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Infrared spectra of the photodimers of anthracenc, anthraccne-dl,; tetracene, and benzo[n]anthracene 
are reported in the region 4000-200 cm- ' .  An attenlpt is made to correlate the observed bands with 
the prouosed structure of the anthracene dimer. The infrared spectra indicate rhat the dimers of 
benzo[a]anthracene and tetracene have similar structures. 
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Anthracerie is known (1, 2) to form a photo- 
dimes when its deaerated solution in cyclohexane 
or in benzene is exposed to ultraviolet radiation. 
X-Ray (3) and eiectronic spectral (2)  data show 
that in dianthracene the two anthracene mole- 
cules are joined at their meso positions. Tlie top 
and bottom ~ f '  tne central rings are bent i'or~vards 
and the outer rings backwards as a resrilt of 
electrostatic repulsion. Mustafa and co-workers 
(4) prepared the dimer of benzo[a]anthracene 
and more recently Birks ( S ) ,  iivingsto:~ (6), and 
their co-worliers have reported the forn~ation of 
ditetracene under similar experimental condi- 
tions. It was thought of interest to study the 
infrared spectra of these diniers and correlate the 
spectral results with the proposed structures. The 
infrared spectra of anthracene, benzoja]anthra- 
cene, tetracene, and many other polynuciear 
aromatic hydrocarbons were studied by Cannon 
and Sutherla~ld (3). Attempts have also been 
made to assign the infrared and Raman spectra of 
anthracene by carrying out a normal coordinate 
analysis (8) and polarized radiation (9) studies. 

We have now prepared the phoeodirners of 
anthracene, antbracene-cl,,, benzo [alanthracene, 
and tetracene. The infrared spectra of these 
dimers are discussed using the available (7-9) 
assignments of monomers. 

Experimental 
Zone refined anthracene and anthracene-dlo were ob- 

tained from Dr. W. G. Schneiderof theNationa1 Research 
Council of Canada and recrystallized pure tetracene was 
obtained from Professor IM. S. Newlnan of Ohio State 
University, to \vhom our sincere thanks are due. Benzo- 
[alanthracene was purchased from Eastman Organic 
Chemicals. The anthracenes and tetracene were used 
without further purification. Benzo[n]anthracene was 

recrystallized from alcohol before use. Spectrograde 
benzene and cyclohexane Isere used without further 
purification. The dianthraccnes were prepared by 
irradiating saturated cyclohexane solutions (1 g/l) of 
anthracene for 7 to 8 11 by a Hanovia high prcssure 
mercury-xenon arc type 6-8-1. Dimcrs oi' benzo[a]- 
anthracene and tetracene were prepared by irradiating 
their saturated solutions in benzene using a I kW 
tungsten lamp for 3 to 4 days. The solutions were 
flushed M ith dry nitrogen for 20-30 nlin before irradiating. 
The reactions were carricd out in qua.rtz tubes kept in 
Pyrex water jaclicts to avoid unnecessary heating of 
the saniples. The crystalline precipitates mere washed 113 
to 12 times nith the solvents \vl1ic11 Mere used and dried 
in a .;acuum desiccator, The ultraviolet spectra of the 
dimers S ~ I O W  that di(benzojnlant11racene) and ditetracene 
have mononier impurities uhich may not be more than 
1 "/,. The infrared spectra were recorded on a Perkin- 
Ellner 621 specti.opboton~eter. The samples were handled 
in the forill of potassium bromide pellcts, Nujol mulls, 
or so:utions in 2.5 cm long cells with sodium chloride 
\\ indows. 

Results and Discussion 

The infrared spectra of dianthidcene and 
d~anlhracene-4, are shown in Flgs 1 and 2 The 
band pos~t~ons  of the anthracene monomer and 
dnner and dianthrdcene-d,, ale listed In Table k. 
Results from spectra taken In both MBr pellets 
and Nujol mulls are l~sted The spectra 111 the 
C-H region were taken in saturated carbon 
tetrachloride and carboll disulfide soiutions too. 

The infrared spectrum of diallthracene shows 
3 to 8 well defined bands in the C-H region 
(Table I). The bands are of medium or weak 
intensity and are observed aimost at the same 
Dositions in KBr ~el lets  and ir? the solution 
spectra. Two of the bands are considerably below 
the aromatic C-H stretching region (2945 and 
2921 cm-I). The spectra in carbon tetrachloride 
and carbon disulfide solutions in this region are 
ili defined due to strong solvent absorption. 

According to the available X-ray (3) and 
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Frcs, LA. Infrared spectra of photodimers of (1) anthracene, (2) znthra~ene-d:,,~ (3) benzo[a]mthracene, and 
(4) tetraceae in I D r  pellet, 
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TABLE I 

Infrared absorption bands of dianthracene and dianthracene-dzo* 
-- -- - -- 

- - --- - 
- - -- 

- - 
- - 
-- 

- - - 

dlanthtacene-iI2" in 
antliracene ln - 

KBr pellet KBI pellet Nujol mull 1 
- - 

KBr pellet 
-- -- - 

N U J O ~  nluli 

3070 msh 
3059 m 
3035 m 
3012 nl 
3000 msh 
2945 nl 
2921 m 
2905 wsh 
1948 xr 
1908 w 
1830 vw 
1800 w 

3090 vw 
3070 \?sh 
3060 m 
3035 in 
3015 rn 
3000 wsh 

2290 msll 
2267 m 
2260 nish 
2255 msh 

2282 nish 
2275 msh 
2265 m 
2255 msh 
2235 .rv,sh 
2190 M. 
2145 w.b 

3000 rnsh 

1950 vv? 
1915 vvw,b 
1830 vvw 
1800 vvw 
1680 vvw 
1650 vvw 
1620 vvw 

1560 w 
1520 wb 
1444 n: 
1440 insh 
1390 w 

1195 iv 1193 w 
1180 wsh I180 ~w 
1160 rr, 1165 msb 

! 150 msh 
I145 wsh 865 wsh 

850 vw 
865 wsh 
850 m 
840 wjb 
837 ni 
825 1:: 
805 vw 
793 rn 
440 vc 

1102 m ?, 100 rn 
1095 msh 1095 wsh 
I030 rr, 1025 m 
1020 msll 1020 wsil 
985 lri 950 vw 

653 in 
622 w 
611 in  
600 wsh 
575 m 
530 wsh 
508 s 515 vs 

490 wsh 
750 wsh 
760 vs 
750 s 
745 s 
735 wsl: 
675 s 675 s 

665 msh 
650 msh 650 w 
599 s 600 m 

*v = very; w = weak; m = medium; s = strong; sh = shoulder; b = broad. 
tThe 3090-2905 cm-I range reported is from the spectra in carbon disulfide and carbon tetrachloride solutions. 
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electronic spectral (2) results. the highest sym- 
metry dianthracene can have is D,,. By simple 
group theoretical considerations (10) using in- 
ternal coordinates, the 20 C-H stretching vibra- 
tions can be shown to belong to the following 
symmetry species 

B,,, B ,,,, and B,,, aie the only infrared active 
species and are underlined. In the proposed 
structure of dianthracene (2) not all 20 protons 
are aiomatic. Four protons In the meso poslt~oils 
of thc monomer anthracene units become 
tert~ary aliphatic protons The normal vibrations 
due to these 4 C-R bonds can be shown to 
belong to the A,, B,,, B ,,,, and B,,, species. Thus 
2 out of 4 aliphatic C-Tvlbrat~&s are expected 
to be lnfrared active The 10 C-H stretchn~g 
vlbrat~ons In the anthracene monomer have 
sim~larly been shown to belong to the A,, W,,, 
B,,, and B,,, specles as follows: 

The 5 infrared active vibrations (3B,, and 
ZB,,,) have been (8) assigned to the 5 bands 
appearing in the range 3200-2990 cm-' in the 
anthracene spectrum. Based on the above argu- 
ments we assign the 2 low lying bands at 2945 and 
2921 cnl-' to the aliphatic C-H stretching 
vibrations. The remaining 5 bands at  3070, 3059, 
3035, 3012, and 3000 em-' can thus be assigned 
to the aromatic, --C-H stretching vibrations. 
It can be seen that in the spectrum of dianthra- 
cene-d,, also, though the bands are not as well 
resolved, the 2 groups of bands are present in the 
C-D stretching region. This gives additional 
support to the proposed structureofdianthracene. 

The C-@ stretching vibrations are quite weak 
as usual, and a detailed discussion of them is not 
warranted. About 10-15 bands of very weak to 
medium intensity are found in the region 2000 to 
1300 cm-I. Weak bands from 1700 to 2500 cm-I 
are usually assigned to overtones and combina- 
tions (1 1). 

The lower frequency region is more interesting. 
There are 4 very strong bands and about 10 
medium strong bands in the spectrum of di- 
anthracene in the region 1300-200 cm-l.  
Dianthracene-d,, has a simiiar spectrum. While 
surveyiilg the bands in Table I it appears that the 

bands at 1215, 1100, 1025, 810, and the broad 
band at 760 cm-' with shoulders at 750 and 745 
cm-I in dianthracene experience an isotopic 
shift when compared to the spectrum of dianthra- 
cene-d2,. The v(H)/v(D) ratio varies between 1.2 
and 1.4. All other bands undergo only a very 
slight shift, the v(H)/v(D) being 1.1 for the :nost 
shifted and 1.01 for the feast shifted band. It  can 
therefore be sonciuded that the bands with a shift 
of the order of 1.2 to 1.4 might belong to the 
63-H in-plane or out-of-plane bending vibra- 
tions and the other bands to the C-C bending 
motions or skeletal distortions. As can be seen 
from Fig. 1 the bands at 810 and 760 cm-I are 
very strong, a characteristic of the C-B-8 out- 
of-plane bending vibrations. The in-plane bend- 
ings are usua!ly weaker. Anthracene shows 3 
C-H out-of-plane bending vibrations 

at 954, 884, and 727 cm-I in solutions (9). 
Another band at 870 cm-I has been reported in 
the crystal spectrum (9). This is assumed to be 
due to an infrared inactive vibration, A,, which 
is allowed by site symmetry. The dimer should 
have 6 infrared active vibra~ions due to out-of- 
plane aromatic C--A deformations and 2 infrared 
active out-of-plane aliphatic C-H deformation 
vibrations 

The bands which we assign to the out-of-plane 
C-H deformations are quite broad and therefore 
too much emphasis cannot be laid on the number 
of bands expected and observed. The spectra can 
be further discussed on the basis of the conclu- 
sions reached by Cannon and SutherIand (7). 

Cannon and Sutheriand (7) suggested that for 
condensed ring systems containing 3 or more 
rings, bands near 750 cm-I arise from @-I% 
bonds that are approximately parallel to the 
longer axis of the molecule, and bands near 900 
cm-I arise from C--H bonds approximately 
perpendicular to the longer axis of the molecule. 
9,10-Substitution has been found (7, 11) to 
remove the band at 884 cm-I in anthracene. 
Therefore the band at 884 cm-l has been 
attributed to the deformation vibration of the 
C-H bonds in the 9 and 10 positions. 
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In the dianthracerie spectrum we do not find TABLE 11 (Corzcluded) 

any band near 900 cm-I. This is in line with the 
fact that the C-PI bonds at  9,10 positions are no 
more aromatic. On the other hand we see a new 
band at 810 cm-l .  The 727 cm-I band of 
anthracene also shifts to higher frequencies. The 
band at -810 cm-I is probably due to the 
aliphatic C-H out-of-plane bending vibrations. 
The aromatic C-H bonds of diaiithracene re- 
semble ortho disubstituted benzene C-H bonds. 
It is interesting to note that the C-H out-of- 
plane bending vibrations in ortho clisubstituted 
benzenes have been found (1 1) to lie in the range 
740 to 760 cm-I which is certainly higher than the 
anthracene C-IF4 out-of-plane deformation vi- 
bration under consideration : this explains the 
shift of the 727 cm-I band of anthracene to 
higher frequencies on dimerization. 

TABLE I1 
Pnfrarcd spectra of 

benzo [alanthracene, 
monomer and dilner 

-- 

Position of bands 

Monomer 

3045 m 
3030 rnsh 
3000 w 

1770 wb 
1617 w 
1604 wsh 

1299 m 
1290 rnsh 

1255 vw 
1238 m 
1224 m 
1215 wsh 

Position of bands 

Monomer Dimer 

863 s 
842 s 
830 s 
812 ssh 

787 s 
780 m 
773 m 
760 vs 
744 vs,b 
698 msh 
680 msh 
674 s 
644 m 
625 s 
580 s 
558 m 
543 m 
532 m 
503 m 
477 w 
449 m 

1385 s 
1370 msh 

1243 
1215 m 
1200 msh 

1830 vw 431 m 
1800 vw 422 m 

405 w 
1618 m 
1600 vw Infrared spectra of di(benzo [alanthracene) and 
1590 msh ditetracene are shown in Figs. 3 and 4 and the 
1587 m 
1570 m positions and relative intensities of the bands 
1513 m observed for the monomers and dimers have been 
1485 s listed in Tables !I and 111. Both di(benzo[a]- 
1457 s anthracene) and ditetracene are found to have 

bands below 3000 cm-' due to the above dis- 
cussed aliphatic C-H stretching vibrations. 
This shows that the mode of linkage in the three 
dimers under investigation is similar. The forma- 
tion of aliphatic C-H bonds is a result of 
dimerization. Anthracene and benzo [alanthra- 
cene on dimerization can have only 4 aliphatic 
C-H bonds (Fig. 5a, 5b). Ditetracene can have 
4 or 8 depending on whether covalent linkage 
takes place at  2 centers of each tetracene molecule 
(Fig. 5c(i)) or 4 (Fig. 5c(ii)). 
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TABLE 111 

Infrared spectra of tetracene 
monomer and dimer 

Position of bands 

Monomer Dimer 

FIG. 5. Possible centers of covalent linkage in (a) 
anthracene, (b) benzo[a]anthracene, (c) tetracene for 
photodimerization. 

Group theory demands 3 bands in the infrared 
due to aliphatic C-H stretching vibrations 

rv(C-H)Al = A, + B1, + B2, f B,, + A,, 
+%+a+% 

if the dimer formation is through covalent 
linkages at 4 centers of each tetracene molecule 
and D2,, symmetry is assumed for the dimer. On 
the other hand if the dimerization takes place 
through linkages at 2 centers only, it can have 
either cis (C,,) or trans (C,,,) configuration. 
Three out of 4 aliphatic C-H stretching vibra- 
tions are expected to be infrared active in the 
cis form (A, + A, + B, + B,) and 2 aliphatic 
~tretchin~vibrations &expected to be infrared 
active in the tmns form (A, + B, + A, + B,,). 

- - 

Two bands appearing at 2936 and 2915 cm- ' can 
be assigned to the aliphatic C-H stretching 
vibrations; this makes the trans (C,,,) structure 
more probable than the other two structures 
of ditetracene. 

The lower frequency part of the spectrum of 
di(benzo[a]anthracene) is quite complicated 
whereas that of ditetracene is comparatively 
simple. Tetracene has2 strong bands at -900 and 
750 cm-' which have been assigned to C-H 
deformation vibrations by Cannon and Suther- 
land (7). A strong broad band has been found in 
the spectrum of ditetracene at 888 cm-'. Another 
strong band appears at 740 cm-' with shoulders 
at 757 and 764 cm-'. Two weak bands are 
observed at 802 and 826 cm-l.  It is not possible to 
draw any conclusion concerning the structure of 
ditetracene from this part of the spectrum, but the 
appearance of a band at 888 cm-' seems to 
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suggest that there are aromatic C-H bonds a t  
axes perpendicular to the longer axis of tetracene. 
This is in favor of the view that covalent links are 
formed at 2 centers of the tetracene rnononlers 
and not 4 as suggested in Fig. 5c(ii). We cannot go 
f ~ ~ r t h e r  without an X-ray anal] sis. A11 the spectral 
conclusions are confined to the spectra in solid 
phase because the co~npoullds are not soluble 
in solvents colnn~only used for recording the 
infrared spectra in solution. But this is expected 
to  have only a slight influence on the spectra. 
Raman spectra might give additional credence 
to the arguments. 

We acknowledge financial support from the 
National Rcsearch Couiicil of Canada. 
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