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The optoelectronic properties of conjugated porphyrin arrays render them excellent candidates
for use in a variety of molecular electronic devices. Understanding the factors controlling the

electron delocalization in these systems is important for further developments in this field.
Here, we use transient EPR and ENDOR (Electron Nuclear Double Resonance) to study the
extent of electronic delocalization in the photoexcited triplet states of a series of butadiyne-
linked porphyrin oligomers. We are able to distinguish between planar and twisted
arrangements of adjacent porphyrin units, as the different conformations are preferentially
excited at different wavelengths in the visible range. We show that the extent of triplet state
delocalization is modulated by the torsional angle between the porphyrins and therefore by the
excitation wavelength. These results have implications for the design of supramolecular
systems with fine-tuned excitonic interactions and for the control of charge transport.

Introduction

Porphyrin-based materials with extensive =m-conjugation are
good candidates for components in molecular electronic
devices and their charge transport properties have been
investigated extensively.*™ The design of molecular-scale
electronic components tailor-made for specific applications
requires a thorough knowledge of the electronic and excitonic
transfer properties and understanding of the factors influencing
these properties at the molecular level. Control and
optimization of the optoelectronic properties by molecular
design is of particular interest for the development of
magnetoelectronic and spintronic devices.

The electron delocalization in the ground, radical cation and
photoexcited triplet states of multiporphyrin arrays with
different linkers has been the focus of a large number of optical
and magnetic resonance studies. > " & 1222 We have recently
demonstrated that the photoexcited triplet state is completely
delocalized in a planar butadiyne-linked porphyrin dimer and
that delocalization occurs with a reorientation of the ZFS
tensor, which shifts the axis of maximum dipolar coupling from
the out-of-plane axis in the monomer to the long axis of the
molecule in the dimer, achieving alignment of the principal
optical and magnetic axes.’! We have also shown that while
this alignment persists for longer porphyrin oligomers with up
to six porphyrin units, the ISC mechanism changes for
increasing oligomer lengths, leading to changes in the relative
populations of the triplet sublevels.?? The possibility of
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obtaining triplet states with such significantly different
properties using the same molecular subunit is intriguing and
could be relevant for application as a molecular switch or in the
context of spintronics.?®

In this paper, we investigate the influence of different
conformations of the porphyrin backbone in butadiyne-linked
zinc porphyrin arrays with two to four repeat units, designated
as P1, P2, P3 and P4, on the extent of triplet state
delocalization by excitation wavelength-dependent EPR.
Optical studies on the porphyrin dimer, P2, have shown that the
planar and twisted conformations can be selectively excited. %
% The UV-vis absorption spectrum of the porphyrin dimer is
characterized by two types of absorption bands, the Q-band
(including Sg—S,) in the wavelength region from about 550 nm
to 800 nm and the B- or Soret band centred at about 450 nm.
Previous investigations have shown that different
conformations of the porphyrin dimer, characterized by
different torsional angles around the butadiyne link, contribute
to the absorption spectrum in different wavelength regions, as
indicated in Figure 1A The low rotation barrier
(0.67 kcal/mol based on DFT calculations at the B3LYP/6-
31G(d) level of theory)? 27 around the central butadiyne link
means that at room temperature all conformations will be
significantly populated, while upon cooling an increasing
planarization of the porphyrin dimer occurs.?’ This
planarization is reflected in an increase in intensity at 750 nm,
corresponding to the absorption of the planar dimer, and a
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decrease in intensity at lower wavelengths, where
conformations with larger inter-porphyrin dihedral angles
contribute to the spectrum. A peak at 680 nm is still present
even at 80 K, at which temperature only the near-planar
conformations are populated, and is assigned to the vibrational
structure of the principal peak of the planar conformer (750 nm)
based on the measurement of the emission spectrum and time-
dependent DFT (TD-DFT) calculations.?’ At higher
temperatures, this vibrational contribution (680 nm) overlaps
with the principal absorptions of twisted conformers. The
planar conformation of the porphyrin dimer thus absorbs in the
whole wavelength region of the Q-band.

The redshift of the long-axis polarized Sy,—S; absorption for
increasing oligomer lengths is indicative of increased
conjugation* and the concomitant broadening (see Figure 1 B)
suggests the contribution of different twisted conformations
towards lower wavelengths, but has, to the best of our
knowledge, not been investigated in detail yet.

Results and discussion

Porphyrin dimer

The results of transient EPR and ENDOR measurements
performed on P2 using different excitation wavelengths in the
region of the Q-band absorption are shown in Figure 2. The
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Figure 1. (A) UV-vis absorption spectra of P2 recorded at room temperature and
at 80 K in MeTHF:pyridine 10:1.>” The absorption bands in the spectra have been
assigned to the planar (0°) and twisted (90°) conformations of the porphyrin
dimer according to reference.”® (B) Normalized UV-vis absorption spectra of P1,
P2, P3 and P4 recorded at room temperature in MeTHF:pyridine 10:1.
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measurements were performed at 20K either in a
MeTHF:pyridine mixture (glass transition temperature of about
100 K), where almost complete planarization of the porphyrin
dimer is known to occur,?” or in o-terphenyl (glass transition
temperature of 246 K 28); in this solvent the UV-vis absorption
spectrum at 173-238 K (see Figure S2) resembles that at room
temperature indicating the presence of a larger range of
conformations. The EPR spectra recorded in MeTHF:pyridine
only show small changes as a function of excitation
wavelength, but in o-terphenyl more significant changes are
observed (see Figure 2). In particular, the intensity of the Y
transitions increases at wavelengths higher than about 650 nm
and reaches a maximum at 740—750 nm, and the X canonical
peaks broaden towards the centre of the spectrum with the
largest broadening observed at around 640-660 nm. The most
significant changes in the EPR spectrum thus occur at the
wavelengths attributed to the absorption of the twisted dimer
conformation (ca. 600—680 nm). Due to the overlap of the
absorption band of the twisted conformation with the
vibrational structure of the absorption band attributed to the
planar conformation, the two spectra will be superimposed and,
based on the small changes observed in the experimental time-
resolved EPR spectra it would seem that the spectrum of the
planar conformation prevails at all wavelengths. The observed
dominance of the planar triplet can be explained by the higher
triplet yield for this conformation.?

Excitation wavelength-dependent ENDOR measurements were
also performed at 379 mT, corresponding to the high-field Z
transition for the porphyrin monomer and to the high-field X
transition for the porphyrin dimer (see Figure 3). In both cases
the corresponding triplet axis is aligned with the out-of-plane
direction of the porphyrin due to the reorientation of the ZFS
tensor occurring between P1 and P2, which exchanges the ZFS
Z and X axes.? As expected, no wavelength-dependent changes
are observed in the ENDOR spectra of P2 recorded in
MeTHF:pyridine and the peak observed at about —1.6 MHz
corresponds to the out-of-plane hyperfine coupling of the H;
protons (B-protons adjacent to the triple bonds, see inset of
Figure 1 A) for a triplet state delocalized over both porphyrin
units. In o-terphenyl, an identical spectrum is obtained for
excitation at 750 nm; however excitation at lower wavelengths
leads to significant broadening of the same peak and to the
appearance of an additional peak at around —2.9 MHz for
excitation in the region from 630-670 nm (see arrow in Figure
2 B). The position of this peak corresponds almost exactly to
the ENDOR peak observed at the same field position in the
porphyrin monomer (see Figure 3 B), except for a small shift
towards the Larmor frequency. The good agreement of this
peak with the out-of-plane hyperfine coupling of the H; protons
in the porphyrin monomer and its appearance at wavelengths
corresponding to the absorption of the twisted conformation of
the porphyrin dimer indicates localization of the triplet state on
a single porphyrin unit. The broadening of the peaks towards
larger hyperfine couplings at wavelengths lower than 750 nm
can be interpreted in terms of contributions of different
intermediate conformations with varying hyperfine couplings.
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Figure 2. (A) Transient EPR spectra recorded at 20 K for P2 in MeTHF:pyridine 10:1 (left) and in o-terphenyl (right) using different excitation wavelengths. The graphs
shown were obtained as follows: EPR spectra were recorded using light polarized parallel, 1, , or perpendicular, |, , to the magnetic field and averaged up to 2 ps
after the laser pulse. The depolarized spectra were then reconstructed as (I, +21,) and normalized to the maximum. The direction of changes with increasing
excitation wavelengths are indicated by arrows. (A=absorption, E=emission) (B) Mims ENDOR spectra recorded at 20 K at a magnetic field of 379 mT (high field X
transition) for P2 in MeTHF:pyridine 10:1 (left) and in o-terphenyl (right) using different excitation wavelengths. The arrow indicates the position of an additional

ENDOR peak appearing for excitation at wavelengths ranging from 630 to 670 nm.
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Figure 3. (A) Transient EPR spectra of P1 and P2 recorded at 20K in
MeTHF:pyridine 10:1 after excitation with depolarized laser light at 645 and
750 nm, respectively. (A=absorption, E=emission) (B) Mims ENDOR spectra of P1
and P2 recorded at 20 K at a magnetic field of 379 mT (high field Z transition for
P1, high field X transition for P2) in MeTHF:pyridine 10:1 after excitation with
unpolarized light at 532 nm.”

This journal is © The Royal Society of Chemistry 2012

The ENDOR results are a clear indication of the localization of
the triplet state on a single porphyrin unit for a perpendicular
arrangement of the two porphyrin units in P2, although the
changes observed in the transient EPR spectra at the same
wavelengths are not straightforward to interpret. Attempts at
reproducing the experimental EPR spectra as linear
combinations of the planar dimer and monomer spectra have
shown that the change in the intensity of the Y transitions and
the shift of the X canonical peaks towards the centre of the
spectrum can indeed be explained by the presence of a
monomer-like contribution in the wavelength region from about
600 to 700 nm. The absence of additional peaks and the
broadening of some of the features indicate the contribution of
a distribution of different conformations characterized by
different spectra, in agreement with the ENDOR results (see SI
for a more detailed discussion and Figure S6).

Porphyrin trimer and tetramer

The porphyrin trimer and tetramer, P3 and P4, can assume an
even larger range of conformations as the torsional angles
around the respectively two and three butadiyne links can now
vary independently. The corresponding transient EPR spectra
recorded in MeTHF:pyridine are shown in Figure 4. The
wavelength-dependent changes are much more pronounced
than in P2 and occur to a similar degree in both
MeTHF:pyridine and o-terphenyl (see Figure S7), suggesting

PCCP, 2015, 00, 1-3 | 3



Physical Chemistry Chemical Physics

— 530 nm
560 nm
620 nm

— 680 nm

— 740 nm

—770 nm

—800 nm

Y* MeTHF:pyridine
300 320 340 360 380 400
B [mT]

680 nm
— 720 nm
—740 nm
—760 nm
—830 nm

MeTHF:pyridine

340 360

B [mT]

320 380 400

Figure 4. Transient EPR spectra recorded at 20 K for P3 (left) and P4 (right) in MeTHF:pyridine 10:1 using different excitation wavelengths. The spectra were recorded
using light polarized parallel or perpendicular to the magnetic field and averaged up to 2 us after the laser pulse and the depolarized spectra shown here were

reconstructed as 1(I., +21,) . The spectra were normalized to the maximum.

that a wider range of conformations is present in both solvent
systems. The changes in the EPR spectra are mainly restricted
to the spin polarisation in the region of the X transitions, while
the D-value and the relative intensities of the Y and Z
transitions do not change. For P3, the intensity of the X
transitions increases with excitation from 530 nm to higher
wavelengths, reaches a maximum at about 620 nm and then
decreases again. For P4, the maximum intensity is reached for a
wavelength around 680 nm or lower and then decreases for
longer wavelengths (Figure 4). At wavelengths higher than
800 nm for P3 and higher than 830 nm for P4 the intensity of
the X transitions was found to increase again; no further
changes are observed at even higher wavelengths before the
signal intensity is reduced below the detection limit (data not
shown). The exact nature of the contribution at high
wavelengths could not be identified based on the available EPR
data, but could be due to aggregation, which gives rise to
absorptions at the red-end of the UV-vis—NIR spectrum in
related systems and would therefore contribute most
significantly to the EPR spectrum recorded in this region of the
spectrum.®® A small contribution of the aggregate spectrum at
shorter wavelengths cannot be excluded, but based on the UV-
vis-NIR data the main contribution to the signal is the free
oligomer.

In analogy to the study of the wavelength dependence in the
transient EPR spectrum of P2, an interpretation of the changes
in the transient EPR spectra for P3 and P4 in terms of
contribution of different twisted conformations was attempted.
Since the completely planar conformation is characterized by
the highest conjugation length,* the EPR spectra recorded close
to the red-edge of the Sy—S; absorption band, at 800 nm for P3
and at 830 nm for P4, were assigned to the approximately
planar conformation of the oligomers. The corresponding ZFS
parameters and relative sublevel populations are given in Table
S1. The small changes in D-value observed for porphyrin
oligomers with two or more porphyrin units, compared to the
large change observed between P1 and P2, has been attributed
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to uneven spin density distributions in the longer oligomers, as
confirmed by the hyperfine couplings obtained through H
ENDOR measurements.?> The change in spin polarization
between P2 and the longer oligomers has been rationalized in
terms of changes in the ISC mechanism, with an increasing
contribution from Herzberg-Teller vibronic coupling which
outweighs the direct Zn spin-orbit coupling contribution in the
longer oligomers.?

A conformation with two coplanar porphyrin units can be
expected to give a spectrum similar to that of the porphyrin
dimer, which has similar D- and E-values to the trimer and
tetramer, but a spin polarization characterized by a higher
intensity of the X transitions and much lower intensities of the
Y and Z transitions.?? The contribution of such a spectrum to
the planar P3 or P4 spectrum would lead to the observed
wavelength-dependent changes, i.e. increased intensity of the X
transitions in the region of the dimer absorption (approximately
from 620 to 760 nm). The contribution of a conformation with
all porphyrin units at right angles to each other is also likely
and would resemble the EPR spectrum of P1. However, the
analysis of the excitation wavelength dependence of P2 has
shown that the contribution of such a conformation is small
compared to the coplanar conformation of the two porphyrin
units and difficult to detect in the transient EPR spectra.
Therefore, given the decreased signal-to-noise ratio of the
experimental data recorded for P3 and P4, a monomer-like
contribution could not be distinguished from the dimer-like
contribution with any confidence. Similarly, the presence of a
contribution from a conformation with three coplanar porphyrin
units and one unit at right angles in P4 cannot be distinguished
from a conformation with two coplanar porphyrin units due to
the close similarity of the spin polarization of P3 and P4
spectra, essentially only differing in the intensity of the X
transition.

The hypothesis of the contribution of a dimer-like spectrum for
the twisted conformations is confirmed by subtraction of the P3
or P4 EPR spectrum obtained close to the red edge of the
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absorption, assigned to the planar conformation, from the P3 or
P4 spectra recorded at shorter wavelengths. The subtraction
spectra correspond to the EPR spectra of the twisted
conformations and closely resemble the P2 EPR spectrum
recorded at a wavelength around 710 nm (see Figure S8).
Figure 5 shows that the wavelength-dependent EPR spectra of
P3 and P4 can be obtained from the linear combination of the
corresponding red edge spectrum and the dimer EPR spectrum
(P2). The twisted conformations contribute mainly at
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Figure 5. Reconstruction of the transient EPR spectra recorded for P3 (top) and
P4 (bottom) at different wavelengths as a linear combination of the P3/P4
spectrum recorded at 800/830 nm and the P2 spectrum recorded in
MeTHF:pyridine 10:1 with excitation at 710 nm.
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wavelengths lower than 750 nm, in the region of the Q-band
absorption of the porphyrin dimer.

Wavelength-dependent ENDOR for P3 and P4 was attempted,
however the low triplet yield for these porphyrin oligomers,
attributed to faster radiative and non-radiative decay of the
singlet excited states,®* prevented the measurement of spectra
with a sufficiently high signal-to-noise ratio to allow their
reliable interpretation.

Conclusions

In conclusion, this excitation wavelength-dependent EPR study
has provided further insight into the effect of a conformational
heterogeneity in porphyrin oligomers on triplet state
delocalization. The changes observed in both EPR and ENDOR
spectra of P2 as a function of excitation wavelength can be
explained by the contribution of different conformations with
different dihedral angles between the two porphyrin units. By
changing the excitation wavelength, only molecules in a planar
conformation with an extensively delocalized triplet state or a
mixture of molecules in a wider range of conformations with
much more restricted distributions of the unpaired electrons can
be selected. In addition to changes in the extent of triplet state
delocalization, the two different conformations are also
characterized by different spin alignments, reflected in the
opposite sign of the zero-field splitting D parameter. Therefore
the excitation wavelength dependence provides a certain degree
of control over the spin properties of the triplet state, potentially
relevant to applications in the field of spintronics.

An in-depth analysis and interpretation of the results for the
porphyrin trimer and tetramer is complicated by the increased
number of possible conformations and the lack of information
on their contribution in different regions of the absorption
spectrum. The changes in the transient EPR spectra can
nevertheless be interpreted assuming two contributions: the
contribution of a planar conformation with a spin polarization
determined from the EPR spectrum recorded at the maximum
of the Q-band absorption peak and the contribution of twisted
conformations with a spin polarization similar to that of the
porphyrin dimer. The observation of qualitatively similar
results for the porphyrin trimer and tetramer indicates that
similar effects occur in more extended systems, potentially
covering a wider range of modulation of triplet state
delocalization and therefore control over long-distance charge
transport.
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