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ABSTRACT: The photoexcited triplet states of a series of linear and cyclic butadiyne-linked porphyrin oligomers were investigat-
ed by transient EPR and ENDOR. The spatial delocalization of the triplet state wavefunction in systems with different numbers of
porphyrin units and different geometries was analyzed in terms of zero-field splitting parameters and proton hyperfine couplings.
Even though no significant change in the zero-field splitting parameters (D and E) is observed for linear oligomers with two to six
porphyrin units, the spin polarization of the transient EPR spectra is particularly sensitive to the number of porphyrin units, imply-
ing a change of the mechanism of intersystem crossing. Analysis of the proton hyperfine couplings in linear oligomers with more
than two porphyrin units, in combination with DFT calculations, indicates that the spin density is localized mainly on two to three
porphyrin units, rather than being distributed evenly over the whole n-system. The sensitivity of the zero-field splitting parameters
to changes in geometry was investigated by comparing free linear oligomers with oligomers bound to a hexapyridyl template. Sig-
nificant changes in the zero-field splitting parameter D were observed, while the proton hyperfine couplings show no change in the
extent of triplet state delocalization. The triplet state of the cyclic porphyrin hexamer has a much decreased zero-field splitting pa-
rameter D and much smaller proton hyperfine couplings with respect to the monomeric unit, indicating complete delocalization
over six porphyrin units in this symmetric system. This surprising result provides the first evidence for extensive triplet state delo-
calization in an artificial supramolecular assembly of porphyrins.

by Electron Paramagnetic Resonance (EPR) in radicals gener-

Introduction ated by chemical oxidation or reduction and in triplet states

Nanoscale organic materials, such as m-conjugated oligo- obtained by photoexcitation.* ****
mers, are of considerable interest in the fields of molecular Information on the delocalization of the photoexcited triplet
electronics,"” photonics®” and spintronics.”” Understanding of by EPR can be obtained either by measurement of the zero-
the factors determining exciton delocalization, as well as field splitting (ZFS) interaction or the hyperfine couplings.™
charge and spin transport, is of fundamental importance for the The former has been exploited frequently in the study of linear
design and further development of supramolecular systems m-conjugated porphyrins of varying chain length.” > *"** The
with properties tailored to specific applications. The delocali- interpretation of the results was based on the point-dipole ap-
zation of singlet excitons has been investigated extensively proximation and yielded average inter-electron distances that
using techniques such as time-resolved fluorescence anisotro- did not exceed the dimensions of a single monomeric unit.
py’w whereas triplet excitons have received less attention. This led to the conclusion that the triplet state is localized on a
Understanding the behavior and spatial delocalization of the single porphyrin in most of these systems; in contrast the cor-
triplet excitons of conjugated oligomers and polymers has responding r3221d1ca1 cations typically show more extensive de-
important technological applications, for improving the per- localization.
formance of optoelectronic devices such as organic light- In a recent study, we investigated triplet state delocalization
emitting diodes (OLEDs) and organic photovoltaics (OPVs)."' in a linear butadiyne-linked porphyrin dimer by using transient
Several experimental and computational studies have led to EPR, magnetophotoselection, ENDOR and HYSCORE to
the conclusion that triplet excitons are generally less delocal- characterize the zero-field splitting as well as the proton and
ized than singlet exitons,'”"* and this difference in spatial de- nitrogen hyperfine interactions.” A reduction of the hyperfine
localization has been used to account for the fact that elec- couplings by a factor of two and an increase in the zero-field
tron/hole recombination can lead to a non-statistical ratio of splitting parameter D revealed complete delocalization of the
singlet/triplet excitons. > 1¢ triplet state in this porphyrin dimer. Our results have shown

Conjugated porphyrin oligomers have been extensively in- that the point-dipole approximation fails for these systems due
vestigated using a range of different linkers to create different to the extensive delocalization of the spin density in the por-
two- and three-dimensional supramolecular structures with phyrins and on the butadiyne linkers.” ** The delocalization
varying optical and electronic properties.” ' The delocaliza- was accompanied by a reorientation of the zero-field splitting
tion of unpaired electrons in these systems can be investigated tensor, leading to an axis of maximum dipolar coupling
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RsSi 1 - SiR,

PN

Figure 1. Molecular structures of the linear porphyrin oligomers PN (N = 1-6), of the linear porphyrin trimer bound to the template T6
(PN-T6) and of the six-membered porphyrin ring (c-P6) with template indicated in grey (R = n-hexyl, Ar = phenyl rings with SiR; substit-

uents at the meta positions).

aligned with the long axis of the molecule and parallel to the
principal optical transition moment. The results of this study
led to the conclusion that hyperfine couplings provide the
most accurate estimate of the extent of triplet state delocaliza-
tion, while any interpretation of the zero-field splitting param-
eter D in terms of triplet state delocalization is only possible in
combination with computational methods. Here, we study
larger m-conjugated porphyrin arrays, in linear as well as bent
and cyclic topologies, to investigate the influence of oligomer
length and geometry on triplet state delocalization.

A previous study of the excess polarizability volumes of the
excited states of linear butadiyne-linked porphyrin oligomers
indicated that the T, states are much less delocalized than the
singlet excited states,”® and this conclusion was supported by
the dependence of the energies of the T, and S, states on chain
length.”” The EPR results reported here provide a more de-
tailed picture of the triplet states of these systems. In the linear
oligomers, the triplet wavefunction is delocalized over about
two to three porphyrin units, whereas in the cyclic hexamer, it
is distributed evenly over all six porphyrins.

Results and Discussion
Linear porphyrin arrays
Transient EPR

Time-resolved EPR measurements were performed on the
linear meso-to-meso butadiyne-linked porphyrin arrays with
one to six porphyrin units (P1 to P6, see Figure 1 A)*® in 2-
MeTHF:pyridine 10:1 at 20 K. All photo-generated triplet
states of the linear porphyrin arrays were characterized by
lifetimes of the order of hundreds of microseconds at 20 K and
did not show any significant time-dependent changes in spin
polarization. The EPR spectra of the linear oligomers are dis-
played in Figure 2 and were obtained as an average of the
transients up to 2 ps after a laser flash of unpolarized light at
532 nm. The zero-field splitting parameters and the relative
sublevel populations were determined from simulations of the
experimental data using EasySpin,”® and are summarized in
Table 1.

The porphyrin monomer (P1) and dimer (P2) are character-
ized by a quite high triplet yield and thus strong EPR signals
are observed, but the triplet yield of longer linear and cyclic
systems (see below) decreases significantly with increasing
N.”7 Consequently, the EPR signals are detected with a much
reduced signal-to-noise ratio for the larger systems. The lower
triplet yields have been attributed to faster radiative and non-

2

radiative decay of the first excited singlet states in the longer
oligomers.37

The D-values of the linear oligomers with more than two
porphyrin units are similar to those of P2 with only slight in-
creases of 5—7%. This similarity would suggest similar extents
of triplet state delocalization and indicates that the ZFS tensor
orientation in the longer oligomers is analogous to that deter-
mined for the porphyrin dimer, i.e. the axis of maximum dipo-
lar coupling, Z, is aligned with the long axis of the molecule,
while the triplet X axis corresponds to the out-of-plane axis.”

This assignment was confirmed by ENDOR measurements
(see next section). The E-values are also very similar, indicat-
ing a similar degree of asymmetry in the plane perpendicular
to the Z axis of the ZFS tensor.”

In the case of the photoexcited triplet states of P1 and P2,
DFT calculations predicted the relative changes in the zero-
field splitting parameter D correctly.”” An increase of 24%
from P1 to P2 was predicted, while experimentally an increase
of 26% was found.” For the longer oligomers, DFT predicts
uneven spin density distributions with increased spin density
on the central porphyrin units (see Supporting Information)
and the D-values decrease slightly with respect to P2, e.g. for
P3 and P4 the D-values predicted with different functionals
(B3LYP, BHLYP and BP86) correspond to 75-86% of the P2
D-value. This is in disagreement with the small increase ob-
served experimentally, which, if interpreted in the framework
of the point-dipole approximation (D « r 3), would indicate a
decrease in the delocalization length.

While the zero-field splitting parameters only show a small

Table 1. Zero-field splitting parameters and relative zero-
field sublevel populations for P1 and linear oligomers P2 to
P6 determined through simulation of the transient EPR
spectra shown in Figure 2 using EasySpin.39

ID| [MHz]  |E|[MHz]  px:py:ps
P1 8985 161+2 0.05:0.00 : 0.95
P2 11179 284+2 0.90:0.00:0.10
P3 11697 269+2 0.53:0.00 : 0.47
P4 11958 273+2 0.47 : 0.00 : 0.53
P5  1201%8 254+2 0.24:0.00: 0.76
P6 11999 2603 0.26 : 0.00 : 0.74

? The error on the relative sublevel populations is approximate-
ly 0.02.
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Figure 2. Experimental X-band time-resolved EPR spectra of
linear porphyrin chains (P1-P6) in MeTHF:pyridine 10:1 record-
ed at 20 K as average up to 2 us after the laser pulse with unpolar-
ized light at 532 nm. Simulations with the parameters reported in
Table 1 are compared to the experimental data. The ordering of
the triplet sublevels was chosen as |Z[>[X[>|Y| and the six canoni-
cal positions are indicated for P1 and P2. For P3-P6 the same
assignments as shown for P2 are valid (4 = absorption, £ = emis-
sion). The inset shows the orientation of the ZFS tensor in the
molecular frame for the oligomers P2—-P6.

dependence on the oligomer length, the spin polarizations
change significantly. The change from A44EEFE polarization
in P1 to the A4EAEFE polarization in P2 was previously shown
to arise from the reorientation of the zero-field splitting tensor
in P2.” In zinc porphyrins the intersystem crossing (ISC) is
driven by spin-orbit coupling of the zinc ion and leads to pref-
erential population of the out-of-plane sublevel due to mixing
of the zinc d orbitals with the m-system of the porphyrin.***'
The out-of-plane sublevel changes from Z in P1 to X in P2,
leading to the observed change in spin polarization. In the
linear oligomers with more than two porphyrin units, the spin
polarization changes to FAEAEA and then progresses to an
EEFEAAA spin polarization for more than four porphyrin units.
In terms of relative sublevel populations this corresponds to a
change from a preferential population of the X (out-of-plane)
sublevel in P2, to an almost equal population of the X (out-of-
plane) and Z (long axis) sublevels in P3. For even longer oli-
gomers a further decrease of the X (out-of-plane) sublevel
population is observed, accompanied by an increase of the
population of the long axis Z sublevel.

These observations indicate a change in the mechanism of
triplet state formation, i.e. in the ISC mechanism or formation
of the final triplet state through either intra- or intermolecular
triplet-triplet energy transfer. The spin polarization of a triplet

3
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state arising from triplet-triplet energy transfer can be predict-
ed based on the sublevel populations of the donor triplet state,
p? (j=X.,Y,Z), and the relative orientation of donor and

. . 42-
acceptor due to the conservation of spin angular momentum.

* The sublevel populations of the acceptor, p! (i=X,Y,Z),

42-43
can be calculated as:

P} :ZCoszﬁifpj‘.) @)
7

where ¢, is the angle between the principal axis J of the
zero-field splitting tensor of the donor and the zero-field split-

ting axis I of the acceptor. The observed spin polarizations in
the oligomers P3—P6 could not be reproduced by considering
intramolecular triplet-triplet energy transfer (TTET) with con-
servation of spin angular momentum®™™* between adjacent
porphyrin units at varying angles with respect to each other or
intermolecular TTET between stacked porphyrin oligomers.

In terms of ISC, an alternative mechanism driving popula-
tion mainly into the sublevel corresponding to the long axis of
the molecule and becoming more dominant as the oligomer
length increases would explain the observed spin polariza-
tions. In order to test this hypothesis, transient EPR measure-
ments were performed on the free-base oligomers, where ISC
is not affected by the direct spin-orbit coupling contribution of
the zinc ion.

Excitation wavelength-dependent studies, which will be dis-
cussed in detail elsewhere, have revealed contribution of dif-
ferent conformations of the porphyrin oligomers to the transi-
ent EPR spectrum, leading to changes in spin polarization. For
this analysis, spectra recorded at a wavelength selectively ex-
citing the planar conformation for the zinc porphyrins (645,
750, 800 and 830 nm) and for the free-base porphyrins (680,
740, 780 and 810 nm)," respectively, were considered (for
UV-vis spectra see Figure S1 in the Supporting Information).

The transient EPR spectra recorded for the zinc and free-
base oligomers with one to four porphyrin units are compared
in Figure 3 and the relative sublevel populations determined
through simulation are reported in Table 2.

The spin polarization of the free-base monomer corresponds
to almost equal population of the two in-plane sublevels, as
reported in the literature for other free-base porphyrins, and is
characteristic of ISC mediated by vibronic coupling.*” ** The
progressive increase of the long axis sublevel population from
the free-base monomer to the longer free-base oligomers re-
flects the analogous increase observed for the zinc porphyrins
and supports the hypothesis of a competing ISC mechanism.

The sublevel populations of the zinc porphyrins can be cal-
culated as linear combinations of the free-base populations,
arising from ISC driven by vibronic coupling of the porphyrin
rings, and the populations obtained assuming the direct zinc
spin-orbit coupling to be the only populating mechanism. In
the latter case only the out-of-plane sublevel would be popu-
lated (pz = 1, pxy = 0 for P1 and px = 1, py,z = 0 for the longer
oligomers). The relative contribution of the vibronic mecha-
nism to the ISC would correspond to 0.05, 0.13, 0.56 and 0.73
for P1, P2, P3 and P4, respectively. The contribution of the
porphin ring to the ISC populating mechanism is governed by
Herzberg-Teller vibronic coupling and is selective for the in-
plane sublevels, for which nt* and no* states are admixed to
the nn* states due to out-of-plane vibrations.*> **° The in-
creasing vibrational freedom of longer porphyrin oligomers
thus explains the increasing importance of this vibronic spin
orbit coupling contribution to the ISC mechanism and why it
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Figure 3. Experimental X-band transient EPR spectra of the zinc (A) and free-base (B) linear porphyrin oligomers P1-P4 in
MeTHF:pyridine 10:1 recorded as average up to 2 ps after the laser pulse at 20 K. The spectra were recorded after excitation at wave-
lengths corresponding to the planar conformations (645, 750, 800 and 830 nm for the zinc porphyrins and 680, 740, 780 and 810 nm for
the free-base porphyrins, see UV-vis data in the SI). At shorter wavelengths the contribution of different conformations affects the spin

polarization of the EPR spectrum.

Table 2. Zero-field splitting parameters and relative sublevel populations of the zinc and free-base porphyrins determined
through simulation of the transient EPR spectra recorded at wavelengths corresponding to the planar conformations.

Zinc porphyrins Free-base porphyrins
ID| [MHz] |E| [MHZ] Px Py Dz ID| [MHz] |E| [MHZ] Px Py Dz
P1 898+5 161+2 0.05:0.00:0.95 102443 14442 0.47:0.53:0.00
P2 111749 28442 0.88:0.00:0.12 1053+3 31144 0.00:0.29:0.71
P3 1169+7 269+2 0.46 : 0.00 : 0.54 108743 32142 0.00:0.08 : 0.92
P4 119548 27342 0.28:0.00:0.72 1116+6 308+5 0.00:0.04:0.96

seems to be favored over the direct zinc spin-orbit coupling
contribution in the zinc porphyrins.

'"H ENDOR

The extent of triplet state delocalization in the linear por-
phyrin arrays was determined based on the proton hyperfine
couplings measured by ENDOR (Electron Nuclear Double
Resonance) spectroscopy. Previous studies on P1 and P2 re-
vealed that the largest proton hyperfine couplings are observed
for the B proton close to the alkyne bonds (H;, see inset in
Figure 4 A) along the orientation of the in-plane axis parallel
to the phenyl substituents (Y). Orientation-selective Mims
ENDOR measurements were therefore performed at the high
field Y canonical position for all porphyrin oligomers and the
results are shown in Figure 4 A.

The hyperfine couplings determined from the position of the
main hyperfine peak in the ENDOR spectra are plotted as a
function of oligomer size in Figure 4 B and compared to the
theoretically predicted hyperfine couplings for complete delo-
calization (following an N'' dependence on the number of
porphyrin units). As shown previously, the hyperfine coupling
determined experimentally for P2 corresponds exactly to the
predicted value, since the spin density is equally distributed
over both porphyrin units in this system. Due to the change in
the sign of the D value accompanying the reorientation of the
ZFS tensor between P1 and P2, the hyperfine peak shifts from
one side of the nuclear Larmor frequency to the other.” Devia-
tions from the theoretical prediction of N dependence occur
for the longer oligomers: the hyperfine couplings of P3, P4,
PS and P6 correspond to 1.25, 0.90, 0.79 and 0.67 times the
P2 hyperfine coupling, respectively.

4

The surprising increase in hyperfine coupling from P2 to
P3, and the following gradual decrease for the longer linear
oligomers, can be explained by an uneven spin density distri-
bution with larger spin density on the central porphyrin units.

The ratio of spin densities on the three porphyrin units can
be estimated by comparison of the hyperfine coupling ob-
served for P3 with the corresponding hyperfine coupling in
P1, since the nature of the spin density distribution on the cen-
tral porphyrin unit in P3 is the same as that predicted for P1
(see Figure 5 and Figure S2 in the SI). The ratio of the exper-
imental P3 and P1 hyperfine couplings is approximately 0.60,
predicting a spin density distribution of 0.20:0.60:0.20, close
to the results of the DFT calculation (0.19:0.62:0.19 with
B3LYP/EPRII, see Supporting Information). The H,; protons
on the two external porphyrins would then give a hyperfine
coupling of about —0.63 MHz in the Y orientation and there is
a broad shoulder at that position in the experimental spectrum.
Overlap with other small hyperfine couplings prevents a defi-
nite assignment and experimental confirmation of the pro-
posed uneven spin density distribution.

The amount of spin density on the central porphyrin units in
P4, P5 and P6 was similarly predicted. For P5, a relative spin
density contribution of 0.39 on the central porphyrin unit is
predicted. For P4 and P6 the spin density distributions on the
two central porphyrin units resemble the dimer spin density
more than the monomer spin density, hence the dimer hyper-
fine couplings have been used for comparison, yielding a rela-
tive spin density contribution of 0.45 on the two central por-
phyrin units in P4 and of 0.34 in P6 (the values obtained based
on the monomer hyperfine couplings only deviate by 0.02.
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Figure 4. (A) Experimental Mims ENDOR spectra of P1 to P6 recorded at the high-field Y position at 20 K. (B) Hyperfine couplings of
the H, protons along the Y axis of the ZFS tensor (Ay) determined by Gaussian fitting of the principal hyperfine peak in the experimental
ENDOR spectra as a function of oligomer size; the error bars indicate the full width at half maximum (FWHM). The grey line corresponds
to the theoretical N™' relationship for the hyperfine couplings in case of complete delocalization. The change of the position of the hyper-
fine peak with respect to the Larmor frequency between P1 and P2 was explained by a change in the sign of D. The orientation of the ZFS

tensor for the linear oligomers is shown in the inset, in P1 the X and Z axes are exchanged.

from the reported values). The hyperfine couplings on the
external porphyrin rings are too small to be clearly identified.
Overall, the results show an increase in delocalization with the
number of porphyrin units, even though it is slower than the
increase expected for complete delocalization. The predictions
based on the hypothesis of uneven spin density distributions in
the porphyrin oligomers with three to six units agree reasona-
bly well with the experimental results.

Porphyrin oligomers bound to templates

In addition to the linear structures, oligomers bound to the
template used for the synthesis of the six-membered ring were
also investigated (see Figure 1 B). The binding to a template
places neighboring porphyrin units at angles of approximately
120° to each other and therefore allows the effect of different
geometric constraints on the zero-field splitting parameters
and on triplet state delocalization to be studied.

The transient EPR spectra recorded for P2, P3, P4 and P6 in
a toluene solution with an excess of T6é template are shown in
rphyrin to the template was

Figure 5. Spin density distributions in the first excited triplet state
calculated at B3LYP/EPRII level for the optimized geometries of
P3 and P4. The spin density distributions of the longer oligomers
are shown in Figure S2.

verified by UV-vis measurements at room temperature.

While the porphyrin dimer seems little affected by addition
of the template, significant changes are observed for the longer
oligomers. Their D-values decrease considerably, as evidenced
by the reduced width of the triplet state EPR spectra (see Fig-
ure 6).

The spectra of P3-T6, and to a somewhat lesser degree also
that of P4-T6, show a clearly resolved structure and spin po-
larization. For P6-T6, the spectrum is less well-defined, which

)

T I
300 320 340 360 380 400
B [mT]

Figure 6. Transient EPR spectra recorded at 20 K up to 2 ps after
the 532 nm laser pulse for the linear oligomers P2, P3, P4 and P6
in toluene:pyridine 10:1 and of the same oligomers bound to the
T6 template in toluene without pyridine.
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Table 3. Experimental and calculated zero-field splitting
parameters for the free and bound porphyrin oligomers
with two to four porphyrin units. The DFT calculations
were performed at the BSLYP/EPRII level as described in
the Supporting Information.

Experiment B3LYP/EPRII
ID|[MHz] |E|[MHz] |D|[MHz] |E| [MHz]

P2 111749 284+2 609 72
P2-T6* 890425 51+15 468 51
P3 116947 269+2 456 84
P3-T6 621+6 102+2 270 36
P4 119548 2732 465 60
P4-T6 48612 48+3 243 6

* ZFS parameters estimated based on a simulation of the EPR
spectrum as a linear combination of free (P2) and bound (P2-T6)
dimer (0.85:0.15).

v-v("H) [MHz]

Figure 7. Mims ENDOR spectra recorded at the high-field Y
position for the free and T6-bound P2 and P3 in toluene solution.
Excitation at 532 nm was used in both cases.

might be due to a distribution of conformations contributing to
the EPR spectrum, causing the observed broadening, especial-
ly of the outer parts of the spectrum. In all cases, a weak sig-
nal, which resembles the spectrum of the free oligomer, also
seems to be present. To circumvent this problem, typically an
at least 5-fold excess of T6 template was used and UV-vis
data show complete binding at room temperature. Yet, EPR
data indicate that partial dissociation of the porphyrin oligo-
mer from the template does occur at low temperatures or upon
freezing.

The significant decrease in D upon template binding, con-
sidered in isolation and within the framework of the somewhat
ill-suited point-dipole approximation, would suggest increased
delocalization. The analysis of the linear oligomers showed
that this approach may lead to misinterpretation of the EPR
spectra in such delocalized systems and that much more accu-
rate information on the triplet state delocalization can be ob-
tained from the hyperfine couplings.” The ENDOR spectra
recorded for the free and templated porphyrin oligomers are
almost identical (see Figure 7), indicating no change in the
extent of the triplet state wavefunction upon binding of the T6
template. In order to understand the observed reduction of D,
DFT geometry optimizations and calculations of the ZFS were
performed in ORCA’' on the porphyrin oligomers bound to
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the template following the procedure described in reference
[52]. The ZFS parameters calculated at B3LYP/EPRII level are
compared to the experimental results in Table 3.

Although absolute values are incorrect, the decrease in D is
well reproduced by the DFT results; experimentally, the ratio
of D-values for P3-T6 and P3 is 0.53 and DFT predicts a ratio
of 0.59. Similarly for P4 the experimental ratio is 0.41 and
DFT predicts a ratio of 0.52. For P2 the interpretation is more
difficult, as only small changes are observed in the spectrum.
However, some discontinuities between the X and Y transition
(at about 320 mT and about 375 mT) might indicate the pres-
ence of a second contribution and the spectrum can be simu-
lated as a linear combination of the spectrum of the unbound
P2 in toluene and an additional spectrum with a decreased D-
value, assigned to P2-T6, with a ratio of 0.85:0.15 (the corre-
sponding ZFS values are given in Table 3). The ratio of D
values for P2-T6 and P2 used for this simulation (80%) is
close to the ratio predicted by DFT (77%). It is established that
the binding constant of the porphyrin oligomers to the tem-
plate increases with the number of porphyrin units,” it is thus
possible that even in the presence of an excess of template, the
binding is not complete for P2 in frozen solution.

The origin of the decrease in D was investigated by studying
the overlap of the localized singly occupied molecular orbitals
(SOMOs), in analogy to the investigation in reference [**]. The
SOMOs were localized using the Pipek-Mezey scheme™
(shown in the Supporting Information) and were used to sepa-
rate the Coulomb and exchange contributions to the D-value.
The overlap between the two localized SOMOs determines the
magnitude of the D-value, increased overlap leads to an in-
crease of both the Coulomb and the exchange contributions to
the electron spin-spin interaction. The exchange contribution
depends directly on the overlap integral and the Coulomb con-
tribution depends on the distance between spin-carrying orbit-
als. A larger overlap of the SOMOs leads to more Coulomb
contributions with small inter-spin distances, which corre-
spond to larger contributions to the D-value due to the 7 de-
pendence. Comparison of the populations of the SOMOs on
the different porphyrin units for the linear oligomers and the
oligomers bound to a template shows that there is a larger
overlap for the linear systems with respect to the bent ones
(Figures S3-S4), leading to larger D-values, as observed ex-
perimentally.

These results show that caution must be exerted in the inter-
pretation of zero-field splitting D-values in terms of triplet
state delocalization in molecular-wire-type systems with ex-
tensive conjugation between the monomeric units, as changes
in geometry can cause significant changes in the magnitude of
D, which could be wrongly interpreted in terms of increased or
decreased triplet state delocalization.

Cyclic porphyrin hexamer

The influence of symmetry and of the lack of end-group ef-
fects on the delocalization of the excited triplet state was in-
vestigated in the six- porphyrin ring ¢-P6 (see Figure 1 C).*>*

The transient EPR spectra recorded for the six-porphyrin
ring without template (c-P6), the porphyrin ring with template
(c-P6-T6) and the free-base porphyrin ring are shown in Fig-
ure 8 A. The zero-field splitting parameters and relative
sublevel populations determined by simulation are reported in
Table 4. The broadening of the transient EPR spectra prevents
clear identification of the canonical positions. Echo-detected
EPR spectra of triplet states typically show increased intensi-
ties at the canonical field positions due to shortened spin-spin
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Figure 8. (A) Transient EPR spectra recorded at 20 K for ¢-P6, ¢-P6:-T6 and free-base ¢-P6. The spectra are compared to the EPR spec-
trum of P1 in the inset. (B) Mims ENDOR spectra recorded at 20 K at a magnetic field of 354.1 mT (high field Z transition) for c¢-P6 and
¢-P6-T6. The spectra are compared to the ENDOR spectrum of P1 (high field Y position, corresponding to the same molecular orientation

along the phenyl rings) in the inset.

relaxation for non-canonical orientations induced by modula-
tion of the ZFS tensor orientation.”™”’ The Z canonical field
position can be clearly identified from the echo-detected EPR
spectrum and the X canonical field position could also be as-
signed (see Figure S5 in the Supporting Information), allowing
determination of the D and E values, which are summarized in
Table 4.

The zero-field splitting D values of the ring systems are
significantly reduced with respect to the linear oligomers, sug-
gesting increased delocalization. The results for the oligomers
bound to the T6 template have shown that a decrease in D
does not necessarily imply changes in the extent of triplet state
delocalization. Therefore ENDOR measurements were per-
formed at the high field Z position to determine the proton
hyperfine couplings and the results are shown in Figure 8 B.

The ENDOR spectra of both ¢-P6 and ¢-P6-T6 are charac-
terized by a hyperfine peak at lower frequencies with respect
to the nuclear Larmor peak corresponding to a hyperfine cou-
pling of about 0.6 MHz, compared with values of about 3.1
MHz in P1 and 1.5 MHz in P2 (Figure 4).

The observation that the hyperfine coupling in ¢-P6 is ap-
proximately one sixth of the corresponding hyperfine coupling
in P1, shows that the triplet state is delocalized over all six
porphyrin units in the cyclic hexamer. The ENDOR peak ap-
pears to be shifted to slightly higher hyperfine couplings in
¢-P6 compared to ¢-P6:T6, potentially indicating a slightly
decreased extent of delocalization in the template-free ring.

Since the largest hyperfine couplings in the porphyrin sys-
tems investigated here are negative, the high-field Z position
can be assigned to the mg= —1 — mg= 0 transition and there-
fore the D-value can be concluded to be positive. Further,
since the largest hyperfine couplings are observed in the direc-
tion of the phenyl substituents for all of the systems investi-
gated here, the Z axis can be assigned to the out-of-plane axis
of the six-porphyrin nanoring (i.e. perpendicular to the plane
of the template in ¢-P6:T6). The sign of D and the direction of
the Z axis indicate an oblate spin distribution, as expected for
complete delocalization around the porphyrin nanoring. This
contrasts with the prolate spin distributions in P2—P6.>’

This conclusion is supported by magnetophotoselection
measurements performed at 810 nm, a wavelength correspond-
ing to the center of the long wavelength absorption band in the
UV-vis spectrum of ¢-P6-T6. The corresponding optical tran-
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sitions were shown to be x- and y-polarized in the plane of the
six-porphyrin nanoring; no optical transition moment is asso-
ciated with the out-of-plane axis of the ring.”> The transient
EPR spectra recorded at 810 nm with light polarized parallel
and perpendicular to the magnetic field are shown in Figure 9.
The polarization ratios P; were calculated as a function of the
magnetic field and are also shown. Alignment of an optical
transition dipole moment with one of the axes of the zero-field
splitting tensor leads to a positive polarization ratio at the field
positions corresponding to this orientation of the tensor with
respect to the field, while negative polarization ratios are ob-
tained for the field positions corresponding to the other two
canonical orientations.””” The polarization ratios for the two
Z canonical field positions are clearly negative, in agreement
with assignment of this orientation to the out-of-plane axis of
the ring.

The assignment of the orientation of the ZFS tensor with the
X and Y axes in the plane of the nanoring and with Z as the
out-of-plane axis allows an attempt at explaining the observed
spin polarizations. In all three cases, the EEEAAA spin polari-
zation indicates that the triplet sublevels corresponding to the
orientations in the ring plane are mainly populated. An analy-
sis similar to that used to explain the spin polarizations in the
linear oligomers can also be applied here. Assuming popula-
tion of the triplet state promoted solely by zinc spin-orbit cou-
pling yields relative sublevel populations of px : py : pz =
0.46:0.54:0.00, with increasing population pyx for increasing
deviations from circular symmetry (flattening of the porphyrin
ring in one direction). The relative population ratios of the
zinc porphyrin rings can again be calculated as linear combi-
nations of the free-base populations and the populations for a

Table 4. Zero-field splitting parameters and relative
sublevel populations for c-P6, c-P6-T6 and free-base c-P6"®
shown in Figure 8 A.

ID|[MHz]  |E|[MHz]  px:py:ps
c-P6 244+16 61+11 0.51:0.49:0.00
c-P6-T6 23043 52+1 0.57:0.43:0.00
c-P6™ 209+11 29+5 0.39:0.61:0.00

* The relative sublevel population values are affected by errors
0f 0.07, 0.02 and 0.03, respectively, for the three porphyrin rings.
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Figure 9. Bottom panel: Transient EPR spectra recorded for
c-P6-T6 after excitation with light at 810 nm polarized parallel or
perpendicular to the magnetic field. The contributions of the mg=
—1 — mg=0 and mg= 0 — mg= +1 transitions to the spectrum are
shown for comparison below. The simulation parameters are re-
ported in Table 4. Top panel: The polarization ratios are shown as
a function of field position above the spectra.

perfectly symmetric ring for ¢-P6-T6. The two ISC mecha-
nisms, direct spin-orbit coupling promoted by mixing of the
zinc d-orbitals with the porphyrin n-system and vibronic spin-
orbit coupling, seem to contribute to a similar extent, with a
ratio of 0.57:0.43 for ¢-P6-T6. A similar contribution of both
mechanisms seems plausible, since the vibrations are restricted
in the ring system and therefore the contribution of the direct
zinc spin-orbit coupling could be more important in these sys-
tems with respect to the more flexible linear oligomers, where
the vibronic contribution was shown to carry more weight as
the size of the systems increased. The changes in spin polari-
zation between ¢-P6 and ¢-P6-T6 are more difficult to explain,
but are most likely due to the increased flexibility of the por-
phyrin ring without template, leading to distortions from the
circular geometry that affect the selectivity of ISC.

Conclusions

The triplet state delocalization in linear, bent and cyclic por-
phyrin arrays was investigated, by using transient EPR to
characterize the ZFS interaction and ENDOR to study the
proton hyperfine couplings. Determination of the extent of
delocalization from the ZFS D-value alone, using the popular
point-dipole approximation, would have led to an underesti-
mation of the delocalization length in the linear oligomers, and
analysis of the hyperfine couplings was required to quantify
the extent of delocalization.

The results of proton ENDOR measurements on longer line-
ar oligomers, with three to six porphyrin units, have been in-
terpreted in terms of triplet states with uneven spin density
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distributions. In each case, the triplet wavefunction is localized
on the central porphyrin units of the oligomer, rather than be-
ing uniformly distributed over the entire n-system. This behav-
ior contrasts with that of the relaxed S; singlet excited state,
which, at room temperature, is delocalized over all six porphy-
rin units in linear P6."° EPR and ENDOR measurements on

oligomers forced into a bent conformation, by binding to a

template, show that the D-value is very sensitive to the geome-

try of the system and in isolation does not accurately reflect
the extent of triplet state delocalization.

The changes in spin polarization of the EPR spectra of the
longer porphyrin oligomers were attributed to the increasing
importance of a competing ISC mechanism induced by molec-
ular vibrations as the length of the oligomer increases.

In contrast to the linear oligomers P3—P6, the triplet state
was found to be completely delocalized in the Dg,-symmetric
cyclic porphyrin hexamer c-P6, with and without the rigid
internal T6 template. This surprising result contradicts the
conventional wisdom that triplet excited states of extended -
system are localized over a small region of the molecule. The
following three observations provide unequivocal evidence for
delocalization over all six porphyrin units in the cyclic hex-
amer:

(i) The transient EPR spectra show a significant reduction of
the ZFS D value for ¢-P6 and c-P6-T6 with respect to the
linear hexamer P6.

(ii)) The ENDOR spectra show that the proton hyperfine cou-
pling constants in the out-of plane direction of the ¢c-P6
and ¢-P6-T6 rings correspond to about 0.6 MHz, which is
approximately one sixth of the value observed for the P1
monomer in the same direction of the molecular frame.

(iii) Magnetophotoselection has shown that the ZFS Z-axis is
perpendicular to the plane of the nanoring. Together with
the assignment of a positive D-value, deduced from the
ENDOR data based on knowledge of the sign of the hy-
perfine coupling, these results imply that the spin distri-
bution is oblate, whereas it is prolate in the linear oligo-
mers P3-P6.”

The greater spatial delocalization of the triplet state of the
cyclic hexamer, ¢-P6, compared with the linear hexamer P6
can be attributed to the equivalence of all six porphyrin sites in
the cyclic hexamer, together with its greater structural rigidity.
This behavior illustrates the unexpected differences in elec-
tronic structure that can arise when comparing linear and cy-
clic m-systems.”’ The surprising discovery that the triplet
wavefunction is delocalized over such a large n-system, with a
diameter of 24 A, suggests that triplet delocalization in yet
larger m-conjugated porphyrin macrocycles *"* is an exciting
possibility.
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