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ABSTRACT: In the context of long-range electron transfer
for solar energy conversion, we present the synthesis,
photophysical, and computational characterization of two
new zinc(II) phthalocyanine oligophenylene-ethynylene based
donor-bride-acceptor dyads: ZnPc-OPE-AuP® and ZnPc-
OPE-Cg,. A gold(Ill) porphyrin and a fullerene has been
used as electron accepting moieties, and the results have been
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compared to a previously reported dyad with a tin(IV) dichloride porphyrin as the electron acceptor (Fortage et al. Chem.
Commun. 2007, 4629). The results for ZnPc-OPE-AuP* indicate a remarkably strong electronic coupling over a distance of more
than 3 nm. The electronic coupling is manifested in both the absorption spectrum and an ultrafast rate for photoinduced electron
transfer (kpgp = 1.0 X 10'* s™"). The charge-shifted state in ZnPc-OPE-AuP" recombines with a relatively low rate (kgpr = 1.0 X
10° s7"). In contrast, the rate for charge transfer in the other dyad, ZnPc-OPE-Cy, is relatively slow (kpgp = 1.1 X 10° s7'), while
the recombination is very fast (kgpr ~ S X 10'° s™'). TD-DFT calculations support the hypothesis that the long-lived charge-
shifted state of ZnPc-OPE-AuP" is due to relaxation of the reduced gold porphyrin from a porphyrin ring based reduction to a
gold centered reduction. This is in contrast to the faster recombination in the tin(IV) porphyrin based system (kggp = 1.2 X 10"
s™!), where the excess electron is instead delocalized over the porphyrin ring.

B INTRODUCTION

Electron transfer is a central reaction in many biological
systems' as well as in many molecular devices for solar energy
conversion.” In biological systems, electron transfer occurs in
the initial steps of both Photosystem I and Photosystem II,* in
the electron transport between iron—sulfur clusters in hydro-
genases® and along amino acid side chains in proteins.'*> In
artificial systems photoinduced electron transfer is a funda-
mental step to convert solar energy into electricity or into fuels.
For example, organic bulk heterojunction solar cells,® dye
sensitized solar cells,” and artificial photosynthetic systems for
solar fuels production,® all rely on light driven charge-
separation. Furthermore, in the emerging field of molecular
electronics the electron transfer is the key step that propagates
the electronic signal between the different components. There
are hopes that molecular systems can be designed to function
not only as electronic’ or photonic wires'® but also as
components such as diodes and switches'' for more advanced
electronic devices.

Investigations of photoinduced charge separation in model
systems is particularly valuable to better understand electron
transfer in biological and artificial systems and to assist the
design of new artificial systems. Understanding of long-range,
photoinduced electron transfer has been greatly advanced in
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recent years, and bridge structures with very small distance
dependencies have been found.'”> However, most of these
investigations have been on donor-bridge-acceptor systems
with fairly weak electronic coupling between the three
components, and thus valuable information could be gained
from complementary studies of long-range electron transfer in
systems with high intercomponent electronic coupling.'®
Furthermore, while electron transfer has been extensively
studied in zinc porphyrin based systems,”>'*
phthalocyanines (ZnPc) is much less explored."® Zinc
phthalocyanine is a fairly easily oxidized dye, which makes it
a good electron donor, and it displays a strong absorption band
in the red domain of the visible spectrum.>*'® This feature
nicely complements the absorption of common light harvesting
dyes, which tend to absorb in the blue or green part of the
visible spectrum.'” Herein we present two new donor-bridge-
acceptor dyads, designed to undergo long-range photoinduced
electron transfer using zinc phthalocyanine as the chromophore
and electron donor. We have linked the zinc phthalocyanine to
established electron acceptors: a gold(III) porphyrin
(AuP*)"'8 or a pyrrolidino functionalized fullerene (Cy)

the use of zinc
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Chart 1. Structures of the Donor—Acceptor Dyads Described in This Study
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(Chart 1)."*#' An oligo(phenylene-ethylene) bridge (OPE)
was used to link the donor (ZnPc) and acceptor (Cg, or AuP*).
This type of bridging unit has been shown to mediate electron
transfer over long distances'*™° and when connected
through an ethynylene group to the donor and acceptor units
this occurs with surprisingly high rates.">***! These two new
dyads are compared with our earlier investigation, where the
acceptor was a tin(IV) dichloride porphyrin (SnP)."** Our data
strongly suggest that the reduction of a gold porphyrin first
occurs on the macrocycle (Au™P*) but that the system then
relaxes, resulting in a metal based reduction (Au"P). This
particular feature of gold porphyrin has a profound impact on
the forward and backward electron transfer rates compared to
the dyads with Cg, and SnP acceptors and can be used as a tool
to engineer rectifying molecular systems in which the kinetics
of the charge recombination is much slower than the forward
electron transfer.

B EXPERIMENTAL SECTION

Synthesis. Compounds ZnPc-OPE 1,"** halogeno gold porphyrin
3,°% 2,5-didodecyl-1,4-diiodobenzene §,? 1-ethynyl-4-
(trimethylsilylethynyl)benzene 4,'>® 4-ethynyl benzaldehyde 6> and
iodo-zinc phthalocyanine 9°* were prepared according to literature
methods. Chemicals were purchased from Aldrich, Acros and used as
received. Air sensitive reactions were carried out under argon in dry
solvents and glassware.

'H and "*C NMR spectra were recorded on a Bruker ARX 300
MHz or AMX 400 MHz Bruker spectrometer. Chemical shifts for "H
NMR spectra are referenced relative to residual protium in the
deuterated solvent (CDCly § = 7.26 ppm for 'H and & = 77.16 ppm
for °C). EI mass spectra were recorded on an EI-MS HP $989A
spectrometer. MALDI-TOF analyses were performed on a Bruker
Ultraflex III, micrOTOF Q spectrometer in positive linear mode at 20
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kV acceleration voltage with 2,5-dihydroxybenzoic acid (DHB) or
dithranol as matrix. Thin-layer chromatography (TLC) was performed
on aluminum sheets precoated with Merck 5735 Kieselgel 60F,s,.
Column chromatography was carried out either with Merck 5735
Kieselgel 60F (0.040—0.063 mm mesh) or with SDS neutral alumina
(0.05—0.2 mm mesh).

Compound 2. Compound 1 (ZnPc-OPE) (38 mg, 23.9 umol)
was dissolved in THF (2.5 mL) and Bu,NF (57.3 L, 1 M in THF)
was added. The solution was stirred at room temperature for 2 h. The
THEF was removed and CH,Cl, was added. The organic phase was
washed with water, dried over MgSO,, and concentrated to dryness,
affording a green solid (34 mg, 100%). 'H NMR & (300 MHz, CDCl,,
25 °C): 0.84 (m, 6H, CH,), 1.24 (m, 36H, CH,), 1.67 (s, 27H, tBu),
1.78—1.82 (m, 4H, CH,), 3.12 (s, 1H, H ethynyl), 3.96 (m, 4H, CH,),
6.90—6.95 (m, 2H, H OPE), 7.40 (m, 4H, H OPE), 7.58 (m, 4H, H
OPE), 7.60—7.69 (m, 3H, ZnPc), 7.80—8.10 (m, 9H, ZnPc); MALDI-
TOF: m/z: caled for Co4H,ooNgO,Zn, 1437.733 [M+H]*; found
1437.62 [M+H]". HR-MS: (ESI): m/z: caled for CoyH;00N3O,Zn,
1437.7333 [M+H]*; found 1437.7286 [M]*.

OPE Spacer 7. Compounds 6 (240 mg, 1.86 mmol), S (1 g, 1.43
mmol), 4 (368 mg, 1.86 mmol), PAClL, (50 mg, 0.28 mmol), PPh,
(112 mg, 4.3.107° mol), Cu(OAc), (14 mg, 7.1.10~° mol),
diisopropylamine (0.5 mL), and triethylamine (13 mL) were dissolved
in dry THF (13 mL). The solution was degassed and stirred at 80 °C
for 20 h. After cooling down to room temperature, the crude reaction
mixture was diluted with CH,Cl,. The organic phase was washed with
water, dried over MgSO, and evaporated to dryness. The product was
purified by column chromatography over silica (petroleum ether/
CH,Cl,: 1/1), to afford compound 7 as a yellow solid (342 mg, 31%).
"H NMR § (300 MHz, CDCl, 25 °C): 0.22 (s, 9H, TMS), 0.89 (m,
6H, CH;), 1.27 (m, 32H, CH,), 1.55 (quint, ] = 6.3 Hz, 4H, CH,),
1.83 (quint,, ’] = 6.8 Hz, 4H, CH,), 4.04 (t, ] = 6.3 Hz, 4H, CH,),
7.01 (s, 2H, H OPE), 7.45 (m, 4H, H OPE), 7.66 (d, ] = 7.9 Hz, 2H,
H OPE), 7.86 (d, *] = 7.9 Hz, 2H, H OPE), 10.02 (s, 1H, CHO). HR-
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MS (ESI): m/z: caled for Cg,H,005Si, 770.5099 [M]*; found 770.5170
(M]".

OPE Spacer 8. The spacer 7 (340 mg, 0.44 mmol) and K,CO;
(607 mg, 4.4 mmol) were dissolved in a mixture of CH,Cl, (30 mL)
and MeOH (40 mL). The solution was stirred at room temperature
for 45 min. CH,Cl, was added, and the organic phase was washed with
water, dried over MgSO,, and concentrated to dryness, affording 8 as a
yellow solid (262 mg, 85%). "H NMR & (300 MHz, CDCl,, 25 °C):
0.85 (m, 6H, CH,), 1.24 (m, 32H, CH,), 1.56 (quint., *] = 6.1 Hz, 4H,
CH,), 1.87 (quint,, ] = 6.3 Hz, 4H, CH,), 3.16 (s, 1H, H ethynyl),
4.05 (m, 4H, CH,), 7.02 (s, 2H, H OPE), 7.47 (s, 4H, H OPE), 7.66
(d, ’J = 8.1 Hz, 2H, H OPE), 7.86 (d, %] = 8.1 Hz, 2H, H OPE), 10.02
(s, 1H, CHO). HR-MS (ESI): m/z: calcd for CyHg, 05 698.4693
[M]*; found 698.4682 [M]".

Compound 10. In a Schlenk flask were dissolved zinc tri-tert-butyl-
iodophthalocyanine 9 (160 mg, 0.18 mmol) and the connector 8 (128
mg, 0.18 mmol) in dry piperidine (10 mL), and the mixture was
degassed. Triphenylarsine (110 mg, 0.36 mmol) and Pd,(dba);.CHCl,
(55 mg, 54 pmol) were added, and the solution was degassed again.
The reaction mixture was stirred at 40 °C overnight under argon. The
solvent was removed and CH,Cl, was added. The organic phase was
washed with water (twice), dried over MgSO,, and concentrated to
dryness. The product was purified by column chromatography over
silica gel (petroleum ether/dioxane: 8/2), to afford a green-blue solid
(134 mg, 52%). "H NMR & (300 MHz, CDCl,, 25 °C): 0.89 (m, 6H,
CH,;), 1.29 (m, 36H, CH,), 1.62 (s, 27H, tBu), 1.84—1.94 (m, 4H,
CH,), 4.06 (m, 4H, CH,), 6.98—7.02 (m, 2H, H OPE), 7.47 (m, 4H,
H OPE), 7.64 (m, 4H, H OPE), 7.75—8.05 (m, 3H, H ZnPc), 8.10—
8.80 (m, 9H, H ZnPc), 10.1 (s, 1H, CHO). HR-MS (ESI): m/z: calcd
for Co3H,4oNgO3Zn 1440.7210, found 1440.7214 [M]*.

Dyad ZnPc-OPE-Cg,. Compound 10 (65 mg, 0.045 mmol),
fullerene (65 mg, 0.09 mmol), and N-methylglycine (40 mg, 0.44
mmol) were dissolved in dry toluene (65 mL), and the mixture was
heated at 140 °C overnight. The solvent was removed and CH,Cl, was
added. The organic phase was washed twice with water, dried over
MgSO,, and concentrated to dryness. The product was purified by
column chromatography over silica gel (toluene/dioxane: 9/1), to
afford a green-blue solid (30 mg, 30%). '"H NMR § (300 MHz, THF-
d®, 25 °C): 0.89 (m, 6H, CH,), 1.31 (m, 59H, 27H tBu + 32H
dodecane), 1.85 (m, 4H, CH,), 1.95 (m, 4H, CH,), 2.81 (s, 3H, CH,
pyrrolidinyl), 4.06 (t, ] = 6 Hz, 4H, CH,), 4.26 (d, >] = 9.6 Hz, 1H, H
pyrrolidinyl), 5.01 (m, 2H, H pyrrolidinyl), 7.08 (s, 1H, H OPE), 7.11
(s, 1H, H OPE), 7.61 (m, 4H, H OPE), 7.66 (m, 4H, H OPE), 8.30
(m, 4H, H ZnPc), 9.30 (m, 4H, H ZnPc), 949 (m, 4H, H ZnPc).
MALDI TOEF: m/z: caled. for C;5sH;osNgO,Zn 2187.7677, found
21877713 [M]*.

Dyad ZnPc-OPE-AuP*. The compound 2 (23 mg, 19.7 umol), the
gold porphyrin 3 (34 mg, 23.7 umol), Pd(dppf)Cl, (3 mg, 4 ymol),
and Cul (1 mg, 4 ymol) were dissolved in dry Et;N (1.1 mL) and dry
DMF (4.8 mL). The solution was degassed and stirred under argon at
60 °C for 15 h. CH,Cl, was added, and the organic phase was washed
with water (3 times), dried over MgSO,, and concentrated. The
product was purified by column chromatography over silica (CH,Cl,
100% then MeOH/CH,Cl,: 2/98), to afford a green solid (22 mg,
44%). "H NMR 5 (300 MHz, CDCl,, 25 °C): 0.84 (m, 6H, CH,), 1.24
(m, 36H, CH,), 1.59 (s, 36H, tBu), 1.67 (s, 27H, tBu), 1.78—1.85 (m,
4H, CH,), 4.00—4.30 (m, 4H, CH,), 7.00~7.20 (m, 2H, H OPE),
7.40—8.25 (m, 22H, 3H ZnPc + 4H ortho +2H para +SH phenyl +8H
OPE), 8.30—-8.70 (m, 9H, H ZnPc), 9.00-9.45 (m, 6H, AuP Hy),
10.15-10.17 (m, 2H, AuP Hj). HR-MS (ESI): m/z: caled for
Cy4sH 5N ,0,ZnAy, 2392.1275 [M]*; found 2392.1278 [M]".

Electrochemistry. Electrochemical measurements were performed
with a potentiostat-galvanostat AutoLab controlled by resident GPES
software (General Purpose Electrochemical System 4.9) using a
conventional single-compartment three-electrode cell. The working
electrode was a Pt electrode, the auxiliary was a Pt wire of 10 mm long,
and the reference electrode was the saturated potassium chloride
calomel electrode (SCE). The supported electrolyte was 0.1 N
Bu,NPFy in dichloromethane, DCM, and the solutions were purged

with argon before the measurements. All potentials are quoted relative
to SCE. In all the experiments the scan rate was 0.1 V/s.

Spectroscopy. Absorption and Emission Spectroscopy. UV—vis
absorption spectra were recorded on a Cary 5000 absorption
spectrometer, and steady-state emission spectra were measured on a
Horiba SPEX Fluorolog 3 fluorimeter. During emission measurements
the optical density was kept below 0.1 at the excitation wavelength.
The benzonitrile (PhCN) (99%, Fluka) was distilled over phosphorus
pentaoxide and filtered through K,CO;(s). Using nondistilled
benzonitrile resulted in aggregation, which could be observed as a
strong perturbation of the ZnPc Q-band.

Absorption spectra of the reduced and oxidized states of the dyads
were recorded with a HP diode array spectrometer. Tri-p-
bromophenyl aminium hexafluorophosphate (TpBPA*PF,~, E° ~ 1.1
vs SCE)?® was used as oxidant to form the ZnPc**-OPE-acceptor. The
aminium salt was prepared according to the procedure of Rhile et al*¢
As a reductant we used cobaltocene (CoCp2, E° ~ —1.0 V vs SCE),25
allowing for the spectra of the reduced dyads. The cobaltocene was
purchased from Sigma-Aldrich (Sweden) as a 10% solution in hexane
and used as received. Both the oxidation and the reduction of the
dyads were done in a glovebox and deaerated PhCN was used as
solvent.

Time-resolved fluorescence was measured with a time-correlated
single photon counting setup (TCSPC), using 400 or 405 nm for
excitation. The system has previously been described by Habenicht et
al*” In summary: The 400 nm excitation light was obtained from the
frequency doubled output of a Ti-sapphire laser (Coherent RegA 900;
200 kHz repetition rate, A = 800 nm, fwhm 180 fs) (IRF ~80 ps). For
40S nm excitation a 405 nm diode laser at 5 MHz repetition rate
(fwhm 100 ps) was used (IRF ~120 ps). The emission was detected
using a Hamamatsu MCP. Magic angle setup was ensured with two
polarizers, and scattered excitation light and filter emission was
blocked using a combination of a 600 nm cutoff filter and a 751 nm
interference filter. The instrument response function (IRF) was
measured using a scattering solution of Ludox silica sol in water. That
the 400 or 405 nm excitation populates a higher singlet excited state
does not affect the observed data since the internal conversion to the
lowest 'ZnPc is expected to be much faster than the TCSPC
resolution (~40 ps). This is in agreement with the lack of a detectable
rise time for the observed 'ZnPc emission at 751 nm.

Femtosecond Transient Absorption (fs-TA). For a detailed
description see Petersson et al.”® Briefly, the output from a Coherent
Legend (1 kHz, 4 = 800 nm, fwhm 80 fs) was split into a pump and a
probe part. Using a TOPAS (Light Conversion) the pump beam was
transformed into the desired wavelengths. A S00 Hz chopper was used
to block every second pump pulse, and the pump energy was
attenuated with neutral density filters so that the pulse energy at the
sample was kept between 400 and 600 nJ/pulse (energy variation of
the pump energy within a measurement was less than 10%). The
timing between the pump and probe pulse was controlled by two
different delay lines. For measurements that required subpicosecond
time resolution a 30 cm long (~time window ~2 ns) delay line from
Physik Intrumente was used, while a 1.5 m (~10 ns) delay line from
H2W Technologies was used when a longer time window was
necessary. For probing in the UV—visible (350—750 nm), the probe
pulse was transformed into a white-light continuum by focusing the
800 nm light into a CaF, plate. Residual 800 nm and NIR light was
removed by a KG3 filter. For probing in the NIR region (860—1150
nm) a sapphire plate was used to create a broad white light continuum.
Visible light was removed using an 800 nm cutoff filter. Detection
between 750 and 860 nm is prevented because of excess light from the
laser fundamental at 800 nm. The probe light was detected with a
silicon photodiode array spectrometer (512 points in a 328 nm wide
spectral window). The silicon diodes have a good response at
wavelengths below 1000 nm but lose sensitivity at wavelengths longer
than 1000 nm, which explains the small signal-to-noise ratio in the
NIR measurements. The polarization of the pump was set to ensure
magic angle compared to the probe, and the two beams were then
focused and overlapped on a ~0.1 mm? area inside a 1 mm quartz
cuvette.
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Scheme 1. Synthesis of the Dyad ZnPc-OPE-AuP**
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Data analysis of the TCSCP data was done in MATLAB 7, using a
model based on a sum of one or two exponential decays, reconvoluted
with the experimentally recorded response function. Data from the fs-
TA measurements were analyzed with Igor Pro 5.*° Kinetic data were
globally fitted to a sum of exponentials reconvoluted with a Gaussian
function to account for the instrument response function. The
wavelengths chosen in the global fit were evenly spaced over the
observed spectra (every 10th nm for ZnPc-OPE-AuP* and every 30th
nm for ZnPc-OPE-Cgy,). The width of the response function and
lifetimes were linked between different wavelengths, while time zero
and amplitudes of the pre-exponential factors were allowed to vary
freely. Each analysis started out from a model of two consecutive
reactions (photoinduced electron transfer (PET) followed by back
electron transfer (BET)). A third exponential (z > 100 ns) accounts
for the presence of long-lived *ZnPc, formed in parallel to the ET
transition (ISC competing with PET or BET partially resulting in
3ZnPc). However, to achieve a satisfactory global fit a fourth
exponential had to be added to the model to account for the presence
of unquenched 'ZnPc. The quality of a fit was judged from the
residual. Igor Pro reported a standard deviation of the fitted lifetimes
to be less than 5%. However by forcibly changing a lifetime, it was
noticed that satisfactory fits could be obtained also after changing a
lifetime as much as 25% so the overall uncertainty is probably closer to
25%. Examples of fits and residuals can be found in the Supporting
Information (SI Figure S4 and SI Figure SS). Following a satisfactory
global fit, the obtained response function and lifetimes were used to fit
all of the 512 traces, and a decay associated difference spectrum
(DADS) was created by plotting the pre-exponential factors against
the wavelength for each of the obtained lifetimes. The obtained
variation of time zero with wavelength was used to chirp correct the
observed difference spectra. To clarify spectral features a smoothing
function (second order Savitsky-Golay, 1S points) was applied to
difference spectra. Note that no smoothing function was applied on
data before kinetic analysis.

DFT Simulations. Models. The calculations have been performed
on the compounds shown in Chart 1, which have only been slightly
simplified by removing the tBu groups of the Pc and replacing the
OC,,H, lateral chains by methoxy groups. As we investigate
electronic properties and take into account all z-electrons these
simplifications should have only a trifling impact on the computed
transition energies. For the AuP* system, the impact of the counterion
has been neglected as well. The optimized Cartesian coordinates for
the three dyads can be found in the SI In addition, we have also used
specific systems of the acceptor moieties to simulate what follows ET
(see discussion around Figure 7). In these acceptor structures, we have
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simply removed the ZnPc side but conserved the full oligo(phenylene-
ethynylene) bridge.

Computational Protocol. To perform DFT and TD-DFT
simulations of the structures and properties of the new dyads, the
latest commercial version of the Gaussian program has been selected.
Default algorithms, parameters, and thresholds have been used, except
when otherwise indicated. The computational strategy recently applied
to unravel the excited-state properties of inorganic and organic dyes®'
has been adopted. This procedure consists of two sequential steps:

1. The ground-state geometrical parameters have been determined
at the PBE0*?/6-31G(d) level through a force-minimization process.
Note that LanL2DZ pseudo-potential and basis set have been used for
metallic atoms. The bulk solvent (benzonitrile) effects have been
included by means of the Polarizable Continuum Model (PCM) in its
Integral Equation Formalism (IEF).>*

2. The first fifteen to twenty lowest-lying excited-states have been
determined within the vertical TD-DFT approximation using the
CAM-B3LYP**/6-31G(d) [LanL2DZ] level of approximation. The
choice of CAM-B3LYP, a range-separated hybrid, is dictated by the
charge-transfer/long-range nature of the phenomena under inves-
tigation. For such states, it is well-recognized that a range-separated
hybrid such as CAM-B3LYP offers a physically sound description.> As
in the first step, the solvent effects have been taken into account at the
PCM level of approximation, using a linear-response nonequilibrium
model,* that is adequate when the reorganization of the solvent is
limited to its electronic component (fast processes).

The contour threshold used to represent the molecular orbitals was
set to 0.020 au, and a broadening Gaussian presenting a fwhm of 0.35
eV was used to simulate UV/vis spectra from the vertical TD-DFT
estimates.

B RESULTS AND DISCUSSION
Synthesis of the Dyads. The synthetic route of the dyad

ZnPc-OPE-AuP* is based on an extension of an earlier
procedure previously developed for ZnPc-OPE-SnP."** Start-
ing with the known intermediate ZnPc-OPE-TIPS 1,"** the
trisisopropylsilyl group (TIPS) was cleaved with tetrabutylam-
monium fluoride. The gold porphyrin 334 was appended to the
OPE spacer of the above compound 1 according to a
Sonogashira cross-coupling reaction in 43% yield using the
catalytic system previously described to prepare bisporg)hyrin
dyads containing a gold porphyrin (Scheme 1)."**¢ The
synthesis of the dyad ZnPc-OPE-Cy, required the intermediate
spacer 8, whose synthesis is depicted in Scheme 2. Compound
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Scheme 2. Synthesis of the Dyad ZnPc-OPE-Cg,”
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sarcosine, Cg, toluene, reflux, 30%.

Table 1. Electronic Absorption and Emission Properties in Benzonitrile (PhCN) at Room Temperature and Electrochemical

Properties in Dichloromethane (DCM) (1 mM TBAPF)

emission

E,), (V vs SCE)

absorption A, (nm) Amax (nm)?
ZnPc-OPE* 364, 617, 641, 679, 696 705
OPE-AuP*¢ 322, 429, 545, 592, 676 h
ZnPc-OPE-AuP* 388, 549, 597, 681, 698 706
ZnPc-OPE-Cg, 353, 617, 641, 679, 696 705
ZnPc-OPE-SnP* 355, 438, 579, 618, 642, 679, 696 705

(prdh Tom (ns)© ZnPc*/° OPE*/° Acc™/1d
1.00 1.8" 0.46 1.30

h h 1.34 —-0.56
0.22° <0.04 (1.8)° 0.45 1.36 —-0.71
0.26 0.61 (1.8) 0.45 1.28 —0.65
0.05° <0.04(1.8)° 0.46 1.30 —0.82

“Excitation at 680 nm. “Relative to ZnPc-OPE emission. “Excitation at 400 nm. “Acc™™! is the first reduction potential of the electron acceptor

moiety. “Data from Fortage et al."*

FCorrected from Fortage et al.** €From Fortage et al.1*¥ Not observed. ‘Most of the observed emission comes

from a fraction of 'ZnPc that is not quenched at all and has the same emission lifetime as the ZnPc-OPE reference, see main text. /Lifetime faster

than time resolution of TCSPC system.

7 was synthesized in 31% yield by the mixed Sonogashira cross-
coupling reaction between the 2,5-didodecyl-1,4-diiodobenzene
5,> the 1-ethynyl-4-(trimethylsilylethynyl)benzene 4,'** and
the 4-ethynyl benzaldehyde 6.*> The desired compound 7 was
easily separated by column chromatography from the sym-
metrical side-products owing to the large differences of polarity
of the three compounds. The TMS group was removed with
potassium carbonate, and the spacer 8 was then reacted with
iodo-zinc phthalocyanine 9** using classical Sonogashira
conditions with this type of reagents (Scheme 2)."*** Finally,
the fullerene moiety was grafted on the spacer using Prato
reaction following a 1,3-dipolar cyclo-addition between the
fullerene and the azomethane ylide formed by the reaction of
the aldehyde function of 10 and N-methylglycine.”**’
Electrochemistry. The reduction potentials of the dyads
were measured with cyclic voltammetry, and the processes were
assigned according to the potentials recorded in the reference
compounds (Table 1). The first oxidation process occurs on
zinc phthalocyanine at around +0.45 V vs SCE, while the
oxidation of the OPE spacer is shifted far away into the anodic
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region at around +1.3 V vs SCE. The three electron acceptors
have reduction potentials in a quite narrow potential window,
with pyrrolidino-fullerene as the most easily reducible system
(—0.65 V vs SCE), followed by the gold porphyrin (—0.71 V vs
SCE) and finally by the tin porphyrin (—0.83 V vs SCE). The
reduction of the spacer was not accessible in the electroactive
window of our experimental conditions (<—1.6 V vs SCE).
Note that the AuP™/® potential in ZnPc-OPE-AuP" is shifted
0.15 V negative compared to the reference, OPE-AuP". This is
a sign of strong electronic interaction in the ground state of this
dyad (vide infra).

Electronic Absorption Spectra. The electronic absorp-
tion spectra of the new dyads were recorded in benzonitrile
(PhCN), where no aggregation occurs, and are shown together
with the relevant reference compounds in Figure 1. The
absorption spectrum of ZnPc-OPE-SnP can be found in the
Supporting Information (SI Figure S1)."** The absorption
spectrum of ZnPc-OPE-C4, mainly exhibits features of the
ZnPc-moiety (Figure la). However, the presence of the Cg,
unit can be seen as an additional feature in the UV region,
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Figure 1. Electronic absorption spectra in benzonitrile at 298 K of a)
ZnPc-OPE-Cg, (solid line) and its reference compounds ZnPc-OPE
(dotted line) and Cg, (dashed line); b) ZnPc-OPE-AuP” (solid line)
and its reference compounds ZnPc-OPE (dotted line) and OPE-AuP*
(dashed line). Spectra are normalized to unity intensity of the Q
bands.

causing an apparent blue-shift of the Soret-band compared to
that in ZnPc-OPE. The splitting of the ZnPc Q-band is most
likely caused by the ethynylene linkage, which induces an
asymmetry of the otherwise degenerate Q,- and Q,-transitions
of the ZnPc."****

ZnPc-OPE-AuP* has a more complicated absorption
spectrum (Figure 1b). In the Q-band region (500—700 nm)
the spectrum of ZnPc-OPE-AuP* can be reasonably well
described by a sum of the spectra of references ZnPc-OPE and
OPE-AuP’, with only a small red-shift and broadening of the
ZnPc Q-band (4, 698 nm compared to 696 nm in ZnPc-
OPE). In contrast, the Soret-band region differs significantly
from a sum of the reference compounds. Instead of two distinct
peaks from the ZnPc and AuP* Soret-bands there is a strong
and very broad peak centered around 400 nm. This shows a
strong interaction between the ZnPc and AuP® moieties,
possibly due to excitonic coupling between the Soret-bands or a
direct donor—acceptor charge transfer transition (vide infra).

Chemical oxidation of ZnPc-OPE-AuP”, using tri-p-
bromophenyl aminium hexafluorophosphate as oxidant, results
in the expected disappearance of ground state features and the
concomitant growth of ZnPc™* features at 525 nm, 745 nm, and
845 nm around. There is also a sharp absorption peak growing
in around 435 nm (Figure 2a), that is not seen in oxidized
ZnPc-OPE,"* but is very similar to the Soret band of OPE-
AuP*. It thus appears that the perturbation of the gold
porphyrin is much weaker when the zinc phthalocyanine is
oxidized so that the “normal” AuP*-Soret band is restored.
Similarly, one electron reduction of ZnPc-OPE-AuP*, using
cobaltocene as reductant, results in the appearance of a ground
state bleach feature at 420 nm, 550, and 594 nm, and
concurrently a new band grows in at 455 nm and the ZnPc Q-
bands becomes stronger (Figure 2a). The features at 420 and
455 nm can be explained by a slight red shift of the Soret band,
often seen for reduction of Au™P* to Au'"P."*%® The reduction
also causes the interaction between gold porphyrin and zinc
phthalocyanine to be weaker, explaining the disappearance of
the broad Soret band and the slight increase in the ZnPc Q-
band.

L] T T L ] L]
) .
& N
= 4
=
S ZnPc-OPE-AuP’
— oxidized
+- reduced
1 1 1 L 1 1
e 1 L T T L] 1 L)
5 | 1b)
E ]
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Figure 2. a) Difference spectra of oxidized (blue straight line) and
reduced (red dotted line) form of ZnPc-OPE-AuP*. b) Simulated
difference spectra for the charge shifted state (CSS) of ZnPc-OPE-
AuP", created as a sum of the difference spectra of the oxidized and
reduced form of ZnPc-OPE-AuP*. Overlaid is the decay associated
difference spectra (DADS) of the 1.0 ns lifetime observed upon 55§
nm excitation of ZnPc-OPE-AuP”. The similarity between the two
spectra confirms that the 1.0 ns lifetime corresponds to back electron
transfer.

It is surprising that the interaction between the donor and
acceptor is so strong over such a long distance (~23 A, edge-to-
edge). Ethynylene as linking group has indeed been shown to
mediate electronic coupling but usually over much shorter
distances.'>*” Furthermore, in a system with the same bridge
and acceptor, but with a zinc porphyrin instead of zinc
phthalocyanine as electron donor, we did not observe an
interaction of this magnitude.m'd

Steady-State and Time-Resolved Emission. The
emission spectra of ZnPc-OPE-Cy, and ZnPc-OPE-AuP*
(Aexe = 680 nm) are very similar to that of the ZnPc-OPE
reference, with a A, & 705 nm, but with significantly lower
quantum yields (SI Figure S2), indicating that electron transfer
or some other process is quenching the excited state (vide
infra). The emission quantum yields relative to ZnPc-OPE
(@) were determined to 0.26 and 0.22 for ZnPc-OPE-Cg,
and ZnPc-OPE-AuP* respectively (Table 1). OPE-AuP* has
no detectable emission at room temperature, and there is no
indication of Cy, emission in the ZnPc-OPE-Cg, dyad.

The emission lifetime of the lowest singlet excited state
(*ZnPc), was determined with time-correlated single photon
counting (TCSPC), exciting at 400 nm or at 405 nm. For
ZnPc-OPE-Cg4, two exponential components, 7; = 0.61 ns
(90%) and 7, = 1.8 ns (10%), were necessary to achieve a
satisfactory fit of the data. The rate constant for the quenching
reaction, kq, was calculated using eq 1 and the lifetime of the
major component, yielding k; = 1.1 X 10° s7! for ZnPc-OPE-
Cgo in PhCN. The 1.8 ns component is attributed to a fraction
of unquenched 'ZnPc-OPE.

-1 1
kq =Tbs — To (1)
For ZnPc-OPE-AuP" a single 1.8 ns lifetime was observed
which is equal to the lifetime of the 'ZnPc-OPE reference.'*
However, the much lower emission yield in ZnPc-OPE-AuP*
indicates that the majority of ZnPc is quenched by a rate faster
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Figure 3. fs-TA measurements on ZnPc-OPE-Cy, excitation at 680 nm. a) Chirp corrected difference spectra at different time points. Inset: Chirp
corrected difference spectra in the NIR, showing a band indicative of C4,"". The color legend for different time points is valid for both the visible and
the NIR spectra. b) Kinetic traces at different wavelengths. Markers are measured data, and solid lines are the results of the global fit to the data (see
text).*” The trace at 700 nm has been scaled down by a factor of 3 to better fit the graph. Inset shows the rise and decay feature of Cg,", around 1025

nm (average of 1010—1040 nm) on a logarithmic time scale.
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Figure 4. fs-TA measurements on ZnPc-OPE-AuP*, excitation at either 680 nm (a and b) or at 555 nm (c and d). Spectra in a and ¢ correspond to
transient spectra at a different times after excitation. Kinetic traces at selected wavelengths are shown in b and d. Markers correspond to experimental
data, and the solid line is the kinetic fit (see text). The trace at 700 nm has been scaled down by a factor of 3 to better fit the graph.

than the time resolution of the instrument (~40 ps). This
means that most of the observed steady-state emission from the
ZnPc-OPE-AuP* sample comes from a smaller fraction of
'ZnPc (possibly an impurity) which is not quenched at all. This

is confirmed by the femtosecond experiments below.
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Femtosecond Transient Absorption. Femtosecond
pump—probe experiments were performed to follow the
photoinduced electron transfer events in ZnPc-OPE-AuP*
and ZnPc-OPE-Cg,

ZnPc-OPE-Cyg. Figure 3 shows transient absorption data for
ZnPc-OPE-Cg, at a few time points after a 150 fs excitation
pulse at 680 nm (Q-band of ZnPc). The spectrum at early
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times (t < 2 ps) is in very good agreement with that of the
lowest singlet exited state (‘ZnPc) of ZnPc-OPE (SI Figure
$3)."** 'ZnPc is dominated by a broad absorption band
extending over most of the visible region, and superimposed on
this band is the ground-state bleach, which creates distinct
valleys at 615, 680, and 696 nm. At later delay times (t > 1000
ps) there is a decrease in absorption in the region around 600—
670 nm, resulting in a net bleach. This is indicative of ZnPc
triplet state (*ZnPc) formation, but the overall rate and yield is
not the same as in ZnPc-OPE. In a global analysis of ten
wavelengths, evenly spaced over the observed spectra (A4 = 30
nm), four lifetimes were needed to fit the observed data; 7 = 20
ps, 0.66 ns, 1.8 ns, and oo (see SI Figure S4 for example of fits
and residuals).*

A complementary measurement, probing in the near-infrared
(NIR) showed the growth and decay of a broad absorption
band between 1000 and 1050 nm.*' This matches the signature
of Cg","” which would indicate that the quenching process is
photoinduced electron transfer forming the charge-separated
state (ZnPc**-OPE-Cg,"). The rise and decay features in the
NIR region were globally fitted at 16 wavelengths to lifetimes of
~1S ps and ~0.70 ns and oo, which are similar to the lifetimes
observed in the visible region.

The 0.66 ns (UV—vis) and 0.7 ns (NIR) lifetimes matches
the fluorescent lifetime (0.61 ns) and is thus assigned to
photoinduced charge separation (kpgr = 1.1 X 10° s™"). Since
the shortest lifetime (~20 ps) also is linked to the Cq,*" signal,
it is reasonable to assign this to the charge recombination
reaction (kggy ~ S X 10' s7'). Thus, assuming a reaction
scheme with kpgy = 1.1 X 10° s and kppr & 5 X 10*° 57! (see
Figure Sa), one would expect a maximum concentration of the
charge-separated state, ZnPc*"-OPE-Cg4,™, at ~80 ps corre-
sponding to only ~1% of the original excited state population
(see SI for details on calculations). The small ratio kpgr/kgpr
explains why the Cq,* signal is so low in the NIR region and
why there are no clear ZnPc** signals in the visible region.**
The latter causes the 0.66 ns lifetime (charge separation) to
appear to mainly result in ground state recovery.

Other quenching mechanisms, such as energy transfer from
the 'ZnPc state to the fullerene or enhanced intersystem
crossing to the *ZnPc state, are energetically possible, but based
on the absence of transient signals from the long-lived fullerene
triplet state®® and low yield of *ZnPc these cannot be
significant.

ZnPc-OPE-AuP*. Excitation of ZnPc-OPE-AuP* at 680 nm
results in an initial spectrum (Figure 4a, t = 0.2 ps) which
displays a broad transient absorption band, peaking at 520 nm,
similar to the band of oxidized ZnPc-OPE-AuP*, Figure 2a.
Overlaid with this band there are ground state bleach features
from the ZnPc Soret band (1 < 450 nm) and the Q-band
(650—720 nm). Unexpectedly, there are also additional ground
state bleach features from the AuP* moiety at 400—500 nm,
555 nm, and 620 nm. Combined with the 520 peak, the AuP*
bleach features indicate strong coupling between ZnPc and AuP
also in the initial excited state and/or possibly a partial charge
transfer absorption.

The initial excited state evolves on a few ps time scale, and a
new absorption feature grows in around 420 nm and the bleach
at 460 nm becomes more pronounced. Subsequently these new
teatures disappear on the same time scale as the bleach features
from the ZnPc and AuP" Q-bands. A detailed analysis, using a
global fit of 30 wavelengths evenly spaced over the observed
spectra (A4 ~ 10 nm), resulted in four lifetimes: 1.2 ps, 0.11 ns,

1.1 ns, and oo (held fixed) (see SI Figure SS for example of fits
and residuals). The majority of the ZnPc Q-band bleach
recovers with a lifetime of 1.1 ns, but this does not match the
emission lifetime (1.8 ns), nor is the magnitude of the ZnPc
ground state bleach recovery occurring through the 1.1 ns time
component consistent with 'ZnPc decay, because that would
have resulted in a larger fluorescence yield than observed. Thus
this kinetic process is not the decay of 'ZnPc but rather
attributed to back electron transfer from the charge shifted
state, ZnPc"*-OPE-Au"'P, to the ground state. This assignment
is further supported by the good match between a simulated
charge separated state and the decay associated difference
spectrum (DADS) of the 1.1 ns component as shown in Figure
2b.** From inspection of the decay associated difference spectra
of the three remaining time components (SI Figure S7) it was
concluded that the 1.2 ps lifetime corresponds to photoinduced
electron transfer from 'ZnPc to AuP*. Four lines of evidence
support this assignment. 1) The corresponding DADS show
changes in the region between 400 and 500 nm, which would
be expected from a process that affects AuP*.** 2) The 1.2 ps
time component barely affects the ground state bleach from the
ZnPc Q-band. This is consistent with photoinduced electron
transfer since this is a process that does not change the
concentration of ground state ZnPc, while it at the same time
lowers the concentration of ground state AuP*. 3) Further-
more, the spectral changes in the region between 400 and 500
nm are nicely mirrored in the decay associated difference
spectrum of the 1.1 ns component, which makes it very likely
that the species created with 7 = 1.2 ps (photoinduced electron
transfer) disappears with 7 = 1.1 ns (back electron transfer), see
reaction scheme in Figure Sb. 4) Lastly, observed emission
lifetimes and steady-state emission yield suggest that the
majority of the 'ZnPc in the ZnPc-OPE-AuP* sample reacts
with a lifetime that is faster than 40 ps.

For the remaining two time components the 0.11 ps lifetime
had too small and unspecific features to be attributed to a
specific process, while the “infinite” time component was
attributed to a small fraction of unquenched 'ZnPc states
evolving into long-lived *ZnPc states.*®

Like in our previous study on ZnPc-OPE-SnP'** we were
also interested in the reaction induced by selective excitation of
the AuP* Q(1,0)-band at 555 nm. In the OPE-AuP" reference a
strong absorption band appears in the region above 600 nm (SI
Figure S6). For symmetric gold porphyrins, the lowest singlet
excited state ('AuP") undergoes very rapid intersystem crossing
to the lowest triplet state (*AuP"), and this triplet state has a
strong absorption above 600 nm.** In contrast, no 'AuP*
intermediate could be distinguished in OPE-AuP?, indicating
that the intersystem crossing is faster than the time resolution
of this experiment (~100 fs) or that the spectral difference
between 'AuP’ and *AuP* state of OPE-AuP" is very small.
Two time components are necessary for a good fit of the
transient absorption data; a 2.5 ns component corresponding to
the lifetime of the *AuP state and a 10 ps component, with
small spectral changes. Comparing to other gold porphyr-
ins,***” it seems unlikely that the intersystem crossing of OPE-
AuP’ is as slow as 10 ps, so it is more probable that this
component corresponds to solvent and/or vibrational
relaxation.*®

Excitation of ZnPc-OPE-AuP" at 555 nm results in the same
initial absorption features above 600 nm as in the OPE-AuP*
reference (Figure 4c). However, within the duration of the laser
pulse these features start to transform into the same spectra as
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Figure S. a) State diagram and rates of the reaction pathways in ZnPc-OPE-Cg,. b) State diagram showing the reaction pathways in ZnPc-OPE-

AuP*.
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Figure 6. Representation of the calculated molecular orbitals for three donor—acceptor dyads. From bottom to top: HOMO-2, HOMO-1, HOMO,
LUMO, LUMO+1, LUMO+2, and LUMO+3. See the SI for a representation of all relevant orbitals.

those observed immediately after excitation at 680 nm. The
rapid (<1 ps) change is most easily seen as a fast decay of the
AuP* excited state absorption at 4 > 600 nm and a rapid
formation of the ZnPc bleach around 680—710 nm (Figure 4d).
A global fit analysis resulted in five time components: 7 = 0.2
ps, 1.0 ps, 0.14 and 1.0 ns, and ~oco (held fixed). The 0.2 ps
time component is assigned to a shift of excited state energy
from a state that is mainly localized on the AuP*-moiety to the
same excited state as that produced upon 680 nm excitation.
This is supported by the fact that the four longer time
components and their corresponding decay associated differ-
ence spectra are the same as for ZnPc excitation at 680 nm (SI
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Figure S7). Summarily, excitation of ZnPc (at 680 nm) induces
a very fast electron transfer (1 ps) followed by a slower charge
recombination (1 ns) to the ground state, while excitation of
AuP (at 555 nm) is accompanied by an extremely fast energy
transfer to ZnPc (0.2 ps) and subsequently to charge separation
and recombination to the ground state as upon ZnPc excitation
(Figure Sb).

TD-DFT Calculations. To further investigate the strong
interaction between the donor and acceptor moieties in ZnPc-
OPE-AuP* we turned to computational chemistry. Calculations
of the absorption spectra, performed with time-dependent
density functional theory (TD-DFT), managed to qualitatively
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reproduce the absorption spectra of the investigated dyads. In
the red part of the ZnPc-OPE-AuP" spectrum, two intense
vertical transitions were computed at 654 nm (f = 1.1) and 631
nm (f = 0.7). Both transitions are dominated by electronic
excitation from HOMO (mainly ZnPc) to LUMO+2 and
LUMO+3 (also ZnPc centered), see Figure 6. The two less
intense transitions at 574 nm (f = 0.2) and 563 nm (f = 0.5)
are related to the AuP" moiety. The latter transition is mainly
from HOMO-2 to LUMO but also contains a small
contribution related to a partial charge transfer from the bridge
(HOMO-1) to the AuP* (LUMO). The situation is similar for
ZnPc-OPE-SnP, but the SnP Q-band transition, computed at
593 nm (f = 0.4), has some contribution of charge transfer
from the OPE bridge (HOMO-2) to the SnP (LUMO) (see SI
for more detailed information on orbital contributions to the
calculated transitions).

There are multiple bands in the Soret band region. In ZnPc-
OPE-SnP the strongest ones, 432 nm (f = 4.0) and 398 nm (f
= 1.4), are dominated by SnP localized 7—7z* transitions, but
there is also a significant contribution of charge transfer from
OPE to SnP. The same pattern can be seen in ZnPc-OPE-
AuP?, where the strongest transitions at 437 nm (f = 3.1) and
401 nm (f = 1.1) are mainly localized on the AuP* moiety.
However, in this case there are not only contributions from
OPE-to-acceptor charge transfer but also a smaller, but not
insignificant, contribution from direct charge transfer from
ZnPc to AuP* (HOMO to LUMO). These charge transfer
interactions could be the reason for the strong broadening of
the AuP" Soret band that is observed in the experimental
spectra. Finally, as expected for ZnPc-OPE-C;, the calcu-
lations indicate ZnPc based transitions in the visible range.
Nevertheless, it is noticeable that the LUMO remains well
centered on the Cg, accepting side. The break in conjugation
between the fullerene and bridge introduced by the pyrrolidino
functionality can also be seen in the molecular orbitals. In both
ZnPc-OPE-AuP” and ZnPc-OPE-SnP, there are high-lying
occupied orbitals that cover both the OPE bridge and the
accepting porphyrin (HOMO-2 for the former, HOMO-1 for
the latter), whereas no such mixed orbitals can be found for
ZnPc-OPE-C,

Comparison of Photoinduced Electron Transfer Rates.
According to semiclassical Marcus theory (eq 2) electron
transfer rates can be explained and predicted by four
parameters: temperature (T), driving force (AG®), reorganiza-
tion energy (1), and electronic coupling (Vp,).">* We will
discuss the observed trends in electron transfer rates between
the three dyads within this framework.

k _ P VZ o _(AGO + }\,)2
Tk P T AT @

Driving forces for the three dyads were calculated from the
values in Table 1 using the Weller equation® (Table 2, see SI
for details). ZnPc-OPE-Cg4, has the largest driving force for
photoinduced electron transfer (AG°pgy), followed by ZnPc-
OPE-SnP and then ZnPc-OPE-AuP*, while the trend for the
rates for photoinduced electron transfer (kpgr) goes in the
opposite direction, namely kpgr, znpc-oPE-Aup+ > KPET, ZoPe-OPE-Snp
> kpgr, znpe.ope.ceo (Table 2). The observation of opposite
trends for rates and driving forces would be consistent if the
reorganization energy were small (1 = ~0.6 eV), placing the
electron transfer processes in the Marcus inverted region (ie., A
< —=AG°)."*** However, due to the long distance between

Table 2. Summary of Rate Constants and Driving Forces for
the Three Dyads

AGOPETa AGOBET“
kPET (Sil) (eV) kggr (571) (eV)
ZnPc-OPE-Cq, L1 x 10° —0.89 ~5 x 10" —0.88
ZnPc-OPE-SnP? 7.6 x 10" —-0.68 1.2 x 10 -1.09
ZnPc-OPE-AuP* 1.0 x 10" —0.61 1.0 x 10° —-1.16

“Driving forces for photoinduced electron transfer (AG°pgr) and the
subsequent back electron transfer (AG°spr) were estimated with the
Weller equation, see the main text and the Supporting Information for
more information. “Data from Fortage et al.">*

donor and acceptor and the fairly polar solvent (PhCN: & =
25)5'1 we expect a larger reorganization energy (A>0.7 eV, see
the SI for further discussion). This estimate of the
reorganization energy suggests that the trend in electron
transfer rates is not simply due to the Marcus inverted region
effect.

Instead the trend in photoinduced electron transfer rates
could be explained by differences in electronic coupling. Trends
in coupling strengths can be rationalized on the basis of both
molecular structure and distribution of relevant orbitals. The
break in conjugation between bridge and acceptor can explain
why ZnPc-OPE-Cg, appears to have the weakest electronic
coupling. Similarly, that the PET rate is higher in ZnPc-OPE-
AuP" than in ZnPc-OPE-SnP can possibly be explained by the
fact that the latter has a vinyl group instead of an ethyn{l group
as the linking unit between bridge and acceptor.”® Steric
interaction between the vinyl group and the hydrogen at the f-
position causes a ~40° dihedral angle between the double bond
and the porphyrin plane, something which is expected to
induce a weaker 7-conjugation and hence a weaker electronic
coupling (see the SI for calculated geometries).mb’c’52 However,
it should be noted that for both ZnPc-OPE-SnP and ZnPc-
OPE-AuP" the LUMO is partly spread out from the acceptor
moiety onto the OPE bridge (Figure 6), indicating that both
have a fairly strong electronic coupling between the acceptor
and bridging moieties. Perturbation of the ground state
absorption spectrum is another way to assess the magnitude
of electronic coupling. We already know that interaction
between donor and acceptor strongly perturb the absorption
spectrum and the reduction potentials of ZnPc-OPE-AuP*
(vide supra). The effect of electronic coupling is less apparent in
the absorption spectrum of ZnPc-OPE-SnP, but a small extra
absorption can be seen in the region between 500 and 600 nm
(SI Figure Sla). In contrast, the observed spectrum for ZnPc-
OPE-Cq, is an almost perfect match to the sum of the ZnPc-
OPE and Cq references, which indicates fairly little electronic
communication between ZnPc and Cg,. This trend is further
supported by the computational results above. The correlation
between electron transfer rates and degree of perturbation of
the absorption spectrum agrees with the hypothesis that it is
the electronic coupling that is the main reason for the
difference in reactivity between the three donor—acceptor
dyads.

Comparison of Back Electron Transfer Rates. The rates
for back electron transfer (kppr) do not follow the same trend
as the photoinduced electron transfer rates. ZnPc-OPE-Cyy,
which has the lowest forward rate, has the fastest back electron
transfer rate. Faster back electron transfer rate compared to
forward electron transfer is a fairly common feature in many
donor—acceptor dyads,*%>* but it is difficult to explain why
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this behavior only appears in the fullerene based dyad and not
in the two porphyrln based systems. In an extensive review by
G. Bottari et al."*" all the reported ZnPc-Cy, dyads have charge
separatlon rates that are faster than the charge recombination
rates,>* so ZnPc-OPE-Cy is a surprising exception also in that
context.

A strong electronic coupling for forward electron transfer is
often associated with a strong coupling for the back electron
transfer, but ZnPc-OPE-AuP* does not follow this pattern.
Studies by Kadish and co-workers on the reductlon of gold(III)
porphyrins suggest a possible explanation.'® de They found that
depending on the substitution pattern of the gold porphyrin,
the first reduction of an Au™P* can occur on either the metal or
on the porphyrin ring. In contrast, tin(IV) porphyrins, like
most regular porphyrins, are expected to undergo ring based
reductions.> Our hypothesis is that in both ZnPc-OPE-AuP*
and ZnPc-OPE-SnP photoinduced electron transfer results in
an initial reduction of the porphyrin ring, However, for ZnPc-
OPE-AuP" the initial charge shifted state rapidly relaxes S that
the gold ion is reduced instead of the porphyrin ring.*® This
would influence the back electron transfer in two ways.

The first effect of metal based reduction of AuP" is a change
in reorganization energy. Kadish and co-workers reported that
the reductive quenching of the triplet states of pyrene and
phenanthrene by a gold porphyrin was associated with an
unusual large reorganization energy (1.2 eV in PhCN), which
can be compared to the typical value for metalloporphryins
with ring centered reductions (~0.6 eV).'* However, for
ZnPc-OPE-AuP*, a similar increase in reorganization energy
would actually be expected to result in a faster electron transfer
rate (since A & —AG®), so this effect is not the major factor
behind the slow back electron transfer.

The second effect is due to changes in the electronic
coupling. If the excess electron is mainly situated in metal based
orbitals it will interact less with the OPE bridge compared to if
it were situated on the porphyrin ring. To confirm this
hypothesis we utilized DFT to calculate the spin densities of
the reduced state of the three different OPE-acceptor
references. First, we optimized the geometries for the
nonreduced bridge-acceptor fragments. Second, the nuclei
were kept in the same position, but an extra electron was
introduced. The spin density distribution that followed from
this should approximate where the excess electron is situated
directly after the electron is transferred (“unrelaxed” in Figure
7). Finally, the reduced bridge-acceptor fragment was relaxed to
its lowest energy geometry. The resulting spin density should
now show where the electron is situated in the relaxed charge-
separated or charge-shifted state (“relaxed” in Figure 7). In the
case of ZnPc-OPE-AuP" one can clearly see the change from a
ring-based reduction (unrelaxed) to a metal-centered reduction
(relaxed). This strongly supports our hypothesis that the
photoinduced electron transfer in ZnPc-OPE-AuP" is first to a
charge-shifted state that is situated on the rings of the donor
and acceptor (Zn"Pc**-OPE-Au""P*), which allows for a high
coupling in the forward direction. The charge-shifted state then
rapidly relaxes to a state where the excess electron in AuP is
mainly on the gold ion (Zn"Pc**-OPE-Au"P) where the
electron has been “trapped”. The same kind of stabilization is
not possible in ZnPc-OPE-SnP, which may explain why the
back electron transfer is about an order of magnitude faster
than in ZnPc-OPE-AuP”. This “trapping” mechanism might be
part of the explanation to why dyad systems with AuP* tend to
have long-lived charge shifted states,' >58¢
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Figure 7. Spin density (contour threshold 0.0004 au) of the radical of
the accepting side, using an unrelaxed or relaxed geometry (see text for
more details). From top to bottom: OPE-AuP*, OPE-SnP, and the
OPE-Cy,. Note how the spin density of relaxed AuP is centered on the
metal, while for relaxed SnP it is spread out over the z-conjugated
system.

B CONCLUSIONS

We have shown that both ZnPc-OPE-AuP* and ZnPc-OPE-
Cgo in PhCN undergo photoinduced electron transfer. For
ZnPc-OPE-Cg, the back electron transfer is much faster (kgpr
~ 5 x 10" s7') than the photoinduced forward reaction (kpgr
= 1.1 X 10° s™"), which prevents build up of the desired charge-
separated state. In contrast, ZnPc-OPE-AuP® undergoes
ultrafast, long-range photoinduced electron transfer over an
edge-to-edge distance of 23 A with kpgp = 1.0 X 10 s7,
followed by recombination with kg = 1.0 X 10° s™". The high
forward rate is due to strong electronic coupling, which is also
reflected in a strong perturbation of the steady-state absorption
spectrum. The comparably long-lived charge-shifted state is
formed because the reduced gold porphyrin relaxes from a
Au"P*® radical to a Au"P species, with the excess electron
density localized on the metal. The metal-centered reduced
species interacts less with the bridge and the electronic
interaction with the hole on ZnPc becomes smaller. ZnPc-
OPE-SnP, which is structurally very similar, does not undergo
the same kind of metal based reduction. In this case, the rate for
back electron transfer is an order of magnitude larger. This
information may be useful for the design of multichromophoric
systems that undergoes very fast photoinduced electron transfer
and still have a significant lifetime for the charge-separated
state.

B ASSOCIATED CONTENT
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Additional spectroscopic data, details on calculations of rate
constants, driving forces and reorganization energies, Cartesian
coordinates for the three dyad systems, simulated UV/vis
spectra, list of the main vertical transitions and corresponding
orbital composition, and representation of all relevant
molecular orbitals. This material is available free of charge via
the Internet at http://pubs.acs.org.
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