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(Abstract: A multimodular donor-acceptor conjugate featur-
ing silicon phthalocyanine (SiPc) as the electron donor, and
two electron acceptors, namely tetrachloroperylenediimide
(PDI) and Cg, placed at the opposite ends of the SiPc axial
positions, was newly designed and synthesized, and the re-
sults were compared to the earlier reported PDI-SiPc-Cqy,
triad. Minimal intramolecular interactions between the enti-
ties was observed. Absorption, fluorescence, computational
and electrochemical studies were performed to evaluate the
excitation energy, geometry and electronic structure, and
energy levels of different photoevents. Steady-state absorp-

N

tion, fluorescence and excitation spectral studies revealed ef-
ficient singlet-singlet energy transfer from 'PDI* to SiPc in
the PDI-SiPc dyad and the PDI-SiPc-Cq, triad. The measured
rates for these photochemical events were found to be
much higher than those reported earlier for the triad, due to
closer proximity between the PDI and SiPc entities. The dis-
tance also affected the charge separation path in which in-
volvement of PDI, and not Cg, in charge separation in the
present triad was witnessed. The present investigation
brings out the importance of donor-acceptor distances in
channeling photochemical events in a multimodular system.

Introduction

Taking advantage of the vast amount of sunlight, and trans-
forming it into electric power is, probably, one of the most in-
vestigated topics in recent years.""*' Humanity is slowly be-
coming aware of the real necessity to stop consuming fossil
fuels, and utilize clean and renewable energy. In this context,
mimicking the natural photosynthesis process appears to be a
simple, yet effective, strategy to get molecular systems that
are able to absorb and convert light to chemical or electrical
energy.*® From the point of view of molecular design, the
combination of electron donor and electron acceptor subunits,
with at least one of them playing the antenna role, is the most
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straightforward strategy to obtain artificial photosynthetic sys-
tems. These systems absorb light and trigger a sequence of
consecutive cascade of energy and/or electron processes, to fi-
nally afford a long-lived charged separated state, potentially
useful in photovoltaic and photocatalytic applications.”'”
There are a variety of chemically stable building blocks, easy to
synthesize and functionalize and, therefore, with tunable light
harvesting and photophysical properties, suitable to “con-
struct” high-performance artificial photosynthetic systems.
Among the available building blocks, perylenediimides
(PDI),"" phthalocyanines (Pcs)''® and Cgy-fullerene!” '@
stand up. PDI and Pcs exhibit large molar extinction coeffi-
cients, up to 10°m 'cm™', with absorption and emission spec-
tra covering the 400-800 nm region. They also present genu-
ine electron-acceptor and electron-donor characters, respec-
tively, which can be modulated through chemical modifica-
tions. On the other hand, Cg-fullerene is a well-known elec-
tron-acceptor moiety, due to its large m-electron 3D spherical
system, which makes it to present a small reorganization
energy after reduction, which results in fast charge separation
process and slow recombination of the formed charged sepa-
rated state. It is easy to infer that combinations of these three
building blocks would potentially fulfill the necessary require-
ments for highly efficient artificial photosynthetic systems, ab-
sorbing most of the solar spectrum, and rapidly transferring to
afford long-lived charged separated states. Synthesis of cova-
lent and supramolecular ensembles of PDI, Pc and C,, have
been described within recent scientific literature, and their
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photophysical properties have been also studied.*® In this
context, our groups have recently published the synthesis of a
multichromophoric  PDI-SiPc-C¢, covalent  system  (com-
pound 10 in Figure 1) and its photophysical characterization
after selective irradiation of either PDI or SiPc chromophores.!
It was concluded that, upon selective irradiation of the PDI
moiety, a sequence of energy transfer to SiPc, followed by elec-
tron transfer to PDI or/and Cg occurs, being the fullerene
moiety the most involved unit in the final electron transfer re-
action, even though PDI is, in this case, a better electron ac-
ceptor. This was attributed to the geometrical arrangement of

N=N

PDI-SiPc-Cgg 10

N/\/\N/\//\04©_<Z

electron acceptors around central SiPc core, where Cg, is much
closer than PDI. To rationalize this hypothesis, here we describe
the synthesis, characterization, and photophysical properties of
a new triad, PDI-SiPc-C¢, 1 (see Figure 1), specially designed to
bear electroactive subunits, PDI and Cg, rigidly connected
through a p-phenylbenzoate linker, in the axial positions of a
silicon phthalocyanine (SiPc), thus affording a multichromo-
phoric triad where electron acceptor units are equidistant to
central SiPc core.

Figure 1. Chemical structure of the newly synthesized PDI-SiPc-Cg, 1 and the control compounds. Structure of the earlier reported dyad 9 and triad 10 with

flexible linker is also shown for comparison purposes.
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Scheme 1. Synthesis of PDI-SiPc dyad 3 and PDI-SiPc-Cg, triad 1.

Results and Discussion
Synthesis

The synthesis of PDI-SiPc-Cg, triad 1 is described in Scheme 1.
Equimolar quantities of p-formylbenzoic acid and PDI 2 react
with tetra-tert-butyl silicon phthalocyanine dichloride to obtain
the asymmetrically axial-substituted phthalocyanine PDI-SiPc-
CHO 3 in a 6% yield. That statistical condensation is the bottle-
neck of the synthetic strategy employed, but taking into ac-
count the molar ratio, reaction time and the unavoidable ob-
tention of symmetrically axial-substituted phthalocyanine com-
pounds (PDI),SiPc and SiPc(CHO),, a 6% yield perfectly agrees
to those we have already obtained, employing comparable ex-
perimental conditions, in the synthesis of similar com-
pounds."®? Finally, PDI-SiPc-CHO 3 was reacted with Cg, ful-
lerene and N-methylglycine, through an 1,3-dipolar cycloaddi-
tion of in situ generated azomethine ylide®®” to afford PDI-SiPc-
Ceo triad 1 in 75% yield.

All of the new compounds were fully characterized with
standard techniques. Figure 2 shows a well-resolved 'H NMR
spectrum of PDI-SiPc-Cq, triad 1, recorded in deuterated chloro-
form, in which characteristic signals can be assigned (see also
Figure S1, Supporting Information, for '"H NMR of 2). For exam-
ple, the aromatic hydrogen atoms of the phthalocyanine ring
appear as two multiplets, at 9.85-9.55 and 8.45 ppm, integrat-
ing for eight and four hydrogen atoms, respectively, while
ortho hydrogens of asymmetric tetrachloro-perylendiimide
moiety appear as two sharp singlets, centered at 8.67 and
8.39 ppm integrating for two hydrogen atoms each. The N-
methylfulleropyrrolidine hydrogen signals look like two cou-
pled doublets and a singlet in between, centered at 4.63, 3.87
and 4.28 ppm, respectively; furthermore, one singlet integrat-
ing for three hydrogens is centered at 2.20 ppm. At this point,
it is worth noting that aromatic hydrogens of benzoate linkers
appear in the middle part of the spectrum, because the influ-
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ence of the strong ring current of the phthalocyanine. Con-
cretely, two sets of coupled signals can be distinguished, at
6.70 and 5.26 ppm, those corresponding to p-phenyl fullero-
pyrrolidine union, whereas other two doublets, centered at
6.19 and 5.35 ppm, are assigned to the analog axial connection
with perylenediimide subunit. On the other hand, the mass
spectrum of the PDI-SiPc-Cq, triad 1 shows a very low intense
molecular ion peak at m/z 2469.511 amu ([M+H] "), with an iso-
topic distribution that exactly matches the simulated isotopic
pattern, and two intense signals at m/z 1572.300 and
1662.363 amu, which correspond to the loss of the axial sub-
stituents, N-methylfulleropyrrolidinebenzoate and tetrachloro-
perylene diimide benzoate, respectively (see Figures S2 and S3
for dyad and triad mass spectrum, Supporting Information).

Optical absorption fluorescence and electrochemical studies

Systematic absorption and fluorescence studies were per-
formed to probe ground- and excited-state interactions in the
PDI-SiPc dyad 3 and in the PDI-SiPc-Cg, triad 1 in benzonitrile.
As shown in Figure 3a, a comparison between the absorption
spectra of the dyad and triad were a simple addition of their
individual components, suggesting minimal ground state inter-
actions between the entities, that is, no noticeable spectral
shift or broadening was observed. In these spectra, PDI absorp-
tion in the 450-550 nm range, and SiPc absorption in the 600-
740 nm range are noteworthy. The isolated absorption peaks
provide an opportunity to selectively excite the PDI and SiPc
entities in the dyad and triad.

The PDI fluorescence was characterized by a broad peak at
550 nm covering the spectral ranges of 440-680 nm, whereas
that of SiPc has a peak maximum at 705 nm with spectral cov-
erage spanning 675-760 nm range. When the fluorescence
spectrum of equimolar PDI and SiPc was recorded at the exci-
tation wavelength of 492 nm corresponding to PDI excitation,
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Figure 2. 'H NMR spectrum of PDI-SiPc-Cq, triad 1 in CDCls.
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Figure 3. (a) Normalized absorption spectra, (b) fluorescence spectra at the excitation wavelength of 492 nm corresponding to PDI absorption, (c) excitation
spectra recorded by holding the emission monochromator to 705 nm, corresponding to SiPc emission, while scanning the excitation wavelength, and (d) fluo-

rescence spectra at the excitation wavelength of 625 nm, corresponding to SiPc absorption. All spectra were recorded in benzonitrile.
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no appreciable quenching of PDI emission or appearance of
SiPc fluorescence was observed, suggesting the absence of in-
termolecular-type interactions between them (Figure 3b). In-
terestingly, in the case of PDI-SiPc dyad 3, upon selective exci-
tation of PDI, quenching of PDI over 95% was observed with
the appearance of SiPc emission around 706 nm. For the triad,
additional quenching of both PDI and SiPc emission was wit-
nessed (98% quenching of PDI fluorescence). These results
suggest the occurrence of singlet-singlet energy transfer in
the dyad, resulting in 'SiPc* as energy transfer product.””? Ad-
ditional evidence for energy transfer came from recording the
excitation spectrum of the dyad, wherein the emission mono-
chromator was fixed to SiPc emission maxima while scanning
wavelength of the excitation monochromator. Such spectra,
for the investigated compounds along with the control com-
pounds, are shown in Figure 3c. For PDI-SiPc dyad 3, as ex-
pected, peaks corresponding to both PDI and SiPc were clearly
observed providing direct proof for the occurrence of energy
transfer. In the case of PDI-SiPc-Cg, triad 1 with an additional
fullerene electron acceptor, excitation peaks corresponding to
both PDI and SiPc revealed diminished intensities.

Changing the excitation wavelength to 625 nm, correspond-
ing to SiPc excitation, revealed additional interesting observa-
tions (Figure 3d). That is, quenching of SiPc emission in the
amount of 80% in the case of the dyad and 95% in the case
of triad was observed. However, no quenching of SiPc in a 1:1
mixture of PDI and SiPc was observed indicating involvement
of 'SiPc* in additional photochemical events in the covalently
linked systems.

Next, cyclic voltammetry experiments of PDI-SiPc-Cg, triad 1
were recorded in benzonitrile, and compared to those of refer-
ence compounds SiPc ref.6, PDI ref.7 and Cg, ref.8 (see
Figure 1). Figure 4 and electrochemical data, listed in Table 1,
show the reversibility of all processes within the timescale of
cyclic voltammetry, with oxidation-reduction potentials, which
are comparatively assigned to electroactive units, and perfectly
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Figure 4. Cyclic voltammograms in PhCN containing Bu,NPF; (0.10 m) of
(from top to bottom) SiPc ref. 6, PDI ref. 7, Cq, ref. 8, and PDI-SiPc-Cg, 1. Scan
rate: 0.1 Vs~
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Table 1. Redox potentials™ of PDI-SiPc-C¢, 1 and reference compounds
SiPc ref. 6, PDI ref. 7 and C,, ref. 8 in benzonitrile.

Compound  Ey’ Ered’ Eed Eeed Ered Eoy Eol
1 - -163 —150 -1.10® —078 051 -
6 - —1.65 - -1.12 - 051  1.05
7 - - - -1.13 —-0.83 - -
8 —2.01 - —145 —1.04 - - -

[a] The half-wave potentials measured in volts (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 Cg, and SiPc.

match those obtained for reference compounds. Thus, it could
be inferred that the electronic interaction between electron-
donor and electron-acceptor units in PDI-SiPc-Cq, triad 1 is very
weak in the ground state, as was also evidenced by spectral
studies. As previously reported, the PDI unit bearing four
chloro substituents is easier to reduce by nearly 260 mV com-
pared to C4, moiety. Based on this, we expected to see primari-
ly an electron transfer from SiPc to PDI over fullerene.

Computational studies and energy level diagram

The geometry and electronic structures of the dyad were de-
duced from B3LYP/6-311G(d,p) calculations using Gaussian 16
software®® and the frontier orbitals were visualized using
GaussView software.”” The structures were fully optimized on
Born-Oppenheimer potential energy surface. Figure 5 shows
the optimized structure and the frontier HOMO, LUMO and
LUMO + 1 orbitals of the triad. In the optimized structure, the
center-to-center distance between PDI-SiPc and SiPc-Cq, were
13.8A and 11.6 A, respectively, whereas the corresponding
edge-to-edge distances (from Si to N of PDI and Si to edge of
Ceo) were 8.2 A and 9.0 A, respectively. In the recently reported
PDI-SiPc-Cy, triad, 10, PDI was held by a flexible linker,"™ the
edge-to-edge distance between PDI-SiPc was 13.3 A, much
larger compared to that in the present system. Such a close
proximity and better electron acceptor ability of PDI might
dominate the electron transfer from 'SiPc* to PDI, leading to

Figure 5. (a) B3LYP/6-311G(d,p) optimized structure, (b) HOMO, (c) LUMO
and (d) LUMO+ 1 of PDI-SiPc-Cy, 1 triad.
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PDI"-SiPc'"-Cq, charge separated state instead of PDI-SiPc™*
-C60.7

The frontier orbitals also supported better electron acceptor
nature of PDI over that of Cg, in the triad. That is, the LUMO
on PDI, LUMO+1 on Cg and HOMO on SiPc were witnessed.
These results establish the role of PDI being the primary elec-
tron acceptor and SiPc being the primary electron donor in
the triad.

Energy level diagrams were established to visualize dif-
ferent photochemical events in the dyad (see Figure S4, Sup-
porting Information) and triad (Figure 6). The 'PDI* formed by
selective excitation of PDI in the PDI-SiPc dyad and PDI-SiPc-
Cgo triad could undergo, thermodynamically feasible singlet-
singlet energy transfer to generate PDI-'SiPc* in the case of
dyad and PDI-'SiPc*-C,, in the case of the triad. Alternatively, a
direct electron transfer leading to PDI"-SiPc’* charge separat-
ed state in the case of the dyad and PDI"-SiPc’"-Cg, charge
separated state in the case of the triad are also thermodynam-
ically feasible. Evidence for the occurrence of singlet-singlet
energy transfer has been arrived from the earlier discussed ex-
citation and emission studies. The 'SiPc* formed either by
direct excitation or formed as a product of energy transfer, in
the case of the dyad and triad, could undergo electron transfer
process to result in PDI""-SiPc’* charge separated state in the
case of the dyad. Interestingly, for the triad there are at least
two electron transfer routes involving PDI and Cg, electron ac-
ceptor entities. Involvement of PDI would generate PDI""-SiPc’*
-C4 charge separated state with radical ion-pair energy of
1.30 eV, whereas Cq4, involvement would result in PDI-SiPc*
-C¢o~ charge separated state with an energy of 1.55 eV. Both
charge separated state possess energy higher than the energy
of triplet states of 3SiPc* (1.26 eV) and *PDI* (1.07 eV). Under
such conditions, the charge separated state would populate
one of these triplet excited states, which would eventually
relax back to the ground state. In order to probe such mecha-
nistic aspects, pump-probe spectroscopic measurements span-

[30,31]
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Figure 6. Energy level diagram depicting different photochemical events
originating from 'PDI* and 'SiPc* in the PDI-SiPc-Cg, triad 1. Solid arrow—
most likely process, dashed arrow—Iless likely process. EnT =energy transfer,
CS=charge separation, CR=charge recombination, and T=triplet emission.
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ning different time scales were systematically performed, and
these findings are summarized below. An energy level diagram
for the triad in toluene was also established as shown in Fig-
ure S5 (Supporting Information). Although energy and electron
transfer events are thermodynamically feasible from 'PDI¥,
electron transfer to PDI but not to Cg, from the 'SiPc* could be
realized in nonpolar toluene.

Transient pump-probe spectral studies

Transient absorption studies were performed on the dyad and
triad in polar benzonitrile and nonpolar toluene. The com-
pounds were excited at 698 nm, corresponding to SiPc excita-
tion, and at 523 nm, corresponding to PDI excitation. Transient
spectral feature of control compounds, SiPc and PDI are re-
ported earlier (see Figure S6, Supporting Information)."™ In
brief, ground state bleaching at 623 and 698 nm and peaks
corresponding to singlet-singlet transitions at 477, 606, 651,
732, 847, 1390 and 1460 nm were observed in the case of SiPc.
The 698 nm bleach peak also had contributions from stimulat-
ed emission. For PDI, ground state bleach at 486, 521, 561 and
593 nm and positive peaks at 634, 847 and 1000 nm, corre-
sponding to excited state absorption, were observed. The 561
and 593 nm peaks also had contributions from stimulated
emission. The decay and recovery of the positive and negative
peaks tracked the lifetime of the individual probe being 5.1 ns
for PDF and 5.7 ns for SiPc. Similar results were obtained for
the spectra recorded in toluene.

In the present study, the photoprocesses of the dyad and
triad were first investigated at the excitation wavelength of
523 nm, exciting selectively the PDI entity. The transient data
was analyzed by generating decay associated spectra (DAS) of
different photoproducts as a function of time. The obtained
data was also compared with that obtained from monitoring
the time profiles of the signature peaks in a multi-wavelength
global analysis. Figure 7 and Figure S7 (Supporting Informa-
tion) show the transient absorption spectra at the indicated
delay times of the dyad and triad in benzonitrile and toluene,
respectively.

In the case of the dyad PDI-SiPc, immediately after excitation
of the PDI entity at 523 nm, the instantaneously formed 'PDI*-
SiPc revealed characteristic peaks originating from 'PDI* (Fig-
ure 7a), which is a strong negative signal at 550 nm due to
ground state bleach. Unlike in the case of PDI control, in which
the recovery of this peak was slow, faster recovery of this peak
was witnessed in the case of the dyad, which was accompa-
nied by peaks corresponding to 'SiPc*, especially the negative
signal in the 700 nm, corresponding to ground-state bleach
and positive signal in the 1300-1500 nm range corresponding
to excited state absorption of 'SiPc*. These results provide
direct proof for singlet-singlet energy transfer in the dyad.
Compared to the transient features of 'SiPc*, in which the re-
covery/decay of the negative/positive peaks were slow, such
peaks in the case of the dyad revealed faster recovery, with
the appearance a new set of peaks characteristic of SiPc’* at
880 nm and that of PDI"" at 1010 nm, which provides direct
proofs of photoinduced electron transfer from PDI-'SiPc* state

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. Femtosecond transient absorption spectra at the indicated delay times of (a) PDI-SiPc dyad 3 and (d) PDI-SiPc-Cy, triad 1 in Ar-saturated benzonitrile,
at the excitation wavelength of 523 nm exciting PDI entity selectively. The decay associated spectra for the visible and near-IR regions for dyad 3 (b and c)

and triad 1 (e and f) are also shown.

to PDI"-SiPc’" charge separated state (see Figure 7a at latter
delay times).

In order to estimate the time constants for singlet-singlet
energy transfer, decay associated spectra were generated, as
shown in Figure 7b. A positive peak at 700 nm characteristic of
'SiPc* was observed at a time constant of 22.8 ps, suggesting
that the energy transfer occurs at this time scale in the
dyad.®?? A second negative component at 1.29 ns, much faster
than the lifetime of control SiPc, suggested its involvement in
additional electron transfer reaction. A third component with
infinite time constant (>3 ns) was also observed. In the near-IR
region of 800-1400 nm, the decay associated spectra revealed
four components (Figure 7 ¢), the first one at 24 ps close to the
22.8 ps recorded for the 'SiPc* formation. The second compo-
nent with negative signals with a time constant of 907 ps was
observed. From the location of peaks it could easily be as-
cribed to the formation of PDI"-SiPc’™ charge separated state.
The third component with a mirror image of earlier negative
signals at 1.12 ns was ascribed to the charge recombination
process. Similar observations were also made in toluene (see
Figure S7a-c, Supporting Information). In this case, the time
constants for energy transfer was 19.1 ps, whereas for charge
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separation and recombination, these values were 266 ps and
>3 ns. By using these time constants and lifetime of control
probes, energy transfer rate constant, kgy; were calculated and
were found to be 4.4x 10" s™" in benzonitrile and 5.2x 10" s
in toluene, respectively. These values were about twice as
much as that reported earlier for the PDI-SiPc dyad"® with
longer donor-acceptor distance. Such a trend was also ob-
served for the rate constants of charge separation. The calcu-
lated ko from the time constants were found to be 1.1x
10°s™" in benzonitrile and 3.8x10°s™" in toluene, both nearly
an order of magnitude higher due to spatial proximity com-
pared to earlier reported PDI-SiPc dyad." That is, faster
energy and charge transfer events in the present PDI-SiPc
dyad was possible to witness.

The transient spectra for the PDI-SiPc-Cq, triad at the excita-
tion wavelength of 523 nm in benzonitrile is shown in Fig-
ure 7d. Largely, the photochemical events tracked to those ob-
served for the dyad. That is, singlet-singlet energy transfer to
populate the 'SiPc* state in the earlier time scales, and addi-
tional photochemical events from the 'SiPc* state at the latter
time scales to produce the charge separated state involving
the energetically more accessible PDI, and not Cg, was wit-
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nessed. This result was in contradiction to the earlier reported
triad, 10, in which the spatially far PDI and spatially close Cq,
were both involved in the electron-transfer process.'” On the
contrary, in the present system, due to close proximity and
facile reduction potential, PDI was the primary beneficiary in
the electron process.

The time constants evaluated from the decay associated
spectra (Figure 7 e,f) were found to be 14.8 ps for energy trans-
fer, and 492.5 ps for charge separation processes. These values
resulted in kg and ke values of 6.7x 10 s and 2.0x10°s7,
respectively, and were slightly higher than that obtained for
the dyad and were also higher compared to the earlier report-
ed triad."™ The presence of a second electron acceptor, Cg, at
the opposite end in the triad seems to accelerate both energy
and charge separation processes in the triad. Such a trend was
also observed for the triad in nonpolar toluene (Figure S7 d-f,
Supporting Information). The time constants, from the decay
associated spectra were found to be 12.45 ps for energy trans-
fer, and 532 ps for charge separation processes were wit-
nessed. These values resulted in kg and kcs values of 8.0x
10"s™" and 1.89x10°s™', respectively, once again, slightly
higher than that reported for the previously described triad
system.

Finally, transient spectra of the dyad and triad were recorded
at the excitation wavelength of 689 nm, exciting selectively
the SiPc entity. Figure 8 shows the results obtained for the
dyad and triad in benzonitrile, whereas those for the measure-
ments performed in toluene are shown in Figure S8 in the Sup-
porting Information. In the case of both dyad and triad, the in-
stantaneously formed 'SiPc* revealed faster recovery/decay of
the 'SiPc* originated peaks and with appearance of new peaks
corresponding to PDI"-SiPc’™ charge separated state in the
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Figure 8. Femtosecond transient absorption spectra at the indicated delay
times of (a) PDI-SiPc dyad 3 and (d) PDI-SiPc-Cg, triad 1 in Ar-saturated ben-
zonitrile, at the excitation wavelength of 689 nm exciting SiPc entity selec-
tively. The decay associated spectra for the near-IR region are also shown.
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case of the dyad and PDI""-SiPc’*-Cq, charge separated state in
the case of the triad. No evidence for formation of PDI-SiPc™*
-Cso~ was observed indicating the electron transfer only in-
volves the PDI entity and not Cq, as predicted from the energy
level diagram in Figure S5 (Supporting Information). Selective
charge separation in the presence of multiple electron accept-
ors has been possible to achieve in the present model com-
pound.

Decay associated spectra were generated to identify the
charge separation products and their kinetic information, and
they are shown below each transient spectra in Figure 8 and
Figure S8 (Supporting Information). In all cases, the spectral
features characteristic of PDI""-SiPc’" were clear. The time con-
stants for the charge separation in benzonitrile for the dyad
and triad were found to be 877 and 452 ps, respectively, which
resulted in ks values of 1.1x10°s™" and 2.2x10°s™". Similarly,
in toluene the time constants were found to be 523 and
582 ps, respectively, which resulted in k. values of 1.9x10° s~
and 1.7x10°s™". In all the cases the rate constants were an
order of magnitude higher than that reported earlier for triad
9" mainly due to decreased distance between SiPc and PDI.

A summary of energy and electron transfer rate constants
for the present dyad and triad and those of the earlier report-
ed ones are given in Table 2. As pointed earlier, both energy
and electron transfer rates are higher for the present series of
compounds due mainly “close” distance between the PDI and
SiPc, especially the electron transfer rate constants, which are
an order of magnitude higher. Positioning the PDI closer to
SiPc also affected overall photochemical events in the triad,
that is, no evidence of Cg, involvement in the charge separa-
tion process was witnessed. Generally, presence of C4, acceler-
ated the energy and electron transfer processes to some
extent, perhaps due to subtle structural and electronic
changes. In most of the cases, the charge separated state
lasted over 3 ns, monitoring time window of our instrumental
setup. Nanosecond transient spectra were also recorded to
seek long-lived charge separated states. In all the cases strong
signal characteristic of *SiPc* was observed (Figure S9, Support-
ing Information). These results suggest the final lifetime of the
charge separated state to be less than 20 ns (lower detection
limit of our nanosecond transient spectrometer).

Table 2. Energy and charge separation rate constants for the PDI-SiPc
dyad and PDI-SiPc-Cg, triad series at the PDI and SiPc excitation wave-
lengths (see Figure 1 and Scheme 1 for structures). t.w.=this work.

Compound Solvent  kgygls™'1  kes[s 1% ke [sT'1®) Ref
PDI-SiPc, 3 PhCN 4.4x10" 1.1x10° 1.4x10° tw.
toluene  5.2x10" 38x10° 1.9x10° tw.
PDI-SiPc-Cey 1 PhCN 67x10°  20x10° 22x10°  tw.
toluene  8.0x10" 19x10°  1.7x10° tw.
PDI-SiPc, 9 PhCN 26x10" 2.52x10° - [19]
toluene  2.7x10° 126x10° - [19]
PDISiPc-Ce, 10 PhCN 29%10°  825x10° - [19]
toluene  5.0x10"°  4.62x10° [19]

[a] At PDI excitation wavelength (523 nm). [b] At SiPc excitation (698 nm).
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Conclusions

In summary, the present investigation highlights the impor-
tance of intramolecular distance between donor-acceptor enti-
ties in multimodular conjugates in governing the excited state
energy and electron transfer events. Although in the case of
the PDI-SiPc dyads, 3 and 9, the singlet-singlet excitation
transfer followed by electron transfer leading to PDI"-SiPc"*
charge separated state was evident; the closer separation in
the case of 3 made these photochemical events faster. Interest-
ingly, in the case of triads, 1 and 10, the presence of Cg, at the
opposite side of PDI of SiPc, had few noticeable effects. First,
both energy and charge transfer processes were slightly faster
compared to the corresponding dyad. Second, involvement of
Cqo in electron transfer was seldom seen in the case of 1 irre-
spective of whether (i) PDI or SiPc was excited, or (i) changing
solvent from polar to nonpolar. This was unlike for 10, for
which charge separation competitively occurred involving
both PDI and Cg, electron acceptors in both polar and nonpo-
lar solvents upon PDI excitation. Further studies along these
lines are in progress in our laboratories.

Experimental Section
Chemicals

All reagents used for synthesis and spectroscopic studies were ana-
lytical grade and are used as received.

Spectral, electrochemical and photophysical measurements

NMR spectra were acquired on a Bruker AC 300 spectrometer. Mul-
tiplicities are given as s (singlet), d (doublet), t (triplet), q (quartet),
dd (doublet of doublets), and m (multiplet), and the coupling con-
stants, J, are given in Hz. UV/Vis spectra were recorded either on a
Helios Gamma spectrophotometer or a Shimadzu Model 2550
double-monochromator. Fluorescence spectra were recorded
either on a PerkinElmer LS 55 luminescence spectrometer or
Horiba Yvon Nanolog coupled with time-correlated single-photon
counting with nanoLED excitation sources. A right angle detection
method was used to record fluorescence emission. Matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF) mass spectra
were obtained on a Bruker Microflex spectrometer.

Femtosecond transient absorption spectroscopy experiments were
performed by using an ultrafast femtosecond laser source (Libra)
by Coherent incorporating a diode-pumped, modelocked Ti:sap-
phire 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 spec-
trometer 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 1 kHz; 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 by using Surface Xplorer software supplied by Ultrafast
Systems. All measurements were conducted in degassed solutions
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at 298 K. The estimated error in the reported rate constants is
+10%.

The nanosecond transient absorption measurement was done by
using laser flash photolysis instrumental setup composed of a Opo-
lette 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 mJpulse™'. For spectral measurements, a Proteus UV-vis-NIR
flash photolysis spectrometer (Ultrafast Systems, Sarasota, FL) with
a fiberoptic delivered white light as probe and either a fast rise Si
photodiode detector (covering 200-1000 nm range) or a InGaAs
photodiode detector (covering 900-1600 nm range) was used. The
output from the photodiodes and a photomultiplier tube was re-
corded using a digitizing Tektronix oscilloscope. Data analysis was
performed using Surface Xplorer software from Ultrafast Systems.

Synthesis and characterization of compounds

PDI-CO,H 2,*% SiPc ref. 6,%% PDI ref. 7°% and C, ref. 8" were pre-
pared as previously described. Column chromatography was per-
formed on SiO, (40-63 mm) or using a Combiflash® R; chromatog-
raphy system (Teledyne Technologies, Inc., Thousand Oaks, CA).

PDI-SiPc-CHO 3: (tBu),SiPcCl, (30 mg, 0.04 mmol), 4-formylbenzoic
acid (5.4 mg, 0.04 mmol), PDI-CO,H 2 (29 mg, 0.04 mmol), and 1-
butyl-3-methylimidazolium bromide (BMIB, 1 drop) were mixed in
2-methoxyethyl ether (diglyme, 1 mL) in a 10 mL microwave reac-
tion tube, which was then capped. The contents were stirred and
microwave-irradiated to a set temperature of 180°C for 30 min.
The crude reaction mixture was poured into 0.5M aqueous HCI
and, the precipitate formed, collected by vacuum filtration. The re-
sulting brown-green powder was dissolved in CH,Cl, (100 mL). Fil-
tration and removal of the solvent in vacuo provided the corre-
sponding crude product, which was purified twice by a Combi-
Flash® chromatographic method, by using normal-phase silica col-
umns, firstly with CH,Cl, and CH,Cl,/AcOEt mixture as eluants and
followed by hexane and hexane/AcOEt mixture. 3.6 mg of PDI-SiPc-
CHO 3 were obtained as a brown-green powder (6% yield).
'HNMR (300 MHz, CDCl; 25°C): & 9.82-9.57 (8H, m, H-Pc), 9.40
(1H, s, CHO), 9.67 (1H, s, H-PDI), 8.47 (4H, d, J=8.1 Hz, H-Pc), 8.40
(2H, s, H-PDI), 7,50 (1H, t, J=7.7 Hz, H-Ar), 7.33 (2H, d, /=7.7 Hz,
H-Ar), 6.77 (2H, d, J=8.2 Hz, H-Ar), 6.20 (2H, d, J=8.4 Hz, H-Ar),
5,38 (2H, d, J/=8.4 Hz, H-Ar), 5.32 (2H, d, J/=8.2 Hz, H-Ar), 2.67 (2H,
m, 2x H;C-CH-CH,), 1,87-1,78 (36 H, m, 4xtBut), 1.18-1.09 (12H, m,
12xCHj, ppm. UV/Vis (CHC,) A, nm™" (log ): 360 (4.92), 488 (4.48),
521 (4.63), 625 (4.58), 664 (4.52), 695 (5.38). HR-EM (MALDI-TOF, di-
thranol): m/z for [CgH;sCl,N;gOS1™ calcd 1718.4484; found
1718.4670.

PDI-SiPc-C¢, 1: A mixture of Cg (33 mg, 0.05 mmol), sarcosine
(14 mg, 0.2 mmol), and PDi-SiPc-CHO 3 (25 mg, 0.01 mmol) in o-di-
chlorobenzene (3 mL) was stirred at 150°C under argon atmos-
phere for 1 h. After cooling, the reaction mixture was purified by
column chromatography (SiO,; toluene—toluene/AcOEt 50:1, v/v)
yielding 27 mg (75%) of PDI-SiPc-C¢, 1 as a brown solid. 'H NMR
(300 MHz, CDCly 25°C): 6 9.85-9.55 (8H, m, H-Pc), 8.67 (2H, s, H-
PDI), 8.45 (4H, d, J=8.0 Hz, H-Pc), 8.39 (2H, s, H-PDI), 7.50 (1H, t,
J=7.7 Hz, H-Ar-PDI), 7.33 (2H, d, J=7.7 Hz, H-Ar-PDI), 6,70 (2H, br
s, H-Ar-Cq), 6.19 (2H, d, J=8.5 Hz, H-Ar-PDI), 5,35 (2H, d, /=8.5 Hz,
H-Ar-PDI), 5.26 (2H, d, J=7.6 Hz, H-Ar-Cy,), 4.63 (1H, d, J=9.5 Hz,
H-pyrrolidine), 4.28 (1H, s, H-pyrrolidine), 3.87 (1H, d, J=9.5 Hz, H-
pyrrolidine), 2.67 (2H, m, 2x H;C-CH-CH;), 2.20 (3H, s, N-CH,), 1.90-
1.75 (36H, m, 4xtBut), 1.19-1.09 (12H, m, 12xCHs ppm. UV/Vis
(CHCL) A,.nm™" (log €): 360 (4.96), 487 (4.47), 521 (4.63), 625
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(4.53), 664 (4.47), 695 (5.34). HR-EM (MALDI-TOF, dithranol): m/z for
[Cy61Hg5C1aN1;O4Si+ H] ™ calcd 2469.5094; found 2469.5107.
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