successive collisions with a neighboring molecule for pressures of 
about 0.1 Torr. ln this case, the decay of A 2A1 (0,9,0) rovibronic states is dominated by 
collisional transfer and quenching mechanisms [9]. The effects were explained in detail 
by the combination of (1) radiative decay to the 5< 28 1 ground state, (2) irreversible quenching 
to the 5< 28 1 ground state, (3) reversible collisional transfer to other rovibronic Ievels within 
the A 2A1 (0,9,0)NK. states with K. = 0 or 2, and (4) reversible collisional transfer to high-lying 
Ievels of the 5< 28 1 state vibronically coupled to the A 2A1 (0,9,0)N0 state [9]. With H atoms 
as collision partners, weak collisions predominate in the rotational energy transfer induced 
in electronically excited NH2 [4, 10]. 

The quenching rate constant of A 2A1 (0,9,0)0 by helium was found to increase monotoni
cally from 2 x 10- 11 to 7 x 10- 11 cm3 · molecule- 1 ·s- 1 with increasing rotational quantum 
number from N = 0 to 7, respectively. Quenching of the vibronic Ievels (0,7,0)0, (0,8,0)1, 
and (0, 10,0)1 showed no significant rotationallevel dependence [1]. 

Table 12 
NH2(Ä 2A1): Zero-Pressure Lifetimes 1 0 and Quenching Rate Constants kq (in 
cm3·molecule- 1·s- 1), Determined by Fluorescence from (O,v2,0)NK •. Kc Levels. 

v2 NK •. Kc 'A in nm gas 10 in J.!S 1010 kq Ref. 

5 3o,3 741.6 a) NH3 45.6±5.7 5.03±0.20 [6] 
6 11,1• 21,2• 31,3• 41.4 696.9 a) NH3 31.6± 3.6 6.21 ±0.23 [6] 
7 44,0• 54,1' 64,3 710.0 a) NH3 30.2± 1.8 5.83±0.20 [6] 
7 3o,3 661.93 b) NH3 23±~1 11.8± 1.5 [5] 
7 30,3 He 0.59 [1] 
8 31 ,3• 41.4• 51,5 630.08 b) NH3 13±2.5 9.4±0.9 [5] 
8 31,3 He 0.39 [1] 
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Table 12 (continued) 

A. in nm gas 'to in J..lS 1010 kQ Ref. 

9 30 , 3 , 40 .4, 5o,5 597.72 b) NH3 10.0± 1.7 10.0± 1.0 [5] 
9 3o,3 H 2.7 [4] 
9 30,3 He 0.41 [1] 

10 41,4 570.70 b) NH3 18±4 13.6± 1.5 [5] 
10 41.4 He 0.51 [1] 

11 20,2• 30,3• 40,4 542.9 b) NH3 8.1 ±2 9.5 ± 2.1 [5] 
12 41.4 516.61 b) NH3 6.6± 1.1 9.9± 1.4 [5] 

a) Fluorescence line from NH2(Ä 2A1(0,v2,0)N K •. K) formed through ArF excimer Laser photoly
sis of NH3 at 193 nm. - bl Wavelength of pulsed tunable dye Laser used for excitation 
into the Ä 2A1 (O,v2,0)NK •. Kc state. 

The following radiative lifetimes 't of single Ä 2A1 (O,v2,0)1 1.0(J = 3/2) Levels of NH2 in 
the supersonic free jet were determined from the decay curve of laser-induced fluorescence 
(A. is the excitation line) [2]: 

v 2 ........................... 8 
'in J..lS ................... 10.3±U 
A. in nm .................. 628.8 

10 
7.2±8:~ 

569.5 

12 
5.0±0.2 

515.6 

14 
4.4±0.2 

471.3 

The decrease of ' with decreasing A. was explained by the correlation of the transition 
energy ~E with the Einstein coefficient A = 1 /"t"0 ~ (~E) 3 ~ A.- 3 [2, 5]. A Long-lived fluorescence 
component with '~ 100 J..lS was interpreted by a weak coupling between some Levels of 
the Ä 2A1 and X 28 1 states [6]. A very short radiative lifetime of the (0, 10,0)1 Level,'= 0.35 ~-ts. 
measured by polarized fluorescence spectroscopy [11], is in disagreement with 't= 18±4~-ts 
[5] (see Table 12) and 't~15 J..lS from the phaselag of emission of NH2(Ä) generated by 
UV photolysis of NH3 [7]. Radiative lifetimes for several vibronic Levels were calculated 
[12] from absolute transition moments obtained by ab initio calculations [13]. The calculated 
lifetimes are about 10 to 20 per cent shorter than the observed lifetimes [12]. 

Relaxation of ND2 in the State X 28 1(0,1,0). The vibrational relaxation rate constants 
were measured for ND2(0, 1 ,0) by time-resolved Laser magnetic resonance technique. The 
rate constants for ND2 quenched by ND3, CF4, and Ar are (27± 10) x 10- 12, (19±4) x 10- 12, 
and (2.4±0.7) x 10- 10 cm3·molecule- 1 -s- 1, respectively [14]. 
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2.1.7.3 Enthalpy of Formation. Thermodynamic Functions 

Enthalpy of Formation AtH in kJ/mol 

193 

NH2(g). The most recent experimental values of the enthalpy of formation are compiled 
in the following table: 

AtH3ge At Hg determination from Ref. 

189.5 192.5 the third-law analysis of equilibrium constants of the [1] 
reaction H+NH3 <-->NH2 +H2 (T range 900 to 1620 K) 

192 rate constants of reaction NH2 + H20<-->NH 3 + OH [2] 
(T range 639 to 1140 K) 

192±7 rate constants of reaction H + NH 3 <--> NH2 + H2 [3] 
(T range 673 to 1003 K) 

191.6± 1.3 analysis of a photoionization mass spectrum of NH 2 [4] 

ln a review of published enthalpies of formation, AtHg= 192 ± 1 is recommended [5]. 
The error Limit of ± 1, which is considerably lower than the error ± 6.3 in JANAF tables 
[6], was arrived at from the good agreement of the recent results [5]. 

The first values of AtH, determined from the kinetics of the decomposition of hydrazine 
[7], methylhydrazine [8], phenylhydrazine [9], and benzylamine [10] were too low 
(AtH0 ~ 172). More recent experimental data of AtH range from 179 to 201 [11 to 18]. 

Several AtH values were calculated on the basis of ab initio methods [19 to 24]. Semiem
pirically calculated AtH values are too low [25 to 28]. 

ND2(g). AtH398 = 185.4± 8.4 and AtHg = 188.3± 8.4 are given in the JANAF thermochemical 
tables [6, 29]. 

Heat Capacity CP. Thermodynamic Functions 

NH2(g). The heat capacity and thermodynamic functions for NH 2 as an ideal gas were 
calculated for a standard state pressure of 0.1 MPa. Values of the molar heat capacity 
C~. entropy S0 , Gibbs energy function -(G0 -H398)/T (all in J·mol- 1 ·K- 1 ), and enthalpy 
H0 - H398 (in kJ/mol) were selected from the JANAF tables [6] and are given below. 

Tin K .................... 0 100 200 298.15 400 600 800 
c~ ........................... 0 33.259 33.280 33.572 34.395 36.838 39.715 
so··························· 0 158.327 181.381 194.707 204.680 219.066 230.054 
-(Go- H3se)/T · ·· ·· · 00 224.351 197.762 194.707 196.034 201.448 207.274 
Ho- H3se················ -9.929 -6.602 -3.276 0 3.458 10.571 18.224 

Tin K .................... 1000 1500 2000 3000 4000 5000 6000 
C~ ........................... 42.597 48.392 52.346 58.162 62.011 63.785 64.137 
so··························· 239.229 257.675 272.168 294.555 311.866 325.928 337.604 
-(Go- H3se)/T ...... 212.771 224.807 234.899 251.239 264.312 275.275 284.718 
Ho- H3ge················ 26.458 49.303 74.539 129.947 190.215 253.265 317.312 
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Additional values of thermodynamic functions were listed for T up to 6000 K [30] and 
3000 K [31]. The effect of the Ä 2 A 1 state becomes significant araund 2000 K [32]. The 
JANAF data were used to form polynomial expansions of the partition function for the range 
1000 to 6000 K (of astrophysical interest) [33]. The dissociation function computed from 
thermodynamic data was presented graphically for the range 1000 to 6000 K [34]. 

ND2 (g). The heat capacity and thermodynamic functions for ND 2 as an ideal gas were 
calculated by standard methods (pressure 0.1 MPa) for T :s; 6000 K. For T = 298.15 K, 
C~ = 34.422 and so= - (G 0 - H~98)/T = 204.291 J · mol- 1 · K - 1 [6]. 
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2.1. 7.4 Spectra 

2.1. 7 .4.1 Notation 

The rotational-vibrational Levels of the asymmetric top molecule in a given electronic 
state (e.g. X 2 8 1 , Ä 2 A1 ) are characterized (apart from spin-splitting, see below) by 
(v1 ,v2 ,v3 )NK •. KJJ). (v1 ,v2 ,v3 ) indicates the vibrational state, N is the quantum number of 
the rotational angular momentum apart from spin (S), and Ka and Kc are the quantum 
numbers of the projections of N on the symmetry axis of the limiting prolate and oblate 
symmetric top, respectively; J is the quantum number of the total (spin and rotation) angular 
momentum. Rotational lines are characterized by, for example, PaK and RQK for lines of 
the Q branch (AN= 0) with AK = - 1 and AK = + 1, respectively. The splitting of each rotation
al Level into a doublet F1 and F2 by electron spin-rotation interaction (fine structure) is 
characterized by 1 NK •. Kc with F1 = N -1/2 and 2 NK •. Kc with F2 = N + 1/2 [1, 2]. 

For the quantum numbers of the bending vibration, the correlation between linear- and 
bent-molecule notation is v 2 (linear) = 2v2 (bent) + Ka + 1; see for example [3, 4]. Most authors 
prefer the linear molecule notation which is used in this chapter. Energy Levels due to 
vibronic splitting (Renner-Teller effect, see p. 171) [5] are shown in Fig. 6, p. 172. 
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2.1. 7 .4.2 Electron Spin Resonance Spectrum 

The NH 2 radical trapped in various matrices was extensively studied by electron spin 
resonance (ESR) spectroscopy; see Table 13, p. 196. The ESR spectrum of NH 2 in an Ar 
matrix at 4.2 K consists of the expected nine lines [1, 2] assigned to the threefold hyperfine 
splittings of 67 and 29 MHz due to the two protons and 14N, respectively. The peak intensities 
within each triplet are roughly 1:1: 1 instead of the expected 1:2: 1. An interpretation is 
given in [3]. Spectral lines of deuterated NH 2 in Ar formerly assigned to ND2 [1] were 
reassigned to NHD [2]. 
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Table 13 
ESR Spectra of NH2 and lsotopomers Trapped in a Matrix. 
The method of generation of the radicals is given in the footnotes. 

radical 

14NH2, 14ND2, 14NHDal 
14NH2 
14NH2 
14NH2 

14.15NH2, 14.15ND2 
14ND2 

14NH2, 1 4ND2 il 
14NH2, 14ND2, 14NHDil 
14NH2 
15NH2 

matrix (T in K) 

ammonia in Arbl (4.2) [1, 2] 
H14N3 in Ar and Xecl [4], and in Kr (4.2)cl [4, 5] 
pure ammonia, single or polycrystal d) (4.2, 77) [6] 
pure ammonia e) (98, 103, 118) [7] 

and (77) dl [8], t) [9] 
pure ammoniagl (77, 118) [10] 
pure ammonia (98, 118) 9 l, (88, 138)dl [7], 

and (0.25 to 4.2) h) [11] 
frozen ammonia-water system dJ (77) [6, 8, 12, 13] 
Na14N3 in aqueous glassesdl (77) [14, 15] 
frozen H20 2 solution in 14NH3 dJ.k) (77) [16] 
K15NH2S03 single crystal dl (77) [17] 

14NH2 
14NH2 
14NH2, 1 sNH2, 14ND2 
14NH2, 14ND2 

NH3 0HCL and (NH 3 0HhS04 single crystal dl (298) [18] 
ammonia in zeolites dl (77) [19, 20], (153) [20] 
ammonia in zeolites d) (77) [21] 
ammonia-silica gel system d) (77) [22] 

a) ln [2] only. - b) Photolyzed with Light of 184.9 nm. - c) Photolyzed with Hg Lamp. -
d) y-irradiated (Co source). - e) Electron bombarded with 100 eV. - t) Electron bombarded 
between 8 and 30 eV. - g) 1 MeV He+ ion bombarded. - h) Electron bombarded. - i) ln 
[13] only. - il ln [14] only. - k) Photolyzed with Light of wavelengths;;:.: 290 nm. 
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2.1. 7 .4.3 Photoelectron Spectrum 

The He I photoelectron spectrum of the NH 2 (X 2 8 1 ) radical, produced from the fast reac
tion F + NH3 --+ NH 2 +HF, shows three bands corresponding to the ionization of NH 2 to the 
X 3 8 1 , ä 1 A 1 , and 6 1 8 1 states of NH:i_" (see p. 240). The sharp band at 12.45 eV has two 
vibrational components, separated by 1350 ±50 and 2900 ±50 cm - 1 , which were assigned 
to the excitation of both the v2 and v 1 vibrations in the ionic state ä 1 A1 . The band at 
12.00 eV shows regular vibrational spacings on the Low ionization potential side which were 
attributed to the excitation of the v2 mode of NH~ (X 3 8 1 ). Studies of spectra of the deuterated 
radical supported the assignments. 

Reference: 

Ounlavey, S. J.; Oyke, J. M.; Jonathan, N.; Morris, A. (Mol. Phys. 39 [1980]1121/35). 

2.1.7.4.4 Microwave and Far-Infrared Spectra 

NH2 

In the microwave absorption (MW) spectrum the fine and hyperfine components of the 
31 , 3 +- 22 , 0 (12 Lines) and 11 .o +-1 0 . 1 (9 Lines) rotational transitions in the X 2 8 1 (0,0,0) state 
were measured in the range 230 to 469 GHz (7.67 to 15.36 cm- 1 ). The Lines which Lie 
in the atmospheric windows near 231 GHz and between the water Lines at 448 and 471 
GHz, respectively, appear to be favorable for the detection of NH 2 in dense interstellar 
clouds [1]; see also [2]. A far-infrared tunable Laser spectrum of ultracold (about 5 K) free 
NH2 was recorded. The bands observed at 952.5 GHz were assigned to the 11 . 1 (J = 3/2) 
+- 00 ,0 (J = 1/2) transition in the X 2 8 1 (0,0,0) state [3]. 

Magnetic-dipole-allowed transitions between the spin doublets F1 (J) and F2 (J) in the 
X 2 8 1 ground and the Ä 2 A 1 excited electronic states were observed in microwave optical 
double resonance (MOOR) spectra in the frequency range<30 GHz (1 cm- 1 ). In addition, 
a few MOOR bands were identified as electric-dipole-allowed transitions in the ground 
state X 2 8 1 which have three to four orders of magnitude strenger transition rates than 
the magnetic-dipole-allowed MW transitions [4]. 

MOOR signals were obtained by pumping the appropriate optical transitions, 
Ä 2 A1 (0,10,0) +-X 2 8 1 (0,0,0) at about 17500 cm- 1 and Ä 2A1 (0,9,0) +-X 2 8 1 (0,0,0) at about 
16600 cm - 1 , with a Rhodamine 6G dye Laser. The majority of the MOOR bands observed 
were assigned to the magnetic-dipole-allowed transitions between F1 and F2 spin compo
nents for a rotational state NK •. Kc in the vibronic ground state X 2 8 1 (0,0,0) [4 to 7] and 
in the excited vibronic states Ä 2 A 1 (0,9,0) with K.=O and Ä 2 A 1 (0,10,0) with K.=1 [8]. The 
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electronic and vibrational states, the ranges of rotational states N and Ka, the number 
of rotational Levels nrot and assigned lines ntine• and the frequency range ~v studied in 
MOOR spectra are given in the following table: 

x 2 8 1 (0,0,0) 

Ä 2 A1 (0, 10,0) 
(0,9,0) 

N, Ka 

N, Ka:S::8 
N :S::7, Ka :S::2 

33.1• 41.3 
2:s;N:s;9, Ka :S::2 

N:S::9, Ka = 1 
3 :s; N :s; 8, Ka = 0 

nrot 

31 
6 
2 

11 

9 
4 

nLine ~v in GHz Ref. 

>20oa>, ab> 1.8 to 18 [5] c) 
19a) 7.3 to 11.5 [4] 
22d) 5.2 to 11.7 [6] 

35a>, 3b> 3.2 to 9.7 [7] 

111 a) 2.0 to 22.3 [8] 
3oa> 2.0 to 8.0 [8] 

a> Magnetic-dipole-allowed transitions. - b> Electric-dipole-allowed transitions. - c> MOOR 
frequencies [4, 9, 10] were used for the fitting procedure. - d) The transitions 
33.1(J=7/2)+-41.3(J=7/2) and 33.1(J=7/2)+-41.3(J=9/2) are magnetic-dipole-allowed as 
a result of the spin-rotation interaction mixing of Level 41 .3(J = 7/2) with Level 33.1 (J = 7/2). 

Strong MOOR signals around 6.4 and 15.7 GHz were assigned to transitions between 
a rovibronic Level u22 .0 (J=3/2) and the spin-split Levels of Ä 2 A 1(0,10,0)1 1.0 [11, 12]. The 
Level u was tentatively assigned to X 2 8 1 (0, 12,0) [11]. Following a theoretical treatment of 
the Renner effect [13] (see p. 171), the assignment of u was modified to X 2 8 1(0,13,0) [12]. 
MW transitions identified between rovibronic states were used to assign transitions in the 
optical spectrum. For example, one hyperfine component of the Ä 2 A1 (0, 10,0)1 1 .0 (F2 )+-+ u(F2 ) 

transition around 6.3 GHz was pumped, while the dye Laser frequency was tuned in the 
range 17250 to 17600 cm- 1 (580 to 568 nm) [14]. 

Saturation spectra of NH2 were recorded using the intermodulated fluorescence tech
nique. The Saturation spectrum showed a hyperfine structure in the Ä 2 A1 (0, 10,0) +
X 2 8 1 (0,0,0) band for the transitions 21.1 +-1 0 • 1 (J = 3/2 +-1/2 and 5/2+- 3/2), 41.3 +-30 .3 (J = 9/2+-
7/2 and 7/2 +- 5/2), 51.4 +- 42 . 2 (J = 9/2 +- 7/2), and 61.5 +- 52 . 3 (J = 13/2 +-11/2) [15]. The hyper
fine Splitting of the Ä 2 A1(0,10,0)1 1.0(J=3/2)+-X 2 8 1(0,0,0)22 . 0 (J=5/2) band was studied by 
using microwave-modulated saturation spectroscopy, a combination of the MOOR and inter
modulated fluorescence techniques [16]. 

Hyperfine splittings in the Ä 2A1 (0,9,0) state were measured for the Levels 22 •0 (J = 5/2), 
20 •2 (J = 3/2,5/2), 40 .4(J = 9/2), and 60 •6 (11/2) using the magnetic level-crossing technique 
[17, 18]. The hyperfine splitting in the Ä 2 A1(0,10,0) state [17] taken from the Level-crossing 
spectrum is in good agreement with the results obtained from the saturation spectrum 
[15]. The studies of the hyperfine structure were supplemented by measurements of the 
optical-optical double resonance (OOOR) spectra in weak magnetic fields, carried out for 
the Ä 2 A1 (0,9,0)00 •0 (J = 1/2) Level [19]. The hyperfine structures were also investigated in 
the polarization spectra obtained for the 141.3 +- 130 .3 and 2 51.4 +- 2 42 . 2 subbands of the 
Ä 2 A1 (0, 10,0) +-X 2 8 1 (0,0,0) transition and for the 130 .3 +- 141.3 and 150 . 5 +- 141.3 subbands 
of the Ä 2 A1 (0,9,0) +-X 2 8 1 (0,0,0) transition [20]. 

ln the Laser magnetic resonance (LMR) spectrum the rotational transitions of NH 2 in 
the X 2 8 1 (0,0,0) ground state were resonance-tuned with far-infrared Lasers (H 2 0, 0 2 0, 
and C02 ) in the frequency range 15 to 127 cm- 1, using magnetic fields up to 16 kG. LMR 
spectral data were assigned to Zeeman components of the rotational transitions 33.1 +- 22 .0 , 

22 .0 +- 1 1.1, and 7 4 .4 +- 7 3.5 • observed at frequencies of 127.48 cm- 1 (H 2 0 Laser), 84.32 cm- 1 
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(H20 Laser), and 92.82 cm - 1 (D20 Laser), respectively (21]. Seventeen rotational transitions 
up to N = 7 and Ka = 5 were measured by using 15 far-infrared Laser frequencies (22, 23]. 

ND2 

A frequency-modulated MW spectrum was recorded in the range 265 to 531 GHz. One
hundred-twenty spectral Lines, indicating fine and hyperfine splitting, were assigned to seven 
rotational transitions in the X 28 1 (0,0,0) ground state: 42,2 +- 33,1, 11 .o +- 1o, 1, 52,4 +- 43,1, 
21.1 +- 20 ,2, 20 ,2 +-1 1, 1, 31,2 +- 30 ,3, and 11,1 +- 00 ,0 [24]. 

MODR signals were observed by pumping the appropriate optical transitions of ND2 
Ä 2A1 (0, 13,0) +-X 28 1 (0,0,0) and Ä 2A1 (0, 12,0) +-X 28 1 (0,0,0) with a Rhodamine 6G dye Laser. 
More than 200 transitions involving twenty-one rotational Levels N1, N and N1, N _ 1 (1:::::; N :::::;6), 
N2 , N _ 1 (3:::::; N:::::; 8), and N2 , N _ 2 (N = 3, 4, and 7) for the X 2 8 1 (0,0,0) ground state were studied 
in the range 1.5 to 7.0 GHz [25]. Twenty-one of these MODR frequencies were used to 
reevaluate the molecular parameters [26]. 

NHD 

Both a-type rotational transitions between K doublet Levelsand magnetic-dipole-allowed 
transitions between spin doublets of NHD were observed using optical transitions from 
X 2 A"(O,O,O) to Ä 2 A'(O, 11 ,0), (0, 10,0), and (0,9,0) in MODR experiments. Ten frequencies 
ranging from 5.97 to 72.76 GHz were assigned to the three electric-dipole-allowed transitions 
11 .o +-1 1, 1, 22 ,0 +- 22 , 1, and 43,1 +- 43,2 in the X 2 A" state. Magnetic-dipole-allowed transitions 
were studied for ten rotational states (N:::::; 6 and Ka:::::; 2) in the range 4.83 to 9.57 GHz [27]. 
The 11 .o +-1 1, 1 and 22 ,0 +- 22 , 1 electric-dipole-allowed transitions of NHD at about 73 and 
10 GHz, respectively, are important in astrophysics, because the rotational Levels involved 
are significantly populated at the Low temperatures found in many interstellar clouds [28]. 

Far-IR LMR spectra of NHD in the ground state X 2 A"(O,O,O) were observed for eleven 
31,3 +- 20 , 2 rotational transitions (F 1 +- F1 and F2 +- F2) (Laser Line A. = 47.3 cm - 1) and fourteen 
41.3+-32 , 2 rotational transitions (F1 +-F1) (/c=26.7 cm- 1) by varying the magnetic field up 
to 5 kG [29]. 
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2.1.7.4.5 Raman Spectrum 

NH 2 radicals, generated by photolysis of NH 3 (0.5 mbar) with an ArF exciplex Laser 
at 193 nm, were detected by time-resolved, coherent anti-Stokes Raman spectroscopy in 
the NH stretch regions at 3334 and 3220 cm - 1 [1]. Two Raman bands of NH 2 , v3 = 3276 ± 2 
and v2 = 1471 ± 2 cm- 1 , were observed in solid ammonia at 77 K after irradiation with an 
atomic aluminium beam [2]. 

References: 

[1] Dreier, T.; Wolfrum, J. (Appl. Phys. 8 33 [1984]213/8). 
[2] Klimov, V. D.; Mamchenko, A. V.; Nabiev, S. S.; Sukhanov, L. P. (Zh. Fiz. Khim. 65 

[1991]1819/25; Russ. J. Phys. Chem. [Engl. Transl.]65 [1991]966/70). 

2.1. 7 .4.6 Infrared Spectrum 

Infrared Absorption 

The vibrational band (v;), the number of assigned lines (n), the corresponding rotational 
quantum numbers (N, Ka), and the frequency range (ßv) studied in high-resolution absorp
tion spectra of NH 2 are given in the following table: 
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fundamental n N, Ka L1v in cm- 1 remark Ref. 

v1 139 1:;:; N :;:;6, Ka :;:;4 3126 to 3372 a) [1] 
220 N:o;9, Ka:o;5 3018 to 3445 b) [2] 

3 N, Ka:o;2 near 3250 c) [3] 

v3 72 1:o;N:o;5, Ka:o;4 3208 to 3399 a) [1] 
39 N:o;7,Ka:o;4 3252 to 3436 b) [2] 

v2 336 N:o;10, Ka:o;5 1270 to 1726 b) [4] 
19 2:o;N:o;6, Ka:o;4 1342 to 1605 d) [5] 

a) Tunabte difference-frequency Laser spectrum. b) Fourier transform spectrum. - c) 
Single-frequency, color-center Laser spectrum of jet-cooled NH 2 (80 and 25 K) in He. -
d) Tunabte semiconductor Laser spectrum. 

The surprising result that the v1 band of NH 2 is considerably stronger than the v3 funda
mental (the ratio of the vibrational transition moments is IJ.1 1 IJ.13 1~4 in cantrast to H20) 
could not be i nterpreted [1]. 

IR absorption spectra of NH2, ND2, and NHD, isolated in argon, nitrogen, and carbon 
monoxide matrices at 14 K, were recorded in the range of the fundamental vibrations. 
The relatively complex spectrum of NH2 in an argon matrix indicates molecule rotation 
in the matrix. In an N2 matrix the following positions of the v2 fundamental were observed 
[6]: 

species ................. 14NH2 
v2 (in cm- 1) ......... 1499 

14NHD 
1321 

The absorption bands at 3215 and 3220 cm- 1 were originally assigned to v3 C5 NH2) 
and v3 C 4NH2), respectively [6]. More recently, the 3220-cm - 1 band was reassigned to 
v1 [7 to 9]. The absorptions at 3217 and 1496 cm - 1 in an Ar matrix spectrum of NH 3 , 

bombarded at 12 K with 50-eV electrons, were also assigned to NH2 [10]. 

Laser Magnetic Resonance (LMR) 

NH2 . Laser lines in resonance with tuned v2 transitions, frequency range (L1v), magnetic 
field (H,), and corresponding rotational quantum numbers are given in the following table: 

Laser line L1v in cm- 1 H, in kG N and Ka Ref. 

13CO: P(8,12,14) 1704 to 1762 up to 11 3:o;N:o;5, 3:o;Ka:o;5a) [11] 
13C02: R(12, 18,22,36,40) 1031 to 1108 2.5 to 7.7 5:o;N:o;10, O:o;Ka:o;5bl [12] 
13CO: P(10) to P(19) 1511 to 1777 0.5 to 18.5 O:o;N:o;7, O:o;Ka:o;5cl [13] 

a) Zeeman components of the three transitions 54.1 +- 43.2, 55 . 1 +- 44.0 , and 44.1 <-- 33.0 . -

bl Only weak transitions for L1N = -1 and L1Ka =- 3. - c) 160 Zeeman components from 

30 Vibration-rotation transitions; L1Ka = 3 is valid for 53.3 <-- 40 .4; for all other transitions, 
L1Ka= ±1. 

ND2 . Over three hundred Zeeman resonances of the X 28 1 (0, 1 ,0) <-- (0,0,0) transition 
(v2 = 1108.7493 cm - 1) were observed using thirty-five Laser C 3C160 2, 12C160 2, and 12C180 2) 
lines in the range 998 to 1108 cm - 1. The magnetic field was varied between 0.2 and 11.0 
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kG. The spectral Lines were assigned to transitions involving the rotational quantum numbers 
1 s;Ns;7 and Os;Kas;6. Four LMR transitions were tentatively assigned to the (0,2,0)20 _2 

<-(0,1,0)1 1 •1 hotband (band origin: 1087.00 cm- 1 ) [14]. The assignments for 13 LMR transi
tions were revised, including the four hot band transitions [15]. A time-resolved LMR tech
nique was used for measuring the vibrational relaxation of ND 2 in the X 2 8 1 (0, 1 ,0) state; 
see p. 192. The v2 vibrational transitionmomentwas estimated tobe 0.056±0.02 D [16]. 

Infrared Optical Double Resonance (IODR) 

NH2 • A Rhodamine 6G dye Laser and a C0 2 /N0 2 Laser were combined with the LMR 
technique to study the vibration-rotation transitions of NH 2 in the Ä 2 A 1 state which were 
observed with sub-Doppler resolution. When the Ä 2 A 1 (0,9,0)22 _0 <-X 2 8 1 (0,0,0)1 1 _0 transition 
was pumped with a dye Laser, thirty-nine Lines could be assigned to the 21 , 1 <- 22 _0 transition 
and five Lines to the 11 , 1 <- 22 , 0 transition by IR excitation of the Ä 2 A1 (0, 10,0) <- Ä 2 A1 (0,9,0) 
transition and by sweeping the magnetic field to as high as 14.2 kG. Four additional Lines 
were assigned to IR transitions from the Ä 2 A 1 (0,9,0) state to a highly excited vibrational 
state, tentatively assigned to X 2 8 1 (2,8,0) [17]. 8y extending the IODR technique, C0 2 /N 2 0 
Laser magnetic resonance spectra of the Ä 2 A 1 (0, 12,0) <- (0, 11 ,0) band with N 1 , N _ 1 <- N0 , N 

(N = 1 to 7 and v range 945 to 965 cm - 1 ) were observed. Furthermore, transitions between 
the 30 , 3 and 40 _4 Levels of Ä 2 A1 (0,11,0) and highly excited vibrational states of X 2 8 1 were 
identified with Laser Lines between 952 and 955 cm- 1 . The Ä 2 A 1 (0,11,0) Levels were excited 
with a dye Laser via the transitions Ä 2 A 1 (0, 11 ,O)N 0 , N <-X 2 8 1 (O,O,O)N 1 . N [18]. 

ND2 • The IR transitions 50 , 5 (F 1)<-51 .4(F1 ) and 21.2(F2 )<-22 , 1 (F2 ) of the X 2 8 1 (0,1,0) 
...... (0,0,0) band were pumped with 12C180 2 P(10) and 12C160 2 R(26) Laser Lines at 1076.57 
and 1082.30 cm - 1 , respectively. IODR signals were observed by exciting various rovibronic 
transitions of Ä 2 A 1 <-X 2 8 1 (vibrational excitations: from (0, 1 ,0) to (0, 14,0), (0, 15,0), and 
from (0,0,0) to (0,12,0), (0,13,0), (1,9,0)) with a Rhodamine 6G dye Laser. The energy Levels 
obtained from this study [19] and LMR experiments [14] show significant differences for 
N;;:::6. 
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2.1.7.4.7 Near-lnfrared, Visible, and Ultraviolet Spectra 

General Remarks 

Absorption, emission, and laser-induced fluorescence (LIF) techniques were applied 
to the Ä 2 A 1 -x 2 8 1 electronic transition, giving abundant information about the ground 
and excited rotational and vibrational states of the NH2 and ND2 radicals in both electronic 
states. Many Levels of the upper electronic state were characterized in absorption experi
ments, while emission studies gave precise values for various ground-state Levels. One 
reason for the complexity of electronic spectra is the different structure of NH2 in the ground 
and excited states; see p. 184. Absorptions assigned to transitions from X 2 8 1 (0,0,0) to highly 
excited vibrational states X 2 8 1 (O,v2,0) were identified in the electronic spectrum on account 
of the Renner-Teller effect. Combinations of Fermi resonances and Renner-Teller interac
tions are illustrated in the following scheme using the bent-molecule notation (see p. 195) 
[1]: 

Ä 2 A 1 (O,v2 ,0) ~ Fermi ----... Ä 2A 1 (1,v2 -2,0) 

i i 
Renner-Teller Renner-Teller 

l l 
X 2 8 1 (0,v2 +9,0) ~ Fermi ----... X 2 8 1 (1,v2 +7,0) 

Quantum-chemical calculations of term values on the basis of the Renner-Teller effect 
employed ab initio treatments [2 to 4] or empirical methods [5 to 7]. 

Absorption Spectrum 

Gaseous NH2 • The absorption spectra of NH 2 were recorded in the range 830 to 390 nm 
[8 to 15]. The complex vibronic band structure was explained by a strong electronic
vibrational coupling which causes the electronic state 2Il to split to the states X 2 8 1 and 
Ä 2A1 (see p. 171). The observed long progression of sixteen NH2 bands was identified 
as Ä 2 A 1 (O,v2,0) +--X 2 8 1 (0,0,0) transitions with v; = 3 to 18 involving the rotational quantum 
numbers O:::;N':::;7 in the Ä 2 A1 state. ln addition, four bands of a subsidiary progression, 
Ä 2 A1 (1 ,v;,o) +--X 2 8 1 (0,0,0), were found. These bands gain most of their intensity from a 
Fermi-type resonance between (0, v; + 2,0) and (1, v;,o) Levels in the excited Ä 2 A1 state 
[15], 

The absorption bands in a spectrum ranging from 950 to 635 nm were assigned to transi
tions from X 2 8 1 (0,0,0) to the vibronic Levels Ä 2 A1 (0, 1 ,O)(K~ = 0), (0,2,0)(K~ = 1), 
(0,3,0)(K~ = 0,2), (0,4,0)(K~ = 1 ,3), (0,5,0)(K~ = 0,2,4), (0,6,0)(K~ = 1 ,3,5), (0,7,0)(K~ = 0,2,4,6), and 
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(0,8,0)(K~ = 1 ,3,5,7). The absorption Lines arising from )( 2 8 1 (0, 1 ,0) were also identified. Large 
perturbations (~200 cm- 1 ) were observed between some Ä 2 A 1 (0,v;,O) Levelsand the high 
vibrational Levels of the )( 2 8 1 state [16]. ln another absorption study at much higher resolu
tion, nearly all rotational Levels up to N' = 8 and K~ = 8 were identified as weiL as a few 
additional Levels up to N'=10 and K~=4 [17]. ln the absorption studies [15 to 17] about 
3500 band assignments were given [18]. Absorption bands ranging from 680 to 530 nm, 
which were assigned to transitions from )( 2 8 1 (0,0,0) to )( 2 8 1 (O,v;,O) with v; = 9 to 13, 
appeared in the spectrum on account of the Renner-Teller effect [1]. 

Frequencies of assigned absorption bands of NH 2 in the gas phase are given in Table 
14. 

The absorption oscillator strength f was measured and calculated for a few Ä 2 A1 +- )( 2 8 1 

transitions. Studies of the ROo,N ~ 4 transition of the (0, 12,0) +- (0,0,0) band at 516.6 nm 
[19, 20], Pa,. N ~ 7 transition of the (0,9,0) +- (0,0,0) band at 597.4 nm [21 to 23], and PR,, N _, 

transition of the (0,9,0) +- (0,0,0) band (N :s; 6) at 596 nm [24] were reported. The absorption 
[19, 20] and Laserabsorption [21, 22] were measured in NH3-0 2 -N 2 flames. Laserabsorption 
spectroscopy was also used to study NH 2 in NH 3-02 flames [25]. Shock tube Laserabsorption 
experiments were carried out on NH 2 , generated by photolysis and pyrolysis of NH 3 [23]. 
The oscillator strength f was calculated from the respective vibronic transition moment 
given in [6] and the wavelength of the Ä 2 A 1 (O,v2 ,0) +- )( 2 8 1 (0,0,0) transition for 3 :s; v2 :s; 15 
[26]. 

The measured and calculated absolute oscillator strengths are given in the following 
table: 

transition 
Ä 2 A 1 +- )( 2 8 1 

(0,9,0)7 0, 7 +- (0,0,0)7 1 '7 

(0, 12,0)41 .4 +- (0,0,0)40 .4 

oscillator strength f x 105 

measured calculated •> 

6.35 ± 1.90 [23] 
5.3 ± 1.6, 3.9 ± 1.2 [27] b). c) 

28.1 ± 4.7, 38.0± 8.5 [27] b).d) 

19.6±2.0 [27, 28] 

28.4±2.8 [27, 28] 

•> Using a semiempirical method [29]. - b> Measurements for various flame compositions. -
c> Revised from data given in [21, 22]. - ct> Revised from data in [19, 20]. 

Matrix-lsolated NH2 • Absorption spectra of NH 2 radicals, which were produced in a 
microwave discharge of Ar mixed with a small amount of NH 3 or N2 H4 and trapped on 
a 4.2 K surface [30, 31], indicated nearly free rotation of NH 2 in an Ar matrix [32]; for 
frequencies of assigned absorption bands, see Table 14. 

UV absorption of NH2 was also observed after photolysis of ammonia in an argon matrix 
at 4.2 K [33] or in nitrogen or carbon monoxide matrices at 14 K [34]. The Ä 2 A 1 (0,8,0) +

)( 2 8 1 (0,0,0) band of NH 2 trapped in a rare gas matrix at 4.2 K showed Line shifts of + 28.7 
cm- 1 in Ar, -5.8 cm- 1 in Kr, and -40.3 cm- 1 in Xe relative to the gas phase spectrum 
[35]. More recently, absorption spectra of NH 2 and its isotopomers, isolated in Ne, Ar, 
Kr, and Xe matrices at 5 K, were measured in the visible range 370 to 880 nm [36]. 
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Table 14 
NH2. Absorption Lines v from Gas-Phase and Argon-Matrix Spectra. 
All transitions to Ä 2A1 (v; ,v;,O) or 5< 28 1 (v; ,v;,o) originale in the 5< 28 1 (0,0,0) state. For the 
notation, see p. 195. 

Ä(v;,v;,o) 5<(v; ,v;,O) F'N~~K~- F"N~~·K;; v in cm- 1 Ibl 

v;(linear) v;(bent) v;(bent) gas Ar matrix•> 

(0,22,0) (0,10,0) (110-0ool? 28982c) 3 
(0,20,0) (0,9,0) 110-0oo 27022.3 7 
(0,18,0) (0,8,0) 11.0- Ooo 25059.3") 25056.8 14 
(0,17,0) (0,8,0) 101 -00o 24106.23d) 
(0, 16,0) (0,7,0) 11o-Ooo 23145.8 26 
(0,15,0) (0,7,0) Ooo-Ooo 22175.91 d) 
(0,14,0) (0,6,0) 11o-Ooo 21216.73e) 21220.7 75 
(0,13,0) (0,6,0) Ooo-110 20275.04e) 20292.2 4 
(1,9,0) (1 ,4,0) 1o1 -Ooo 20106.36d) 
(0,12,0) (0,5,0) 11o-Ooo 19393.77e) 19412.2 96 
(1,8,0) (1,3,0) 11o-Ooo 19227.59e) 19244.3 39 
(1,7,0) (1 ,3,0) Ooo-Ooo 18583.93d) 
(0,11,0) (0,5,0) Ooo-Ooo 18430.23d) 
(1,6,0) (1,2,0) 111o- 10oo 17753.462 1) 17774.5 22 
(0,10,0) (0,4,0) 1110- 10oo 17558.7281) 17588.0 97 

(0,13,0) 1110- 10oo 16826.903 1) 16800.9 9 ) 3 
(0,9,0) (0,4,0) 10oo_211o 16704.787 1) 16736.6 5 

(1 '10,0) 111 -Ooo 16355.6 9 ) 3 
(0,8,0) (0,3,0) 111o- 10oo 15898.778 1) 15931.0 100 

(0,12,0) 2111_10oo 15454.1691) 15442.4 9 ) 5 
(0,7,0) (0,3,0) Ooo-Ooo 15120.10h) 
(0,7,0) (0,2,0) 1221-1111 15012.742 1) 15040.3 2 
(0,6,0) (0,2,0) 1110- 10oo 14362.12 1) 14388.4 38 

(0, 11 ,0) 1110- 10oo 13964.1 9 ) 7 
(0,5,0) (0,2,0) Ooo-Ooo 13618.89 h) 

(0,10,0) 1111- 10oo 13034.41 I) 13052.8 9 ) 12 
(1,7,0) 111 -Ooo 12864.0 9 ) 13 

(0,4,0) (0,1,0) 1110- 10oo 12647.74 1) 12669.1 9 ) 24 
(0,3,0) (0, 1 ,0) Ooo-Ooo 12280.52h) 
(0,2,0) (0,0,0) 1110-0oo 11329.09h) 
(0, 1 ,0) (0,0,0) 1o1 -Ooo 11139.86 h) 

•> From [32]. - bJ Relative intensity from Ar matrix spectrum [32]. c> Average of the 
observed frequencies 28951 and 29012 cm- 1. - dl Calculated term value [15]. - •> From 
[15]. - 1> From [1]. - 9 > Frequency from [32], assignment from [1]. - hl Calculated term 
value [16]. 

Gaseous ND2 . The following ND2 absorption lines v [15] were assigned to the transitions 
Ä 2A1 (v; ,v2,0)N~~K~ +-- 5( 2 8 1 (0,0,0)00.0: 

(v; ,v;,O)N~~.o ............ (0, 17,0)00.0 (0, 15,0)00.0 (0, 14,0)11 ,0 (1 ,9,0)00.0 (0, 13,0)00.0 
v in cm- 1 ................. 19924.77 18588.41 17948.55 17361.00 17224.44 

(v; ,v;,O)N~~.o ............ (0, 12,0)1 1 ,o (0, 11 ,0)00,0 (0, 10,0)11.0 (0,9,0)00.o 
v in cm- 1 ................. 16604.80 16014.42 15405.54 14844.28 
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Approximately 1200 bands in an ND2 absorption spectrum were assigned in the range 485 
to 630 nm [37]. 

NHD. Absorption spectra of NHD, prepared by flash photolysis of an NH3 + 0 20 mixture, 
were recorded in the range 570 to 650 nm. Approximately 350 lines were assigned to 
Ä 2A'(O,v;,O) <---X 2A"(O,O,O) transitions with v; = 9, 10, and 11 [38]. Three transitions which 
originale in the X 2A"(0,0,0)00_0 state are given below: 

(O,v;,O)N~;.o ...................... (0, 11 ,0)00.0 
v in cm- 1 ......................... 17313.254 

(0, 10,0)11.0 
16545.994 

(0,9,0)00,0 
15868.071 

Stark splittings were observed for the corresponding transitions Ä 2A'(O, 11 ,0)22_1 <
X2A"(0,0,0)33_1 (F1 line), Ä 2A'(0,10,0)1 1_0 +-X 2A"(0,0,0)22.0 (F1 and F2 lines), and 
Ä 2A'(0,9,0)22_1 <---X 2A"(0,0,0)33_1 (F 2 line) [39]. 

Emission Spectrum 

The complex Ä 2 A1--. X 2 8 1 emission spectrum of NH 2 , obtained by radiofrequency dis
charge through flowing ammonia, was recorded over a wide spectral range from the IR 
to the UV. Emission lines in the range 470 to 480 nm were assigned to Ä 2 A1 (0, 14,0)-> 
X 2 8 1(0,0,0) transitions for 1:S:N':S:7 and K~=1 or 3 [40]. Approximately 27000 lines were 
recorded between 400 and 890 nm. For the X 2 8 1 (0,2,0) Level, most of the rotational term 
values were determined up to N" = 8 and K;,'= 5. For the (0, 1 ,0) and (0,0,0) Levels of the 
X 2 8 1 state, higher rotational term values (up to N", K;,' = 16 for the (0,0,0) Level) were 
observed [41]. ln the near-IR range 0.9 to 1.3 j..lm, 453 bands were assigned to transitions 
to the X 2 8 1 (0,2,0) state for N and Ka :S: 8. Twenty-eight intense lines araund 700 nm were 
assigned to transitions to the X 2 8 1 (1 ,0,0) state [42]. For the Ä 2 A1 (O,v;,o)--. X 2 8 1 (0,3,0) band 
system (400 to 800 nm), the strongest subbands originale from Ä 2A 1 (0,21,0)K.~o. 2 and 
Ä 2 A1 (0,20,0)K. ~ 1_3 Levels. The transitions from (0, 19,0), (0, 18,0), (0, 14,0), and (0, 13,0) Levels 
gave less intense lines [43]. 

ln the emission spectrum of NH 2 , formed by ArF excimer Laser photolysis of NH3 at 
193 nm, the following lines /... could be identified as Ä 2 A1 (O,v;,o)-> X 2 8 1 (0,0,0) transitions 
[44]: 

(0, v;,o) K.· ...................... (0,8,0) 5 

/... in nm ........................ 686 

(0, v;,o) Ka ....................... (0,7,0) 4 

/... in nm ........................ 730 to 733 

(0,6,0)1 
697 

(0,5,0)0 
741.5 

(0,8,0) 5 and (0,7,0)4 

710 

(0,6,0b and (0,7,0)6 

751 

For the study of high angular momentum states of NH 2 (Ka up to 22), electronic spectra 
were recorded threefold: 1) as a dispersed emission spectrum following Laser excitation 
of photolysis products of NH3, 2) as emission spectrum from a discharge through ammonia 
with an FT spectrometer, and 3) as LIF spectrum (see below). The dispersed emission 
spectrum was recorded over the range 400 to 740 nm and the FT emission spectrum from 
IR (3570 nm) to UV (435 nm) [45]. The rovibrational state distribution of nascent NH2 (Ä 2 A1 ), 
generated by 193.3 nm photolysis of a room-temperature NH 3 sample, was determined by 
analyzing the NH2 (Ä 2A1 -.X 2 8 1) near-IR emission (13000 to 6000 cm- 1) obtained by time
resolved FT spectroscopy. NH 2(Ä) was formed predominantly in the zero-point vibrational 
Level with the most populated Level at N' = K~ = 5 [ 46]. 

For an assignment of the NH 2 emission from 640 to 510 nm to the transitions Ä 2 A1 --+ X 2 81 
and 8 2 8 2 --. Ä 2 A1, see [47 to 49]. NH 2 emission spectra were recorded from extraterrestrial 
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sourees. For example, twenty-one lines of the Ä 2 A, (0,8,0)-+ )( 2 8 1 (0,0,0) band eould be 
identified in a high-resolution speetrum at 630 nm of Comet P/Halley [50]. 

Laser-lnduced Fluorescence (LIF) 

Vibronie states Ä 2 A 1 (v; ,v;,v;) and )( 2 8 1 (v;',v;',v;} whieh were eharaeterized by LIF spee
tra are listed in the following table: 

Ä 2 A1 (v; ,v;,o) 

(O,v;,o), v;=15, 14, 13, 12 
(O,v;,O), v;=14, 12, 10, 8 
(0, 14,0) 
(0, 11 ,0) 
(1,v;,o), v;=8, 6 
(0,10,0) 
(0, 10,0) 
(0, 1 0,0), (0,9,0) 

(0,1,0) 
(0,0,0) 
(0, 1 ,0), (0,0,0) 
(1 ,0,0), (0, 1 ,0), (0,0,0) 
(0,0,0) 
(0,4,0), (1 '1 ,0), (1 ,0,0), (0,2,0), (0, 1 ,0), (0,0,0) 
(1,0,0), (0,2,0), (0,01) 
(O,v;',O), v;'=4 to 10; (1,v;',O), v;'=2 to 5; 
(2,v;',O), v;'=O to 3; 
(0, 1 ,2), (0,2,2), (0,3,2), (3,0,0), (3, 1 ,0) 

Ref. 
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The LIF teehnique was applied to radiative lifetime and eollisional deaetivation measure
ments [52, 56 to 60] or to (time-resolved) measurements of the rotational energy transfer 
within the Ä 2 A1 (0,9,0) state [61 to 63]; see p. 191. 
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2.1.7.5 Reactions of NH2 

Waller Hack 
Max-Planck-lnstitut für Strömungsforschung 
Göttingen 

The elementary reactions of imidogen and amidogen (i.e. NH;, i = 1, 2) radicals are 
essential for understanding the nitrogen chemistry in the gas phase. Of predominant interest, 
however, is the unwanted formation of NO during technical combustion. NO forms from 
N2 in the air and in addition from N-containing fuel. The NH 2 radical reactions play a 
critical rote in the conversion of fuel nitrogen to NO and on the other hand in the depletion 
of NO. To understand and to model the combustion chemistry, the elementary reactions 
of NH 2 have to be known over wide temperature and pressure ranges with reference to 
the reaction rates and the reaction products. Kinetic studies were done in complex systems 
like flames or gas pyrolysis processes, but mainly in simple systems in which NH 2 radicals 
were produced by selected reactions and detected in specific ways. Publications on the 
reactivity and kinetic properlies of NH2 radicals have been covered up to 1984 in [1]. 

2.1.7.5.1 Elementary Reactions of NH2 in the Gas Phase 

The elementary reactions of NH 2 are divided into N-H-, N-H-0-, N-H-C-, and 
N-H-C-0-containing systems and systems in which other elements are involved. 

NH2 Reactions in the N-H System 

ln the N-H system the following reactions are described: 

NH2 + {H, H2 }, {N, NH, NH 2 }, and {N 2 H4 } 

The reaction with H atoms has two pathways 

M 
NH 2 + H--> NH 3 

-+ NH+ H2 

(1a) 
(1b) 

The recombination of H atoms with NH2 (1a) is expected to be the dominant reaction 
pathway at high pressures [2, 3], whereas the reaction channel (1 b) is important at high 
temperatures. At low pressures reaction (1a) is of minor importance [4 to 8] as observed 
in the flash photolysis of ammonia. ln the pressure range 330 to 2020 mbar the recombination 
channel (1a) was studied by pulse radiolysis of NH3 [5]; k1 • was found tobe in the fall-oft 
region at these pressures. The rate constant at zero pressure was determined to be 
k1.(0)=2.2 x 1018 cm 6 ·mol- 2 ·s- 1 (M=NH3 ). The high-pressure Limit k1 .(co) seems tobe 
too high with respect to the results obtained from the reverse reaction NH 3 -+ NH2 + H, the 
thermal dissociation of ammonia. 

Using the ESR and LMR detection techniques for H, D, and NH2 , a room-temperature 
rate constant of k = (3.2 ± 0.8) x 1013 cm3 · mol- 1 • s - 1 was obtained for the isotope exchange 
reaction NH 2 + D-+ NHD + H [9]. This value is expected tobe equivalent to the high-pressure 
Limit of reaction (1a). 
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For the reaction pathway (1 b), a rate constant k1 b(T) = 3 x 1013 exp(- 4600/T) 
cm 3 · mol- 1 ·s- 1 was determined in the temperature range 1800 to 3000 K [10, 15]. An extrapo
lation to low temperatures suggests that reaction (1b) is slow at low temperatures. Arecent 
determination yielded k1 b(T) = 4 x 1013 exp( -15.3 kJ · mol- 1 /RT) cm 3 · mol - 1 ·s- 1 in the tem
perature range 2200 to 2800 K [12]. The high-temperature value is in good agreement 
with other high-temperature results obtained in shock tube experiments [10, 13]. ln an 
N2 H4 shock tube experiment (2230 ~T/K ~ 3460), however, a significantly larger activation 
energy, EA = 43.6 kJ/mol, was found [15]. The reaction has been investigated theoretically 
[16]. The different forces acting on the approaching H atom in the different stages of the 
reaction were calculated with the electrostatic force (ESF) theory. For large NH 2 -H distances, 
the induced dipole interactions were found to be dominant, whereas an attractive exchange 
forcewas found tobe important for the stabilization [16]. 

The reaction 

the reverse reaction of H with ammonia, has been discussed as an NH 2 source and studied 
at high temperatures. A rate constant of k(T) = 1.26 x 1012 exp[- (35.5 ± 1.7) kJ · mol - 1 /RT] 
cm 3 · mol - 1 · s - 1 was determined in a flash photolysis system in the temperature range 
295 to 500 K [17 to 19]. Also, ab initio calculations were done on this hydrogen abstraction 
reaction [20 to 22] giving a similar activation energy as that obtained experimentally [20]. 
Flash photolysis shock tube studies gave a value of k(T) = 3.2 x 1013 exp(- 54 kJ · mol - 1 /RT) 
cm 3 • mol - 1 • s - 1 in the temperature range 900 to 1620 K [23]. This value is in good agreement 
with a value of k(1900 K)=8.9x 1011 cm 3 ·mol- 1 ·s- 1 from shock tube experiments, following 
the kinetics of the UV absorption of NH 3 and the NH 2 emission [24]. Discharge flow reactor 
experiments gave a value of k(T)=3.6x 1012 exp[-(38±3) kJ·mol- 1 /RT] cm 3 ·mol- 1 ·s- 1 

in the temperature range 673 to 1003 K [25]. The reverse reaction H + NH 3 --+ NH 2 + H2 was 
measured in the same experimental arrangement. The rate constants (k3 , k_ 3 ) measured 
in these two independent experiments, gave thermodynamic data, which were in very good 
agreement with the thermodynamic data obtained by other methods. The higher preexponen
tial factor and activation energy obtained at higher temperatures in [23] indicate that the 
Arrhenius plot is, as expected from tunneling contributions at low temperatures, not Linear. 

The reaction NH 2 + 0 2 --+ NHD + D was measured in an isothermal flow reactor [26] under 
pseudo-first-order conditions ([NH2 ] 0 ~ [0 2 ]). ln the temperature range 639 to 1140 K a 
rate constant of k(T)=2.9x1012 exp[-(47.6±2) kJ·mol- 1 /RT] cm 3 ·mol- 1 ·s- 1 was 
obtained. Direct measurements of the kinetic isotope effect gave k(H 2 )/k(D 2 ) = 3.3 at 740 K 
and 2.4 at 1140 K, indicating that tunneling significantly contributes to the reaction [26]. 

The reaction of N atoms with NH 2 has several exotherrnie pathways: 

NH 2 + N --+ N2 + H2 (2a) 
--+ N2 +2 H (2b) 
--+ N2 H + H (2c) 

The existence of N2 H is still under discussion [27]. For reaction (2) a rate constant of k(298 K) 
= (7.3± 8) x 1013 cm 3 · mol - 1 ·s- 1 was determined [28]. NH(X) was observed as a reaction 
product, although the pathway NH 2 + N--+ 2 NH is endothermic by about 40 kJ/mol. ln a 
later investigation a prompt production of H atoms has been observed with Lymann-ct fluo
rescence du ring pulsed, 193-nm photolysis of NH 3 ; it increased when N atoms were intro
duced. This observation was interpreted to be an H atom production via the reaction 
N + NH 2 --+ N2 + 2 H [29]. ln a discharge flow reactor with LMR detection of NH 2 (NH 2 source 
F + NH 3 ) and ESR detection of Hand N atoms (the N atoms were produced in an N2 microwave 
discharge) NH 2 profiles were measured under pseudo-first-order conditions ([NH 2 ] 0 ~ [N] 0 ). 

Gmelin Handbook 
N Suppt. Vol. B 1 



Reactions in the Gas Phase 211 

A rate constant of k=6.9 x 1013 cm 3 ·mol- 1 ·s- 1 was determined. From the observed and 
calibrated H atom production, a reaction mechanism N + NH 2 -> N2 + 2 H was concluded 
[30]. 

Two of the other reactions tobe discussed in this section are the radical-radical reactions 

NH + NH 2 -> products (4) 
NH 2 + NH 2 -> products (S) 

The rate of reaction (4) has been estimated from computer models of complex systems. 
Thus, a rate constant of k(349 K)=7X1013 cm 3 ·mol- 1 · s- 1 was obtained in NH3 pulse 
radiolysis experiments [31]. A direct measurement in a flow reactor, in which NH and NH 2 

were detected by LMR and LIF, yielded the rate constant k(296 K)=(8±3)X1013 

cm 3 ·mol- 1 ·s- 1 [32]. At high temperatures (2200:s;T/K:s;2800) NH 3 pyrolysis was observed 
in reflected shock waves. A rate constant of k(2SOO K)=3x1013 cm 3 ·mol- 1 ·s- 1 was 
obtained from the bestfit of measured and calculated concentration profiles [12]. A tempera
ture dependence of T- 1 ; 2 was concluded from the fact that reaction (4) is a radical-radical 
reaction [12]. The measured room-temperature value is consistent with this small negative 
temperature dependence. Besides the recombination NH + NH 2 + M-> N2 H3 + M, four exo
therrnie reaction pathways are possible (N 2 H + H2 , N2 + H + H2 , N2 H2 + H, and NH 3 + N) as 
discussed in [32]. 

The other radical-radical reaction mentioned above already appeared in the literature 
in 1927 [33]. The formation of hydrazine after the decompositon of ammonia has been 
attributed to the reaction 

[2, 33 to 3S]. A detailed investigation of reaction (S) was done in a pulsed rf NH 3 discharge 
system [7]. A pressure-independent (O.S :s; p/mbar :s; 1) rate constant of k5 = (2.4 ± 0.2) x 1012 

cm 3 · mol- 1 · s - 1 was measured. This rate constant is attributed to one of the disproportiona
tion pathways 

NH 2 + NH 2 -> NH 3 + NH (Sb) 
-> N2 H2 + H2 (Sc) 
-> N2 +2 H2 (Sd) 

[36]. In the pressure range 6.6 to 13 mbar a pressure dependence of k 5 was observed 
leading to a zero-pressure value of k5 (0)=4.6x1011 cm 3 ·mol- 1 ·s- 1 which is expected 
to describe reaction (Sb) [37]. A high-pressure (330 :s; p/mbar :s; 1660) pulse radiolysis study 
of NH 3 yielded the NH 2 recombination rate constant k5 .( co) = 6.3 x 1013 cm 3 · mol- 1 · s - 1 [S]. 
This value was later modified by taking a corrected initial Goncentration of NH 2 into account 
[38], and then it agreed well with the values k5 =(4.7±2) x 1013 cm 3 ·mol- 1 ·s- 1 obtained by 
the rotating sector method at 400 mbar C2 F6 [39] and k5 = (3.6 ± 1.S) x 1013 cm 3 · mol- 1 · s - 1 

determined by flash photolysis [40, 41]. Using flash photolysis of NH 3 , k5 was measured 
over a wide pressure range (0.4 :s; p/mbar :s; 1330) with the buffer gases NH 3 , N2 , and Ar 
[4]. The termolecular, low-pressure limits of k5 =1.0x1019 cm 6 ·mol- 2 ·s- 1 (NH 3 ), 

k5 =2.5x1018 cm 6 ·mol- 2 ·s- 1 (N 2 ), and k5 =1.0x1018 cm6 ·mol- 2 ·s- 1 (Ar) were obtained 
for the three buffer gases. Bimolecular NH 2 depletion was observed as an intercept at 
zero pressure; it is interpreted as a reaction pathway other than (5a) [6 to 8, 37, 42, 43]. 
Experiments, however, in which products other than N2 H4 are observed at high pressures, 
would give much strenger evidence for the existence of reaction pathways other than (5a). 

The high-pressurerate constant k5 .(co)= (1.5±50%) x 1013 cm 3 · mol- 1 ·s- 1 was obtain
ed below 1.3 bar (N 2 ) at room temperature [4]. This value was confirmed in an 0 3 -NH 3 photo!-
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ysis study [44]. The Lew-pressure Limit k5 = (8.5± 50%) x 1011 cm 3 · mol- 1 ·s - 1 is interpreted to 
be consistent with the disproportionation reaction of amidogen radicals (5b) as the principal 
reaction at pressures below 1.3 mbar. The same interpretation was given to the results of 
mass-spectrometric flow reactor studies on the reaction H + N2 H3 --> N2 H: --> 2 NH 2 (NH + NH3 ) 

[43]. However, no NH(X) was observed du ring pulsed vacuum UV photolysis of NH 3 ; thus, 
reaction pathway (5b) was concluded tobe negligible [45]. This is confirmed by the Observa
tion that no NH(X) ( s 1 %) is detected, if N2H: is formed with the electronic chemical activa
tion method via NH(a 1M+NH 3 -->N 2 H: -->2 NH 2 [46]. 

A small negative temperature effect was observed in the temperature range 300 to 500 K 
at 27 mbar N2 . Also, the low- and high-pressure Limits are nearly temperature-independent 
[4]. 

The reaction NH 2 + NH2 was studied at high temperatures in shock tubes [12, 36, 47]. 
The mechanism of NH 3 pyrolysis was established using the time-history of the species 
NH and NH 2 spectroscopically measured behind reflected shock waves in the temperature 
range 2200 to 2800 K. The best fit of experimental data by computer Simulations gave 
the rate coefficient for NH 2 + NH 2 --> NH + NH 3 . k5 b(T) = 5 x 1013 exp(- 41.8 kJ · mol- 1 /RT) cm 3 · 

mol- 1 -s- 1 was obtained with an estimated uncertainty of ±50% (12]. At high temperatures 
N2 H4 can decompose via NH 2 + NH 2 --> N2 H:--> N2 H3 + H. A Simulation of the kinetics in rich 
ammonia flames yielded an estimate for the rate constant of k(T) = 7.4 x 1011 exp( -10.5 kJ · 
mol- 1 /RT) cm 3 · mol- 1 · s - 1 [48]. 

The reaction 
NH 2 + N2 H4 --> NH 3 + N2 H3 

was studied in a flow reactor with mass-spectrometric detection giving the rate constant 
k(300 K)=(3.1 ±0.4) x 1011 cm 3 ·mol- 1 -s- 1 [49]. 

NH2 Reactions in the N-H-0 System 

In the N-H-0 system the following groups of reactions are described: 

NH 2 + {0, 0 2(X3 L~-), 0 2 (a 1 ~9 ), 0 3 }, {NO, N02 }, and {OH, H20, H02 , H2 0 2 } 

The reaction with 0 atoms including the pathways 

NH 2 +0--> HNO+H 
--> NH+OH 
-->NO+H 2 

--> H20+ N 

has been studied experimentally [32, 43, 50 to 55] and theoretically [54 to 57]. The overall 
rate constant at room temperature, k(296 K) = (5.3 ± 1.5) x 1013 cm 3 · mol- 1 · s - 1 , reported 
in [32] was obtained in a flow reactor with ESR-LMR and LIF detection devices. The main 
reaction products are NH + OH and HNO + H [32]. In ESR-MS studies in flow reactors the 
production of NO+ H2 and H20 + N was found to be insignificant. No H2 0 as reaction product 
was found in MS flow reactor studies [52]. The ratio of the two rate constants k(HNO + H) = 
(4.6±1.2)x1013 cm3 ·mol- 1 ·s- 1 and k(NH+OH)=(7±3)x1012 cm 3 ·mol- 1 ·s- 1 [32] is in 
good agreement with results obtained from RRKM calculations [56]. The rotational state 
distribution of OD(v = 0, 1) measured in crossed-beam experiments (0 + ND2 ) is significantly 
colder than predicted by statistical theories (PST and SACM) [55]. A very cold rotational 
state distribution was observed also for HNO in beam experiments and associated with 
a barrier for the formation of HNO + H [54]. Theoretical calculations predicted that the forma
tion of OH + NH proceeds via an abstraction reaction which is dominantat high temperatures, 
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whereas the products HNO + H resulting from the decomposition of an intermediate complex 
dominate at Lower temperatures [57]. 

The reaction 
NH 2 + 0 2 --. products 

is the rate-controlling reaction during the induction period of the ammonia-oxygen combus
tion. The reaction has been studied at room temperature [44, 51, 58 to 65] and at high 
temperatures [66 to 68]. The following individual channels are feasible: 

NH 2 +02 --. NO+H2 0 
-.N0 2 +H 2 

-+ HNO+OH 
-+ HN02 +H 
-+ H2 NO+O 

+ M-+ NH 2 0 2 +M 

At room temperature the NH 2 + 0 2 reaction seems to be very slow. When ammonia was 
photolyzed in a flash photolysis system in the presence of 0 2 , the NH 2 radicals (detected 
by dye Laser absorption) were mainly consumed by the reaction NH 2 + H02 . An upper Limit 
for the NH 2 depletion by 0 2 in these experiments (218 K, 500 K, 670 mbar) was k< 1.8 x 106 

cm3 ·mol- 1 ·s- 1 [51]. The same upper Limit was determined in a very similar experiment 
[62, 63] and in pulse radiolysis experiments at 1 bar (Ar) and 350 K [31]. In order to avoid 
complications by H atomsvia H + 0 2 + M--. H02 + M, H02 + NH 2 -+ products, C2 H4 was added 
to consume the H atoms in the reaction H + C2 H4 --. C2 H5 . The upper Limits determined in 
these NH 3 /0 2 flash photolysis experiments at 33mbar (Ar) were k(245 K)<2.8x 107 cm 3 · 

mol- 1 ·s- 1 , k(298 K)<4.6x106 cm 3 ·mol- 1 ·s- 1 , and k(459 K)<3.4X108 cm 3 ·mol- 1 ·s- 1 

[64]. The H atom-free NH 2 source F + NH 3 -+ NH2 +HF was applied in a flow reactor with 
LIF-NH 2 detection [61]. In these experiments a significantly higher rate was observed 
with positive pressure dependence and a negative temperature dependence, which was 
explained by the addition reaction NH 2 + 0 2 + M-+ NH 2 0 2 + M with a rate constant of k(T) = 
(1.3 ± 0.5) x 1015 (T/295)- 2 cm 6 · mol- 2 · s - 1 . This result is in conflict with all other determina
tions; apparently heterogeneaus effects are involved in the NH 2 depletion. (Either NH 2 reacts 
with 0 2 (or a compound formed with 0 2 ) on the wall or NH 2 0 2 is formed initially and 
reacts in an unusually fast reaction with the wall.) The other experiment, which was done 
to avoid the reaction H+0 2 and thus the H0 2 +NH 2 reaction, was the 0 3 photolysis in 
the presence of NH 3 and 0 2 (0 3 + hv--. 0 2 + OC D); OC D) + NH 3 -+ NH 2 + OH; OH + NH 3 --. 

NH 2 +H 2 0). At 66 mbar in the temperature range 272 to 348 K, an upper Limit k<1.5x 106 

cm 3 ·mol- 1 ·s- 1 was obtained [44]. 

The existence of the NH 2 0 2 radical was observed in ammonia solutions at 210 K by 
UV absorption. The aminoperoxy radical was produced in the reaction K0 3 + NH 3 (L) + hv 
-+ KOH + NH 2 0 2 [69]. NH 2 0 2 was also detected (via IR absorption) when an NH 3 /0 2 /Ar matrix 
(4.2 K) was photolyzed with a mercury Lamp [70]. A theoretical study showed that the NH2 0 2 

complex is barely stable (NH 2 -0 2 bond strength 21 kJ/mol) and that the rate constant for 
the NH 2 + 0 2 reaction is very small, the high-temperature products probably being NH2 0 + 0. 
The barrier for NH 2 0 + 0 formation was calculated to be 126 kJ/mol; the barrier for the 
reaction pathway to form HNO + OH through the 1 ,3-H shift transition state was calculated 
to be only a Little higher (148 kJ/mol) [57]. An estimate for the bond strength of NH 2 -02 

of 52.3 kJ/mol [56] also indicates that an aminoperoxy radical, formed via an addition reaction 
in the vapor phase, is highly improbable [71]. Above 600 K the primary product channel 
of the reaction NH 2 + 0 2 was calculated to be NH 2 0 + 0 [56]. Fourier transform IR (FTIR) 
spectroscopy showed the product channel NH 2 + 0 2 --. NOx to be very slow at 296 K with 
k<3.6x 103 cm 3 ·mol- 1 ·s- 1 [65]. 
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The reaction NH2 + 0 2 was studied at high temperatures in shock waves [66 to 68]. 
The induction period for the appearance of OH absorption and the consumption of NH3 

was measured in shock-heated NH 3 -02 mixtures in the temperature range 1500 to 2800 K; 
an activation energy of EA = 178 kJ/mol was obtained for the reaction NH2 + 0 2 --> NH + H02 

[67]. The kinetics of ammonia oxidation in reflected shock waves was followed by observing 
the induction period. Computer Simulation of the NH 3 -02 system with the reaction scheme 

in the temperature range 1550 to 1800 K gave the rate constants kt=3.2 x 1012 exp[- (63±20) 
kJ·mol- 1 /RT] cm 3 · mol- 1 ·s- 1 , kd=(1.3±0.3) x 1010 s- 1 , and kr=(1.0±0.3) x 1010 s- 1 [68]. 
Computer modeling of the kinetics of NH3 oxidation in the temperature range 1279 to 1323 K 
enabled one to estimate the rate constant for the reaction NH2 +02 -->HNO+OH tobe k= 
5.1 x 1013 exp( -125 kJ· mol- 1 /RT) cm 3 · mol- 1 · s- 1 [66]. The data in shock tubes were indi
rectly obtained, and it is necessary to obtain NH 2 radical profiles in order to determine 
the rate constant directly. 

Compared to the analogaus system H + 0 2 , in which H02 is formed at low temperatures 
and OH + 0 at high temperatures with a significant activation energy, the NH 2 + 0 2 system 
is much less defined probably due to the low binding energy in NH2 -02 . The reaction, 
equivalent to H + 0 2 -+ H02 , is not important in the NH 2 + 0 2 system at and near room temper
ature. A value of k<1.8x 106 cm3 ·mol- 1 ·s- 1 is recommended by CODATA 1992 [72] at 
these temperatures. The determinations at high temperatures are too indirect to make any 
definite recommendation. Extrapolating these high-temperature values to room temperature 
Leads to values that are much lower than the experimentally determined upper Limits. 

The reaction of NH 2 with electronically excited, metastable 0 2 molecules (02 (a 1 ß 9 )) 

has been measured in a discharge flow reactor. ln the temperature range 295 to 353 K 
a value of k=(6±2) x 109 cm3 ·mol- 1 ·s- 1 was determined [73] which was found tobe inde
pendent of temperature and pressure in the range 2.6 to 5.2 mbar. OH radicals were observed 
as reaction products, and other products were not detected; thus, it was concluded that 
NH2 + 0 2 (a 1 ß 9 )--> HNO + OH is the main reaction pathway [73]. 

The reaction with ozone 

NH 2 + 0 3 --> NH 2 0 + 0 2 

may be an important step for NH 2 depletion and thus for the oxidation of ammonia in 
urban atmospheres, since the reaction of NH2 with 0 2 is very slow at ambient temperatures. 
There have been four independent measurements of the rate constant as a function of 
temperature near room temperature as shown in Fig. 8 [44, 74 to 77] and two at room 
temperature [78, 79]. The value obtained by ozone photolysis (03 + hv--> 0 2 + oe D), oe D) + NH3 --> OH + NH2 , OH + NH 3 --> NH 2 + H20) is nearly a factor of four higher than the 
value obtained when NH 3 is photolyzed to produce NH 2 [74, 75]. lt is possible that in the 
0 3 photolysis not only 0 2 (X 3~~) is formed but also electronically excited 0 2 which might 
react with the NH 2 radicals. The values obtained in the temperature range 200 to 350 K 
were also obtained with the reaction oe D) + NH3 as the NH 2 source [76]. The absolute 
value obtained at room temperature by the same group [79], however, is significantly higher 
than the value reported later for the same temperature. The flow system measurements 
have the great advantage that a clean NH2 source (F + NH3 --> NH2 +HF) is available [77]. 
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Fig. 8. Rate constant for the reaction NH 2 + 0 3 in an Arrhenius diagram. 
- - - - Patrick and Golden [44]; -----Hacket al. [77]; 
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---- Kursawa and Lesclaux [74, 75]; ------ Bulatov et al. [76]; • Cheskis et al. [78]; 
o Bulatov et al. [79]; ------- recommended value 200:s;T/K:s;400. 

1t is reasonable to assume, in particular in comparison with the isoelectronic reactions 
of OH and CH 3 with 0 3 , that the absolute value of the rate constant is accurate. lf a preexpon
ential factor of A = 2.5 x 1012 cm 3 · mol- 1 · s - 1 is accepted, the activation energy becomes 
EA = 8 kJ/mol. These rate data (as indicated in Fig. 8) are reasonable in the temperature 
range 200 to 400 K. It is not unlikely that the reaction dynamics changes at higher tempera
tures, leading to higher values; there is no direct and simple way to measure the rate 
undersuch conditions, since 0 3 decomposes significantly at higher temperatures. 

At room temperature and in the temperature range given above, the reaction pathway 
NH 2 + 0 3 --> NH 2 0 + 0 2 is equivalent to the elementary reactions of the isoelectronic radicals 
OH and CH 3 with ozone and is assumed to be dominant. NH 2 0 has been detected as 
the main product in the NH 2 +0 3 reaction by FIR LMR (299:s;A-/IJ.m:s;742) in a discharge 
flow reactor [80, 81]. 

The reaction 
NH 2 +NO--> products 

has been studied extensively since the early photolysis experiments in 1939 [82]. The interest 
in this reaction derives from its importance in ammonia combustion [83 to 91] (see p. 231) 
and ammonia oxidation in urban atmospheres [87 to 89] (see p. 233) as weiL as in DeNOx 
processes [90 to 92] (see p. 233). The reaction was believed tobe fast [93] before quantitative 
experiments were performed [94, 95]. The recent results on the kinetics of the NH 2 +NO 
reaction are summarized in Table 15, pp. 216/8. 
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Table 15 
Summary of Recent Experimental Results on the Reaction NH 2 +NO-+ Products. 

experimental 
method 

pulse radiolysis 
[NH](t) measured 
by absorption 

experimental 
conditions 

298 K 
0.03 to 1 mbar (NO) 

discharge flow reactor 298 K 
mass spectrometer 1.3 to 13 mbar 
NH 3 + OH(H + N02 ) -> 

NH 2 +H 2 0 
IR chemiluminescence 

flame 2010 K 

incident shock waves 1450 to 3250 K 
induction periods ob-
served, NO, OH, NH3 , NH 
monitared in absorption 

pulse photolysis of NH3 298 K 
NH2 , LIF detection 1.3 mbar (Ar) 

flash photolysis of NH 3 298 to 500 K 
266 to 931 mbar (N 2 ) 

flash photolysis of NH3 298 K 
1.3 mbar 

NH 3 photolysis 298 K 
(213.9 nm) 

discharge flow 210 to 503 K 
reactor 0.8 to 5.3 mbar 
F+NH3 -+NH 2 +HF 
[NH 2 ](t), LIF detection 

flash photolysis of NH3 296 K 
[NH 2 ] intracavity 0.13 to 1.3 mbar 
absorption 

flash photolysis 298 K 
[NH 2 ](t), LIF detection 4 to 13.3 mbar 

shock tube 1680 to 2850 K 
experiments 
detection of NH2 

emission (538 nm) 

results 
k in cm 3 ·mol- 1 ·s- 1 

EA in kJ/mol 

k=1.6X 1013 

k=5X 1012 

products: N2 + H2 0, 
H2 0 with high 
vibrational energy 

k=1.2x1010 

quantitative modeling of 
the NH3 -NO system 
k=1X1013 

k=(1.26±0.12) X 1013 

k(298 K)=(1.1 ±0.2) X 1013 

negative temperature 

Ref. 

[5, 96] 

[43] 

[84] 

[97] 

[98] 

[99, 
100] 

dependence, EA = - 4.4 ± 0.8 
k not pressure-dependent 

k=1.7X1013 [101] 

relative rates [59] 

k=7.2X 1012 (T/298K)- 1 ·85 [102, 
k(T) not pressure-dependent 103] 

k=1.0X1013 [104] 
k independent of pressure 

k=1.14X1013 [105] 

k=7X 1013 exp(-11.6/RT) [14] 
for NH2 +NO-+ N2 0 + H2 , 

k=3X 1013 exp(-23.7/RT) 
for NH2 +NO-+ {N 2 0 + H2 , 

N2 +H+OH, N2 +H 20} 
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Table 15 (continued) 

experimental experimental results Ref. 
method conditions k in cm3 ·mol- 1 -s- 1 

EA in kJ/mol 

exciplex Laser 298 K formation of H and [106] 
photolysis of 70 to 1000 mbar OH observed, 
NH 3 (193 nm) stoichiometry determined 
mass spectrometer 

flow reactor 294 to 1215 K k= (5.36± 0.9) X 1013 [107] 
F + NH3 --> NH 2 +HF [NH 3 ]: [F] = 3 to 50 (T/298) -(2.3±o.o2> 

NH 2 detection for the rate constant, exp[- (5.68 ± 0.5)/RT] 
H atom detection [NH 3 ]: [F] = 3 two major product channels 
Lyman-a absorption for the products a={N2 +H20}, b={N2 H+OH} 

no H atom detected 
C( = kb/(ka + kb) = 0.4 

reevaluation of the C( = 0.1 [108] 
branching ratio, 
NH 2 + F--> NH +HF 
and NH+NO--.OH+N2 

taken into account 

NH 3 flash photolysis 216 to 480 K k=(1.3±0.2) X 1013 [109, 
NH 2 , LIF detection 3.3 to 13.3 mbar (T/298K) - 1 -67 110] 

k independent of p, 
[N0] 0 , and [NH 2 ] 0 

flow reactor 300 to 1150 K k(295 K)= (1.3±0.3) x 1013 [111] 
NH 3 Laser photolysis 1.3 mbar from [H20 * ](t) 
(193 nm) no H atoms observed 
H20 * IR fluorescence {N 2 H + OH} ~ 0.65 

{N 2 + H20} ~0.29 
{N2 0 + H2 }:::;; 0.01 
{N 2 + H + OH, N2 0H + H}:::;; 0.05 

NH 3 Laser photolysis room temperature k=(1.1 ±0.07) X 1013 [28] 
(193 nm) 1.3 to 2.7 mbar 
NH 2 , LIF detection 

NH 2 generated by 298 K k(v;'=0)=8.4x 1012 [112] 
IR multiple photon 2.7 mbar k(v;'= 1)= 1.9 x 1013 

dissociation, precursor 
N2 H4 , CH 3 NH 2 

NH 2 (v;'=0,1) by LIF 

flow reactor 298 K k=5.4 X 1012 [113] 
IR Laser multiphoton 1.7 mbar 
dissociation 2:::;; [N0]/1 012 cm- 3 :::;; 20 
precursor N2 H4 + SF6 

NH 3 Laser photolysis 295 K k = 1.0 x 1013 from [NH 2 ](t) [114] 
(193 nm) 10 mbar k=(7.6±2.5) X 1012 
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Table 15 (continued) 

experimental 
method 

NH2, N2 by CARS 
detection H20* by 
IR fluorescence 

NH 3 Iaser photolysis 
(193 nm) 

flow reactor 
mass spectrometer 
F + NH3 --> NH2 +HF 

NH 3 photolysis 
(184.9 nm) 
FTIR spectroscopy 

NH 3 photolysis 
Xe lamp ( > 190 nm) 
[NH2] intracavity 
absorption 

NH 3 Iaser photolysis 
(193 nm) 
[OH] by LIF 

NH 3 photolysis 
NH 2 depletion 

pulse radiolysis of 
NH 3/SF6 /Ar 
[NH2](t) absorption 

experimental 
conditions 

298 K 
2.9 to 20 mbar (He, SF6 ) 

300 K 
1.34 mbar 
[NH 3 ]: [F] ~50 

4.2 K (matrix) 
low pressure 
15NH3 and 14NH 3 used 

295 to 620 K 
1.5 to 42 mbar 

294 to 1027 K 
13 mbar (N 2 ) 

photolysis Iaser 
intensity= 1017 

photons · cm- 2 · s- 1 

OH calibration with OH 
from H2 0 2 

4 to 133 mbar (N 2 ) 

::::; 1.6 mbar H2 0 addition 

300 to 1200 K 

298 K 

results 
k in cm 3 ·mol- 1 ·s- 1 

EA in kJ/mol 

from [H20*](t) 
Tv;b(H20) = 104 K 
N2(v) lower temperature 

H20 in very high 
vibrational states 
product channels: 
[OH] = (13 ± 2)% 
[H 2 0] = (85 ± 9)% 
or (66±3)% 

product channels: 
N2 + H2 0 (a) 
N2 H+OH (b) 
kb/ka < 0.15 

N2 0 as a direct product 
1 5 N14NO from NO+ 1 5NH 2 

k(T)=1.2x 1013 (T/298 K)- 22 

product ratios: 
{N 2 H+OH, N2 +H+OH} (a) 
ka/k = 0.1 ± 0.02 (295 K) 
ka/k=0.14±0.03 (470 K) 
ka/k = 0.2 ± 0.04 (620 K) 

k(T)=1 X 1013 (T/298)- 1 17 

rx= [OHL,)[NH 2 ]o 
rx(300 K) = 0.1 
rx(1000 K) = 0.19 
no pressure dependence of rx 
no dependence on H20 addi-
tion 

product branching 
ratios 

k=(1.3±0.2) X 1013 

H2 0 + N2 is the most important 
product channel 

Ref. 

[115, 
116] 

[117] 

[118] 

[119, 
120] 

[121] 

[122] 

[123] 

There is a generat agreement on the reaction rate. It is a fast reaction, the rate has 
a negative temperature dependence, and the reaction rate constant is independent of pres
sure in a wide pressure range (0.5::::;p/mbar::::;500). It is noticeable, however, that all values 
obtained in flow reactors, using NH 3 + F--> NH2 +HF as a radical source, are significantly 
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Lower (by about a factor of two) than the values determined by photolysis, where NH 2 

is obtained via NH 3 + hv--+ NH 2 + H (independent of the photolysis wavelength). The differ
ence between the two methods indicates that the influence of the H atoms in the NH 3 -NO 
system is not fully understood; in all the photolysis experiments, no attempt was made 
to add a scavenger for the H atoms. The constant k(298 K) = 9.6 x 1012 cm 3 · mol- 1 · s - 1 , 

recommended in CODATA [124], is an average of all recent direct determinations. The 
factor (T/298 K) - 1 ·75 can be recommended for the temperature dependence. Thus, the rate 
constant k(T)=9.6X1012 (T/298 K)- 1 75 cm 3 ·mol- 1 ·s- 1 was obtained with a high degree 
of confidence in the temperature range 200 to 500 K. 

After a lang discussion [107 to 111, 116, 117, 121] NH 2 +NO--+N 2 +H2 0* (a) is accepted 
as the main reaction pathway, as already pointed out in an earlier mass-spectrometric 
investigation [43], contributing about 85 to 90%. The water obtained in this highly exotherrnie 
reaction was found to be vibrationally excited [43, 111]. The production of OH radicals 
(reaction pathway (b)) contributes about 10 to 15% of the total reaction. This is in agreement 
with earlier determinations of a quantum yield of <j>(N 2 ) = 1 for N2 molecules [58, 59, 94, 
95, 125]. A more pronounced contribution of the reaction channel (b) would Lead to a signifi
cantly higher quantum yield of <j>(N 2 ) = 2 due to secondary NH 2 formation, since OH is an 
efficient chain carrier at any temperature via OH + NH 3 --+ NH 2 + H20 (NH 3 is available in 
excess in the photolysis systems). The problernthat is not yet completely solved is whether 
channel (b) should be written 

NH 2 +NO--+ N2 + H + OH 

as first proposed in [126, 127] or 

NH 2 +NO--+ N2 H + OH, 

since no H atoms could be detected in the system at temperatures as high as 900 K [107]. 
The N2 H radical, on the other hand, also was never detected neither in this reaction nor 
in any other system. Quantum-mechanical calculations indicate that N2 H may be stable 
due to a barrier in the dissociation coordinate, since N2 H in its electronic ground state 
does not correlate with N2 and H in their electronic ground states [128 to 132]. The amount 
of OH produced in the reaction NH 2 +NO is independent of pressure (0.5 :o;; p/mbar :o;; 500) 
and increases with increasing temperature [121]. At 1250 K a value of 0.25 up to 0.5 was 
estimated [91]. The formation of N20 via the reaction pathway NH 2 +NO--+N 2 0+H2 , which 
is also exotherrnie and was observed at high temperatures [14], was suggested to be pro
duced in secondary reactions [133]. 

The reaction NH 2 +NO has also been studied theoretically [134 to 140]. The radical
radical reaction NH 2 ()( 2 A) + NO(X 2Il) proceeds without any activation energy via a loose 
transition state to form the complex H2NNO as indicated in Fig. 9, p. 220. This primary 
adduct is too short-lived (4 x 10- 12 s [136]) to be stabilized by collisions, since the time 
between the collisions is in the order of 10- 10 s, even at a pressure of one atmosphere; 
thus, it is understandable that no pressure dependence was observed in the low-pressure 
experiments (p :o;; 1 bar). The negative temperature dependence results from the strenger 
temperature dependence of ka compared to the temperature dependence of kb. The main 
barrier for the reaction pathway to the products H20* + N2 is the isomerization from trans
hydroxydiazene to cis-hydroxydiazene [137]; see Fig. 9. 

For the reaction 
NH 2 + N02 --+ products 

six independent, direct measurements for the rate constant at room temperature were pub
lished [28, 102, 105, 119, 123, 141, 142]. All determinations (done with different methods: 
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Fig. 9. Calculated reaction pathway for the reaction NH 2 (X) + Noerr)-> N2 (X) + H2 0* (X). 

flow reactor, flash photolysis, pulse radiolysis, IR MPD) are in good agreement; thus, an 
averaged value of k(298 K)=1.2x1013 cm 3 ·mol- 1 ·s- 1 can be given. The three groups, 
who have studied the temperature dependence [102, 105, 119, 142], report a negative temper
ature dependence. Thus, the rate as a function of temperature can be expressed by k(T) = 
1.2 x 101 3 (T /298 K)- 2 cm 3 · mol- 1 · s - 1 . Also, a decrease of the reaction rate with vibrational 
bending mode excitation in NH 2 was observed [141]. The rate constant was found independ
ent of pressure [142] consistent with the fact that at low pressures (around several mbar) 
and at one atmosphere [123] the same values for the rate constant were measured. 

The products were followed in a flow reactor by mass-spectrometric detection [102]. 
The main reaction pathway was found tobe NH 2 + N0 2 -> N2 0 + H20; the pathway N2 + H2 0 2 

contributes less than 5%; also the formation of HN + NH02 was ruled out [59]. lt can be 
assumed that the reaction mechanism is very similar to the one for NH 2 +NO. In the radical
radical reaction with NH2 (X 2 A) a complex is formed [143, 144] which can redissociate 
or decompose to the products N2 0 and water. The unslabte molecule nitramide, NH 2 N02 , 

which is known to decompose into N2 0 and H20, has been trapped in Ar and N2 matrices 
at 12 K and detected by IR spectroscopy [145]. 

For the rate of the radical-radical reaction 

NH 2 + OH-> products 

a rate constant of k=(1.1±0.4)X1013 cm 3 ·mol- 1 ·s- 1 was determined in a flow reactor 
at low pressures (1.4 :s; p/mbar :s; 3.6) following OH and NH 2 profiles with ESR and LMR 
detection devices. No 0 atoms were observed (ESR), which led to the conclusion that the 
reaction pathway NH 2 +0H->O+NH 3 has a rate constant of k<6X 1010 cm 3 ·mol- 1 ·s- 1 

in agreement with the rate constant determined from the reverse reaction 0 + NH 3 -> 
OH + NH 2 for this reaction pathway [9]. An estimate obtained by computer modeling of 
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an NH 3 -02 flash photolysis system [60) is in agreement with that value. A recent estimate 
[146], however, gives an upper Limit which is lower by about a factor of two. The rate 
constant k(T) = 2 x 1010 T0 ·405 exp(- 250/T) cm3 • mol- 1 · s - 1 obtained from the reverse reac
tion 0+ NH3 is recommended in the temperature range 500 to 2500 K, assuming that no 
direct data are available [124). 

The reaction 

NH2 +H20~NH3 +0H 

was measured directly in the torward and backward direction. The value from the NH2 

depletion (LIF, NH 2 detection) at 1000 K in an isothermal flow reactor is k=6 x 109 

cm 3 ·mol- 1 ·s- 1 in good agreement with the value obtained from the reverse reaction at 
that temperature [26, 147). i.e., the rate constant confirms the thermodynamic data. The 
rate constant in the temperature range 300 to 1000 K can be described by the expression 
k(T)=5x 1012 exp(-61.4 kJ·mol- 1 /RT) cm 3 ·mol- 1 ·s- 1 [26]. The value of the activation en
ergy is in good agreement with recent ab initio calculations [148). 

For the radical-radical reaction 

NH 2 + H02 --+ products 

four closely agreeing rate constants were published [31, 40, 60, 74, 75]. At room temperature 
a value of k(300 K) = 2 x 1013 cm 3 • mol- 1 • s - 1 can be given. Flash photolysis experiments 
showed that the reaction proceeds to approximately equal extent in each of the two paths 
NH3 +02 and HNO+H20 [1, 40]. Ab initio calculations for this reaction, however, predict 
that the reaction pathway HNO + H20 is of minor importance [149); RRKM calculations indi
cate that NH2 0 + OH is the only important reaction channel [56]. 

The reaction of NH 2 with hydrogen peroxidevia 

NH 2 + H2 0 2 --+ NH3 + H02 

--+ NH 2 0H + OH 

was studied in an isothermal flow reactor (1.65:::-;p/mbar:::-;5.61) attached to an LMR spec
trometer ([NH 2) 0 ~ [H 20 2 )). A rate constant of k(298 K) = (3.1 ± 1) x 1011 cm 3 · mol- 1 ·s- 1 was 
determined. H02 was found to be the main reaction product, one order of magnitude Larger 
than OH [9). 

NH2 Reactions in the N-H-C System 

NH2 Reactions with Saturated Hydrocarbons. NH 2 reacts with saturated hydrocarbons 
via H-atom abstraction 

NH 2 +RH--+ NH 3 + R 

The reactions have been studied for CnHn+ 2 with n in the range 1 to 5. The experiments 
were either performed in flash photolysis cells using Laser resonance absorption to detect 
NH 2 [17 to 19) or in isothermal discharge flow reactors applying Laser-induced fluorescence 
detection [150 to 153]. Moreover, high-temperature measurements were made behind inci
dent shock waves [154]. The results are summarized in Table 16, p. 223, including the hydro
gen abstraction reaction from cycto-C 6 H12, a molecule which has only secondary H atoms 
and consists of a ring free of tension. The activation energy EA in these reactions was 
found to be correlated with D(R-H), the dissociation energy of the R-H bond broken in 
the hydrocarbon. This is shown by an Evans-Polanyi plot [155) in Fig. 10, p. 222. Two other 
hydrocarbons with very weak CH bonds, CH 3 CHO and C6 H5CH 3 , are included in Fig. 10 
and described below. This plot can be used to estimate the activation energy of the reaction 
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for the hydrogen abstraction reactions NH 2 +R-H ~ NH3 + R. 

of NH 2 with other saturated hydrocarbons. Also bond-energy-bond-order estimations, as 
shown in [152], can be used to predict activation energies. 1t was suggested to estimate 
a rate constant composed of contributions of primary, secondary, and tertiary H atoms 
in the hydrocarbon [1]. The rate constants for abstracting a primary (kp), secondary (k.), 
and tertiary (ktl H atomare related to each other by the ratio kP:k.:kt=1:15.7:140. By 
analyzing the reaction products (i.e. the amines resulting from the recombination R + NH2 ) 

in the reaction NH 2 + isobutane it was shown that the tertiary hydrogen atom is significantly 
more reactive than the primary H atom [156]. The effect of this difference in the reactivity 
or activation energy on the rate constant was observed directly, when the rate constant 
k(T) was monitored over a !arge temperature range [150 to 153]. 

Among the saturated hydrocarbon reactions, the reaction NH2 + CH4 -+ NH 3 + CH3 is the 
most important one. lts activation energy was calculated from the reverse reaction [157]. 
With a semiempirical method proposed in [158], a value of EA =41.8 kJ/mol [19] was estimat
ed. The direct measurement in an isothermal flow reactor yielded EA =50 kJ/mol (see Table 
16). The hydrogen abstraction reaction NH 2 + CH 4 has been studied theoretically [162, 163]; 
a reaction barrier of 67 kJ/mol was calculated. Tunneling of H atoms through the reaction 
barrier can significantly contribute only at very low temperatures. The barrier heights were 
also calculated for other hydrocarbons [164]. A comparison with experimentally determined 
activation energies is not very satisfactory. All hydrocarbons exhibit pronounced curvature 
in the Arrhenius plots (Ln k vs. 1/T). Thus, it is understandable why the activation energies 
and the preexponential factors measured at lower temperatures (see Table 16) are smaller 
than those obtained at higher temperatures. 

The kinetics of hydrogen abstraction by NH2 from saturated hydrocarbons can be 
compared to the kinetic behavior of other radicals such as OH and CH3 , giving 
k(OH) ~ k(NH 2 ) > k(CH3 ) [151, 157, 165]. The reactivity of H atoms lies between that of NH2 

and CH 3 [166, 167]. The activation energies increase in the order EA(OH) < EA(NH2 ) < EA(H) 
< EA(CH3 ). The selectivity between different CH bonds expectedly changes in the same 
order as the activation energies. 
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Table 16 
Summary of the Measured Rate Constants for NH 2 with Alkanes (estimated values [159] 
are not included in the table). 

reactant temperature rate constant in cm 3 · mol- 1 · s - 1 Ref. 
range in K activation energy in kJ/mol 

1730 to 1950 k=(4±2)X1011 [154] 
743 to 1023 k(T) = 5.8 x 1012 exp(- 55.16/RT) [150] 
740 to 2000 k(T) = 8.46 x 107 T1 54 exp(- 50/RT) [150] 

(recommended) 

300 to 500 k(T)=3.7x 1011 exp[-(30±1)/RT] [17 to 19] 
598 to 973 k(T)=9.7x 1012 exp[-(44.3±3)/RT] [152] 

300 to 520 k(T)=5.4x 1011 exp[-(25.7±1)/RT] [17 to 19] 
550 to 1073 k(T)=8.5x 1012 exp[-(39.3±4)/RT] [152] 

300 to 520 k(T) = 7.1 x 1011 exp[- (25.5 ± 1)/RT] [17 to 19] 

300 to 520 k(T)=7.1 X 1011 exp[- (25.5 ± 1 )/RT] [17 to 19] 
[156, 161] 

470 to 973 k(T) = 4.9 x 1011 exp[- (22 ± 2)/RT] [150] 
+ 8.8x 1012 exp[-(43.5±3)/RT] 

295 to 543 k(T)=1.9x 1011 exp(-19.8/RT) [32] 

254 to 354 k(T) = 3.7 x 1010 exp( -10.2/RT) [153] 

673 to 1003 k(T)=2.1 x 1013 exp[-(48.6±4)/RT] [151] 

544 to 973 k(T) = 2.7 x 1013 exp[- (37.5 ± 5)/RT] [150] 

NH2 +C"H2 n+ 1 (alkyl radicals). The reaction of NH 2 with alkyl radicals, CnH 2 n+ 1 , was 
studied for 2 :s; n :s; 4 in ammonia flash photolysis systems. The alkyl radicals were produced 
via the H + CnH 2 n association reaction [17, 18, 168] or via radiolysis of the saturated hydrocar
bon. The room-temperature rate constants (in 1013 cm3 ·mol- 1 ·s- 1), k(NH 2 +C2 H5)= 
2.5 ± 0.5, k(NH 2 + iso-C3 H7 ) = 2.0 ± 0.4, and k(NH 2 + t-C4 H9 ) = 2.5 ± 0.5, were obtained at low 
pressure (4 mbar), probably already sufficiently high to be in the high-pressure regime. 
This high-pressure Iimit assumption is supported by the experimental finding that each 
alkyl radical Ieads to the same rate constant independent of the number of degrees of 
freedom in the adduct formed. 

NH2 Reactions with Unsaturated Hydrocarbons. The reactivity of NH 2 radicals towards 
all olefines is very similar, i.e., the activation energies, in cantrast to those of saturated 
hydrocarbons, are not very sensitive to molecular parameters. In addition to the simplest 
olefine C2 H4 , which was extensively studied experimentally [18, 102, 161, 169 to 173] and 
theoretically [174 to 176], several other unsaturated hydrocarbons, C3 H6 [18, 102, 103, 161, 
169], C3 H4 [102, 103], C4 H8 [161], C4 H6 [61, 177], and C5 H10 [1], have been investigated. 
The activation energies are allaraund 17 kJ/mol, indicating that a similar addition reaction 
occurs for all cases. A slight dependence of the addition rate constant on the alkyl substitution 
of the double bond suggests a very low electrophilicity of NH 2 in these reactions. A more 
pronounced change in the rate constant or the activation energy can be expected, if, for 
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example, Cl or F atoms are substituting the H atoms next to the double bond. Cumulated 
double bonds, as in the case of allene, CH 2 =C=CH 2 , do not significantly enhance the reactivi
ty. The room-temperature rate constant was found to be k(298 K) :s; 5 x 108 cm 3 · mol- 1 · s - 1 

compared to that of propylene of k(298 K) = 2.2 x 108 cm 3 · mol- 1 · s - 1 [161]. Two conjugated 
double bonds as in 1 ,3-butadiene, however, lower the activation energy, EA(1 ,3-C4 H6 ) = 

9.5 kJ/mol [61] compared to EA(1-butene) = 17.1 kJ/mol [161]. The activation barrier, obtained 
recently from ab initio SCF Cl calculations for the NHFC2 H4 approach, is with 4.7 kJ/mol 
[176] much lower than that obtained in earlier SCF Cl catculations [175], but also lower 
than expected from the experimentally determined activation energy (EA(C 2 H4 ) = 16.5 kJ/mol) 
[18, 161]. The preexponential factor for the various olefines listed above was found to be 
in the range (1 to 6) x 1011 cm 3 · mol- 1 · s - 1 . These reaction rates are similar to the reaction 
rates of CH 3 radicals [178] and about one order of magnitude lower than those of OH 
radicals [179, 180]. The OH radicals react with an activation energy EA = 0, and the CH 3 

radicals with an activation energy in the range EA~30 to 35 kJ/mol [178, 179]. The rate 
constant was found to be independent of pressure at low temperatures (T :s; 350 K) above 
10mbar and at higher temperatures above 50 mbar, indicating that the high-pressure Iimits 
were obtained under these conditions. 

The reaction mechanism of NH 2 + olefines was studied by photolyzing NH 3 -C 2 H4 mixtures 
and analyzing the products [173]. The first step is NH 2 + C2 H4 --> NH 2 -C 2 H4 [173]. in the 
reaction NH 2 + C2 H4 the hydrogen abstraction pathway is endothermic; even if the hydrogen 
abstraction is exotherrnie as in the case of butene, the addition to the double bond is 
still an important reaction pathway. This statement is based on the NH 3 depletion quantum 
yield determined in the NH 2 -butene system [1]. The abstraction reaction contributes about 
50%. lt can be concluded that the contribution of hydrogen abstraction becomes more impor
tant, if H atoms with sufficiently low bond energies (see Fig. 10, p. 222) are available. The 
ratio of the contributions of the abstraction and double bond addition pathways can be 
estimated taking into account the number of H atoms available for abstraction and their 
activation energies which can be obtained from an Evans-Polanyi plot (Fig. 10). For OH 
reactions with olefines, addition as well as abstraction reaction pathways have also been 
observed [181, 182]. 

The rate constant k(T)=1.1 x 1011 exp[-(9.4±2) kJ·mol- 1/RT] cm 3 ·mol- 1 ·s- 1 for the 
aromatic hydrocarbon C6 H5CH 3 was measured in an isothermal flow reactor in the tempera
ture range 297 to 542 K and interpreted tobe due to hydrogen abstraction, since the activation 
energy fits an Evans-Polanyi plot for saturated hydrocarbons [151]. The effect of the aromatic 
ring on the reactivity is mainly due to the reduction of the CH bond energy in the methyl 
group. 

The reactivity of a triple bond, studied experimentally on acetylene [102, 103, 170, 172, 
177], seems tobe less than that of a double bond, such as in e.g. C2 H4 . in the temperature 
range 340 to 510 K an activation energy of EA = 23.1 kJ/mol was determined, which is signifi
cantly higher than the activation energies obtained for olefines. The preexponential factor, 
4.9 x 1011 cm 3 · mol- 1 · s - 1 , was found to be independent of pressure in the range 40 to 
133 mbar, indicating that the high-pressure Iimit was at least nearly reached in these experi
ments [177]. 

NH2 Reactions in the N-H-C-0 System 

Several elementary reactions were investigated in the system containing C and 0 atoms. 
The reaction NH 2 +CO is slow with an upper Iimit for the room-temperature rate constant 
being k(298 K)<109 cm 3 ·mot- 1 ·s- 1 [32] or k(298 K)=6X106 cm 3 ·mol- 1 ·s- 1 [183]. The 
reaction of NH 2 with acetaldehyde, which has a rate constant of k(T) = 2.1 x 1011 
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exp[- (10.4 ± 2) kJ · mol- 1 /RT] cm3 • mol- 1 · s - 1 in the temperature range 297 to 543 K, pro
ceeds probably via the H atom abstraction reaction NH 2 + CH 3CHO ..... NH 3 + CH 3CO [151]. 
The activation energy correlates with the CH bond energy as shown in the Evans-Polanyi 
plot (Fig. 10). For the reaction of NH 2 with formamide, NH 2CHO, a rate constant at only 
one temperature is known, k(573 K) = 8.4 x 109 cm 3 · mol- 1 · s- 1 [39]. 

An upper Limit for the rate constant of the reaction NH2 + HNCO ..... NH 3 + NCO, which 
is of importance for the NH 2 kinetics in flames, has been determined by following the NH 2 

concentration profiles in shock-heated HNCO-Ar mixtures in the temperature range 2340 
to2680K, k~5X1011 cm3 ·mol- 1 ·s- 1 [184]. 

The reaction of NH 2 with CH 3 0H is much faster than expected for a hydrogen abstraction 
reaction. A room-temperature value of k(293 K) = 9.0 x 108 cm 3 · mol- 1 · s - 1 was measured 
[185] which is more than two orders of magnitude higher than the k value of the reaction 
with e.g. C2 H6 . Probably a different mechanism is valid for methanol, and thus the rate 
constant can not be compared to hydrogen abstraction rate constants. 

NH2 Reactions in Systems lnvolving Other Elements 

The reaction NH2 + F-+ products has to be considered, if hydrogen abstraction of ammo
nia (F+NH3 ) is used as a means to generate NH 2 (see p. 161). 1t isafast reaction [186, 
187] with a room-temperature rate constant of k = 2.3 x 1013 cm 3 • mol- 1 • s- 1 [187]. The prod
ucts are exclusively NH and HF [187]. This opens up the possibility to calibrate NH and 
NH2 relative to each other by measuring the NH 2 depletion and the NH formation. With 
the IR-chemiluminescence technique HF was observed to be vibrationally excited (v~4) 
with an inverted energy distribution [188]; this energy distribution indicates that the reaction 
proceeds via direct abstraction on the triplet surface. 

The hydrogen abstraction from PH3 and SiH4 was also investigated experimentally. For 
NH2 + PH3 a rate constant of k(T) = 9.2 x 1011 exp( -7.7 kJ · mol- 1 /RT) cm 3 · mol- 1 · s - 1 was 
determined in the temperature range 218 to 456 K [189]. The hydrogen abstraction from 
SiH4 via NH 2 +SiH 4 -+NH 3 +SiH3 is with k(300 K)= (9±6) x 1010 cm 3 ·mol- 1 ·s- 1 [190] much 
faster than the NH 2 reaction with the isovalent CH 4 . 

The reaction of NH2 with sulfur dioxide can be described as a combination process, 
NH2 + S02 + M-+ NH 2S02 + M. The high-pressure value of the rate constant, 
k00 (T) = 9.0 x 1010 (T/289 K) - 1 · 3 cm3 · mol- 1 ·s- 1 , was determined in the temperature range 
298 to 363 K, and the Lew-pressure values for NH 3 and N2 as collision partners are 
k0 (NH3 )=(7.6± 1.5) x 1016 and k0 (N 2 )=(1.1 ±0.2) x 1016 cm6 • mol- 2 ·s- 1 , respectively [191, 
192]. 

The reaction of NH2 with NOCL via NH 2 + NOCL-+ NO+ NH 2 Cl was found to be slow with 
k(298 K)~1.5x 1011 cm 3 ·mol- 1 ·s- 1 [160]. 
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2.1.7.5.2 NH2 Reactions in Complex Systems 

NH2 Radicals in Flames 

Flames are complex kinetic systems with many interesting aspects. This paragraph is 
restricted to describe the rote of NH 2 radicals in flames as a small part of the chemistry 
of nitrogen in combustion. Based on the origin of the nilragen in NH 2 , this overview is 
divided into three parts: (i) pure fuel nitrogen-oxygen flames (NH3 -02 , N2 H4 -02 ) and 
nitrogen-containing fuel-oxygen flames (RNH2 , pyridine ... -02 ), (ii) fuel-oxygen flames with 
N-containing fuel added (H 2 , CH 4 , C2 H4 , C2 H2 ... -02 + {NH 3 , N2 H4 , RNH 2 , pyridine ... , or NO}, 
(iii) pure fuel-air flames {H 2 , CH4 ... -02 -N 2 ). ln most technical combustion systems the nilra
gen originales from N-containing impurities in the fuel as weiL as from the N2 in the air. 
The NH2 chemistry in flames is influenced by burner operating conditions, such as the 
equivalence ratio (rich, stoichiometric, or Lean flames), temperature {low-temperature, dilut
ed flames, e.g. with Ar, raising the flame temperature by preheating the inlet air), fuel 
types {H 2 , CH 4 , C2 H4 , C2 H2 , etc.), pressure in the combustion chamber, amount of fuel 
nitrogen, premixed or diffusion flames, turbulent or Laminar flames. Despile the many param
eters, it will be shown that the chemistry of NH2 in flames can be broadly understood, 
from which the NH2 behavior, cum grano salis, can be predicted. 

Nitrogen in combustion is of significant technological interest due to NO formation and 
destruction. The impact of nitrogen compounds emitted from combustion sources on the 
environment has motivated an extensive research activity in this field. Mechanisms and 
models for nitrogen combustion are given in [1]. 

Ammonia-Oxygen Flames 

Ammonia-oxygen flames have been extensively studied du ring the Last twenty-five years 
[1 to 13]. The NH 2 radical is an essential component in these flames. The following scheme 
outlines the important rote of NH2 [14]: 

+H, +OH +H, +OH +02 
NH3 NH2 NH ~ NO 

1 +NO l+NO 

N2 N2 

The NH2 radical is formed via H abstraction from NH 3 by H atoms and/or OH radicals. 
The reaction 0 + NH3 --> NH2 + OH is too slow at the flame temperature encountered under 
most conditions. The competition between the reactions of NH 2 with NO and H or OH deter
mines whether N2 or NO is the final product. During the combustion of NH 3 and N2H4 

with oxygen, the main products are N2 , H2 0, H2 , and NO as weiL as N2 0 [15]. The main 
N-containing final product is N2 . The amount of NO decreases when the equivalence ratio 
increases [2]. 

Fuel-Oxygen Flames Doped with Nitrogen-Containing Fuel 

The nitrogen chemistry in hydrocarbon flames with N-containing fuel added has been 
extensively studied, mainly to explain the NO formation and destruction in these systems 
[1, 9, 16 to 27]. The generat scheme for fuel-oxygen flames is 
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fuei-N _____". HCN _____". NH. +NO N 
r~2 

NO 

NH; includes the radicals NH 2 and NH and N atoms (i = 0, 1, 2). NH 2 is formed at a later 
stage from HCN regardless of the chemical nature of the fuel-nitrogen (NH 3 , RNH 2 , C5 H5 N, 
or HCN). The nitrogen-containing compounds are all very rapidly converted into HCN or 
CN. The NH2 radical is then formed in rich flames via the reaction sequence [18] 

OH+HCN~HNCO+H 

H + HNCO~NH2 +CO 

The NH2 radical is of great importance because it is the critical species for destruction 
of NO via 

NH2 +NO~N2 +H20 

in the so-called DeNOx reaction (see p. 233). ln lean flames, N atoms are more important, 
particularly for the formation of NO. 

Nitrogen-Free Fuel-Air Flames 

ln air flames with nitrogen-free fuel the air N2 reacts via the so-called extended Zeldovich 
mechanism which involves the reactions 

O+N2~NO+N 

N+02~NO+O 

N+OH~NO+H 

The NO thus formed reacts with hydrocarbon radicals to form HCN or CN radicals which 
then convert to NH;, similarly as described above. Due to the high activation energy of 
the reaction 0 + N2 of EA = 335 kJ/mol, the NO (the NH 2 precursor molecule) appears relative
ly slowly in the high-temperature, post-flame "thermal NO". There also is a direct HCN 
production channel, CH + N2 ~ HCN + N [28]. The fate of NH2 depends on the equivalence 
ratio. The reaction mechanisms in the different types of flames are more complicated than 
can be indicated here, since it is very important whether the radicals are present in the 
burning zone or in the burnt gases. The importance of a specific elementary reaction depends 
on the concentration of both reaction partners as much as on other kinetic parameters 
like temperature. The amount of NO produced in these flames is generally smaller than 
in combustion systems in which fuel nitrogen is present. 

ln technical combustion processes, N-containing fuel impurities are always present 
besides the air N2 . ln fact, the principal source of nitrogen oxide emission in the combustion 
of fossil fuels is the nitrogen chemically bound in the fuel (0.5 to 2% N by weight). Adding 
N-containing molecules can destroy NO via the reaction NH 2 +NO--+ N2 + H2 0 (DeNOx; see 
above). 

Reduction of NO in Burnt Gas 

The main concern of nitrogen in combustion is the unwanted production of nitric oxide. 
ln an urban atmosphere the initially formed NO is converted into N02 and other nitrogen 
oxides which are usually summarized as NOx. The NO in combustion results from nitrogen 
fuel impurities in technical fuel and from nitrogen molecules in the air applied as oxidizer 
(see p. 231). 
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The NO emission in technical combustion can be reduced by, modifying the combustion 
processes (staged combustion, reburning) or by posttreatment of the flue gases. The catalytic 
NO reduction on surfaces like V 2 0 5 [29] is not part of this paragraph in which the rote 
of NH 2 radicals is placed in the foreground, although the same NH 2 -NO complex responsible 
for NO reduction in the homogeneaus gas phase reaction may form on the catalytic surface. 

The thermal DeNOx [30] and RAPRENOx (rapid reduction of NOx) [31] processes, which 
are based on a posttreatment of combuster exhaust products, are described in this para
graph, since NH 2 is an active species in these processes. ln the thermal DeNOx process, 
NH 3 is injected into the exhaust gas of a stationary combustor. The NO reduction in this 
process has been intensively investigated [21, 30 to 39]. The process works best in the 
temperature range 1100 to 1300 K. At substantially lower temperatures, NO reduction is 
obtained, if NH3-H 2 mixtures are injected rather than NH 3 alone [40]. The addition of H20 2 

to NH3-NO mixtures resulted in NO reduction even at temperatures as low as 773 K [41]. 
The homogeneaus gas phase process responsible for the NO attack is NH 2 +NO--> N2 + H2 0. 

A detailed chemical kinetic model for the selective reduction of NO by NH3 is given 
in [33]. The narrow temperature window (see above) for the process can be explained 
with a simplified reaction path diagram for the thermal DeNO, process as follows 

OH, 0 NO 
NH3 ----+ NH 2 ----+ N2 

At temperatures below 1100 K the process fails, because the formation of the active NH 2 

radicals becomes too slow. At temperatures above 1400 K, NH3 is consumed without destroy
ing a comparable amount of NO. The addition of H2 or H20 2 shifts the effective temperature 
window to lower temperatures due to a more efficient NH2 production at low temperatures, 
but at high temperatures the NH3 destruction is accelerated, thus the width of the temperature 
window is not changed significantly [33]. Also, other NH 2 precursor molecules like urea, 
(NH2)zCO, or hydrazine, N2H4 , can be injected [42]. 

lf cyanuric acid, (HOCNh is injected into the exhaust stream, the NOx abatement scheme 
is called RAPRENOx [31, 33]. At the exhaust temperature, the cyanuric acid decomposes 
to HNCO. The NH2 formation step in this posttreatment system is H + HNCO~NH2 +CO 
[31]. Again, the reaction NH 2 +NO--> H20 + N2 is one of the processes responsible for the 
NO reduction. 

NH2 Radicals in Urban (Oxidizing) and Reducing Atmospheres 

NH 2 radicals in an urban atmosphere [43] result from NH3 photolysis by sun light in 
the stratosphere via 

NH 3+hv--.NH 2 +H (/...<230 nm) 

The lifetime of NH 3 under solar radiation is very short (2:S::"C/h:s;3 x 104 ) [44]. The other 
NH2 source involves the attack of ammonia by OH radicals in the troposphere via 

NH3 + OH--> NH2 + H2 0 

Ammonia, on the other hand, is one of the important reduced gases of biological origin 
like CH 4 and H2S. lt is released to the atmosphere in large amounts from soils [45] and 
aceans [46]. The NH 2 radical is the first species in the photooxidation of ammonia. Subse
quent reactions of NH2 radicals present a source or sink for nitrogen oxides. The oxidation 
can proceed via 
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leading to NO. formation or resulting via NH2 +{NO, N02 } in NO. consumption. These four 
molecules (02 , 0 3 , NO, N0 2 ) can all be present in the atmosphere in sufficient concentrations 
to react with NH 2 . Their concentrations, however, depend on many parameters Like altitude 
and photon flux from the sun [47]. 

ln the reducing atmospheres of Jupiter and Saturn, NH3 is one of the constituents; NH2 

radicals are formed by photolysis of NH 3 and depleted by reaction with itself and other 
radicals, also produced by photolysis, and stable unsaturated hydrocarbons Like C2 H4 [48, 
49]. The reaction NH2 + PH 3 is proposed to be a possible channel regenerating ammonia 
in the upper atmosphere of Jupiter [50]. 
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2.1.7.5.3 NH2 Radicals in Condensed Media 

Most of the NH 2 studies were done in the gas phase; however, NH 2 radicals can also 
be produced and studied in condensed media, in aqueous solutions [1 to 11], in liquid 
ammonia [12 to 16], in low-temperature matrices [17 to 27], or in salts at room temperature 
[28]. 

In aqueous solutions NH 2 radicals are produced by the redox reaction between Ti 3 + 
ions [1] or V3 + ions [5] and hydroxylaminein acid media 

Ti 3 + + NH 2 0H + H+--> NH 2 + H20+ Ti 4 + 

Relative reactivities of NH 2 radicals towards a substrate (SH) and towards Ti 3 + ions were 
obtained by comparing the rates of 

NH 2 + Ti 3 + + H+--> Ti 4 + + NH3 

and 
NH 2 + SH--> NH 3 + S 

As substrates, the alcohols CH 3 (CH 2 )nOH, where n is in the range 0 to 4 (i.e. methanol 
to pentanol), were measured. The reactivity of the alcohols increases with increasing n 
[4]. The reactivity of NH 2 radicals towards amines increases in the same way with increasing 
n in the substances CH 3 (CH 2 )nNHj, with n ranging from 2 to 7 [4]. 

The reactions in the liquid phase are in many respect very similar to the gas phase 
reactions at their high-pressure Limit. Therefore, addition on a double bond is expected, 
and the amine radical thus formed is stabilized by collisions. This was observed directly 
for the reaction of NH 2 with maleic acid via 

NH 2 + H02 C-CH=CH-C02 H--> H02 C-HC(NH 2 )-CH-C02 H 

[6]. Also, the unsaturated substrates 

CH 3 CH=CH-C02 H, CH 3 CH=CH-CONH 2 , CH 3 CH=CH-CHO, CH 2 =C(CH 3 )-C02 H, 

CH 3CH=CHCN, CH 2 =CH-C0 2 H, 
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and N-vinylsuccinimide were investigated with the Ti 3 + -NH 2 0H method [3]. The V3 +- and 
Ti 3 + -NH20H systems were applied to study the NH 2 reaction in aqueous solution (0::::;; pH ::::;;7) 
with substrates like benzenesulfonic acid or phenol [5]. 

Another method to produce NH 2 radicals in aqueous solution is the pulse radiolysis 
of NH 3 -H 2 0 solutions. H20 dissociates and the OH radicals react with ammonia via 
OH+NH3 -+NH 2 +H 20. A rate constant of k=1 x 1011 cm3 ·mol- 1 ·s- 1 was determined for 
this reaction from the NH 2 absorption under pseudo-first-order conditions [29]; for the 
reaction NH 2 +H20 a rate constant of k=9x 1010 cm 3 ·mol- 1 ·s- 1 was determined by the 
same method [29]. 1t is interesting to note that NH 2 reacts with 0 2 in aqueous solution 
with a rate of k = 3 x 1011 cm 3 • mol- 1 · s - 1 [29]. This indicates that in solution the complex 
NH 2-02 is formed and may also form in the gas phase, in particular at high pressures. 

ln liquid ammonia the NH2 radicals are produced by y radiolysis [12] or pulse radiolysis 
with high-energy electrons [14]. ln the photolytic system NH 3 (l) + hv O"max = 254 nm) and 
in the radiolytic system, solvated electrons are produced [15] which react with NH 2 radicals. 
The NH:2 ion, however, has not yet been observed directly [16]. 

NH2 radicals in matrixes are either formed in the gas phase and then trapped on a 
cooled surface [18] (see p. 169) or produced in a matrix by radiolysis [20], electron impact 
[26], or chemical reaction (Al atoms + NH3 reaction) [27]. The radicals were detected by 
ESR (see p. 168), by UV absorption [17, 18], or by IR spectroscopy [26]. ln general, the 
mobility in a low-temperature matrix is insufficient for chemical reactions. A diffusion coeffi
cient of D;;; 10- 14 cm 2/s and an activation energy of diffusion EA = 20.9 kJ/mol were deter
mined for NH 2 in a matrix in the temperature range 77 to 98 K [24]. Only the reaction 
NH2 + OH has been studied in a matrix at 4.2 K. The products HONO + H were detected 
[25]. 

NH 2 radicals were detected even at room temperature in a solid state environment. 
When a single crystal of hydroxylammonium cloride was irradiated with y rays, ESR spectra 
of NH2 were observed, even a long time after irradiation [28]. 
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2.1.8 The Amidogen Cation, NH;-

CAS Registry Numbers: NH; [15194-15-7], NHD+ [54842-54-5], NDi [54842-55-6] 

2.1.8.1 Formation 

From N2 and H2 • NHi cations were generated in a liquid-nitrogen-cooled ac discharge 
of He (7 Torr), N2 (60 mTorr), and H2 (100 mTorr) [1). 

From N + and H2 ; N and o;-. The formation of NHi [2) and NDi ions [3) by the reactions 
N + + H2 [2) and N + o; [3] was shown in molecular beam experiments for low initial relative 
energies ( < 1 eV). Ab initio calculations of the N+ + H2 reaction indicated an intersystem 
crossing oftheX 3 8 1 and 1 3 A 2 potential surfaces of NHi (see p. 241), revealing a barrier
free pathway from N + eP) + H2 C L;) to NHi (X 3 8 1 ) [4 to 8]. 

From NH2 • NHi cations were formed by photoionization of NH 2 radicals [9, 10); see 
p. 175. 

From NH3 • NHi and NDi cations are the predominant fragment ions which were observed 
in photoionization and electron ionization mass spectra of NH 3 and ND3 , respectively [11). 

NHi cations were produced in an air-cooled ac positive glow discharge of He (6 Torr) 
and NH 3 (50 Torr) [1). NHi cations were formed by the dissociative photoionization of ammo
nia, NH 3 +hv-+NHi+H+e-, in the range A-=795 to 780A [12) and from A-=788A (onset 
of ionization) to 600 A [13). The observed threshold values, 15.71 ±0.04 eV [14) and 15.73± 
0.02 eV [13], are in good agreement. Photoionization of NH 3 and isotopemers at 160 and 
298 K gave the following appearance potentials (AP), extrapolated to 0 K [12, 15]: 

ammonia/cation ........... NH 3 /NHi 
AP in eV ....................... 15.768(4) 
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NH~ (NDi) ions were formed by the dissociative electron ionization of ammonia NH 3 

(ND 3 ) [16 to 19]. The threshold for the appearance of NH~ according to NH 3 + e---> 
NH~(X 3B 1 )+Hes)+2 e- was determined as 15.97±0.1 eV [16]. Appearance potentials of 
NH~ from this process were calculated by ab initio methods [20]. Studies of the electron 
ionization from the threshold up to 180 eV gave a maximum cross section of 8.63 x 10- 15 cm 2 

at 90.5 eV [17]. 

From NH;. The formation of NH~ and ND~ by the dissociation of NH; to NH~ + H [21] 
and ND; to ND~+ D [22] was shown using a photoelectron-photoion coincidence technique. 
An ArF excimer Laser radiation with the energy of 6.42 eV (193 nm) was used to form ND~ 
by photodissociation of ND;. The reaction NH;--> NH~ + H is endothermic by 5.69 eV [23]. 
Mass spectrometric studies indicated the formation of NH~ cations by the collision of NH; 
with Kr atoms [24]. 

From NH~+. NH~ cations were formed by the fragmentation of NH~+ cations, which 
were produced by photoionization [25] or electron ionization [26] of NH 3 molecules. The 
dissociation of NH~ + C A1 ) involves a singlet-triplet curve crossing to NH~ (X 3 8 1 ) + H + or 
a tunneling mechanism to NH~(ä 1 A 1)+H+ [26]. 

From N2H4 • NH~ cations were formed by the photodissociation of N2 H4 . The appearance 
potential of NH~ from N2 H4 + hv--> NH~ + NH 2 + e- at 0 K was determined thermochemically 
tobe 13.98 eV [9]. NH~ cations were formed by collision reactions of N2 H4 with o+, Ar+, 
or Kr+ in a Low pressure chamber (0.1 Pa). Studies using a time-of-flight technique gave 
the reaction energies (~E) for N2 H4 + o+--> NH~ + NH + OH (~E = 0.3 eV), N2 H4 + o+--> 
NH~ + NH 2 +0 (~E=0.4eV), N2 H4 +Ar+--> NH~ + NH 2 +Ar (~E= -1.7eV), and N2 H4 +Kr+--> 
NH~ + NH 2 +Kr (~E = 0.1 eV) [27]. 

From CH3NH2 • The formation of NH~ was shown by a mass spectrometric analysis of 
photoproducts alter irradiation of methylamine with an ArF Laserat 193 nm [28]. 
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2.1.8.2 Geometrie Strueture. Eleetron Configuration. Eleetronie States. 
Potential Energy Funetions. Ionization Potential 

Geometrie Strueture. Eleetron Configuration. Eleetronie States 

A few experimental investigations, but predominantly ab initio calculations, supplied 
the data on the geometry and electron configurations of NHi in the electronic ground state 
X 3 8 1 and seven electronically excited states presented in Table 17. Additional electronic 
states 1 3 A 1 , 2 3 8 1 , 3 1 A 1 , 2 1 8 1 , 4 1 A 1 [1], and 1 5 A 2 [1, 2] were treated by ab initio methods. 
Semiempirical calculations were reported for NHi in low-lying electronic states [3 to 13]. 

Fig. 11. Electronic state correlation diagram for the low-lying states of NHi. At the right, 
a collinear approach of N+ to H2 is assumed. At the left, N+ approaches H2 along the 

perpendicular bisector of the hydrogen molecule [14]. 
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Fig. 11 (p. 239) gives the eleGtroniG Gorrelation diagram for the [N + H2] + reaGtive system 
[14]. Additional remarks are given below fortheX 3 8 1, ä 1 A1 and 6 18 1 eleGtroniG states. 

Table 17 
EleGtroniG Ground State and ExGited States of NH; and ND;. 
T 0 are the experimental and Te the GalGulated term values; r e and <Xe are ab initio-GalGulated 
bond lengths and angles. Renner-Teller states are Gombined by large braGkets. 

state bent Gonfigura
tion [1] 

Te re 
in Gm- 1 in A 

<Xe linear Gonfigura
tion [1] 

1 18 2 ... (1b2) (3a1) (1b1)2 74525al 98oal } 
1 1A2 ... (1b2) (3a1)2 (1b1) 45489al 53oal 1Tig···(2cru) (nY 

1 3 82 ... (1b2) (3a1) (1b1) 2 59846a) 89oa) } 
1 3 A2 ... (1b 2 ) (3a1f(1b1) 33230al _bl 6ooalbl 3 Tig···(2cru) (7tu) 3 

2 1A1 ... (1b2)2(1b1)2 27826al 180oal 1 ~: ... (2crY (7tu)2 

6 18 1 ... (1b2)2 (3a1) (1b1) :::o;20490(160)cl 15397dl 1.034dl 164odl } 
ä 1 A1 ... (1 b2)2 (3a1 )2 10530(80)el 10475dl 1.051 dl 108.4° dl 

1 ~g ... (2cru)2(7tu)2 

X 3 8 1 ... (1b 2 ) 2 (3a1) (1b1) 0.0 0.0 1.034dl 153.2odl 3~~ ... (2cru)2(nY 

al From ab initio SCF GalGulations with Gonstant bond length r e = 1.027 A [1]. - bl An addition
al ab initio GalGulation gave r e = 1.224 A and <Xe= 44.17° [15]. - cl Cited in [16], based 
on a photoeleGtron speGtrum [15] revised in [17]. - dl From ab initio seGond-order Cl 
GalGulations [18]. - el Cited in [16], based on a photoionization mass speGtrum [17]. The 
low value T0 =7985(160) Gm- 1 from a photoeleGtron speGtrum [15] was GritiGized; see the 
ionization potential of NH2, p. 175. 

Electronic Ground State X 3 8 1 • The geometriG struGture Gould not be determihed from 
speGtrosGopiG Gonstants beGause of the quasi-linear struGture of NH;; the large amplitude 
of the bending vibration prevented a determination of the rotational Gonstant A [19]; see 
p. 242. ln addition to the geometriG data in Table 17, other ab initio GalGulations [15, 20 
to 29] gave bond lengths in the range 1.019 A:::::; r e:::::; 1.042 A and angles in the range 
143.1°:::o;cre:::o;154.4°. A low barrier to linearity of 209 Gm- 1 was obtained from ab initio 
(seGond-order Cl) GalGulations [18]. Earlier Cl GalGulations gave somewhat higher values, 
330 Gm- 1 [1] and 323 Gm- 1 [30]. The barrier to linearity is below the zero point energy 
of the bending vibration [19]. 

Electronically Excited State ä 1A1 • Ab initio GalGulations gave the geometry (r e• <Xe) and 
the term value (Te) in the following ranges: 1.029Ä:::o;re:::;1.051 A, 107.1°:::o;cre:::o;110.5° [15, 
18, 20 to 22, 25 to 28], and 9533 Gm- 1 :::o;Te:::o;11332 Gm- 1 [1, 4, 20, 22, 26, 27, 31]. The 
barrier to linearity was GalGulated as 5071 Gm - 1 [18] or 6200 Gm - 1 [32] by ab initio Cl 
methods. Earlier ab initio-GalGulated values of the barrier to linearity are signifiGantly lower, 
1371 Gm- 1 [29] and 2798 Gm- 1 [33], or higher, 8184 Gm- 1 [33]. 

Electronically Excited State 61 8 1 • The barrier to linearity, 220 Gm - 1 [32], and similar 
values as in Table 17, re=1.0261 A [15], cre=163.4° [15], and Te=16373 Gm- 1 [1, 30], were 
GalGulated with ab initio methods. The energy differenGes between the lowest-lying vibroniG 
K = 0 Ievels (not influenGed by Renner-Teller effeGt) of the ä 1 A1 and 6 18 1 states, ~E0 = 6313 
(NH;), 6224 (NHD+), and 6137 Gm- 1 (ND;), were GalGulated on the basis of ab initio potential 
Gurves for the two states [32]. The vertiGal energy of the 6 18 1 state above the equilibrium 
point of the ä 1 A1 state was ab initio-GalGulated as 11650 Gm- 1 [18]. 
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Potential Energy Functions 

Ab initio-calculated bending potential curves are presented for the X 3 8 1 [1, 15, 24, 
30, 33], ä 1 A 1 [1, 15, 24, 30, 33], 6 1 8 1 [1, 15, 30, 33], and higher excited electronic states 
[1, 15, 30, 33]. The bending potential curves of the Renner-Teller states ä 1 A 1 and 6 1 8 1 

were plotted tagether with the K = 0 vibronic Levelsand intensity distributions for transitions 
in NH;, NHD+, and No; [32]. Bending potential coefficients were calculated semiempirically 
[1 0]. Symmetrie stretch potential curves are shown for vibrations in low-lying electronic 
states [1, 15]. Coefficients of potential energy functions (in terms of Stretching and bending 
vibrations) were calculated for NH; in the three lowest electronic states by ab initio secend
arder Cl methods [18]. 

Potential energy surfaces of NH; with C2 v symmetry in the X 3 8 1 and 1 3 A 2 states are 
illustrated for the variables r(H···H) and R(N···H 2 ) (R is the distance between the center 
of mass of H2 and N) based on theoretical studies [26, 27, 34]. The X 3 8 1 surface has 
a deep weiL which is not adiabatically accessible at Low relative energies [35, 36]. The 
potential barrier was calculated as 14280, 16050, 16860 cm - 1 (extended diatomics-in
molecules model) [34] or 23390 cm - 1 (Cl method) [35]. The potential energy surface of 
the 1 3 A 2 state has a deep potentialminimumrelative to separated N+eP)+H 2 CL;) [26, 
27, 37]. A barrier-free (adiabatic) pathway is discussed from the 1 3 A2 totheX 3 8 1 surfaces 
[35, 36]. Cuts through the potential surfaces illustrate the case as N + approaches H2 with 
a fixed H-H distance. Such plots were shown for two 3L- states of linear NH;, for three 
triplet states with C2 v symmetry (1 3 A 2 , X 3 8 1 , and 2 3 A 2), and for three 3 A" states with 
C5 symmetry [35, 36, 38 to 40] based on theoretical studies of the reaction N + + H2 --> NH + + H. 
Cuts through surfaces of quintet sta'l:es 5L- (linear NH;), 5 A" (C 5 symmetry), and 1 5 A 2 

(C 2 v symmetry) show a minimum for the 5L- state and repulsive potentials for C2 v and 
near-C2 v geometries [2]. 

Ionization Potential 

lonization of NH;(x 3 8 1 ) Leads to the dication NH~+ in the electronic ground state X 2Du; 
see p. 248. The adiabatic ionization potential E;(ad) = 24.5 ± 0.5 eV was determined following 
the change of the translational energy of the NH~+ ions in the single-electron capture 
process NH~+ +He--.NH; +He+ [41]. E;(ad)=23.3 eV was measured in an investigation of 
the charge-stripping reaction NH; + N--> NH~ + + N + e- [42]. Ab initio calculations gave 
E;(ad) = 23.8 to 24.6 eV [22, 43, 44] and a vertical ionization potential of E;(vert) = 25.2 eV 
[44]. 

The ionization potentials of NH; in the ä 1 A 1 state, E;(vert) = 24.7 and E;(ad) = 23.2 eV, 
were obtained using the 4th-arder Moller-Ptesset perturbation theory [44]. Semiempirical 
calculations are given in [8]. Additional E;(vert) values of NH; (ä 1 A 1 ) were determined apply
ing Koopman's theorem [28]. 
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2.1.8.3 Rotational and Vibrational Constants 

Rotational and Spin- Rotation Coupling Constants. Centrifugal Distoriion Constants 

The IR absorption spectrum of the quasi-linear NHi ion (showing large amplitudes of 
the bending vibration) was analyzed applying an asymmetric top formalism. Due to the 
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selection rule ~Ka = 0, only differences of the rotational constant A, A(O,O, 1)- A(O,O,O) = 

15.0137(25) cm- 1 (a axis .l e 2, in the molecular plane), were obtained [1]. Estimates of 

A in the vibrational ground state gave the large values, 203 or 280 cm- 1 [1], consistent 

with theoretical predictions [2]. The analysis of the IR spectrum yielded the following rotation

al constants 8 (b axis II e 2) and e, the spin-rotation constants As, Bs, and es, and the 

centrifugal distortion constants ~NK• ~N• i5N (all in cm- 1) for the vibrational ground and 

an excited state [1]. 

constant (0,0,0) (0,0, 1) constant (0,0,0) (0,0,1) 

8 8.27299(34) 8.09746(33) ÖN X 105 4.27(13) 4.361(93) 

e 7.64443(34) 7.47436(33) As X 102 0.89(27) 1.41 (34) 

~NKX102 -9.736(20) -10.603(19) 8s X 102 -0.879(80) -0.860(89) 

~N X 104 2.390(44) 2.440(34) es X 102 -1.658(80) -1.661(89) 

The rotational constants of NH:i, A= 146.118, 8=8.6348, and e=8.1530 cm- 1 [3], were 

obtained from the ab initio-calculated band length r e = 1.021 A and angle !Xe= 150.86° [4]. 

The rotational constants of ND:i A = 57.6 and 8 = 4.3 cm - 1 were also calculated from the 

structural data [5]. 

Vibrational Frequencies 

The antisymmetric stretching vibration in the electronic ground state X 28 1, 

v3 = 3359.932(2) cm - 1, was obtained from an IR absorption spectrum [1]. Additional Vibration

al frequencies of NH:i in the three lowest electronic states were determined from photoelec

tron spectra (PES) of NH 2(X 28 1) [6]. Vibrational frequencies of NH:i and isotopemers (in 

cm - 1) from experiments (see data collections [7 to 9]) and ab initio calculations are listed 

in the following table: 

state cation v2 v1 v3 
PES [6] ab initio PES [6] ab initio IR [1] ab initio 

X381 NH:i 840±50 918a)b) 3118a)b) 3359.93 3363a)b) 

NHD+ 772a) 3246a) 2363a) 

ND:i 660±50 608a) 2229 a) 2536a) 

ä 1A1 NH:i 1350 ±50 1289a)c)d) 2900± 50 3027a)c) 3111 a)c) 

NHD+ 1140a)d) 2270a)e) 3069 a) e) 

ND:i 940±50 965a)d) 2210±50 2214 a) 2324a) 

6181 NH:i 920 ± 150 14531) 3509 9 ) 

NHD+ 1230!) 

No; 983 1) 2487 9 ) 

a) From [2]. bl Additional calculations: v2=820, v1 =3342, v3=3701 [10], and v2=814, 

v1 =3463, v3=3717 [4]. - c) Additional calculations: v2= 1512, v1 =3462, v3=3566 [10], and 

v2 = 1562, v1 = 3490, v3 = 3594 [4]. - d) Additional calculations: v2 = 1450 (NHi), 1274 (NHD+), 

1069 (ND:i) [11]. - e) Values of v1 and v3 are exchanged in the original. - f) From [11]. -
9 ) From [6]. 

The harmonic vibrational frequencies w (~G 112 ) of NH:i in the electronic ground state 

X 38 1 were ab initio-calculated as w 2 = 792 (725), w1 = 3330 (3082), and w 3 = 3593 (3308) 

cm- 1 using the MP2 method [12]. 

Overtone and combination frequencies of NHi, ND;, and NHD+ were ab initio-calculated 

for (0,2,0), (0,3,0), (0,4,0), (1,1,0), and (0,1,1) [2]. 
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The force constant due to stretch, ke = 1520 N/m, was determined from an ab initio
calculated energy curve at r e = 1.07 A [13). 

References: 

[1) Okumura, M.; Rehfuss, 8. D.; Dinelli, B. M.; Bawendi, M. G.; Oka, T. (J. Chem. Phys. 
90 [1989] 5918/23). 

[2) Jensen, P.; Bunker, P. R.; Mclean, A. D. (Chem. Phys. Lett. 141 [1987] 53/7). 
[3] Gibson, S. T.; Greene, J. P.; Berkowitz, J. (J. Chem. Phys. 83 [1985] 4319/28). 
[4) Pople, J. A.; Curtiss, L. A. (J. Phys. Chem. 91 [1987) 155/62). 
[5] Powis, I. (Chem. Phys. 68 [1982) 251/4). 
[6) Dunlavey, S. J.; Dyke, J. M.; Jonathan, N.; Morris, A. (Mol. Phys. 39 [1980]1121/35). 
[7) Jacox, M. E. (J. Phys. Chem. Ref. Data 19 [1990)1387/546, 1396). 
[8) Jacox, M. E. (J. Phys. Chem. Ref. Data 17 [1988) 269/511, 281). 
[9) Jacox, M. E. (J. Phys. Chem. Ref. Data 13 [1984) 945/1068, 952). 

[10) Glover, S. A.; Scott, A. P. (Tetrahedron 45 [1989)1763/76). 

[11] Peric, M.; Buenker, R. J.; Peyerimhoff, S. D. (Astrophys. Lett. 24 [1984) 69/73). 
[12) DeFrees, D. J.; Mclean, A. D. (J. Chem. Phys. 82 [1985]333/41). 
[13) Peyerimhoff, S. D.; Buenker, R. J.; Whitten, J. L. (J. Chem. Phys. 46 [1967]1707/16). 

2.1.8.4 Dissociation Energy. Atomization Energy 

Dissociation energies D according to NH1--+ N+eP) + H2C~;) were calculated for the 
ground state X 3 8 1 and excited states of NH1 with ab initio procedures. 

state ............................ X 3 8 1 

0 9 in kJ/mol [1] ........... 622 
[2) ........... 577 

ä 1 A1 

498 
2 1 A 1 

291 
11A2 
131 

Additional ab initio calculations gave 0 9 = 590 [3) and 546 kJ/mol [4) for the X 3 8 1 state, 
and 0 9 =261 [3), 251 [5, 6], and 170 kJ/mol [4) for the 1 3 A 2 state. NH~ photodissociation 
experiments yielded the Limits D ~ 561 kJ/mol for NH1 --+ NH + + H and 613.4 ~ D ~ 638.5 kJ/mol 
for NH1--+ NH + H + [7). 

The atomization energies 1200.9 and 1086.2 kJ/mol of NH1 ( -.N+ + 2 H) in the X 3 8 1 

and ä 1 A1 states, respectively, were calculated by ab initio SCF methods [8). 

References: 

[1) Peyerimhoff, S. D.; Buenker, R. J. (Chem. Phys. 42 [1979]167/76). 
[2) Hirst, D. M. (Mol. Phys. 35 [1978]1559/68). 
[3) Poläk, R. (Chem. Phys. 153 [1991) 91/7). 
[4) Hirst, D. M. (Faraday Discuss. Chem. Soc. No. 62 [1977]138). 
[5] Sender, C. F.; Meadows, J. H.; Schaefer, H. F., 111 (Faraday Discuss. Chem. Soc. No. 

62 [1977) 59/66). 
[6) Sender, C. F.; Meadows, J. H.; Schaefer, H. F., 111 (LBL-5114 [1976], 23 pp.; C.A. 86 

[1977] No. 146291). 
[7) Kutina, R. E.; Edwards, A. K.; Pandolfi, R. S.; Berkowitz, J. (J. Chem. Phys. 80 [1984) 

4112/9). 
[8) Glover, S. A.; Scott, A. P. (Tetrahedron 45 [1989)1763/76). 

2.1.8.5 Enthalpy of Formation 

~1Hg= 1266.5± 0.4 [1], 1266.1 ± 0.8 [2], and 1257.3 kJ/mol [3] was determined from the 
threshold energy of the dissociative photoionization of ammonia (1521.4 ± 0.4 kJ/mol [4, 5)) 
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in combination with the enthalpies of formation for NH 3 and H. Earlier measurements gave 
~1Hg = 1261.9 kJ/mol using the same procedure [6]. 

Combining Literature data of ~1W(NH2 ) with the adiabatic ionization potential of NH2 

gave ~1Hg(NH;) = 1276.9 [7], 1275.3 [8, 9], and 1273.6 to 1298.3 kJ/mol [2]. Semiempirically 
calculated values of ~1H were reported in [10 to 14]. 

References: 

[1] Gibson, S. T.; Greene, J. P.; Berkowitz, J. (J. Chem. Phys. 83 [1985] 4319/28). 
[2] Kutina, R. E.; Edwards, A. K.; Pandolfi, R. S.; Berkowitz, J. (J. Chem. Phys. 80 [1984] 

4112/9). 
[3] Baumgaertel, H.; Jochims, H. W.; Ruehl, E.; Bock, H.; Dammel, R.; Minkwitz, J.; Nass, 

R. (lnorg. Chem. 28 [1989] 943/9). 
[4] McCulloh, K. E. (lnt. J. Mass Spectrom. Ion Phys. 21 [1976] 333/42). 
[5] McCulloh, K. E. (Vac. Ultravialet Radiat. Phys. Proc. 4th lnt. Conf., Harnburg 1974, 

pp. 195/7). 
[6] Dibeler, V. H.; Walker, J. A.; Rosenstock, H. M. (J. Res. Natl. Bur. Stand. A 70 [1966] 

459/63). 
[7] Power, D.; Brint, P.; Spalding, T. R. (J. Mol. Struct. 110 [1984] 155/66 [THEOCHEM 

19]). 
[8] Pople, J. A.; Curtiss, L. A. (J. Phys. Chem. 91 [1987]155/62). 
[9] Pople, J. A.; Curtiss, L. A. (J. Phys. Chem. 91 [1987] 3637/9). 

[10] Ford, G. P.; Scribner, J. D. (J. Am. Chem. Soc. 103 [1981]4281/91). 

[11] Bews, J. R.; Glidewell, C. (lnorg. Chim. Acta 39 [1980]217/25). 
[12] Bews, J. R.; Glidewell, C. (J. Mol. Struct. 67 [1980]141/50). 
[13] Dewar, M. J. S.; Haddon, R. C.; Li, W. K.; Thiel, W.; Weiner, P. K. (J. Am. Chem. 

Soc. 97 [1975] 4540/5). 
[14] Glidewell, C. (J. Mol. Struct. 65 [1980] 231/8). 

2.1.8.6 Spectrum 

Only one investigation of the absorption spectrum of NH; in the electronic ground state 
X 2 B1 , using a tunable difference-frequency Laser spectrometer in the 311m region, was 
reported. Fifty-three rovibronic transitions in the v 3 band were measured in the Limits from 
3510.677 cm - 1 (assigned to the transition 11 0 . 11 (J' = 10) <-100 •10(J" = 9)) and 3186.295 cm - 1 

(9o,g(J' = 8) <-10o. 1 0 (J" = 9)) [1]. 

Oscillator strengths and vertical energy differences were calculated for transitions be
tween electronic states of the same multiplicity using ab initio (SCF and multireference 
double Cl) methods [2]. 

References: 

[1] Okumura, M.; Rehfuss, B. D.; Dinelli, B. M.; Bawendi, M. G.; Oka, T. (J. Chem. Phys. 
90 [1989] 5918/23). 

[2] Peyerimhoff, S. D.; Buenker, R. J. (Chem. Phys. 42 [1979]167/76). 

2.1.8.7 Reactions 

Reactions of NH; and ND; with a number of molecules were investigated using various 
methods. The results (partly reviewed in [1]) are listed in Table 18. 
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The NHi cations were generated, for example, in a low pressure electron-impact ion 
source (electron energy about 70 eV) containing ammonia at a pressure of about 1 mTorr 
[2, 3]. The measurements were carried out using the flowing-afterglow (FA) technique [4, 
5], the ion cyclotron resonance (ICR) method [6 to 13], a modified mass spectrometer (MMS) 
[14 to 18], a selected ion flow tube (SIFT) apparatus [2, 3], a drift-tube mass spectrometer 
(TDSM) [19 to 23], and the technique of trapping ions within a quadrupole ion store (QIS) 
attached to a quadrupole mass filter [24]. Ekin is the mean relative kinetic energy between 
the ion and the reactant species. 

Table 18 
Reactions of NHi and NDi I•) 
Total rate constant 1010 k in cm3 · molecule - 1 · s- 1 at room temperature if not otherwise 
stated. ~,H (product ion) is the enthalpy of reaction for NHi + reactant-> product ion +neu-
trat. 

reactant product ion (percentage) 1010 k method Ref. 

CH20 CH 30+ (80), NH; (20) 28 SIFT [2] 
CHOOH NH1, (CHOOHi ?) 27±8 FA a) [5] 
CH4 NH; (100) 9.2 SIFTbl [2] 
CH 30H CH 30Hi (85), NH; (15) 31 SIFT [2] 
CH30H CH30Hi (87), NH; (13) 30 TDSMC) [21] 
CH3NH 2 CH3NHi (50), CH3NH; (20), H4CN+ (20), NH1 (10) 18 SIFT [2] 
CH3NH 2 CH3NHi (55), CH3NH; (20 ± 5), H4CN + (20), NH1 (5) 20±6 TDSMdl [20] 
CO NHi ·CO (100) 0.24 SIFTel [2] 
cos H2NS + (80), H2NCO + (15), HCOS + (5) 15 SIFT [2] 
C02 products not given < 0.01 SIFT [2] 
C2H4 C2H1 (30), H4CN + (30), C2H; (20), H5C2W (20) 15±3 SIFT [3] 
C2D4 C2Dt (30), H2D2CN+ (30), C2HDt (20), H2D3C2N+ (20) 16±3 SIFT [3] 
C2H4 l•l C2H1 (30), H2D2CW (30), C2H4D+ (20), H3D2C2N+ (20) 14±3 SIFT [3] 
C2D4 I•) C2Dt (30), D4CN + (30), C2o; (20), D5C2N + (20) 14±3 SIFT [3] 
C2H40 C2H40+ (42), Hco+ (33.5), CH3co+ (24.5) 35.8 TDSMtl [19] 
H2 NH; (100) 2.7 SIFT 9 l [2] 
H20 H30+ (95), NH1 (5) 29 SIFT [2] 
H20 H30+ (92), NH1 (2), NH; (6) 17±0.5 ICR [6] 
H20 H30+ (95±5), NH; (5±5) 50 TDSMhl [19] 
H2S H2S+ (59), H3s+ (41) 5.8 ICRil [9] 
H2S H2S+ (40), NH; (25), H3S+ (15), NH1 (10), SW (10) 18 SIFT [2] 
NH 3 NH1 (50), NH; (50) 22±4 ICR [13] 
NH3 NH1 (30), NH; (70) 30±5.5 ICRkl [11] 
NH3 NH1 (21 ), NH; (79) 35±2 QIStl [24] 
NH3 NHt, NH; 18 MMS [14] 
NH3 NH1 (53), NH; (47) 29± 1 MMS [16] 
NH3 NH1 6.5 MMSml [17] 
NH3 NH1 7.99 MMS [18] 
NH3 NH1 (70), NH; (30) 23 SIFT [2] 
NO No+ (100) 7 SIFT [2] 
N2 products are not given <0.005 SIFT [2] 
02 H2NO+ (85), HNO+ (15) 14 SIFT [2] 
SiH4 SiH; (70), SiHi (30) 44.4 MMS [15] 
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a> ~.H(NHt) = -425 and ~.H(CHOOH1) = -161 kJ/mol. bJ No reaction was observed be
tween NH1 and CH 4 in an ICR study [10]. - c> For Ek;n=0.046 eV; k decreases with increas
ing Ekin; ~.H(NH~)=-159 and ~.H(CH 30H1)=-113kJ/mol.- dl For Ek;n=0.049eV; k 
increases with increasing Ekin; ~.H(CH 3NH~) =- 272, ~.H(CH 3NH1) =-226, ~.H(CH 2NH1) 
= -556 kJ/mol. - e> The reaction NH1 +CO--+ HCO + + NH did not occur, because it is nearly 
thermoneutral [2]. - t> For Ek;n=0.05 eV. - 9 > k~10 x 10- 10 cm3 ·molecule- 1 ·s- 1 (FA) [4], 
k= 1.2 x 10- 10 cm 3 • molecule- 1 • s- 1 (ICR), ~.H(NH~) = 121 kJ/mol [8]. - h> ForEkin = 0.05 eV; 
k=29x 10- 10 cm3 ·molecule- 1 ·s- 1 for Ek;n=0.28 eV.- il ~.H(H2S+)= -96 and ~.H(H 3S+) 
=-121 kJ/mol.- k> Additional rate constants are quoted: k=(18.8±3)X10- 10 [25] and 
~11.4x 10- 10 cm 3 ·molecule- 1 ·s- 1 [26]. ~.H(NHt)= -267 and ~.H(NH~)= -121 kJ/mol 
[25]. - t> Ekin in the range 1 to 3 eV. - m> For T= 373 K and thermal ion exit energy 
(E'); k=9.7 x 10- 10 cm 3 ·molecule- 1 ·s- 1 for E'=3.4 eV. 

Significant discrepancies are apparent [2] between ICR [7 to 11] and SIFT [2] data 
especially concerning the product ion distribution. 

The reaction of NH1 with H2 and 0 2 was studied by measuring the angular and energy 
distribution of the product ions NH~, NH 2 D +, and NHD1 at collision energies from 0.4 to 
10 eV [27]. The energy distribution of (long-lived) collision complexes with high cross section 
was measured for low-energy ( < 1.5 eV) collisions of NH1 with H2 [28]. The exotherrnie 
reaction NH1 + SiH4 --+ SiH~ + NH was indicated by tandem mass spectrometric studies [29]. 

A population analysis of singlet and triplet states, performed by an ab initio (SCF Cl) 
treatment, suggested that the singlet NH1 CA,) will react like a carbonium ion and the 
triplet NH1 es,) will react like a triplet methylene [30]. 

Raterences: 

[1] lkezoe, Y.; Matsuoka, S.; Takebe, M.; Viggiano, A. (Gas Phase Ion-Moleeule Rate 
Constants Through 1986, Ion Reaction Research Group of the Mass Spectroscopy Soci
ety of Japan, Toyko 1987, pp. 1/224, 97/8). 

[2] Adams, N. G.; Smith, D.; Paulson, J. F. (J. Chem. Phys. 72 [1980] 288/97). 
[3] Smith, D.; Adams, N. G. (Chem. Phys. Lett. 76 [1980]418/23). 
[4] Fehsenfeld, F. C.; Schmeltekopf, A. L.; Ferguson, E. E. (J. Chem. Phys. 46 [1967]2802/8). 
[5] Freeman, C. G.; Harland, P. W.; McEwan, M. J. (Austral. J. Chem. 31 [1978] 2593/9). 
[6] Anicich, V. G.; Kim, J. K.; Huntress, W. T., Jr. (lnt. J. Mass Spectrom. Ion Phys. 25 

[1977] 433/8). 
[7] Huntress, W. T., Jr. (Astrophys. J. Suppt. Ser. 33 [1977] 495/514). 
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95 [1973] 4107/15). 

[11] Marx, R.; Mauclaire, G. (lnt. J. Mass Spectrom. Ion Phys. 10 [1973] 213/26). 
[12] Huntress, W. T., Jr.; Pinizzotto, R. F., Jr. (J. Chem. Phys. 59 [1973]4742/56). 
[13] Huntress, W. T., Jr.; Mosesman, M. M.; Elleman, D. D. (J. Chem. Phys. 54 [1971]843/9). 
[14] Derwish, G. A. W.; Galli, A.; Giardini-Guidoni, A.; Volpi, G. G. (J. Chem. Phys. 39 

[1963]1599/605). 
[15] Haller, I. (J. Phys. Chem. 94 [1990] 4135/7). 
[16] Fluegge, R. A.; Landman, D. A. (J. Chem. Phys. 54 [1971]1576/91). 
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3387/8). 
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[23] Thomas, R.; Barassin, J.; Barassin, A. (Contrib. Symp. At. Surf. Phys. 1982 285/90). 
[24] Lawson, G.; Banner, R. F.; Mather, R. E.; Todd, J. F. J. (J. Chem. Soc. Faraday Trans. 

I 72 [1976] 545/57). 
[25] Ryan, K. R. (J. Chem. Phys. 53 [1970]3844/8). 
[26] Harrison, A. G.; Thynne, J. C. J. (Trans. Faraday Soc. 62 [1966] 2804/14). 
[27] Eisele, G.; Henglein, A.; Botschwina, P.; Meyer, W. (Ber. Bunsen-Ges. Phys. Chem. 
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2.1.9 Adducts of NH2'" with NH3 

A minor quantity of [NH 2 (NH 3 )nl + ions (n not specified) forms besides the main product 
[NH 4 (NH 3 )ml + upon ionization of the clusters in jet-expanded NH 3 via (NH 3 )~ + 1 and lass 
of hydrogen. 

Reference: 

Shinohara, H.; Nishi, N.; Washida, N. (J. Chem. Phys. 83 [1985]1939/47; Chem. Phys. Lett. 
106 [1984] 302/6). 

2.1.10 The Amidogen Dication, NH~+ 

GAS Registry Number: [85420-11-7] 

NH~+ dications were formed by ionizing NHi by collision with N atoms according to 
NHi+N--.NH~++N+e- [1]. NH~+ ions were also formed in a 100-eV electron-impact 
ion source containing NH 3 maintained at a pressure of 10- 6 Torr and a temperature of 
450 K [2]. NH~+ ions were formed by dissociative electron ionization of ammonia at electron 
energies of 20 to 183 eV [3]. NH~+ ions were mass spectrometrically detected in the unimole
cular fragmentation of NH~ +, formed by electron ionization of ammonia, using techniques 
of ion translational energy spectroscopy [4]. 

The five-valence-electron dication NH~+ is linear (D%h symmetry) in the electronic 
ground state X 2 Ilu. The electron configuration is given by (1cr 9 ) 2 (2cr9 ) 2 (2cruf (n:u) [5]. 
The internuclear distance re=1.155 [6], 1.145, and 1.168 A [5],and the harmonic vibrational 
frequencies ro2 (Ilu)=436, ro3 (Lu)=2010, and ro 1 (L 9 )=2073 cm- 1 [6] were calculated by ab 
initio methods. 

The excitation energy T0 =0.9±0.2 eV from the ground state X 3 8 1 to the first excited 
metastable state 2L; was obtained from the translational energy spectrum of 6-keV NH~ + 
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ions scattered off He atoms. The translational energy spectrum of NH + fragment ions result
ing from the unimolecular dissociation of NH~+ to NH+ and H+ indicated two dissociative 
energy Levels of NH~+ separated by 2.4 eV [2]. 

The high value of the enthalpy of formation ~tH0(NH~ +) = 3636 kJ/mol estimated from 
thermodynamic data indicates an extreme thermodynamic instability [6]. Ab initio calcula
tions of the deprotonation NH~+erru)--+ NH+err) + H+ gave a highly exotherrnie energy of 
deprotonation, -452.3 [6], -423.0 to -454.4 kJ/mol [5, 7], and the respective values of 
the activation barrier of 41.0 [6], 60.5 to 47.7 kJ/mol [5, 7]. The relatively large activation 
barrier for deprotonation indicates a kinetically stable NH~+ [6]. 

References: 
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[6] Koch, W.; Schwarz, H. (lnt. J. Mass Spectrom. Ion Processes 68 [1986] 49/56). 
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2.1.11 The Amide Ion, NH; 

CAS Registry Numbers: NH2 [17655-31-1], 15NH2 [102363-01-9], NHD- [15117-75-6], ND2 
[22856-00-4] 

2.1.11.1 Formation 

2.1.11.1.1 In the Gas Phase 

The gaseaus NH2 ion forms from NH 3 and electrons with an energy of ~ 15 eV or less 
via resonance capture and decomposition of the intermediately formed NH3 [1]. Amide 
can be obtained by exposing NH 3 to the electron beam of a mass spectrometer; details 
are given in the next paragraph. Electrons of appropriate energy are also present at high 
current density in glow discharges through NH 3 . An NH2 concentration of 4 x 1011 ions/cm3 

was estimated in a water-cooled, alternating-current discharge (yielding a discharge current 
of 400 mA) through 3 Torr of NH 3 , after the walls of the discharge cell had been sputtered 
with iron, platinum, or copper [2]. A beam of NH2 ions was produced by exposing NH3 

to an He plasma [3]. A duoplasmatron-type, direct extraction ion source with a hollow
cathode arc running on Ar yielded an intense, bright stream of NH2 ions from NH3 [4]. 
The application of a potassium surface-ionization source did not Lead to satisfactory results 
with NH3 [5]. 

The minimum electron energy required for the production of NH2 is in the range of 
4 to 5.5 eV [6 to 8]; the value for ND2 is ~5.5 eV [8]. The highest NH2 current was reached 
at 5.60 [9] to 5.95±0.15eV [10]; a value of 6.3±0.2eV was reported in [11]. Maximum 
ND2 formation (5.80 eV given in [9]) was reached at a slightly higher energy than that 
for NH2. The energy difference between the two isotopemers is attributed to their different 
zero-point energies. An NHD- signal at intermediate energy is observed in NH 3 -ND3 mix
tures and stems from H-D exchange between the reactants [9]. An investigation of plots 
of the NH(D)2 yield as a function of energy shows that at higher resolution the resulting 
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curves exhibit a number of narrow peaks, thought to arise from a vibrational progression 
of the NH(D)3 intermediate [12]. 

An appearance potential of 4.6 eV was measured for NH;- when generated from NH 2 0H 
by dissociative electron detachment and of 4.7 eV when generated from N2 H4 ; the maxima 
of the narrow resonances were found at about 6 eV [3]. The main signal at 6.42±0.10 eV 
was found for the formation of NH;- from CH 3 NH 2 by a resonance process. A single resonance 
peak of ND;- was found in the negative ion mass spectrum of CH 3 ND2 at 6.42 ± 0.30 eV 
[10]. 

Kinetic energies of close to 0 eV for NH;- and more than 1 eV for the simultaneously 
formed H- were measured for low-energy electron impact on NH 3 [13]. Experiments using 
the retarding-field technique showed that the amide ion is formed in the electronic ground 
state at ~5.7 eV from ammonia. A weak, second maximum at a higher energy can be 
assigned to the electronically excited anion [8]. This signal for NH;- is broad, peaks at 
9.68±0.10 eV [10], and has a relative intensity of 0.03 with respect to the main signal. 
The corresponding signal of ND;- from ND3 has a maximum at ~ 10 eV and a relative 
intensity of 0.04 [9]. A weak, third resonance peak at 12.05±0.10 eV was also assigned 
to the excited anion [10]. The weakness of the signals of the excited amide ion at ~ 10 eV 
indicates that the reaction channel NH3 ...... NH;- * + H is unimportant; the products in this 
reaction form mostly via NH3 ...... NH; + H-. The cross sections cr for amide ion formation 
from NH 3 at incident electron energies Ee with respect to the total production crt of positive 
ions at 85 eV are as follows [8]: 

Ee=5.65 eV Ee = 10.5 eV 
NH 3 ND3 NH 3 ND3 

cr in cm 2 1.5X 10- 18 1.2 X 10- 18 4.6 X 10- 20 3.2x10- 20 

cr/crt (6.6 ± 0.3) X 10- 3 (5.0±0.2) X 10- 3 (2.1 ±0.1) X 10- 4 (1.4±0.1) X 10- 4 

The formation of electronically excited NH;- from CH 3 NH 2 by resonance capture led 
to additional, weak signals at 9.96 ± 0.30 and 11.86 ± 0.30 eV. Ion pair processes produced 
NH;- signals at electron energies of > 16 eV in NH 3 and CH 3 NH 2 . The formation of ND;
from CH 3 ND 2 is highly efficient, but ion pair processes could not be detected [10]. 

Amide ion formation by the reaction NH 3 + H-~ NH;- + H2 after electron impact on NH 3 

is less important than the formationvia resonance capture of electrons by NH 3 as described 
above. The reaction with H- has a rate constant of (9.0 ± 0.6) x 10- 13 cm 3 · molecule - 1 · s - 1 

and an equilibrium constant of 27 ± 9 at 297 K [14]. An ab initio calculation predicted for 
the reaction an exothermicity of 57.3 kJ/mol, when zero-point energies are considered [15]. 

A very small amount of NH;- was identified among the products of the autocatalytical 
decomposition of NH 3 at a Pt filament at 1500 K. The NH;- concentration seems to increase 
exponentially with temperature above 1500 K [16]. The possible presence of NH;- besides 
o- in the products of C2H2-0 2-N 2 flames was deduced from a signal in the mass spectrum 
and from the experimentally observed formation of NH 3 [17]. 
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2.1.11.1.2 In Condensed Phases 

Solutions of amide ions in Liquid NH 3 are obtained by dissolving the ionic amides of 
alkali and alkaline earth metals. However, all solutions are only weak electrolytes. The 
amides M(NH 2 ) 2 with M =Ca, Sr, Ba dissociate slightly less than the alkali amides. Solutions 
of KNH 2 are usually preferred because of the good solubility of the salt which is better 
than that of NaNH 2 , whereas LiNH 2 is exceptional among the alkali amides by being rather 
insoluble in Liquid NH 3 [1]. The amides of the alkali and alkaline earth metals can be prepared 
by either or both of the well-known reactions of the metals with gaseous NH 3 at elevated 
temperatures or with Liquid NH 3 in homogeneaus solution via reduction of the solvent by 
solvated electrons. The metal solutions in Liquid NH 3 are quite stable in some cases. Their 
rate of decomposition into metal amides and H2 increases with temperature and upon photo
lysis. The most effective catalysts for the formation of the metal amides are eiemental 
Pt and Fe salts [2]. The catalytic formation of alkali amides by glass and its deactivation 
by treatment with NH 4 F or potassium vapor are described in [3]. The amides are sensitive 
to air and moisture. Details are given in "Lithium" Erg.-Bd., 1960, p. 279, "Natrium" 1928, 
pp. 253/4, "Natrium" Erg.-Bd. 3, 1966, pp. 918/9, "Kalium" 2, 1937, p. 251, "Rubidium" 
1937, pp. 114/5, "Caesium" 2, 1938, p. 116, "Magnesium" B, 1939, pp. 73/4, "Calcium" 
B 2, 1957, p. 332, "Strontium" 1931, p. 90, "Barium" 1932, pp. 138/9, and "Barium" Erg.-Bd., 
1960, p. 171. Ionic amides of the other metals are rare. A few examples are Eu(NH 2 }z, 

Yb(NH2 ) 2 , and Yb(NH 2 ) 3 which result from the reaction of the metals With NH 3 , whereas 
Y(NH 2 b has to be prepared either by reacting YI 3 with KNH 2 or NaY(NH 2 ) 4 with NH4 1; 
see "Seltenerdelemente" C 2, 1974, pp. 182/5 for details. The ionic Zn(NH 2 )z is obtained 
by the reaction of Zn(C2 H5)z with gaseous NH 3 ; see "Zink" Erg.-Bd., 1956, pp. 184/5. 

The electrochemical formation of NH2 by reduction of NH 3 at Pt electrodes at 213 K 
was observed between -2.2 and -2.5 V in the presence of Nal as electrolyte [4]. Thermody
namic data for the formation of NH2 from NH 3 by reduction with solvated electrons in 
NH3 solution at 233 K and estimated rate constants are as follows [5]: 

reaction 

2 NH 3 +2 e---.2 NH2+H 2 

NH 3 +e---+NH2+H 
NH 3 +e- + H--+ NH2 +H 2 
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An absolute reduction potential of E0 = 0.22 eV was calculated from the ionization poten
tial of NH2 for the reaction NH 2(aq)+1/2 H2 -+NH2(aq)+H+(aq) in a 1M solution at 298 K 
[6]. 

The formation of NH2 during the autoprotolysis of Liquid NH 3 via 2 NH3~NH2 + NHt 
is negligible as shown by the extrapolated equilibrium constant K = 8.8 x 10- 31 at 298 K. 
Thermodynamic data for the torward reaction are ~dissW=94±6 kJ/mol and ~dissS0 = -260 
J·K- 1 ·mol- 1 . These data are based on electrochemical measurements on NH2, NHt, and 
Na+ in Liquid NH 3 which Led to K values in the range of 10- 37 (~G0 =148 kJ/mol) at 208 K 
and of 10- 34 (~Go= 156 kJ/mol) at 238 K [7]. Thermodynamic data for NH2 yielded the 
equilibrium constants K = 3.2 x 10- 33 at 240 K and 2.2 x 10- 28 at 298.15 K [8]. 

Sampies of NH2 were matrix-isolated by bombarding a diluted mixture of NH3 in Ar 
continuously with electrons during condensation at 12 K. The quantity of NH2 and NH2 

increased upon annealing [9]. Alkali halide crystals doped with NH2, NHD-, and ND2 can 
be prepared either by treating the alkali halide crystal first with potassium vapor (generation 
of F centers) and then with ammonia, by reduction of ammonium incorporated in the crystals 
during their growth, or by crystallizing the alkali halide from the melt while regularly adding 
small amounts of an alkali amide [10]. 

The formation of NH2 during chemisorption of NH 3 on dehydratyed y-AL2 0 3 occurs only 
to a small extent and is attributed to the surface reaction 0 2 - + NH3 -+ NH2 + OH-; most 
of NH3 acts as a donor to AL centers; see [11] and the Literature cited there. NH2 ions 
at Low concentrations were identified mass-spectrometrically after exposing pure Cu and 
Fe samples to high-frequency sparks. The ions are formed together with other cations 
and anions from impurities in the metals [12]. 

Deutarated amides can be prepared by reacting the metals with ND3 instead of NH 3 . 

A sample of NaNHD was obtained by melting together approximately equal amounts of 
NaNH2 and NaND2 [13]. The reaction of Ca with a mixture of NH 3 and ND3 yielded a sample 
of Ca(NHDb [14]. 
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2.1.11.2 Molecular Properlies and Spectra 

Structure of the Ion 

The Walsh rules predict C2 v symmetry for the amide ion just as for the isoelectronic 
water molecule [1]. Experimental results confirm the theoretical predictions: 

r(NH(D)) in A 

1.0367(154) 
1.028 
0.91 (3) 

1.015(50) 
0.99(4) 
0.941(4) 
0.99(2) 
1.10(2) 

LHNH(DND) 

102.0(3.3)0 

101.9° 
113(11)D 

109(18)0 

109(W 
95o 

104° 
107 .3(3. 7) 0 

comment, source of the structural parameters 

r0 structure, from rotational constants of gaseaus NH2 
estimated r e structure, derived from the r 0 structure [2] 
average results from an X-ray investigation of Mg(NH2 b 
[3] 
quasi-elastic neutron scattering by solid KNH2 [4] 
neutron diffraction by LiND2 [5] 
neutron diffraction by NaND2 [6] 
neutron diffraction by KND2 at 31 K, angle assumed [7] 
average results from neutron diffraction by Sr(ND2 ) 2 

between 31 and 570 K [8] 

Similar structural data for the amide ion were derived from the IR bands of LiNH 2 [9] 
and from the 1 H NMR spectrum of solid KNH 2 taken at 90 K [10]. Calculations based on 
crystal parameters were done for NaNH 2 (see "Natrium" Erg.-Bd. 3, 1966, p. 921), Ca(NH 2h, 
and Sr(NH 2h [11]. 

Electronic Structure. Detachment Energy 

The ion in the electronic ground state with the electron configuration (1a 1 ) 2 (2a 1 ) 2 (1 b2 ) 2 

(3a 1 ) 2 (1 b1 f has 1 A 1 symmetry. The highest occupied molecular orbital is a nonbonding, 
tone-pair orbital of nitrogen [1, 2, 12]; seealso p. 170. 

The energy required to remove an electron from NH2 has been determined in several 
gas-phase photodetachment studies. The experimentally measured, vertical photodetach
ment energy of NH2 is identical with the adiabatic electron affinity of the NH 2 radical, 
because both species have similar structures and are in their electronic ground state [13, 
14]. Numerical values are given in the section on the electron affinity of NH 2 on p. 176. 

Dipole and Quadrupole Moment 

The dipole moment of amide ions in alkali halide crystals was calculated from the depen
dence of the UV absorption on the direction of an applied electric field, giving 1.104 ± 0.048 D 
for NH2 and 1.224±0.072 D for ND2 in KCL and KBr [15]. Values for Kl and Rb salts are 
two to three times higher, supposedly due to the increased size of the occupied holes 
[15, 16]. 

A dipole moment of 0.5491 D was calculated for NH2 at the ab initio SCF Cl Level [17]; 
similar results are given in [12, 18]. Quadrupole moments, derivatives of dipole moments, 
and the polarizability were also calculated [17, 18]. 

Proton and Lithium Cation Affinities 

A proton affinity of 1701 ± 11 kJ/mol was derived for gaseaus NH2 with the photodetach
ment energy [14]. The experimentally determined Standard enthalpy at 298 K of the reaction 
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of NH2 with H2 yielded a proton affinity of 1689 ± 4 kJ/mol for NH2 [19]. An earlier calculation 
with a Born-Haber cycle gave 1590 kJ/mol [20]. 

The affinity of NH2 for Li+ was calculated at the ab initio SCF Leveltobe -797 kJ/mol [21]. 

Spin-Spin Coupling 

The nuclear spin-spin coupling tensors in NH2 were calculated by the equations-of
motion (EOM) approach, yielding the constants 1 J(NH)= -29.31 and 2 J(HH)= -13.82 Hz 
[22]. A coupled Hartree-Fock (CHF) perturbed scheme yielded average values of 
1J(NH) = 37.513 and 2J(HH) = -13.709 Hz (a comparison of the experimental and calculated 
coupling constants for other species showed that the calculated values are usually 10 to 
30% higher than the experimental ones) [23]. 

Constants of Molecular Rotation and Vibration 

Rotational and Centrifugal Distoriion Constants. The rotational constants of gaseaus 
NH2 were obtained by fitting the rovibrational bands of the high-resolution IR spectrum 
to a Watson-type S-reduced Hamiltonian. The results in cm - 1 for the ground state of the 
ion are A0 =23.0508±0.0019, 8 0 =13.0684±0.0015, C0 =8.11463±0.00048, DJ=0.001082± 
0.000022, DJK = -0.00381 ± 0.00012, DK = 0.02065 ± 0.00013, 0 1 =- 0.000492 ± 0.000014, and 
0 2 = -0.0000461 ± 0.0000054. The corresponding values for the v 1 = 1 and the v3 = 1 states 
and the estimated equilibrium rotational constants of the ground state are also Listed. The 
analysis was restricted to quartic distortion terms, because the inclusion of sextic terms 
did not result in a better fit of the bands. The Hamiltonian used does not include the effects 
of the rotational interactions which are noticeable in some bands [2]. Rotational constants 
of 14NH2, 15NH2, 14ND2, and 14NHD- from CEPA calculations are given in [24]. 

Fundamentals. The band origins of the symmetric stretch v 1 at 3121.9306±0.0061 cm- 1 

and of the antisymmetric stretch v3 at 3190.291 ± 0.014 cm - 1 were identified for gaseaus 
NH2 in a high-resolution IR spectrum. Differences between the fundamentals of NH2 in 
different salts are attributable to matrix effects in the crystal Lattice [2]. Thebendingvibration 
v2 = 1462 ± 20 cm - 1 was predicted for gaseaus 14NH2 from the CEPA equilibrium structure 
which is close to the experimental one; the fundamentals for 15NH2, 14ND2, and 14NHD
were also calculated [24, 25]. An ab initio calculation at the SCF Level yielded the harmonic 
fundamentals of NH2 and the deuterated ions, and confirmed the generally Low relative 
intensity of v2 and the Low intensity of v 3 of NHD- [17]; see also [12]. The fundamentals 
in an Ar matrix at 12 Kare v 2 at 1523 cm- 1 for 14NH2 and at 1519 cm- 1 for 15NH2 and 
v3 at 3152 and 3145 cm- 1 , respectively [26]. 

The fundamentals of the amide ion in some salts are given in Table 19. They were 
determined mostly at ambient temperature; the band positions of the alkali amides change 
only slightly upon cooling to 90 K [27]. The bands were assigned assuming a bent NH2 
ion with C2 v geometry [28]. The assignment of the fundamentals, especially in the case 
of v 1 and v 3 , is based on the magnitude and direction of the resulting interaction force 
constant [29] and on a comparison of the bands of protonated amides with those of the 
deuterated ones [27, 30]. 

Differences in the band positions of the fundamentals are attributed to the influence 
of the various cations and also to the environment in the crystal Lattices [29]. The occasional 
split of the fundamentals is probably due to site effects in the crystals [27, 30]. The vibrational 
bands of amide ions in alkali halide matrices agree qualitatively with those of the pure 
salts [36]. 
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Table 19 
Fundamental Vibrations of Solid and Motten Amides in cm _,. 

satt conditions v1 (A1 , vs) V2 (A1 , 8) v3 (B2 , Vasl Ref. 

LiNH 2 IR in Nujol, Fluorotube 3258 s 1564, 1538 m 3313 m [27] 
IR in KBr 3261 3315 [9) 

NaNH2 Raman of the solid 3218 1531 3267 [28) 
Raman, melt at 493 K 3218 p 1550 p 3267 dp [28) 
IR in Nujol, Fluorotube 3206 s 1529 m 3256 s [27) 
IR in Nujol 3212.5 1539.5 3263.0 [29) 

KNH 2 IR in Nujol, Fluorotube 3210 s 1546 m 3258 s [27] 
Mg(NH 2b IR in KBr 3277 s 1577 s 3332, 3326 VS [31) 
Ca(NH 2 ) 2 a> IR in Nujol, Fluorotube 3228 s 1509 s 3290 s [32) 
Sr(NH 2 b IR in Nujol, Fluorotube 3234 W, 3206 S 1567 W, 1505 W 3292 w' 3267 s [30] 

IR in KBr 3207 s 1511 m 3262 m [33) 
Ba(NH 2b IR in Nujol, Fluorotube 3192 s, 3180 m 1545 s, 1520 sh 3245 s, 3235 m [30] 
Eu(NH 2 ) 2 IR in KBr 3200 VS 1503 s 3263 m [34] 
Yb(NH2 b IR in KBr 3210 m 1504 s 3273 s [34) 

IR in KBr 3370 m 1510 s 3440 m [35] 
IR in Nujol 3280 m 1510 s 3340 m [35] 

Yb(NH2 h IR in KBr 3277 m 1529 s, 1519 sh 3342 m [34) 
NaNHD IR in Nujol 2389.0 1350.0 3234.5 [29) 
Ca(NHDba> IR in Nujol, Fluorotube 2390 Sb) 1333 s 3261 s [32) 
LiND2 IR in Nujol, Fluorotube 2392 w 1153,1137m 2477 w [27) 
NaND2 IR in Nujol 2358.0 1130.5 2428.0 [29) 
Ca(ND2 ) 2 a> IR in Nujol, Fluorotube 2370 w 1114 s 2449 m, [32) 

2428mb> 

a) Bands of the a phase; the bands of the ß phase are also listed in the original paper; 
they are split and broader. - bl Bands of the ß phase, not observed for the a phase. 

Force Constants. A calculation of the valence bond force constants of the amide ion 
was based on the fundamentals of the sodium salts of NH;-, NHD-, and ND;- and on the 
estimated structural parameters r(NH) = 1.03 A and L HNH = 104.6° The results, 
f,=5.724x 105 dyn/cm for the NH valence force constant, f,=0.755x 10- 11 erg/rad 2 for the 
bending force constant, f,,= -0.112x 105 dyn/cm, and f,,= -0.313x 10- 3 dyn/rad are simi
Lar to the values for the isoelectronic water ·molecule [29]. The value of f, for the amide 
ion is intermediate between those for NH 3 and the imide ion [38]. Other calculations on 
the force constants of NH;- in alkali and alkaline earth amides are reported in [32, 37, 
46]. Harmonieforce constants were calculated with the ab initio SCF method [17]. 

Quantum-Chemical Calculations 

The amide ion has been the subject of several quantum-chemical studies. The more 
important ones are referenced in conjunction with the individual properlies of NH2. For 
a more complete survey of quantum-chemical calculations and especially those covering 
computational aspects, consult the bibliography of ab initio calculations given on p. 31. 

Spectra 

Infrared and Raman Spectra. A high-resolution IR spectrum of gaseous NH2 was 
recorded between 2950 and 3350 cm - 1 by velocity modulation Laser spectroscopy wh ich 
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suppressed the absorption of concomitant neutral species. The rovibrational assignments 
of 117 bands are Listed in [2]. The IR and Raman investigations of solid and molten amides 
are given in Table 19; the sharp bands indicate that there is no hydrogen bonding among 
the amide ions [27, 28, 30]. 

Scattering in the range of lattice vibrations from 280 to 790 cm - 1 was found to persist 
in the Raman spectrum alter melting NaNH 2 . Deconvolution of the depolarized, broad band 
gave three peaks which were attributed to hindered rotational modes of the amide ion 
about its three principal axes [28]. 

Bands in the spectra of Sr(NH2h at 4760 cm - 1 and of Eu(NH 2 ) 2 at 4725 cm - 1 are attributed 
to the combination v2 + v3 [34]. The v 2 + v3 band of NaND 2 was observed at 3551.0 cm - 1 

[29]. The near-infrared spectrum of KNH 2 in NH 3 contains a band at 6250 cm- 1 which 
was assigned to 2v1 of NH2 [39]. A number of additional overtone and combination bands 
of NH2 were obtained by CEPA calculations [40]. A moderately strong Fermi resonance 
between 2v2 , calculated to appear at 2894 cm - 1 , and v 1 was predicted from CEPA results 

[25]. 

Ultraviolet Spectra. Only one absorption above 300 nm is clearly visible in the UV spec
trum of amides in NH 3 solution. A second band at 240 nm or shorter wavelengths is obscured 
by the onset of the absorption of the solvent [41, 42]. At a given temperature the absorption 
shifts to higher wavelengths as the size of the cation increases from Li to K and then 
remains constant. A similar solvation of the larger cations (K, Rb, Cs) indicates electrostati
cally associated ion pairs without appreciable perturbation of the solvent sphere around 
the anion. The smaller cations, however, have a stronger influence on the solvent sphere 
of the amide ion [43]. The positions of the maxima of the absorption and extinction coefficients 
in NH 3 are as follows: 

satt maximum absorption (temperature) extinction ~:in L·mol- 1 · cm- 1 Re!. 

LiNH 2 298 nm (209.2 K), 304 nm (231.8 K) [43] 
NaNH 2 317 nm (214.5 K), 322 nm (237.9 K) [43] 
KNH 2 328 nm (208 K), 357 nm (293 K) 3180 at 293 K [41] 

~334 nm (213 K), ~339 nm (240 K) 3480 at 224 K [44] 
330 nm (223 K), 348 nm (293 K) ~3100 at 223 K, ~ 2600 at 293 K [42, 45] 

RbNH 2 330 nm (212.7 K), 337 nm (239.2 K) [43] 
CsNH 2 329 nm (213.7 K), 337 nm (238.8 K) [43] 
KND2 326 nm (223 K), 344 nm (293 K) ~ 3600 at 223 K, ~3100 at 293 K [42] 

The maximum of absorption of dissolved KNH 2 shifts by ~0.33 to 0.42±0.02 nm/K to 
longer wavelengths with increasing temperature. A similar shift supposedly occurs for the 
obscured second band [41, 42]. The extinction coefficient of KNH 2 remains unchanged upon 
varying the amide concentration at constant temperature, indicating that the free and the 
paired anions have the same spectral characteristics [44]. The extinction coefficient of KNH 2 

decreases by ~0.4% per degree with increasing temperature [41]. The value of ~:=2600 
L · mol - 1 · cm - 1 at 293 K seems to be the most accurate one, because the concentration 
of amide was determined by measuring the amount of H2 evolved [42]. The spectral data 
indicate that the UV band arises from a process involving a charge transfer to the solvent 
(charge-transfer-ta-solvent transition), i.e., the removal of an electron from the amide ion 
and transferring it to the first solvation layer [44]. 

The UV spectra of the amide ion in crystalline alkali halides at 21 K consist of a main 
band with a shoulder at shorter wavelengths. The maximum of the main band shifts to 
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shorter wavelengths with decreasing lattice constant of the crystal matrix. The positions 
for NH:2 (values for ND:2 in parentheses) in Na and K salts [36) and Rb salts [16) are 
as follows: 

matrix material.. .............. Na8r 
main band in nm ............. 246 
shoulder in nm ................ 233 

KCl 
254 (252) 
239 (241) 

K8r 
272 (269) 
255 (256) 

Kl 
295 (294) 
273 (277) 

Rb Cl 
268 
254 

Rb8r Rbl 
289 308 
268 284 

The asymmetric shape of the main band results from a third, intermediate band. However, 
its exact position could not be determined. The positions of the bands and their intensities 
indicate that the main band results from an electronic excitation of the amide ion, whereas 
the shoulder originates from a simultaneaus excitation of a stretching vibration. The deduced 
intermediate band probably results from the simultaneaus excitation of the deformational 
vibration of amide [36]. The influence of mechanical strain and exposure to an external 
electric field on the intensities of the UV bands of amide ions in crystalline alkali halides 
at helium temperature were also investigated. The amide ion is optically anisotropic; light 
is absorbed more strongly, when its vector is perpendicular to the plane of the ion than 
when the vector is in the plane of the ion [15, 16]. The reestablishment of the amide equilibri
um orientation after switching off the electric field was studied by electro-birefringence 
[16]. 

The reflectance spectra of Sr(NH2b and Eu(NH 2b in MgO at ambient temperature exhibit 
maxima at ~268 and ~278 nm which are accompanied by shoulders at ~247 and ~250 nm, 
respectively. The bands were assigned to electronic excitation of the amide ion and a 
combination of electronic and vibrational excitation [34] in agreement with the assignment 
in [36]. 

Excitation in the UV bands generates fluorescence in the visible region. There are two 
principal bands whose relative intensity changes with temperature. They were assigned 
to purely electronic transitions of the amide ion in different positions within the anion vacancy 
[36]. 
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2.1.11.3 Thermodynamic Data of Formation. Entropy 

The standard enthalpy of formation of gaseaus NH2, ~tHg = 117.2 ± 1.7 kJ/mol, is based 
on the most recent photodetachment energy and a value of ~tHg(NH 2 ) = 191.6 ± 1.3 kJ/mol 
[1]. A value of 106.3 kJ/mol at 298 K was calculated from thermodynamic data of NH 3 and 
H+ [2]. A standard entropy of 159 J·mol- 1 ·K- 1 for gaseaus NH2 at 240 K was calculated 
from estimated structural parameters [3]. A value of S398 =188.7±2.1 J·mol- 1 ·K- 1 was 
given in [4]. For data of the NH 3 solution, see p. 268. 
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H. W.; J. Chem. Phys. 59 [1973] 77/81). 

2.1.11.4 Chemical Behavior 

Reactions of the amide ion can be investigated in the gas phase. ln the liquid phase, 
amides in most cases are just applied as standard reactants; experimental proof usually 
is missing as to whether the amide ion or the undissociated, dissolved salt or maybe even 
the suspended salt is the active species. The influence of the counterion of amide is, for 
example, demonstrated by the reaction of solid alkali and alkaline earth amides with gaseaus 
15NNO, where the ratio of the 15NNN- and N15NN- formed changes drastically with the 
size of the cation [1]. A detailed description of the chemistry of amide in the following 
chapters is restricted to that of the gaseaus amide ion for the aforementioned reasons. 
Reactions in the liquid phase were surveyed because of the possible participation of the 
amide ion, whereas reactions of solid amides were considered to be attributable to the 
individual salts and were usually omitted. The older Literature on the chemical behavior 
of the individual amide salts and their reactions with elements, inorganic, and organic 
compounds is reviewed in the corresponding volumes of the Gmelin Handbock (see p. 
251) and in [2 to 4]. 
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2.1.11.4.1 Thermal Decomposition. Photolysis. Radiolysis 

The thermal stability of solid ionic amides varies widely for different cations. Examples 
are given for each of the principal modes of behavior. KNH 2 distills without decomposition; 
see "Kalium" 2, 1937, p. 252. Heating LiNH 2 below the melting point yields the imide, Li 2 NH 
[1]. The nitride, Ca3N2 , is obtained by heating Ca(NH2h; see "Calcium" 8 2, 1957, p. 332. 
Thermal decomposition of NaNH 2 Leads to NaH, N2 , and H2 at normal pressure and to 
a mixture of the elements at reduced pressure; see "Natrium" Erg.-Bd. 3, 1966, p. 922. 

The photolysis of gaseaus NH2 yields NH 2 . The reaction was used to determine the 
detachment energy; see p. 253. Irradiation of NH2 in NH3 solution at 240 to 400 nm produces 
solvated electrons and NH2 which disappears in two stages. The recombination to NH2 
is fast, and the residual reaction to N2H4 or other products is slow. An additional transient 
of unknown identity was observed during photolysis with unfiltered UV light [2]. The irradia
tion of amide in alkali halide crystals at the wavelenghts of the UV absorption band results 
in slow decomposition at 78 K which becomes faster with increasing temperature. The 
process seems to involve a reaction with H2 which is also present in the crystal matrix 
(from amide formation via K-doped alkali halide with NH 3 ) and probably Leads to NH3 , 

H-, and the formation of Fand U centers. The decomposition of NH2 to NH- and H apparently 
does not occur [3]. 
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The y radiolysis of liquid ND3 containing NaND2 or KND 2 first generates solvated elec
trons. They react probably with formation of the eiemental alkali metals [4]. The yield of 
H2 in the presence of amides is smaller than that from pure NH 3 , and the experimental 
ratio of H2 and N2 is unsatisfactory [5]. The presence of NH2 during y irradiation of liquid 
NH 3 Leads to a higher stationary concentration of N2 H4 , other products being H2 and N2 ; 

their yields increase with radiation dosage. The yield of N2 H4 increases with the concentra
tion of NH2 and the pressure of H2 and N2 over the solution [6, 7]. 
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2.1.11.4.2 Hydrogen Exchange Reactions 

The hydrogen exchange between amide and ammonia in the gas phase at 300 ± 2 K 
was investigated by the selected-ion flow tube (SIFT) technique. The following reactions 
and rate constants of amide consumption were found [1]: 

reaction 

NH2 +ND3 --+ NDH- +ND2 H (56%) 
ND2 + NDH 2 (44%) 

ND2 + NH 3 --+ NDH- + NDH 2 (27%) 
NH2 + ND2 H (73%) 

(5.2±0.4) X 10- 10 

(9.0 ± 0.8) X 10- 10 

AH in kJ/mol 

+3.3 
+ 1.7 
-1.7 
-3.3 

The hydrogen exchange between NH2 and liquid NH3 has a rate constant of k= 1.5 x 107 

L·mol- 1 ·s- 1 at 298 K which was determined from the change of the relaxationtime in 
the 1 H NMR spectra with temperature and amide concentration. The activation parameters 
are AH = 16.7 ± 2.1 kJ/mol and AS = - 51.5± 8.4 J · K- 1 · mol- 1 . The large entropy indicates 
a considerable rearrangement in the solvation sphere when the reactants form the activated 
complex [2]. 
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2.1.11.4.3 Electrolysis 

Electrolytic oxidation of NH2 in NH3 at 213 K yields N2 H4 via an unknown intermediate, 
when a polished Pt electrode is used. The onset of the oxidation wave shifts from -0.50 V 
for a 0.005 molar solution to -0.90 V for a 1 molar solution. Using a platinized Pt electrode 
or adding Fe to the solution induces faster decomposition of the unknown intermediate, 
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thus preventing the formation of N2 H4 [1]. The electrolysis of the molten NaNH 2 -KNH 2 eutec
tic mixture with graphite electrodes yields the alkali metals at the cathode. Products at 
the anode are NH 3 , N2 , and a trace amount of N2 H4 [2]. 
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2.1.11.4.4 Reactions with Hydrogen 

The equilibrium NH; + H2~NH3 + H- in the gas phase was investigated in a flowing 
afterglow system giving a rate constant of k= (2.3± 0.1) x 10- 11 cm 3 · molecule- 1 ·s- 1 at 
297 ± 2 K for the torward reaction. An equilibrium constant of K = 27 ± 9 was calculated 
using the rate constant of the reverse reaction. This corresponds to ßG397 = -7.9 ± 0.8 kJ/mol 
for the torward reaction; ßS398 = - 18.0 ± 2.1 J · mol- 1 • K _, was calculated from tabulated 
and estimated entropies. The enthalpy of the reaction is then ßH398 = -13.4± 1.3 kJ/mol 
[1]. A refined value for the equilibrium constant, K=26±6 at 296 K, and the same constant 
for the torward reaction were given later in [2]. 

Equilibrium constants for NH; + 1/2 H2 ~ e- + NH 3 in liquid NH 3 ranging from 1.1 x 10- 9 

mol· L _, · bar- 1 at 208 K to 6.6 x 10- 7 mol· L _, · bar- 1 at 238 K were determined electrochem
ically; a value of K = 5 x 10- 3 was extrapolated to 298 K. The standard free enthalpies 
ßG0 of the torward reaction range from 36 ± 2.5 kJ/mol at 208 K to 28 ± 2.5 kJ/mol at 238 K. 
Values of ßH0 = 88 ± 4 kJ/mol and ßS0 = 250 ± 5 J · mol- 1 • K _, were determined from a ßG0 - T 
plot [3]. Spectrophotometric and ESR investigations [4] and recently measured activity coeffi
cients of KNH 2 solutions in NH 3 were used to calculate an equilibrium constant of 
(2±0.8) x 10- 6 at 298 Kalterextrapolation to zero concentration. For the torward reaction, 
ßG398 = 34.3 ± 2.1 kJ/mol follows [5]. Earlier determined reaction enthalpies for the torward 
reaction are 65.7 [4] and 50±4 kJ/mol [6]. The differences in the enthalpies may be due 
to the temperature dependence of ßH [3]; experiments in [4] were done at or below ambient 
temperature and those in [6] at higher temperatures. The solvated electrons, observed 
by UV spectroscopy [7] in the NH; -H 2 equilibrated solution, reduce potassium ions to potas
sium which can be isolated from the solution as an alloy with Hg or Zn [5]. 

The hydrogen exchange between liquid NH 3 and dissolved H2 is catalyzed by amide 
ions [8]. The dissociated ion was identified to be the active particle on account of the 
fact that the reaction rate depends on the concentration of the free anion which varies 
with the counterion and other alkali salts added [9]. Intermediates of the exchange reaction 
were deduced by the interacting-bond method [10]. The amide ion in liquid NH3 also cata
lyzes the conversion of para-H2 to ortho-H 2 [8]. 

The enthalpy and entropy of neutralization of NH; with H + in NH3 at 233 K, -94 kJ/mol 
and 260 J · mol- 1 • K _,, were calculated from the results of electrochemical and calorimetric 
measurements [11]. 
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Angew. ehem. lnt. Ed. Engl. 6 [1967]1076/7). 

[7] Saito, E. (Electrons Fluids Nat. Met.-Ammonia Salutions 3rd eolloq. Weyl, Kibbutz Hani
ta, Israel, 1972 [1973], pp. 139/44; e.A. 81 [1974] No. 179518). 

[8] Wilmarth, W. K.; Dayton, J. e. (J. Am. ehem. Soc. 75 [1953] 4553/6). 
[9] Delmas, R.; eourvoisier, P.; Ravoire, J. (Adv. ehem. Ser. 89 [1969] 25/39). 

[10] Medvinskii, A. A.; Bulgakov, N. N.; Baikov, Y. M. (React. Kinet. eatal. Lett. 20 [1982] 
267/71). 

[11] Schindewolf, U. (Ber. Bunsen-Ges. Phys. ehem. 86 [1982]887/94). 

2.1.11.4.5 Reactions with lnorganic and Organaelement Compounds 

2.1.11.4.5.1 Reactions in the Gas Phase 

The ion-molecule reactions of collisionally relaxed NH2 at 297 to 300 K in the gas 
phase with inorganic compounds are summarized in Table 20 and those with organoelement 
compounds in Table 21. The reactions were analyzed with a mass spectrometer [1, 2] in 
earlier experiments and later by Fourier transform (ion cyclotron resonance) mass spectrom
etry [3 to 7]. ln other, more recent investigations, the flowing afterglow technique was 
applied and occasionally the newer selected-ion flow tube (SIFT) technique [8, 9], where 
the NH2 formed is separated from the other ions before the reaction. The methods allow 
the mass spectrometric identification of the anions only; the other products have to be 
deduced from the mass balance. 

Table 20 
Ion-Moleeule Reactions of NH2 with lnorganic eompounds. 
Rate constants k in 10- 10 cm3·molecule- 1 ·s- 1 and estimated heats of reaction drH in 
kJ/mol at room temperature. 

reactant main product by-products, k, drH Ref. 

eo2 Neo- (100%) k=9.3, drH= -176 [8, 10] 
k=8.6± 1.0 [3] 

e3o2 Neo- (60%) and He2o- (30%), Ne3o- (10%) [11] 
oes H2NS- (52%) and Hs- (42%), Neo- (6%), k= 19 [12] 

drH= ::;;o, -172, -210, respectively; [8] 
early results in [1] 

es2 Nes- (54%) and Hs- (46%), k=18, drH= -293, -176 [8] 
es;- additionally, k= 13.4; see also [2] [1] 

HeN eW(100%) k=48±5, drH= -226±8 [13] 
NH3 NH3·NH2 by-product of NH3 + H-~ NH2 + H2, cf. p. 261 [14] 
N20 N3 (72%) and OW (28%), k=2.9, drH= -234, -38 [8] 

k::::;1 [10] 
PH3 PH2 k=20 [15] 
PF3 HNPF;2, NPF- k = 7.9 and 6.6, respectively [4] 
OPF3 HN(O)PF2 k= 16.5 [4] 
H20 ow k=26±2, drH= -50 [16] 
020 oo- (83%) and OW(17%), k=26±2, drH= -55.6, -57.7 [9] 
so2 so;- (66%) and Nso- (26%), ow (8%), k=29, [8] 

drH= -29, ::;; -192, ::;;0; early results in [2] 
SF6 SF6 k=2.0±0.6 [17] 
Fe(e0) 5 (eObFeNH2 k=23 [18] 
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The products form by charge exchange, proton abstraction, or elimination. Reaction 
mechanisms were frequently discussed; see for example [4, 8, 9]. Multiple H-D exchange, 
as in the formation of OH- from 0 20, was occasionally observed, but its minor importance 
indicates a short lifetime of the reactive intermediate complex [19]. The average dipole 
orientation (ADO) theory usually predicts the rate constants satisfactorily; an exception 
is the value calculated for the reaction with N20 which is much too small [8]. Calculated 
structural parameters of the adduct of NH:2 with NH3 are given on p. 269. 

The primary products from the reactions of thermally equilibrated amide ions with 
organoelement compounds form via nucleophilic substitution or proton abstraction by amide, 
or by competition between both reaction channels. Elimination reactions and other second
ary processes are observable in some cases; see for example [20 to 22]. 

Table 21 
Ion-Moleeule Reactions of NH:2 with Organoelement Compounds. 
Rate constants k in 10- 9 cm3 · molecule - 1 · s - 1 and estimated heats of reaction L\,H in kJ/mol 
at room temperature. 

reactant M main product by-products, k, A,H 

Si(CH3)4 Si(CH3hCH:2 Si(CH3lJCH:2 
Si(CH3lJCHCH2 [M-C2H4 ]- [M-H]-, [M-CH4 ]-

Si(CH3lJCH2CHCH2 [M-H]- exclusive product 
Si(CH3lJOC(CH3)CH2 CH3C(CH2)0- 80%, [M-H]- (20%) 
P(CH3h P(CH3bCH:2 forms exclusively and irreversibly 

rapid and quantitative reaction 
OP(OCH3h 0 2P(OCH3):2 75%, OP(OCH3):2 (20%), CH30- (5%) 
S(CH3h CH3SCH:2 k=2.7±0.4, A,H= -44 
CD3SCH3 [M-H(D)]- kH/k 0 = 2.43 ± 0.07 
C6 H5SCD3 [M-H(D)]- about equal abstraction of H + and D + 

CH3SSCH3 CH 3SSCH:2 67%, CH3S- (33%) 
CH30S(O)OCH 3 CH 30S0:2 43.8%, CH 30so- (43.7%), Nos- (5.4%), 

50:2 (5.2%), CH4 N02S- (1.9%), 
k = 4.52 ± 0.92 

CH30S(O)OC2H5 CH 30S0:2 33.6%, and C2H50SO,:;- with n = 1 
(22.1%) and n=2 (20.9%), CH 30so-
(9.8%), so2 (7.2%), Nso- (6.4%) 

References: 

[1] Dillard, J. G.; Franklin, J. L. (J. Chem. Phys. 48 [1968]2353/8). 
[2] Kraus, K. A.; Müller-Duysing, W.; Neyert, H. (Z. Naturforsch. 16a [1961]1385/7). 
[3] Wight, C. A.; Beauchamp, J. L. (J. Phys. Chem. 84 [1980] 2503/6). 
[4] Sullivan, S. A.; Beauchamp, J. L. (lnorg. Chem. 17 [1978]1589/95). 
[5] lngemann, S.; Nibbering, N. M. M. (Can. J. Chem. 62 [1984] 2273/81). 
[6] lngemann, S.; Nibbering, N. M. M. (J. Chem. Soc. Perkin Trans. 111985 837/40). 

Ref. 

[23] 
[23] 
[23] 
[24] 
[6] 
[25] 
[7] 
[5] 
[5] 
[5] 
[21] 
[22] 

[20] 

[7] Hodges, R. V.; Sullivan, S. A.; Beauchamp, J. L. (J. Am. Chem. Soc. 102 [1980]935/8). 
[8] Bierbaum, V. M.; Grabowski, J. J.; DePuy, C. H. (J. Phys. Chem. 88 [1984] 1389/93). 
[9] Grabowski, J. J.; DePuy, C. H.; Bierbaum, V. M. (J. Am. Chem. Soc. 107 [1985]7384/9). 

[10] Bierbaum, V. M.; DePuy, C. H.; Shapiro, R. H. (J. Am. Chem. Soc. 99 [1977] 5800/2). 

Gmelin Handbock 
N Suppt. Vol. B 1 



264 NH2 

[11] Roberts, C. R.; DePuy, C. H. (Zh. Obshch. Khim. 59 [1989] 2153/61; J. Gen. Chem. 
USSR [Engl. Transl.] 59 [1989]1931/8). 

[12] DePuy, C. H.; Bierbaum, V. M. (Tetrahedron Lett. 22 [1981] 5129/30). 
[13] Mackay, G. I.; Betowski, L. D.; Payzant, J. D.; Schiff, H. I.; Bohme, D. K. (J. Phys. 

Chem. 80 [1976] 2919/22). 
[14] Bohme, D. K.; Hemsworth, R. S.; Rundle, H. W. (J. Chem. Phys. 59 [1973] 77/81). 
[15] Anderson, D. R.; Bierbaum, V. M.; DePuy, C. H. (J. Am. Chem. Soc. 105 [1983] 4244/8). 
[16] Betowski, D.; Payzant, J. D.; Mackay, G. I.; Bohme, D. K. (Chem. Phys. Lett. 31 [1975] 

321/4). 
[17] Streit, G. E. (J. Chem. Phys. 77 [1982] 826/33). 
[18] Lane, K. R.; Squires, R. R. (J. Am. Chem. Soc. 108 [1986] 7187/94). 
[19] DePuy, C. H. (NATO ASI Ser. C 118 [1984]227/41). 
[20] Lum, R. C.; Grabowski, J. J. (J. Am. Chem. Soc. 110 [1988] 8568/70). 

[21] Grabowski, J. J.; Zhang, L. (J. Am. Chem. Soc. 111 [1989]1193/203). 
[22] Grabowski, J. J.; Lum, R. C. (J. Am. Chem. Soc. 112 [1990] 607/20). 
[23] DePuy, C. H.; Bierbaum, V. M.; Flippin, L. A.; Grabowski, J. J.; King, G. K.; Schmitt, 

R. J.; Sullivan, S. A. (J. Am. Chem. Soc. 102 [1980] 5012/5). 
[24] Squires, R. R.; DePuy, C. H. (Org. Mass Spectrom. 17 [1982]187/91). 
[25] Grabowski, J. J.; Roy, P. D.; Leone, R. (J. Chem. Soc. Perkin Trans. 111988 1627/32). 

2.1.11.4.5.2 Survey of the Reactions in Solution 

The chemistry of dissolved ionic amides is only briefly reviewed and illustrated by some 
typical examples because of the uncertainty in identifying the reacting species as explained 
on p. 259. 

The solution of ionic amides in NH 3 is strongly basic and even capable of removing 
only slightly acidic protons. A solution of CsNH2 deprotonates [(CH 3 lJSiNHhSi(CH 3 h quanti
tatively with formation of [(CH 3 lJSiNCshSi(CH 3h [1]. Initial deprotonation of S7NH and 
S4 N4 H4 by KNH 2 in NH 3 solution is the first step in their degradation to S2 N2 H- [2]. A 
number of platinum-group complexes with chelating ligands is deprotonated by KNH 2 in 
NH 3 ; for example, [Pt(idnh]Cl2 (idn = iminodiacetonitrile, HN(CH 2CNh) is converted to 
Pt(idn- Hh [3]. The neutralization of NH2 by NH;i salts in NH 3 at 240 K has an average 
enthalpy of -110.9 kJ/mol and was determined with KNH 2 [4]. 

The nucleophilicity of ionic amides is demonstrated by Substitution and addition reactions. 
The addition of KNH 2 to CO in NH 3 solution yields HCONH 2 , HCONHK, KOCN, or (KNHhCO 
depending on the reaction conditions [5]. The reaction of excess MNH 2 (M = K, Rb, Cs) 
in NH3 with et-quartz yields crystals of M2 [Si0 2 (NH 2hl with isolated, monomeric anions 
[6]. Alkoxides like Al(OC2 H5 lJ or Ti(OCH 3 ) 4 add KNH 2 and yield KAL(OC 2 H5 lJNH 2 and 
K2Ti(OCH 3 ) 4 (NH 2 h in NH 3 solution [7]. Substitution by KNH 2 converts Bi(O)I to Bi(O)NH 2 

in NH3 solution [8]. Equimolar quantities of KNH 2 and alkoxyphosphorus compounds form 
the following Substitution products [9]: 

KNH 2 + P(OC2H5h--+ KOC 2 H5 + [(C 2 H5 0hPNH 2 ]--+ polymer+ NH3 , C2 H5 0H 

KNH 2 + OP(OC2 H5 b--+ K0 2 P(OC2 H5 h + C2 H5 NH2 

Addition besides Substitution du ring the titration of SiCL4 with KNH 2 in NH 3 Leads to K2 Si(NHh 
at a reactant ratio of 1:6 and to K4 Si(NH)4 at a reactant ratio of 1:8 [10]. The formation 
of Th(NH 2 hl 2 · NH 3 from equimolar quantities of KNH 2 and Thl 4 in NH 3 is attributed to initial 
ammonolysis with formation of Th(NH 2 )1 3 as an intermediate [11]. 
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The reducing properlies of amides in NH 3 are demonstrated by the formation of Mn02 

from KMn04 with KNH 2 [12) and by the reduction of S4 N4 with NaNH 2 yielding S3 N3 and 
S4 N5 [13). The reduction of Nl 3 to N2 and ,- is attributed to the amide ion, because the 
sparingly soluble LiNH 2 and Zn(NH 2 b yield only black precipitates, whereas with the more 
highly soluble NaNH 2 and KNH 2 the precipitate forms only intermediately and is quickly 
converted to a red solution which yields the reduced, final products [14). 

The addition of amides to NH 3 solutions induces ammonolysis of phenyl derivatives 
of elements of the fourth, fifth, and sixth main groups; a survey is given in [15]. Twice 
the molar quantity of KNH 2 is required to completely convert Sn(C6 H5 }4 to K2 Sn(NH2 }6 [16). 
An equimolar quantity of KNH 2 suffices for the ammonolysis of Pb(C6 H5hc-C6H11 ; KPb(NH 2h 
can be isolated and results from an additional redox reaction with Liberation of N2 [17). 
The addition of NaNH 2 to a solution of sulfur in NH 3 induces ammonolysis, deprotonation, 
and disproportionation equilibria which finally yield S3 N3 and S2 - [18]. 
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2.1.11.4.6 Survey of Reactions with Organic Compounds 

2.1.11.4.6.1 Reactions in the Gas Phase 

The ion-molecule reactions of collisionally relaxed NH:2 with typical representatives 
of organic compounds in the gas phase at ambient temperature are compiled in Table 22. 
The anions were analyzed by mass spectrometry in early experiments and later by Fourier 
transform (ion cyclotron resonance) mass spectrometry. More recent investigations usually 
apply the flowing afterglow technique or its offspring, the selected-ion flow tube (SIFT) 
technique. These methods allow the identification of anions only; the other products have 
to be deduced from the mass balance. Rate constants were determined by the flowing 
afterglow and the SIFT techniques. The products frequently form by proton abstraction which 
may be followed by elimination or by nucleophilic Substitution. Reaction enthalpies and 
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rate constants calculated by the average dipole orientation (ADO) theory are frequently 
given in the papers. 

Table 22 
Reactions of NH2 with Organic Compounds in the Gas Phase and Rate Constants k of 
NH2 Consumption. 

reactant M main product 

CH3F F- (100%) 
CH3CL CH 2CL- (68%) 
CH3Br CH 2Br- (55%) 
CH31 1- (51%) 
CH3CF3 F- (52%) 

CH3CN CH 2CW (>90%) 
RONO N0:2 (100%) 

HN20-

CH 3N02 CH2N0:2 (>95%) 
CH 30CH3 
C2H50C2H5 C2H50- (100%) 
ROR' Ro-

C6H50CH3 [M-H]-
C6H50C2H5 C5H50- (100%) 
1 ,4-dioxane C2H30- (86%) 

ROH, RSH Ro-, Rs-
CH3NH 2 CH3NH-
(CH3hNH (CH3hN-
C2H4 NHD-

C2H2 C2H-

6,6-dimethyl- [M- H]- (100%) 
fulvene 
CH 20 H- (>90%) 
C6H5CHO 
HCOOCH3 [M- H]- (~50%) 

References: 

k in 10- 9 cm3·molecule- 1 ·s- 1 ; by-products; remarks 

[1]; slow reaction with k=0.0176 [2] 
CL- (32%) [1]; k=1.5±0.2 [2] 
Br- (45%) [1]; k=1.1±0.1 [2] 
CHF [1]; k=3.1 [3] 
CH2CF3 (36%), NH3F- (12%); the product composition 

depends on the fluoroethane constitutional isomer [4] 
k=5.1 ±0.2 [5] 
for R = CH3, n-C4H9 [6] 
for R = (CH3bCCH 2 [6] 
k = 4.85 ± 0.46 [7] 
very slow reaction, k:S;0.0003 [8] 
k = 0.44, and 0.08 for C2D50C2D5 [9] 
by attack at a ß-hydrogen of the Larger alkyl group R' 

and its elimination [8] 
C6H5 [10]; for fluoroarene ethers, see [11, 12] 
[10] 
by fragmentation, 14% [M- H]-; these products are typi-

cal for cyclic ethers [8, 13] and thioethers [14] 
with R = CH3, C2H5 [15] 
k~0.1; equilibrium constant 2.4±0.4 [16] 
k~3; very slow reaction for (CH3hN [16] 
with ND:2 at zero kinetic energy; k = 0.027; complete for

mation of C2H3 with NH2 of kinetic energy [17] 
k= 1.84±0.08 [18] 
k=3.0 [19]; proton abstractionwas used to form anions 

of alkenes and alkines [8] 
and possibly Hco-; k= 1.9±0.5 [20] 
[M-H]-, C6H5, H2NCO- [21] 
CH 30- (~30%), HCONH- (~15%), HCOO- (3%); k= 

2.5; proton abstraction from HCO part is lavared 
[22, 23] 

7% [M-D]-; k=4 [22] 
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2.1.11.4.6.2 Reactions in Solution 

OrganiG reaGtions in the liquid phase mainly are Garried out with LiNH 2 , NaNH 2 , or 
KNH 2 . The amides are used in NH 3 whiGh dissolves appreGiable quantities of the latter 
salts or as suspensions in inert hydroGarbons and ethers. A very reaGtive, pasty mass 
of NaNH 2 is obtained by grinding the amide together with an inert hydroGabon like benzene 
in a ball mill [1, 2]. The base properties of suspended NaNH 2 inGrease upon adding a 
half molar amount of alGoholate or enolate whiGh interaGt Goordinatively with the Na+ ion; 
aprotiG, polar solvents like ethersalso enhanGe its aGtivity as a base [3]. 

Strongly basiG amides are used for many years in organiG reaGtions whiGh involve the 
removal of a proton from one of the reaGtants. Anions are obtained in reaGtions of amides 
with alGohols, primary and seGondary amines, and amides of GarboxyliG aGids. However, 
reaGtions involving Garbanion intermediates are of greater preparative interest. Formation 
of enolates from Garbonyl Gompounds and their Gondensation reaGtions with elimination 
of water were most intensively investigated. The enolates of aldehydes undergo self-Gonden
sation and yield ß-hydroxyaldehydes. Ketone enolates reaGt with esters (Claisen Gondensa
tion) to form ß-diketones, and enolates of esters yield ß-ketoesters by self-Gondensation. 
Amides also generate Garbanions from CH groups whiGh are aGtivated by phenyl substituents 
or a Garbon-Garbon triple bond. Both enolate anions and Garbanions Gan be alkylated, 
arylated, aGylated, Garbonated, and Garbethoxylated [1, 2]. 

The reaGtion of amides with alkyl or alkenyl halides Ieads to the elimination of hydrogen 
halide and formation of (more highly) unsaturated Gompounds in mixtures with primary 
and seGondary amides; the Gomposition depends on the struGture of the organiG moiety 
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in the starting material and on the nature of the halide [1, 2]. Products originating from 
intramolecular cyclization, like cyclopropanes, can be obtained under appropriate conditions 
[4]. Aryl halides are converted to aminoarenes. Molecules other than hydrogen halides 
can also be eliminated; for example, water splits oft with formation of the precursor indoxyl 
in the synthesis of indigo [1, 2]. 

Nucleophilic Substitution by amides converts acid chlorides to acid amides and pyridines 
to 2-aminopyridines (Tschitchibabin reaction). The amination of quinolines belongs to the 
few reactions where Ba(NH2h gives better results than the alkali amides [1, 2]. 

Amides reduce aromatic nitro compounds to azo compounds in the presence of aromatic 
alcohols. Nitroso compounds are reduced to amines. Sulfones and sulfonates are reduced 
to sulfur compounds of various oxidation numbers [1, 2]. 

Nitriles react with amides by initial deprotonation at the a position or by addition of 
NH2 and formation of amidine salts. The extent of each reaction channel depends on the 
reaction conditions, the acidity of the nitrile, and the existence of fast, secondary reactions 

[1' 2]. 

Amides induce anionic polymerization of olefins like styrene, methyl methacrylate, acry
lonitrile [5], cyclohexenone [6], and ethylene oxide [7] in solution. The amination of ethene 
and propene by NH 3 in the gas phase or in NH 3 solution is catalyzed by amides [8]. 
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2.1.11.5 The Amide Ion in Solution 

Aqueous Solution. The standard free energy of hydration of NH2 is ~Go= -389 kJ/mol 
at 298 K and 1 atm for a 1 M solution, calculated from the proton affinity of NH2 and 
thermodynamic data of NH 3 . The ionization potential of NH2, 4.72 ± 0.15 eV, was calculated 
from the value in the gas phase and the free energies of the anion and NH 2 at 298 K 
[1]. 

Ammonia Solution. For the ammonolysis of gaseaus NH2 at 240 K, a value of ~so= 
-239.6 J·K- 1 ·mol- 1 was determined from experiments with NaNH 2 and from estimated 
data [2]. A value of ~H0 =- 289 kJ/mol at 233 K for the solvolysis is given in [3]. Similar 
thermodynamic data for the amide formation in NH 3 solution at 298 K were calculated 
from data measured on ions in aqueous solution [4]. 

Born-Haber cycles and experimental data for NaNH 2 yield ~1G0 values for NH2 in NH 3 

solution of 127.6 kJ/mol at 240 K and 146.4 kJ/mol at 298 K [2]; a value of ~1G3 98 = 
141.0 kJ/mol was derived from the activity coefficients of KNH 2 in NH 3 [5]. A value of 
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.1tW = 41.0 ± 1.2 kJ/mol at 240 K was calculated from the measured heat of amide neutraliza
tion and was confirmed by the heat of dissolution of KNH2 [2]. 

Partial molar thermodynamic data for the standard state (1 M Solution, 1 bar), .1H 0 = 
-242 kJ/mol and .1S0 = -39 J · K -1 · mol - 1 at 233 K, were calculated from electrochemical 
and calorimetric measurements [3). Values for .1S0 of -80.8 J · K- 1 · mol - 1 at 240 K and 
-61.5 J-K- 1 ·mol- 1 at 298.15 Kin an NH 3 solution were derived from the entropy of the 
gaseaus ion [2]. 

The mobility of NH2 in NH 3 at 240 K, 133.0 cm 2 · n- 1 ·Val - 1 , is in the range of the 
mobilities of other anions and was calculated from mobility data and the equivalent ionic 
conductivity at infinite dilution [6]. 
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2.1.12 Adducts of NH; with NH3 

GAS Registry Number: [56121-49-4] 

The interaction of Low-energy electrons (around 20 V/cm) with NH 3 at 1 Torr results 
in the formation of an anion mixture containing [NH 2(NH 3)nl- with n ranging from 1 to 
4. The ion intensities are similar when n = 1, 2 and rapidly decrease as n gets higher 
with an increasing size of the cluster ions [1]. The cluster ions [NH 2 (NH 3 )nl- with n = 1 
to 3 and [H(NH 3 )ml- with m = 1 to 4 were generated by electron impact on an expanding 
supersonic jet of NH 3 . The signals of the first series were more intense for ions having 
the same number of nitrogen atoms; the signal intensities decreased rapidly with an increas
ing number of nitrogen atoms in the ions [2]. The formation of [NH 2 NH 3 ]- upon adding 
NH 3 to an He-NH 3 plasma was attributed to the reaction with the intermediate NH2 which 
in turn results from NH 3 and the initial major negative ion H- [3]. The occurrence of an 
adduct [NH 2 NH 3 ]- in crystals of Cs 4 La(NH 2h · NH 3 was discussed because NH 3 and one 
of the NH2 ions occupy a single crystallographic site [4]. 

An ab initio SCF calculation of the structure of [H 2 N···HNH 2 ]- predicted a hydrogen
bonded, essentially Linear ( L NHN = 176°) ion with C1 symmetry. lnternuclear distances of 
r(N-N) = 2.956 and r(N-Hbridging) = 1.047 A were calculated. The binding energy between 
NH2 and NH 3 was calculated to be 56.5 kJ/mol using the second-order Moller-Ptesset per
turbation theory (MP2) [5]. Earlier calculations at the ab initio ST0-3G and semiempirical 
MIND0/3 Levels also predicted a Linear, hydrogen-bridged anion [6]. An anion with the 
crystallographically observed N-N distance of 3.32 A, but Lacking a hydrogen bridge, was 
found by the MNDO method [4]. 

The intramolecular transfer of the bridging proton in [H 2 N· ··HNH 2 ]- via tunneling was 
investigated by an ab initio SCF calculation of the potential energy surface. The calculation 
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yielded a relatively small barrier height of 20.9 kJ/mol; thus, a Large tunneling effect can 
be expected. The accompanying tunneling splitting of the Lowest vibrational energy Level 
amounts to 35.5 cm- 1 [7]. 
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2.1.13 The NH~- Ion 

GAS Registry Numbers: NH~- [11089-17-1], ND~- {11088-67-8] 

The ions NH~- or ND~- were obtained together with H2 or D2 in NH 3 or ND 3 matrices 
upon irradiation with electrons either during or alter condensation at 20 K. Warming to 
90 K (NH 3 ) and 115 K (ND 3 ) increases the resolution of the spectra. The Low concentration 
of the ESR-active centers is demonstrated by the Observation that they do not interact 
upon varying their concentration by a factor of 100 in the colorless samples. The g-values, 
splitting constants A in G, and relative electron densities with respect to 1 \f' H 12 = 1 for H2 
are as follows: 

ion 

Reference: 

g 

2.0033(5) 22.6(5) 
-2.003 

Beuermann, G. (Z. Phys. 247 [1971]25/31). 

2.1.14 The Ammonium Radical, NH4 

Other name: Nitrogentetrahydride 

15.7(5) 
-15 

0.94 9.1 

GAS Registry Numbers: NH 4 [92075-50-8], ND 4 [83682-14-8], 15ND4 [92567-98-1], NT4 

[97483-91-5], NH 3 D [83937-57-9], NH 2 D2 [83937-56-8], NHD3 [83937-55-7] 

Literature on the ammonium radical up to February 1936 is covered in an early Gmelin 
volume "Ammonium" 1936, pp. 6/7. Some Later work dealing with the possible existence 
of a neutral NH 4 radical has been reviewed [1]. NH 4 has been proposed as being formed 
as an intermediate in the reaction of NH1 with the hydrated [2] or ammoniated [3] electron. 
The formation of a metallic phase of NH 4 was occasionally discussed; for a more recent 
paper, see [4]. An ion-beam target-gas study in 1980 gave the first conclusive evidence 
for the existence of the ammonium radical. ln 1981, the radical was identified as the carrier 
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of a band system in an emission spectrum that was obtained following discharge or electron 
impact excitation of ammonia. See two reviews on the chemical history and experimental 
and theoretical investigations of the ammonium radical [5] and on its electronic spectrum 
[6]. 

The radical has been the subject of about 20 quantum-chemical studies. Only selected 
ab initio studies that provide Lacking or additional information are considered in the following 
text. For other studies, consult the Quantum Chemistry Bibliography Listed on p. 31. 

Formation 

The first conclusive evidence for the formation of the ammonium radical was obtained 
in an ion-beam target-gas study. A mass-resolved beam of 5-keV NHt or NOt ions was 
neutralized in collisions with Na or K atoms (at 1 mTorr in the collision chamber), according 
to electron-transfer neutralization, NHt (NOt)+ M--+ NH4 (N0 4 ) + M +, where M =Na and K. 
Neutral dissociation products of both NH4 and N04 as weil as undissociated N04 were 
detected. The cross sections for the electron-transfer neutralization of NHt by K, cr = (99 ± 8) 
x 10- 16 cm 2 , and by Na, cr= (83± 12) x 10- 16 cm 2 , were determined [7]. The complete series 
of radicals NHn04 _ n (n ~ 4) were similarly generated in the neutralization of 5- to 16-keV 
ammonium ions NHnot-n by Na. The kinetic energy release in the fragmentation products 
was determined. The radicals were found to be bound with respect to a potential minimum 
and to be separated from the dissociation Limit (NH3 + H) by a barrier (0.33 to 0.40 eV). 
The N04 species was found to have a stable ground state at or below the dissociation 
Limit (with a dissociative Lifetime t > 20 llS) besides its unslabte state (t < 0.15 llS) [8]; see 
also [9]. The N04 species generated in the electron-transfer neutralization of an NOt ion 
beam by alkali metal vapor (Kor Cs) was Later detected in emission [10]. 

A neutralization-reionization study reported the formation of NH4 in the electron-transfer 
neutralization of a beam of NHt ions (6 to 20 keV) by Xe or Kr target-gas atoms. Reionization 
of the radical in a collision cell (NH4 +X--+ NHt +X+ e-, where X= Xe or Kr) was used 
for its detection. A Lifetime t(NH 4 ) > 1 llS was reported [11] in contradiction to [8]. 

ln additional spectroscopic studies the ammonium radical and its isotopemers were 
generated using the following methods: electron beam excitation of ammonia (NH 3 or N03 ) 

gas at pressures up to 1 atm [12, 13]; a flash discharge through a gaseous mixture of 
N03 and 0 2 (steady flow of 0 2 and N0 3 , counter flow of argon, total pressure 0.8 Torr) 
[14]; a Tesla discharge through gaseous ammonia at pressures up to 0.5 atm [13, 15]; 
an ozonizer discharge through gaseous ammonia at 100 Torr [13]; a corona-Like d.c. dis
charge through supersonically expanding argon gas containing traces of N03 [16]; and 
the Hg-photosensitized reaction of N03 (possibly via a HgND3 exciplex) [17]. Spectroscopic 
observations indicated the dissociative Lifetime t(N04 ) < 80 llS [17] and 30 llS [14].1heoretical 
predictions of the Lifetimes that were based on a one-dimensional tunneling model were 
even Ionger [18]. 

The formation of ammoniated radical clusters N04 (NH3 )n indicates !hat the radical is 
stabilized by solvation [19, 20]; see p. 275. 

Circumstantial evidence suggesting that NH4 is generated when NH 3 gas is passed over 
a heated platinum catalyst [21, 22] has been questioned [5, 7]. 

The possible formation of NH4 in the one- and two-photon ionization of ammonia clusters 
was considered in an ab initio (RHF) study [23]. 
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Molecular Properlies 

The NH4 radical is assumed to have a tetrahedral structure (symmetry group T d• spherical 
top). The electronic structure is Rydberg in character, that is, resembling that of NH.;i with 
an extra electron in a Rydberg orbital. 

The ground state will have the electron configuration (1sa 1 ) 2 (2sa 1 ) 2 (2pf 2 ) 6 (3sa1 ) 1 yield
ing the electronic state 2 A 1 that, because of the Rydberg character, is designated 3s 2 A1 

[15]. 

The ionization potential E;(NH4 )=4.73±0.06 eV was obtained in an ion-beam target-gas 
experiment [8]. Ab initio values E;(NH4 ) = 4.56 to 4.75 eV, E;(ND4 ) = 4.53 to 4.57 eV, and 
E;(NT 4 ) = 4.50 to 4.55 eV were obtained at the single-double Cl Level. The range of values 
results from the different values of the zero-point energies that were used [18]. A 
neutralization-reionization study showed that the efficiency of the collisional ionization of 
a fast beam of ND4 by various target gases decreases in the order N02 > 0 2 > N2 >He 
[24]. 

The following molecular constants (in cm - 1 ) for ND4 were based on ab initio calculations 
[25]: the rotational constant, 8 0 = 3.0406, and the centrifugal corrections, og = 3.072 x 10- 5 

and D~= 1.023 x 10- 6 [14] (see [26] for the defining equation). Adetermination of the con
stants from the spectral data of the observed transition 3p 2 F2 - 3s 2 A 1 is prevented by 
the ~R = 0 selection rule [26]. 

The equilibrium NH band distance r e(NH) = 1.038 to 1.043 A [18, 27 to 29] was calculated 
in ab initio studies at the MP2 (second-order M0ller-Plesset perturbation theory) [27, 29], 
single-double Cl (configuration interaction) [18], and CASSCF (complete active space SCF) 
[28] Levels. 

The following fundamental frequencies (in cm- 1) were obtained by analyses of the 
3p 2 F2 -3s 2 A 1 b(lnd system: ND4 , v 1 (A 1)=1964 [26], v2 (E)=1080.255(74) [6]; NH4 , 

v1 (A1) = 2552, v2 (E) = 1581 [13]. Theoretical values of the harmonic and anharmonic frequen
cies were obtained from MP2 [27, 29], single-double Cl [18], and CASSCF [28] results. 

The Lowest-Lying excited state is the 3p 2 F2 Rydberg state with the outer electron 
in a 3pf2 orbital. lt is triply degenerate and thus Jahn-Teller active [26, 30]. 

Molecular constants for the 3p 2 F2 state of ND4 were obtained, according to the theory 
of rotational structure given in [26], in a rotational analysis [14] of the 3p 2 F2 - 3s 2 A1 

band observed in a rotationally-cooled emission spectrum [16] and in a flash-discharge 
absorption spectrum [14]. Theoretical values [14] of the ground state constants were used 
(see above). The term energy T 0 = 14828.2853(36) cm - 1 and the splitting between the spin
orbit components T 0 (G312)- T 0 (E512) = 3/2 ~0 = 9.15495(39) cm - 1 were determined. Prelimi
nary estimates of the Jahn-Teller constants indicate appreciable distortion. For NH4 , 

T0 ::::::15078 cm- 1 was estimated by scaling the molecular constants of ND4 [14]. 

The lifetime of the 3p 2 F2 state of ND4 , t=4.2 ns, was determined in an ion-beam 
target-gas study. Predicted values of the radiative lifetime, 22 to 28 ns, obtained [10] using 
ab initio results [25, 31, 32], are much langer, indicating that ND4 decays primarily by 
predissociation [10]. 

The energy ordering of the Low-Lying Rydberg states of NH 4 [27, 33 to 35] were calculated 
in ab initio studies using methods that include correlation [27, 33] and an SCF scattered-wave 
procedure [34, 35]. ln a manifold of states calculated at a single-double Cl Level, the 3p 2 F2 , 

4s 2 A 1 , 3d 2 F2 , and 3d 2E states were found to lie 1.72, 2.59, 2.74, and 2.90 eV, respectively, 
above the electronic ground state [27]. 
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For the dissociation behavior, see experimental work cited in the section on Formation. 
For theoretical work, see [18, 36 to 38]. 

Spectra 

Emission Spectrum. The first Observations of the spectra of NH 4 and ND4 were made 
by Schüler and coworkers in the emission obtained following electron impact excitation 
of NH3 and of ND 3 gas at pressures up to 1 atm [12]. The observed band systems were 
assigned conclusively to the NH4 and ND4 radicals on the basis of high-resolution emission 
spectra that were obtained following discharge or electron beam excitation of ammonia 
and of ammonia isotope mixtures at pressures up to 0.66 atm [13, 15]. 

The band system is now assigned to the 3p 2 F2 -+ 3s 2 A1 electronic transition of the 
ammonium radical. The band system of ND 4 (540 to 790 nm) shows a sharp principal band 
that is located at ~674.8 nm. The principal band of NH4 is diffuse and located at ~663.6 nm. 
The principal bands of NH4 and ND4 , assigned to the 0-0 transition, show characteristic 
prominent double peaks, separated by 6.92 (NH 4 ) and by 6.24 cm- 1 (ND4 ) [15], that probably 
result from the spin splitting of the upper state. Above and below the principal band are 
other bands that show double or multiple peaks; see, for example [13]. ln the case of 
ND4 , two of these bands, situated 1100 cm- 1 below the principal band, were assigned 
to the 0-1 bands in the bending vibrational modes v 2 (E) and v4 (F2 ). The assignment of 
the band system is complicated by the Jahn-Teller distortion of the upper state [6]. 

A rotationally-cooled emission spectrum of ND4 was obtained following a corona-like 
d.c. discharge through supersonically expanding argon gas containing a trace of ND3 [16]. 
A relative high rotational temperature of 250 K was estimated for this spectrum [5]. 

The assignment of the ammonium radical to a second band system (principal band 
at 564 nm (NH 4 ), 580 nm (ND4 )) [15, 39] in an emission spectrum obtained following discharge 
through gaseous ammonia (first reported by Schuster in 1872) [12] has been discarded. 
ln the meantime, ammonia was proposed as the carrier of this band system [40]. For further 
discussion, seealso [41]. 

Absorption Spectrum. ND4 absorption spectra showing the principal band were obtained 
[14, 17] using a combination of Laser frequency modulation (FM) spectroscopy with photo
chemical modulation in the mercury-photosensitized reactions of ND3 [17] or using a flash 
discharge technique in ND3-02 mixtures at 0.8 Torr [14]. A spectrum with 250 lines [14], 
including the 21 lines of the Laser FM spectrum [17], was obtained in the flash discharge 
study. Observed line frequencies and assignments are given [14]. A detailed rotational 
analysis of the spectrum [14], according to the theory of rotational structure of a p 2 F2 +-- s 2 A1 

transition developed in [26, 30], corroborated the assignment to the electronic transition 
3p 2 F2 +-- 3s 2 A 1 [14]. 

Extensive ab initio calculations on the vibrational transitions of the 3p 2 F2 -3s 2A 1 band 
were performed at the MP2 [27] and single-double Cl [18] Levels of calculation. The anhar
monicity of the vibrations [18, 27] and the Jahn-Teller distortion in the upper state [27] 
were taken into account. The principal band of NT 4 was predicted to appear at ~ 14700 cm- 1 

[18]. 

Auger Spectrum. The Auger spectrum of NH4 was calculated using a scattered-wave 
(discrete-variational Xcx) method. ln the low-energy region it was found to be similar to 
an experimental N KVV Auger spectrum of NH4 Cl [42, 43]. 
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2.1.15 Adducts of NH4 with NH3 

Cluster radicals of the type NH4 · (NH 3 )n, n = 1 to 3, and their deuterated analogs were 
generated using an ion-beam target-gas technique. A 6-keV, mass-resolved beam of 
NH 4 · (NH 3 ): ions, produced by chemical ionization of NH 3 , was neutralized in collision with 
a target metal gas at a few mTorr, according to NH4 · (NH 3 ): + M(g)-+ NH4 · (NH 3 )n + M +, 

where M =Na or K. Neutral beam scattering profiles and collisional reionization mass spec
tra were observed. Lifetimes of NH 4 · NH 3 and ND4 · NH 3 were found to be greater than 
1 J.lS, showing that NH4 is stabilized by complexation (solvation). The estimated ionization 
potentials of the cluster radicals were found to decrease with increasing n [1, 2]: NH 4 · NH3 , 

E; = 4.0 ± 0.2 eV; NH4 · (NH 3 b, E; = 3.5 ± 0.2 eV [2]; and NH 4 · (NH 3 lJ, E; = 2.4 to 2.6 eV [1]. 

The efficiency of the collisional ionization of a fast beam of ND4 · NH 3 by various target 
gaseswas found to decrease in the order N02 > 0 2 > N2 >He [3]. 

Solvalion energies for the reaction NH 4 · (NH 3 )n _ 1 + NH 3 -+ NH4 · (NH 3 )n, n = 1 to 6, were 
calculated in a quantum mechanical study at the Hartree-Fock Level. The NH4 radical was 
found to be more strongly solvated (0.3 to 0.4 eV) up to the first solvation shell (n ::::;;4) 
with NH 3 than NH 3 is with itself (0.25 eV) [4, 5]. 

The protonation of NH4 · NH 3 to give N2 Ht ( = NHt NH4 ) was considered in a quantum
chemical study at the Hartree-Fock Level [6]. 
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2.1.16 (NH4 ) 2 and (NH4): 

GAS Registry Numbers: (NH 4 b [144181-08-8], (NH 4 )i [144191-77-5] 

An extensive quantum-mechanical study that included correlation by second-order 
Moller-Ptesset perturbation and quadratic configuration-interaction methods showed that 
the cluster species (NH 4 b is bound with respect to 2 NH 4 by 7.5 to 9.7 kcal/mol, but unstable 
with respect to 2 NH 3 + H2 by 86 to 89 kcal/mol. The bonding results from the interaction 
of the 3sa 1 Rydberg orbitals of NH4 . A minimum-energy structure of C2 h symmetry was 
predicted. 

The same study found that the cation (NH 4)i is bound with respect to NHt + NH 4 by 
20 kcal/mol. A minimum-energy structure of D3 d symmetry was predicted. 
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[1993]1470). 

2.1.17 The Nitrogen Tetrahydride Anion, NH,;

CAS Registry Number: [12325-21-2] 

The NH~ ion most probably exists both as a stable H- · NH 3 ion-molecule complex and 
as a tetrahedral species with a geometry very similar to that of NH1, i.e., as a so-called 
double-Rydberg anion {NH1} 2 -. 

The H- · NH3 complex has Long been thought to occur in Liquid-ammonia solutions as 
an intermediate in the proton-transfer reaction NH2 + H 2 ~H- + NH 3 [1 to 4]. 

Gaseous NH~ ions were generated in a Fourier transform ion cyclotron resonance (ICR) 
spectrometer by the reaction of formaldehyde with NH2 [5] via the steps 

NH2 + CH 2 0--> NH 3 + CHO-

CHO- +NH 3 ->CO+ NH~ 

Deuterium-Labeting experiments on the formation of NH~, its reaction with formaldehyde 
(NH~ + CH 2 0--> NH3 + CH 3 0-) [5], and on the collision-induced dissociation and charge 
reversal of NH~ [6] indicated that the four H atoms were not equivalent and that the anion 
is best described as a H- ion solvated by an ammonia molecule, i.e., H- ·NH 3 . 

The gaseous NH~ ionwas also investigated by negative-ion photoelectron spectroscopy 
(PES) [7, 8]. An expanding supersonic jet of ammonia was exposed to electron impact 
and a beam of NH~ ionswas mass-selected and crossed with a Laser beam. The PE spectrum 
was recorded at photon energies of 2.409, 2.497, 2.540, and 2.707 eV. lt consisted of a 
Large peak (A) with a smaller peak (B) on the side of Lower electron kinetic energies and 
a third, very small peak (C) shifted to higher electron kinetic energies. The following electron 
binding energies E; in (eV) were derived: 

peak ............................... c 
E; for NH~ ..................... 0.472 
E; for ND~ ..................... 0.474 

A 
1.109 
1.121 

B 
1.541 
1.427 

The main peak A was ascribed to the removal of an electron from the hydride part 
of the H- · NH 3 (D- · ND3 ) complex; it resembled the photoelectron spectrum of the free 
hydride ion shifted to higher electron binding energies due to the stabilizing effect of solva
tion. The energy Separations between peaks A and B, 3480 ± 40 cm - 1 for NH~ and 2470 ± 40 
cm - 1 for ND~, are close to the stretching frequencies of NH 3 and ND 3 . Peak B, therefore, 
was ascribed to the excitation of a stretching mode in the NH 3 (ND 3 ) part du ring photodetach
ment from H- (0-). The unusually narrow peak C, the position of which was not significantly 
affected upon deuteration, was ascribed to the detachment of an electron from a tetrahedral 
isomer of NH~ (ND~) [8]. 

The structures and stabilities of the two NH~ isomers have been studied theoretically 
with various quantum-chemical methods. Geometry optimizations for the H- · NH 3 species 
by the CEPA [9], MP2 and SDQ-CI [10], MP2 [11, 12], SO-Cl [13], and MBPT(2) [14] methods 
all agreed on a structure of es symmetry in which the H- ion is bound nearly Linearly 
to one of the N-H bonds of the slightly distorted NH 3 molecule with a small tilt (maximal 
15°) toward the other hydrogen atoms. The relatively Large H-H- distance (around 2 Ä) 
indicates a bond arising from dipole-dipole attraction. Values between 25 and 63 kJ/mol 
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were obtained for the binding energy in the H-H- bond (or stability with respect to the 
isolated parts H- +NH 3 ). The studies of [9, 13] gave only a stable H- ·NH3 species of c. 
symmetry, whereas the remaining ones [10 to 12, 14] found also minima on the potential 
energy hypersurface for an NH4 ion ofT d symmetry. The latter isomer was indeed calculated 
to be less stable than the dissociation products H- + NH 3 by 5.4 kJ/mol [11] or 26 kJ/mol 
[10] and less stable than the solvated-hydride structure by 45.3 kJ/mol [12] or 40.5 kJ/mol 
[14]. However, a high potential barrier of ~78 kJ/mol along the C3v dissociation pathway 
from NH4 (T d) to H- + NH 3 was found by [10], which implies a sufficiently long Lifetime for 
the T d species to be experimentally Observable. Electron propagator theory was applied 
to calculate the vertical ionization energies of NH4 in the two stable geometries; the results, 
E;(C.) = 1.20 eV and E;(T d) = 0.42 eV, are within 0:1 eV of the PES peaks and thus confirm 
the assignments given above [14, 15]. 

Ab initio Cl calculations on a few examples of double-Rydberg ions included the tetrahe
dral NH4 species. The ion was shown to be locally stable at a bond length of 1.039 A with 
fundamental Vibrations (in cm- 1) v1 (A1) = 3140, v2 (E) = 1717, v3 (T 2 ) = 3276, v4 (T 2 ) = 1434, and 
to be electronically stable by 0.45 eV ( = E;) with respect to the neutral NH4 and by 4.48 eV 
with respect to the cation NHt [16, 17]. An M8PT(2) calculation gave r e = 1.045 A and 
v 1 = 2971, v 2 = 1579, v3 = 3112, and v4 = 1323 cm- 1 [15]. An earlier MINDO study of electron
rich hydrides included the tetrahedral NH4 ion [18]. 

The N KVV Auger transitions (V= valence orbitals 3a 1 , 1t2 , and 2a 1 ) in tetrahedral 
NH4 (and in NH 4 and NHt) were calculated by the Xcx method and used for interpreting 
the experimental Auger spectra of NH4 Cl [19]. 
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[19] Mikhailov, G. M.; Gutsev, G. L.; Borod'ko, Yu. G. (Khim. Fiz. 3 [1984] 672/9; G.A. 101 
[1984] No. 140363). 

2.1.18 Nitrogen Pentahydride, NH5 

GAS Registry Number: [73655-04-6] 

The existence of pentacoordinated NH 5 as an intermediate was proposed in a study 
on the reaction of ammonium trifluoroacetate with Lithium hydride in the melt. Observed 
isotopic scramblings of the reaction products from reactions carried out using deuterated 
reagents are consistent with the formation of pentacoordinated nitrogen hydride, according 
to NH4 0 2GGF3 + LiH--> Li02 GGF3 + [NH 5 ], followed by [NH 5 ]--> NH 3 + H2 [1]. 

Semiempirical [1] and ab initio (SGF [2, 3], and MP2 (second-order Moller-Ptesset pertur
bation theory) [4]) calculations have focused on the thermodynamic stability of NH 5 structures 
of different symmetries. All structures considered were predicted to be thermodynamically 
unstable with respect to NH 3 + H2 [2, 3]. 

References: 

[1] Olah, G. A.; Donovan, D. J.; Shen, J.; Klopman, G. (J. Am. Ghem. Soc. 97 [1975]3559/61). 
[2] Gründler, W.; Schädler, H. D. (Z. Ghem. 20 [1980]111) 
[3] Morosi, G.; Simonetta, M. (Ghem. Phys. Lett. 47 [1977] 396/8). 
[4] Ewig, G. S.; Van Wazer, J. R. (J. Am. Ghem. Soc. 111 [1989] 4172/8). 

2.1.19 The Nitrogen Pentahydride Cation, NH; 

GAS Registry Number: {62377-38-2] 

Ab initio studies at the SGF Level of calculation are contrary in their predictions on 
the thermodynamic stability of NH~ [1, 2]. 

A stabilization of NH~ by solvation was suggested in a study of reactions following 
electron impact ionization of neat cluster beams of ammonia and of heteroclusters of 
ammonia-benzene. Peaks in the mass spectrum were assigned to [NH 5 (NH 3 )nl + adducts, 
where n ~4. Analogous results were obtained with deuterated ammonia [3]. An ab initio 
SGF MO study on ammoniated NH~ adducts [2] indicated that the species observed in 
the mass spectrum [3] is possibly ammoniated N2 H; ( = NH;iNH 4 ). 

References: 

[1] Bugaets, 0. P.; Zhogolev, D. A. (Ghem. Phys. Lett. 45 [1977] 462/5). 
[2] Kassab, E.; Fouquet, J.; Evleth, E. M. (Ghem. Phys. Lett. 153 [1988] 522/6). 
[3] Garvey, J. F.; Bernstein, R. B. (Ghem. Phys. Lett. 143 [1988]13/8). 

2.1.20 The Nitrogen Pentahydride Dianion, NH~

GAS Registry Number: [76014-66-9] 

A G4 v structure, more stable than a D3 h structure, was predicted in a semiempirical 
MO study (MIND0/3) that assumed the non-bonding electron pair is localized on the ntirogen 
atom. 

Reference: 

Glidewell, G. (J. Mol. Streut. 67 [1980]121/32). 
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