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The effect of donor-acceptor distance in controlling the rate of
electron transfer in axially linked silicon phthalocyanine-Cq,
dyads has been investigated. For this, two C4;-SiPc-Cqy, dyads, 1
and 2, varying in their donor-acceptor distance, have been
newly synthesized and characterized. In the case of Cg,-SiPc-Cg,
1 where the SiPc and Cy, are separated by a phenyl spacer,
faster electron transfer was observed with k. equal to 2.7 x
10°s™" in benzonitrile. However, in the case of Cg-SiPc-Cq, 2,
where SiPc and Cg, are separated by a biphenyl spacer, a slower
electron transfer rate constant, k,=9.1x10%s™', was recorded.
The addition of an extra phenyl spacer in 2 increased the
donor-acceptor distance by ~4.3 A, and consequently, slowed

1. Introduction

We, as a modern society, are heavily dependent on depleting
non-renewable sources like fossil fuels to meet our energy
demands. There is a real need to shift our focus towards more
clean and renewable energy sources. Sunlight is one of the
freely available sources of energy that has an enormous
potential to be utilized to meet our constant energy demands.
However, there is an immense gap when it comes to utilizing
solar energy in comparison to abundant source of sunlight that
reaches our planet. Through photosynthesis, plants have
demonstrated that there is a tremendous scope to harvest light
energy from the sun. Artificial photosynthesis is an ever-
growing field where new molecular systems have been studied
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down the electron transfer rate constant by a factor of ~3.7.
The charge separated state lasted over 3 ns, monitoring time
window of our femtosecond transient spectrometer. Compli-
mentary nanosecond transient absorption studies revealed
formation of *SiPc* as the end product and suggested the final
lifetime of the charge separated state to be in the 3-20ns
range. Energy level diagrams established to comprehend these
mechanistic details indicated that the comparatively high-
energy SiPc®*-C,,’~ charge separated states (1.57 eV) populated
the low-lying SiPc* (1.26 eV) prior returning to the ground
state.

to create ideal models that can replace the current generation
of photovoltaics."™

Multichromophoric systems consisting of donor-acceptor
assemblies are of great significance in designing new molecular
architectures for artificial photosynthesis.*?? To investigate
their potential use in artificial photosynthesis, these molecular
building blocks should demonstrate novel photophysical char-
acteristics including high tunability in the UV-Vis spectrum and
the ability to harvest sunlight. Porphyrinoid electron-donor,
usually porphyrins and phthalocyanines, are preferred for
building artificial photosynthetic systems, due to their high
molar extinction coefficients and photo-tunability.?’?? On the
other hand, Cy-fullerene, the well-known electron acceptor, is
often preferred due to its low reorganization energy making it
an ideal candidate for donor-acceptor molecular systems.?”
Furthermore, upon reduction, C4 containing systems tend to
show faster charge separation and slower recombination
processes, such property is important in building constructs
which behave close to photosynthetic pigments for efficient
light harvesting.”” That is why donor-acceptor arrangements
based on porphyrin/phthalocyanine and Cyy-fullerene, represent
an outstanding majority.*>¥

In the context of donor-acceptor design, there are few
examples of covalent multimodular artificial photosynthetic
systems, where electron-acceptor units are arranged in the axial
positions of a suitable porphyrinoid macrocycle, thus providing
molecular systems that undergo photo-induced electron trans-
fer processes in a very efficient way."****' One of the most
versatile building-blocks is silicon phthalocyanine (SiPc), which
can be easily functionalized at axial positions through a variety
of functionalities. Our groups have experience in syntheses and
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photophysical study of SiPc-based donor-acceptor arrange-
ments. To name a few, axially functionalized SiPc macrocycles
with  trinitrofluorene  (TNF),“?  perylenediimide  (PDI),"*”
nanotubes,“® or fullerenes (Cs,N and Cy,),"%*” and combinations
of them,®™ demonstrate the tunability and potential of these
systems in the field of artificial photosynthesis.

It is worth highlighting two different SiPc compounds,
asymmetrically and axially functionalized with both perylenedii-
mide (PDI) and fulleropyrrolidine electroactive units, recently
published by our research groups.”'”? Analyzing both works
together, we concluded that, to efficiently obtain long-lived
charged separated states, it is preferable to have only fullerene-
Ceo subunits in the axial positions of an electron-rich SiPc
moiety, wherein the distance should be fixed through ad-
equate-length rigid connectors. Here, we present the synthesis,
characterization and evaluation of their photophysical proper-
ties of a series of triads (C¢,-SiPc-C¢o 1 and 2) where a SiPc unit,
specially designed to present an improved electron donating
character, with eight 2,6-dimethylphenoxyl groups arranged in
the peripheral positions, is combined, in a covalent manner,
with two fullerene-Cy, appends. These appends are symmetri-
cally located in the axial positions of the central silicon atom,
and the distance to the phthalocyanine core is varied through
conjugated rigid connectors of different lengths (Figure 1). This
work constitutes one of the few examples of systematic study
about the influence of the distance between electroactive units

Cao-SiPC-CGO 1
n=2 Ceo-SiPC-Cso 2

n=1

Figure 1. Molecular structure of Cg-SiPc-Cyo 1 and Cy-SiPc-Cy 2 investigated
in the present study.
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on the photophysical properties of systems based on SiPc and
Ceo, for their application as artificial photosynthetic systems.

2. Results and Discussion
2.1. Syntheses

The axially substituted silicon phthalocyanines Cgy-SiPc-Cqo 1
and Cy-SiPc-Cq, 2 were synthesized following the route
described in Scheme 1. Starting from (RO),SiPcCl,, which is
firstly obtained from 5,6-bis(2,6-dimethylphenoxy)isoindoline-
1,3-diimine and SiCl, (see SI), it is made to react for 1 h, under
micro-wave irradiation (155°C,170 W) in a single-mode appara-
tus, with 3 equivalents of benzoic acid derivative, using dry
toluene, as a solvent, and a catalytic amount of an ionic
liquid,1-butyl-3-methylimidazolium iodide (BMII). This ionic
liquid significantly improves the absorption of microwave
radiation, so SiPcs 3-5 are obtained in about one hour, with
yields ranging from 20 to 30%. These yields are comparable to
those obtained in the preparation of similar compounds when a
classical-heating method is employed and using long reaction
times (> 12 h) 23032343839 Eina|ly, C4y-SiPc-Cyo 1 and Cyy-SiPc-Cyy
2 are obtained through a double Prato’s reaction, with sarcosine
as nitrogen source and obtaining, both compounds, in a 29—
30% yield. It is worth to note that, in this step, an excess of
pristine Cg, is used and the reaction time is limited to 1 h, to
minimize the formation of polyadducts. Thus, the obtained
yields indicate an approximate efficiency of 55% for each
cycloaddition, which is quite high for this type of reaction. This
trend was previously observed by us during synthesis of
different acceptor bearing PDI-SiPc-Cq, triads, whose final step
was a Prato reaction. So we can infer that, in silicon
phthalocyanine compounds bearing axial groups with aldehyde
functionalities, phthalocyanine ring could provide an extra
stabilization to the in situ generated azomethine ylide inter-
mediates, which facilitates the following 1,3-dipolar cycloaddi-
tion to a C¢,-fullerene [6,6] bond.

2.2. Characterization

All new compounds were characterized, at first, by 'H NMR
spectroscopy and High-resolution mass spectrometry (HR
MALDI-TOF, See Sl). All '"H NMR spectra are clear and simple,
with well-defined signals, and this is because silicon phthalo-
cyanine compounds, axially and peripherally substituted with
bulky groups, are soluble in a wide variety of organic solvents,
presenting a very low tendency to aggregate in solution.
Figure 2 shows, as an example, C,-SiPc-Cg, 1 and 2 'H-NMR
spectra, together with that of SiPc 3 (reference compound),
registered in CDCl; at 25°C. All of them show characteristic
signals of their common structure, a peripherally octa-substi-
tuted phthalocyanine ring with 2,6-dimethylphenoxyl residues.
These are, a sharp signal, centered at 8.26-8.24 ppm and
corresponding to eight non-peripheral hydrogens, and two
more signals assigned to peripheral substituents, a multiplet
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Scheme 1. The synthetic route followed to obtain Cgy-SiPc-Cg, 1, Cyo-SiPc-Cyo 2, and SiPc 3.
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Figure 2. Comparison of SiPc 3 and Cg4,-SiPc-Cg, 1 and 2 'H NMR spectra in CDCl, as solvent at 25°C.

n=1 Cgo-SiPc-Cgo1
n=2 Cg-SiPc-Cgp2

which integrates for 24 aromatic hydrogens, centered around  axial substituents, all of them peculiarly up-field shifted. This is
7.42-7.27 ppm, and a singlet integrating for 48 hydrogens (16x  caused by the influence of the ring current, generated while
CH,) and centered at 2.37-2.42 ppm. Besides, it is also possible  registering the spectra. For example, in the case of SiPc 3, these
to appreciate signals ascribed to aromatic hydrogens of the  signals appear as two coupled doublets centered at 5.98 and
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4.91 ppm, while equivalent hydrogens in C4, derivatives appear
as two-two coupled signals, centered at 6.63 and 5.10 ppm in
the case of 1, and centered at 7.55, 7.01, 6.44 and 5.07 ppm for
2. Here, the influence of C4, sphere is also observed, because
ortho aromatic hydrogen signals, near to N-meth-
ylfulleropyrrolidinyl append, do not appear as doublets, but as
broad singlets, due to restricted rotation of phenyl groups,”®
centered at 6.63 and 7.55ppm, for Cg-SiPc-Ce, 1 and 2,
respectively.

2.3. Absorption and Fluorescence Spectroscopy, and
Computational Studies

Figure 3a shows the absorption spectra, recorded in benzoni-
trile, of the phthalocyanines-Cy, conjugates, C¢,-SiPc-Cg, 1 and
2, along with reference compounds and control. As it can be
seen, all of them present phthalocyanine characteristic Soret
and Q bands, around 360-370 nm and 700 nm region respec-
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Figure 3. a) UV/Vis absorption spectroscopy normalized to the visible band,
recorded in benzonitrile, of C4,-SiPc-C4, 1 and 2, SiPc, Cg, control and 1:1
mixture of SiPc-Cg, control. b) Fluorescence spectra, recorded in benzonitrile,
of Cg,-SiPc-Cgo 1 and 2, SiPc, Cq control and 1:1 mixture of SiPc-Cg, control.
The samples were excited at 627 nm corresponding to the SiPc peak
maxima. Inset in (b): The fluorescence decay profile of SiPc in benzonitrile
from time correlated single photon counting method.

ChemPhysChem 2020, 21, 1-10 www.chemphyschem.org

tively, plus an additional broad absorption, between 400 and
500 nm, attributed to an intramolecular charge-transfer com-
plex between peripheral 2,6-dimethylphenoxyl substituents and
phthalocyanine ring. The characteristic sharp peak of full-
eropyrrolidine at 432 nm was also present in 1 and 2. Spectrum
of 1 and 2 to that of the reference compound revealed a red-
shift in peak maxima, and an increase in the molar absorption
coefficients due to the combined electronic and steric influence
of the axial Cy-fullerene substituents. For example, if we focus
on the Q-band, it is observed that the maximum wavelength
moves from 696 nm of the reference SiPc (3 in Scheme 1) to
698 and 700 nm for 1 and 2, respectively. The electronic effect
of the fullerene moiety in the ground state is apparent and
more pronounced in the case of Cg-SiPc-Cq, 1, which has a
shorter connector. The influence of fullerene on the intensity of
the Q-band absorption maxima is also appreciated. Thus, the
phthalocyanines Cy-SiPc-C4 1 and 2 show higher values than
SiPc, and this is related to the volume of the axial substituents,
as is also the case in the spectrum of 1:1 mixture of SiPc and
Ceo control. That increase is, in this case, more pronounced for
Coo-SiPc-Cy 2, the one with the most voluminous axial
substituents which indicates, therefore, a slightly lower ten-
dency to aggregate.

Figure 3b shows the emission spectra of Cg-SiPc-Cq, 1 and
2, and of the controls, recorded in benzonitrile, employing
667 nm as excitation wavelength. In particular, SiPc 3 shows a
medium-intensity fluorescence band centered at 704 nm, while
both 1 and 2 show very low fluorescence (quenched by 96 %
and 93%, respectively, accompanied by a small red-shift of
~2nm) compared to emission of either 3 or that of an
equimolar control mixture of SiPc and Cg, indicating occurrence
of excited state interactions between fullerene and phthalocya-
nine electroactive units. It is also worth to note that the
emission band intensity decrease is a little bit more pronounced
in the case of SiPc-Cg, 1, where the fullerene sphere is closer to
the phthalocyanine core. Such quenching was absent in 1:1
physical mixture of SiPc and Cg-control. These emission
measurements provide qualitative evidence of the photophys-
ical behavior pursued with the molecular design of these dyads.
That is, after selective irradiation of the phthalocyanine unit, the
presence of the fullerene in these dyads offers a non-radiative
deactivation path of the excited state, likely due to either
electron or energy transfer events.

Lifetime of SiPc was evaluated from performing time
correlated single photon counting (TCSPC) technique. The
decay profile of SiPc in benzonitrile is shown in Figure 3b inset.
Monoexponential decay with a lifetime of 6.11 ns (3*=1.05)
was recorded. The observed monoexponential decays is
suggestive of lack of aggregation formation of the phthalocya-
nine sensitizer utilized in the present study. Due to very low-
fluorescence, no lifetime could be determined for compounds 1
and 2.

In order to estimate the distances between the donor and
acceptor entities, and also to probe the electronic structure of 1
and 2, the compounds were optimized using B3LYP functional
at 6-11G(d,p) basis set on Gaussian 16 Fully optimized
structures of 1 and 2 are shown in Figure 4a and b. In the case
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(a) (b)

(d)

Figure 4. B3LYP/6-11G(d,p) optimized structure of (a) 1 and (b) 2. The
frontier HOMO and LUMO of 2 is shown in (c) and (d), respectively. Similar
HOMO and LUMOs were observed for compound 1.

of 1, Si—O bond length was 1.78 A while the Si to center of Cg,
distance was 11.56 A. The center-to-center distance between
the two C4 entities was 23.10 A. In contrast, the distances
measured for compound 2 revealed larger distances. That is, Si-
to-center of Cg, distance was 15.90 A while the center-to-center
distance between the two C, entities was 30.85 A. Insertion of
an additional phenyl ring in 2 increased the donor-acceptor
distance by ~3.4 A. The frontier orbitals generated on the
optimized structures using GaussView™ program revealed their
donor and acceptor properties, as shown in Figure 4c and d for
compound 2. The first HOMO on the SiPc and first LUMO on Cg,
in the case of both 1 and 2 were witnessed, establishing their
donor and acceptor characteristics within the dyads.

2.4, Electrochemistry, Free-Energy Calculations and Energy
Level Diagram

Figure 5a shows the cyclic voltammograms (CVs) of C4,-SiPc-Cq,
1 and 2, SiPc 3, and N-methylfulleropyrrolidine (Cg,-ref, see SI,
reference), all of them recorded in benzonitrile and referenced
to Fc/Fc™. Corresponding differential pulse voltammograms
(DPVs) are shown in Figure S10. Oxidation and reduction
potentials are also summarized in Table 1. The electronic
influence of fullerene moieties on the electrochemical proper-
ties of C¢,-SiPc-C¢o 1 and 2 can be seen. Looking at the anodic
part of registered voltammograms, we can see how the first
oxidation potential (E,,"), centered at 0.60 V in the case of SiPc,
moves to more positive values for Cqy-SiPc-Ceo 1 and 2, 0.62 and
0.61 V respectively (all reversible on CV time scale). Again, the
electronic influence of Cg, seems to be related to the distance
to the phthalocyanine ring, and is, therefore, slightly more
pronounced in the case of C4-SiPc-C4, 1. On the other hand,
first reduction waves of reference compounds, Cg-ref and SiPc
2, present close values, —1.07 and —1.04 V, while the second
reduction of these two entities was separated by about 60 mV
with values of —1.49V for Ciref, and —1.55V for SiPc,
respectively. Consequently, the first reduction in the case of
dyads 1 and 2 was an overlap of two processes involving SiPc
and Cq, electroreductions and was centered at —1.03 V for 1
and —1.02V for 2, respectively. However, these waves were
separated during the subsequent electroreduction wherein
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Figure 5. (a) Cyclic voltammograms, recorded in deaerated benzonitrile,
containing 0.1 M Bu,NPFg, at a scan rate of 100 mV/s and referenced to Fc/
Fc™, of Cg-SiPc-Cy 1 and 2, SiPc and Cg, ref compounds. (b) Energy level
diagram showing possible photo-events in 1 and 2 in benzonitrile. Energy of
the charge separated state in toluene is shown in the highlighted box. Solid
arrow — most likely process, dashed arrow - less likely process. CS=charge
separation, CR=charge recombination, and T=triplet emission.

Table 1. Redox potentials® of Cg-SiPc-C,, 1 and 2, and reference
compounds, SiPc 3 and Cq, ref, in benzonitrile.

Compound Ered4 Ereds Ered2 Ered1 Eo)(1 Eo)(2
SiPc - -159 - —1.04 060  1.08
Ceo ref —204 - -149 107 - -
Ceo-SiPc-Cyo 1 —202 -155 144 103" 062 -
CeSiPc-Cp2 —200 —157  —143  —1.02® 061

[a] The half-wave potentials measured in V (vs. Fc/Fc™) are extracted from
cyclic voltammograms of solutions in PhCN containing Bu,NPF(0.10 M) as
the supporting electrolyte. [b] Overlap of the first reductions of C4, and

SiPc.

reduction of C¢, and SiPc was possible to observe as separate
processes (reductions at —1.44 and —1.56 V in the case of 1 and
—1.43 and —1.57V in the case of 2), thus confirming the
existence of redox-active SiPc and Cg, entities of the studied
dyads, and the associated moderate degree of electronic
perturbations modulating the redox potentials.

© 2020 Wiley-VCH GmbH

AA



Chemistry
Europe

European Chemical
Societies Publishing

Articles

ChemPhysChem doi.org/10.1002/cphc.202000578

The feasibility of photoinduced electron transfer in these
dyads was evaluated by performing free-energy change calcu-
lations according to Rehm and Weller.”**” Further, these free-
energy changes along with excited state energies were
assembled to construct an energy level diagram as shown in
Figure 5b. The 'SiPc* formed by selective excitation of SiPc in
both the triads could undergo, thermodynamically feasible
direct electron transfer leading to SiPc®*-C,,"~ charge-separated
state with a stored energy of 1.57 eV in the charge separated
state in benzonitrile. More than 90% quenching of the
fluorescence emission is indicative of such charge-separated
states. This charge-separated state could relax back to the
ground state most likely via a *SiPc* state positioned below that
of the charge separated state at 1.26 eV. Small amounts of
directly excited C4 could also promote charge separation
leading to SiPc*"-Cg°~ charge-separated state. In order to
investigate these possible photoevents as a function of solvent
polarity, transient absorption studies at different time scales
were performed, as summarized in the following section.

2.5. Transient Pump-Probe Spectral Studies

First, femtosecond transient absorption (fs-TA) studies were
carried out in polar benzonitrile and nonpolar toluene. Both the
triads were excited at 698 nm corresponding to main visible
peak of SiPc. Fs-TA spectral features of SiPc is shown in
Figure S10a in the supporting information. Here, peaks at
623 nm and 698 nm due to the ground state bleaching (GSB)
and stimulated emission(SE) and the positive peaks at 562, 645,
746, and 1270 nm were due to excited state absorption (ESA)
were observed. Decay of singlet features were slow (Fig-
ure S10b) consistent with the earlier discussed long
fluorescence lifetime of SiPc.

Fs-TA spectra of compounds 1 and 2 in benzonitrile is
shown in Figure 6a and c, respectively. In both cases, rapid
decay and recovery of the ESA and GSB/SE peaks accompanied
by diagnostic peak of SiPc** at 865 nm and of C,,"~ at 1010 nm
providing direct evidence for formation of SiPc®*-C,*~ charge-
separated state. To analyze the transient data, decay associated
spectra (DAS) were generated using global analysis, as shown in
Figures 6b and d, respectively. Such data analysis of 1
generated three spectra; the first one at 14.3 ps had spectral
features of 'SiPc* (Figure 6b). The second spectrum at 374 ps
revealed two negative peaks (representing growth) at the
expected wavelengths of SiPc®* at 865 nm and of Cy' at
1010 nm that could be attributed to the charge separated state.
Using this time constant, the rate constant for charge separa-
tion, k. was determined and was found to be 2.7x10° s™'. This
value agreed well with earlier reported k. value for a similar
dyad (3.2x10° s7"),"® however, in this case the SiPc had t-butyl
groups at the ring periphery instead of the 2,6-dimeth-
ylphenoxyl groups. The third component with infinity time
constant (>3 ns) revealed positive peaks at 865 and 1100 nm
represented decay of the charge separated state. The infinity
time constant suggests that the charge separated state lasts for
over 3 ns.
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Figure 6. Femtosecond transient absorption spectra at the indicated delay
times of (a) 1 and (b) 2 in deaerated benzonitrile (A.,=698 nm). Decay
associated spectra from global analysis are shown in (b) and (d), respectively
for 1 and 2.

To verify whether a long-lived charge separated state does
exist in case of 1, nanosecond transient absorption (ns-TA)
spectral measurements were carried out as shown in Figure 7a.
Spectral features were typical of that of the 3SiPc* (see
Figure S11 for SiPc ns-TA spectra) with a broad signal centered
around 535 nm. No peaks in the near-IR region corresponding
to either SiPc*t or C4,"~ were present. This signal decayed with
a time constant of 82 us that compared with a time constant of
88 us recorded for pristine SiPc recorded under similar exper-
imental conditions. Energy level diagram in Figure 5b predicted
the SiPc**-C4,*~ charge separated state to populate the low-
lying 3SiPc* state and such a competition would reduce the
lifetime of the charge separated state. This seems to be the

(a) (b)
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Figure 7. Nanosecond transient absorption spectra at the indicated delay
times of (a) 1 and (b 2 in deaerated benzonitrile (A, =435 nm). Time profile
of the 535 nm band is shown in (b) and (d), respectively for 1 and 2.
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case here where the final lifetime of charge separated species
could be between 3-20 ns (20 ns is the lower detection limit of
our ns-TA setup).

The DAS generated for compound 2 was almost similar to
that of 1. The analysis also resulted in three spectra, the first of
which with a time constant of 35.5 ps had features of 'SiPc*
along with developing peaks of SiPc®*-C,,"~ charge separated
state (and some 'Cq* state). The 1.1 ns revealed features of
developing charge separated state (Figure 6d). The rate con-
stant for charge separation, ke, determined using this time
constant was found to be 9.1x10%s™", about 3.7 times slower
than that observed for 1 due to longer donor-acceptor distance.
The DAS with infinity time constant was typical of that of the
decaying charge separated state. In this case too, ns-TA spectra
were recorded as shown in Figure 7b, which also revealed
spectra corresponding *SiPic* (lifetime of 72 ps), as predicted by
Figure 5b. In this case also, it is safer to say that the final
lifetime of charge separated species lies between 3-20 ns.

3. Conclusions

In summary, the present study brings out the importance of
distance between donor-acceptor entities in multichromophoric
conjugates in governing the excited state electron transfer
events. In the case of Cg-SiPc-Cg, 1 where the SiPc and Cy, are
separated by a phenyl spacer, faster electron transfer was
observed with k. around 2.7x10°s™" in benzonitrile. However,
in the case of Cy-SiPc-Cq, 2, a slower rate of electron transfer
with k. equal to 9.1x10°s™" was observed due to increased
donor-acceptor distance. The addition of an extra phenyl spacer
revealed a significant effect on the rate of electron transfer. The
charge separated state lasted over 3 ns in both cases, however,
ns-TA studies revealed spectra corresponding to SiPc* and not
that of a charge separated state. As predicted from the energy
level diagram, the charge separated states populated the low-
lying SiPc triplet state prior returning to the ground state.

Experimental Section

Chemicals

All reagents used for synthesis and spectroscopic studies were
analytical grade and are used as received. Microwave irradiation
was performed in a Discover® CEM monomode instrument.

Spectral, Electrochemical, and Photophysical Measurements

NMR spectra were measured with a Bruker AC 300. Mass spectra
were obtained from a Bruker Microflex matrix-assisted laser
desorption/ionization time of flight (MVALDI-TOF).

UV/Vis spectra were recorded either on a Helios Gamma spectro-
photometer or a Shimadzu Model 2550 double-monochromator.
Fluorescence spectra were recorded either on a Perkin-Elmer LS 55
luminescence spectrometer or Horiba Yvon Nanolog coupled with
time-correlated single-photon counting with nanoLED excitation
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sources. A right-angle detection method was used to record
fluorescence emission

Cyclic (CV) and differential pulse voltammetry (DPV, see SI)
measurements were performed at 298 K in a conventional three-
electrode cell using a m-AUTOLAB type Ill potentiostat/galvanostat.
CVs and DPVs were performed at 100 mV/s and 20 mV/s scan rates,
respectively. Sample solutions (ca. 0.5 mM) were prepared in
deaerated PhCN, containing 0.10 M tetrabutylammonium hexafluor-
ophosphate (TBAPF) as supporting electrolyte. A glassy carbon
(GC) working electrode, an Ag/AgNO; reference electrode, and a
platinum wire counter electrode were used. Ferrocene/ferrocenium
was the internal standard for all measurements.

Femtosecond transient absorption spectroscopy experiments were
performed using an ultrafast femtosecond laser source (Libra) by
Coherent incorporating a diode-pumped, modelocked Ti:sapphire
laser (Vitesse) and a diode-pumped intracavity doubled Nd:YLF
laser (Evolution) to generate a compressed laser output of 1.45 W.
For optical detection, a Helios transient absorption spectrometer
coupled with a femtosecond harmonics generator, both provided
by Ultrafast Systems LLC, was used. The sources for the pump and
probe pulses were derived from the fundamental output of Libra
(Compressed output 1.45 W, pulse width 100 fs) at a repetition rate
of 1kHz, 95% of the fundamental output of the laser was
introduced into a TOPAS-Prime-OPA system with a 290-2600 nm
tuning range from Altos Photonics Inc., (Bozeman, MT), while the
rest of the output was used for generation of a white light
continuum. Kinetic traces at appropriate wavelengths were
assembled from the time-resolved spectral data. Data analysis was
performed using Surface Xplorer software supplied by Ultrafast
Systems. All measurements were conducted in degassed solutions
at 298 K. The estimated error in the reported rate constants is
+10%.

The nanosecond transient absorption measurement was done
using laser flash photolysis instrumental setup composed of an
Opolette HE 355 LD pumped by a high-energy Nd:YAG laser with
second and third harmonics OPO (tuning range 410-2200 nm,
pulse repetition rate 20 Hz, pulse length 7 ns) with laser powers of
1.0-3 mJ/pulse. For spectral measurements, a Proteus UV-vis-NIR
flash photolysis spectrometer (Ultrafast Systems, Sarasota, FL) with
a fiberoptic delivered white light as the probe and either a fast rise
Si photodiode detector (covering 200-1000 nm range) or an InGaAs
photodiode detector (covering 900-1600 nm range) was used. The
output from the photodiodes and a photomultiplier tube was
recorded using a digitizing Tektronix oscilloscope. Data analysis
was performed using Surface Xplorer software from Ultrafast
Systems.

Synthesis and Characterization of New Compounds

Synthesis of (RO);SiPcCl,

A suspension of 500 mg of 5,6-bis(2’,6'-dimethylphenoxyl)-1,3-
diiminoisoindoline (1.30 mmol), 5 mL of dry quinoline and 0.5 mL of
SiCl, is kept refluxed for one hour under inert atmosphere and
avoiding light. After that, the mixture reaches room temperature
and is precipitated over 100 ml of dry acetone. Finally, vacuum
filtration affords 510 mg of product (quant) as a greenish solid,
which is used in successive reactions without additional purifica-
tion. UV-Vis (CHCl5) A,/nm: 377, 634, 706.
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Synthesis of SiPc 4 Pyrrolidine), 3.87 (2H, d, J=9.5 Hz, H-Pyrrolidine), 2.37 (48H, s, 16X

A suspension of (RO)gSiPcCl, (50 mg, 0.032 mmol), 4-carboxybenzal-
dehyde (24 mg, 0.159 mmol), one drop of 1-butyl-3-meth-
ylimidazolium iodide (BMII) and 5 mL of dry toluene is prepared in
an 8 mL microwave tube. The mixture is then held at a constant
temperature of 155°C for one hour, using a microwave reactor
(170 W). After that, the crude reaction reaches 60°C, then diluted
with toluene and washed with NaOH 1 M, H,0, and brine. Finally,
17 mg of pure compound (30%) were obtained, as a light green
solid, after column chromatographic purification (neutral Al,O,,
Hx—Hx/CH,Cl, 1:2 v/v). '"H-NMR (300 MHz, CDCl,, 25°C): §=9.39
(2H, s, H-CHO), 8.29 (8H, m, H-Pc), 7.43-7.30 (24H, br s, H-Ar), 6.71
(4H, d, J=8.2 Hz, H-Ar), 5.19 (4H, d, J=8.2 Hz, H-Ar), 2.41 (48H, s,
16 x CH3). HR-MS (MALDI-TOF, dithranol): m/z [M*] calculated for
Ci12HgN504,Si 1799.6379, found 1799.6539. UV-Vis (CHCl;) A, /nm
(log€): 365 (4.94), 439 (4.56), 629 (4.58), 667 (4.55), 701 (5.45).

Synthesis of SiPc 5

A suspension of (RO)gSiPcCl, (100 mg, 0.064 mmol), 4-(4'-formyl-
phenyl)benzoic acid (43 mg, 0.19 mmol), one drop of 1-butyl-3-
methylimidazolium iodide (BMI) and 5mL of dry toluene is
prepared in an 8 mL microwave tube. The mixture is then held at a
constant temperature of 155°C for one hour, using a microwave
reactor (170 W). After that, the crude reaction reaches 60°C, then
diluted with toluene and washed with NaOH 1 M, H,O, and brine.
Finally, 25 mg of pure compound (25%) were obtained, as a light
green solid, after column chromatographic purification (neutral
Al,0;, Hx—Hx/CH,Cl, 1:2v/v). '"H-RMN (300 MHz, CDCl;, 25°C): =
9.86 (2H, s, CHO), 8.30 (8H, m, H-Pc), 7.63 (4H, d, H-Ar), 7.34 (24H, br
s, H-Ar), 7.10 (4H, d, H-Ar), 6.48 (4H, d, H-Ar), 5.16 (4H, d, H-Ar), 2.42
(48H, s, 16X CH,). HR-MS (MALDI-TOF, dithranol): m/z [M*] calcu-
lated for C;,4HggNg0O,,Si 1951.7005, found 1951.6916. UV-Vis (CHCI,)
Ama/NM - (logg): 365 (4.92), 437 (4.51), 627 (4.55), 666 (4.51), 699
(5.42).

Synthesis of SiPc 3

A suspension of (RO)gSiPcCl, (50 mg, 0.032 mmol), 4-methylbenzoic
acid (36 mg, 0.264 mmol), one drop of 1-butyl-3-methylimidazolium
iodide (BMIl) and 5mL of dry toluene is prepared in an 8 mL
microwave tube. The mixture is then held at a constant temper-
ature of 155°C for one hour, using a microwave reactor (170 W).
After that, the crude reaction reaches 60°C, diluted with toluene
and washed with NaOH 1 M, H,O and brine. Finally, 11 mg of pure
compound (19%) were obtained, as a light green solid. 'H-RMN
(300 MHz, CDCl,, 25°C): =8.26 (8H, s, H-Pc), 7.42-7.30 (24H, m, H-
Ar), 5.98 (4H, d, J=8.1 Hz, H-Ar), 4.91 (4H, d, J=8.1 Hz, H-Ar), 2.42
(48H, s, 16xCH,), 1.68 (6H, s, 2xCH;) ppm. HR-MS (MALDI-TOF,
dithranol): m/z [M—H]~ calculated for C,;,Ho,NgO;,Si 1770.6789,
found 1770.6798. UV-Vis (CHCl;) Ap./nm (loge): 365 (4.72), 437
(4.33), 625 (4.33), 662 (4.27), 696 (5.15).

Synthesis of C4,-SiPc-Cg, 1

20 mg (0.011 mmol) of SiPc 4, 8 mg of sarcosine (0.090 mmol) and
25 mg of Cg, (0.035 mmol) were dissolved in 3 ml of o-dichloroben-
zene. The mixture was heated at 130 °C for one hour under an inert
atmosphere. Evaporation of the solvent gave a crude product
which was finally purified by column chromatography (AlLO;,
Hexane/Toluene) to afford 11 mg (30%) of the pure compound as a
brown-green powder. 'H-RMN (300 MHz, CDCls, 25°C): 8=28.24 (8H,
s, H-Pc), 7.40-7.27 (24H, m, H-Ar), 6.63 (4H, br s, H-Ar), 5.10 (4H, d,
J=28.6 Hz, H-Ar), 4.64 (2H, d, J=9.5 Hz, H-Pyrrolidine), 4.25 (2H, s, H-
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CH,), 2.16 (6H, s, 2xN-CH;) ppm. HR MS (MALDI-TOF, dithranol):
m/z [M—H]" calculated for C,4H;0N;00;,Si 3295.7398, found
3295.7414. UV-Vis (CHCly) Ann/nm (loge): 364 (4.89), 433 (4.49), 627
(4.42), 665 (4.35), 700 (5.24).

Synthesis of Cyy-SiPc-Cg, 2

20 mg (0.01 mmol) of SiPc 5, 7.17 mg of sarcosine (0.081 mmol),
and 23 mg of C4 (0.032 mmol) were dissolved in 2.9 ml of o-
dichlorobenzene. The mixture was heated at 130°C for one hour
under an inert atmosphere. Evaporation of the solvent gave a crude
product which was finally purified by column chromatography
(AlL,O;, Hexane/Toluene) to afford 10 mg (29%) of the pure
compound as a brown green powder. '"H-RMN (300 MHz, CDCl;,
25°C): §=8.26 (8H, s, H-Pc), 7.55 (4H, br s, H-Ar), 7.41-7.28 (24H, m,
H-Ar), 7.01 (4H, d, J=8.0 Hz, H-Ar), 6.44 (4H, d, J=8.5 Hz, H-Ar), 5.07
(4H, d, J=8.5 Hz, H-Ar), 4.89 (2H, d, J=9.6 Hz, H-Pyrrolidine), 4.77
(2H, s, H-Pyrrolidine), 4.16 (2H, d, J=9.6 Hz, H-Pyrrolidine), 2.65 (6H,
s, 2xN-CH,), 2.37 (48H, s, 16xCH;) ppm. HR MS (MALDI-TOF,
dithranol): m/z [M—H]~ calculated for C,,5H,;,N100,,Si 3447.8028,
found 3447.8045. UV-Vis (CHCly) A./nm (loge): 364 (4.90), 436
(4.45), 626 (4.40), 664 (4.35), 698 (5.27)
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The free energy change for charge separation (AGg) from the singlet
excited state 'SiPc* within the donor-acceptor system is calculated in
benzonitrile using spectroscopic, computational and electrochemical
data following Equations (1-3).

-AGcr=Eox — Ered + AGs (1)

-AGcs=AFy — (—AGcRr) (2)

where AEy, and AGcs correspond to the energy of excited singlet state
and electrostatic energy, respectively. The E,, and E.4 represent the
oxidation potential of the electron donor (SiPc) and the reduction
potential of the electron acceptor, Cg,. The term AGs refers to the static
Coulombic energy, calculated by using the “dielectric continuum
model” according to Equation (3) :

6=l (Yo Yo W o 7]
TTE, ! ~ €r) Rec.&y

The symbols €, and &g represent vacuum permittivity and dielectric
constant (26 and 2.38, respectively for benzonitrile and toluene) of the
solvent used for photochemical and electrochemical studies, respec-
tively. R is the center-to-center distance between SiPc and Cq, being
11.56 A for 1 and 15.90 A for 2, respectively. The symbols R, and R.
(6.55 A for SiPc, and 3.6 A from computed structure) refer to radii of the
cation and anion species, respectively.
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