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Photoinduced electron transfer from rail to rung within a self-assembled

oligomeric porphyrin ladder
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Photoinduced electron transfer in a self-assembled supra-
molecular ladder structure comprising oligomeric porphyrin rails
and ligated dipyridyltetrazine rungs was characterized by
transient absorption spectroscopy and transient direct current
photoconductivity to be mainly from an oligomer (rail) to the
center of a terminal tetrazine (rung), with the remaining
hole being delocalized on the oligomer and subsequent charge
recombination in 0.19 ns.

Highly conjugated porphyrin oligomers' show interesting
photophysical properties such as reasonably long singlet
excited-state lifetime (~1 ns) and exciton delocalization®
among the porphyrin subunits and therefore are potentially
useful for light-harvesting applications. These oligomers can
self-assemble into higher order structures® that may facilitate
chromophore immobilization and spacing control on photo-
electrodes, similar to other self-assembled supramolecular
structures on surfaces.* Once the immobilized supramolecular
chromophores absorb photons, charges are expected to be
separated, then collected. Designing systems that work for
solar-to-electricity conversion requires fundamental under-
standing of charge separation in such systems. Here we report
charge-separation studies of a self-assembled oligomeric
porphyrin ladder structure featuring redox-active rungs
(3,6-di-4-pyridyl-1,2.4,5-tetrazine, DPT). The studies employed
absorption, fluorescence, transient absorption spectroscopies,
and transient direct current photoconductivity (TDCP). In the
ladder structure, butadiyne-linked porphyrin trimers (rails) and
tetrazine species (rungs) are the electron donors and acceptors,
respectively. We observed that in the photoexcited ladder, an
electron generally transfers from the trimer to a single tetrazine at
one end of the ladder, with the remaining hole delocalized over
three porphyrins. The electron and hole recombine in 0.19 ns.
Scheme 1 illustrates the ladder formation of the trimer!'®3¢¢
with DPT via reversible coordination of nitrogen atoms of
pyridine by porphyrinic Zn(1) sites. Fig. 1 shows the UV-vis
spectra of the formation of ladder L1 in toluene. Upon
addition of DPT, the Q-band absorption of the trimer
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Scheme 1

red-shifts and is sharpened as a result of coplanarization of
the porphyrin subunits, leading to stronger electronic coupling
among the subunits. Observation of five isosbestic points at
440 nm, 473 nm, 490 nm, 503 nm and 752 nm, respectively,
indicates all-or-nothing ladder formation as a result of the
equilibrium between the trimer and L1.'"” (These points would
be absent if intermediate structures formed to an appreciable
extent.) The observed DPT : trimer binding stoichiometry
(2 : 3) is consistent with formation of L1. Titration of the
trimer with the redox-inert rung, 1,4-bis(4-pyridyl)-benzene
(ladder L2), yields the same spectral behavior.

The fluorescence of L1 is dramatically quenched
(ESI+, Fig. S1) due to incorporation of the redox-active DPT
(nonemissive) while that of L2 is readily observed. Photo-
induced electron transfer (ET) from the trimer to the electron-
accepting tetrazine species is the major fluorescence quenching
pathway. The excited-state oxidation potential of the planar-
ized trimer in L1 is determined to be —1.47 V (vs. Fc* /Fc).
The ground-state reduction potential of DPT in solution
is —1.22 V (ESIf, Fig. S3b). Thus, electron transfer is
energetically favorable from the excited trimer to DPT.
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Fig. 1 Spectrophotometric titration of the trimer (C = 1.9 x 107> M)
with DPT in toluene. Inset: absorbance change at 780 nm showing
stoichiometric coordination of DPT.
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Fig. 2 Transient spectra of L1 in toluene, excited at 700 nm. The
kinetics of ground-state recovery at 513 nm (inset) is fit by a single
exponential with a lifetime of 0.19 £ 0.01 ns attributed to charge
recombination.

Femtosecond transient absorption spectroscopy (fsTA) was
used to study electron transfer and charge recombination in
L1. Due to similar broad absorption of the excited states of
cationic and neutral trimers, direct assignment of absorption
peaks to the ET process was difficult, and thus the ET rate was
not directly determined from TA. The broad absorption in the
visible region for the cationic and neutral butadiyne-linked
dimers has indeed been observed experimentally and
calculated theoretically.® We estimate that the ET process is
complete within a few tens of ps based on fluorescence
quenching.” Forward ET is rapid relative to the lifetime of
the charge-separation (CS) state (0.19 ns, see below).

The lifetime of the CS state of L1 was determined by
monitoring the kinetics of ground-state recovery, see Fig. 2
for TA spectra and the kinetics at 513 nm (inset). Upon
excitation at 700 nm, the transient spectra show a broad
absorption of the excited and/or cationic states in the
530-650 nm region, and bleaches in the B and Q band regions
corresponding to depopulation of the ground state. Stimulated
emission also contributed to the bleach at 770 nm. The
ground-state bleach kinetics at 513 nm show a main compo-
nent that decays exponentially in 0.19 £+ 0.01 ns, much faster
than the 1.3 ns ground-state recovery for L2 (ESIt, Fig. S4).
The L1 pathway is attributed to charge recombination.

To gain more insight into charge separation in L1, we
utilized transient direct current photoconductivity (TDCP).®
This technique measures the vectorial change of dipole
moment due to optical excitation and subsequent reactions
and thus provides information about both the distance and the
direction of charge separation.®® For molecules or assemblies
lacking charge-transfer behavior, TDCP reports on polariz-
ability differences between the ground and excited states.>
Fig. 3 shows TDCP responses for L1 and L2 in toluene,
based on 532 nm excitation. Since L2 does not undergo
charge separation upon photoexcitation, the TDCP signal is
similar to that of the trimer and can be fit by a three-state
model with ground-state, singlet and triplet excited-state
polarizibilities.*!°

The photoresponse of L1 shows a distinctly different
negative-going peak from that of L2 and can be fit using a
two-state model with dipoles for the ground (zero Debye, by
symmetry) and CS states. To rationalize the fitting, parameters
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Fig. 3 TDCP signals of ladders L1 and L2. The signal sizes are scaled
by absorbed energy. L2 is vertically offset for clarity. Excitation
wavelength is 532 nm. Solid lines = data fits.

based on structural information were used. Qualitatively, we
expect very small signals when lifetimes are short relative to
the laser pulse (~2 ns). On the other hand, we expect large
signals if the charge-separation distance is large. Given the
modest, but not tiny, signal amplitudes observed here, both
factors appear to be at work. The dipole moment of the CS
state (and therefore the dipole moment change relative to the
ground state) was found to be Aucs = pcs — g = 81 £ 7D,
based on a CS state lifetime of 0.19 ns. The rotational diffusion
time (z,) was found to be 5.5 £+ 0.5 ns, on the same time-scale
for similar structures.'! The value for Aucs corresponds to a
charge-separation distance of 17 £+ 1.5 A, assuming transfer of
a full electronic charge. Notably this distance considerably
exceeds the distance from the center of an individual
porphyrin subunit to the center of an immediately appended
DPT subunit; see Fig. 4.

Insight into the apparent discrepancy is provided by TDCP-
based assessment of the excitation correlation factor, f,
corresponding to the cosine of the angle, 0, between the
So — S, transition dipole and the charge-separation-based
change in dipole moment. Electron transfer from a single
porphyrin subunit (hypothetically) to an immediately appended
DPT rung would yield § = 90° and = 0. Instead we find that
signals can be most satisfactorily fit with f = 0.9 £ 0.1,
corresponding to a 0 value of between 0 and roughly 40°.
Combining 0 and the CS distance, we find (Fig. 4) that the

Fig. 4 Distances and angles in ladder L1.
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Fig. 5 Distribution of positive charge (+ 1) on the trimer cation after
subtracting the charge density of the neutral trimer, indicating the
delocalized nature of the positive charge on the trimer cation.
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results can be rationalized if an electron is primarily trans-
ferred to one of the two available terminal DPT rungs'? and if
the remaining hole is symmetrically delocalized over one of the
two available trimeric porphyrin rails.

Electronic structure calculations of neutral and cationic
trimers were performed to provide information on the charge
distribution after ET. Fig. 5 shows the distribution of positive
charge on the cationic trimer after subtracting charge density
for the neutral trimer. The +1 charge is symmetrically
distributed over three porphyrin rings and two butadiyne
bridges with the center of the excess charge located on the
trimer center, consistent with the delocalized nature of holes
on ethyne-linked porphyrin oligomers.?*!* The delocalization
description is consistent with the conclusions reached
above based on TDCP-derived CS distance and direction
measurements.

In summary, we find that reversible, photoinduced charge
separation occurs via an oxidative quenching mechanism
within a supramolecular ladder assembly comprising trimeric
porphyrin rails (excited-state electron donors) and dipyridyl-
tetrazine rungs (electron acceptors). TDCP measurements
reveal that the CS distance is much greater and the CS angle
much shallower than expected based on geometrically ortho-
gonal electron transfer from a single porphyrin subunit to an
immediately axially appended tetrazine rung. Instead, the
experimental measurements and related electronic structure
calculations are consistent with electron transfer chiefly to a
terminal rung and delocalization of the remaining hole
symmetrically on a trimeric porphyrin rail.
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