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The influence ofπ-stacking on photoinduced electron transfer in a series of donor-acceptor molecules attached
to a 3-fold symmetric scaffold was studied. The donor-acceptor unit is a DEA-PDI pair (DEA ) N,N-
diethylaniline; PDI) perylene-3,4:9,10-bis(dicarboximide)), in which the 4-position of DEA is covalently
attached to the nitrogen atom of one imide of PDI. One, two, or three DEA-PDI units are attached to the
para position of one of the phenyl groups of 1,3,5-triphenylbenzene, using the other PDI imide group to form
mono-, bis-, and tris(DEA-PDI). These molecules demonstrate an increasing tendency to self-assemble into
π-stacked dimers in solution in the order mono(DEA-PDI) , bis(DEA-PDI) < tris(DEA-PDI). Photoinduced
electron transfer in both the monomers and self-assembled dimers was studied by femtosecond transient
absorption spectroscopy. The charge separation (CS) and charge recombination time (CR) constants are found
to be independentof π-stacking aptitudes, while the transient spectral features differ significantly upon
dimerization. The electronic interactions imposed byπ-stacking appear to change the energies of the ground,
excited, and ionic states of DEA-PDI to a similar extent, which results in similar energies for CS and CR
within the monomers and dimers.

Introduction

The preparation of extended molecular arrays designed to
carry out energy and/or electron transfer for potential applica-
tions in organic photovoltaics is a topic of much current
interest.1-3 Significant research has been dedicated to the
construction of large, covalently bonded molecular structures
capable of intramolecular photoinduced charge separation.4-11

However, as covalent synthesis is costly and time-consuming,
one of the most promising approaches toward photofunctional
materials is noncovalent self-assembly.12-17 Moreover, the pre-
defined structural relationships between the functional compo-
nents of covalent donor-acceptor molecules can be used to elicit
particular noncovalently assembled structures with enhanced
functionality. The performance of such self-assembled photo-
active structures will depend both on the photophysical proper-
ties of individual molecular components and their interactions
in the self-assembled systems. Understanding these interactions
is highly desirable for designing photofunctional arrays.

Highly ordered aromatic materials are important for applica-
tions in photonic and electronic devices, and much interest has
been devoted to their controlled organization through intermo-
lecular forces.18-21 Upon formation of stacked assemblies, the
photochemical properties of individual molecular components
can change, since the electronic interactions intrinsic toπ-stack-
ing change the properties of the ground, excited, and radical
ion pair states.18,22As aromaticπ-stacking is primarily governed
by electrostatic, dispersion, and solvophobic interactions,23-29

aromatic chromophores possessing largeπ-conjugated systems
with polar functional groups appear to be good building blocks
for preparing stacked assemblies. An important class of such
chromophores based on perylene-3,4:9,10-bis(dicarboximide)

(PDI) has been successfully utilized to self-assemble functional
materials byπ-stacking.19,30-39 PDI-based systems demonstrate
exceptional photochemical stability, structural diversity, high
fluorescence quantum yields, and low triplet yields. We recently
reported a study of photoinduced electron transfer in a ZnTPP-
PDI4 donor-acceptor system (TPP) tetraphenylporphyrin),
which formsπ-stacked structures in solution.40 In this system,
photoinduced intramolecular electron transfer from1*ZnTPP to
PDI occurs with a 3 pstime constant followed by intermolecular
electron transfer between PDI molecules within the stack. In
the (ZnTPP-PDI4)n structure the photoexcited1*ZnTPP donor
does not interact strongly with other neutral ZnTPP molecules
nearby, whereas the PDI acceptor does. We wish to explore in
more general terms how photoinduced electron transfer occurs
in a system in which both the initial photoexcited state and the
resultant radical ion pair product may interact with a nearby
neutral donor-acceptor molecule. This is a situation that occurs
in organic photovoltaic materials in the solid state.

We report here on photoinduced electron transfer in a series
of molecules in which the electron donor-acceptor unit isN,N-
diethylaniline-PDI (DEA-PDI), in which the 4-position of
DEA is covalently attached to the nitrogen atom of one imide
of PDI. One, two, or three DEA-PDI units are attached to the
para position of one of the phenyl groups of 1,3,5-triphenyl-
benzene by using the other PDI imide group to form mono-,
bis-, and tris(DEA-PDI), 4-6 (Figure 1). Molecules4-6
demonstrate an increasing tendency to self-assemble into
π-stacked dimers in solution in the order mono(DEA-PDI) ,
bis(DEA-PDI) < tris(DEA-PDI). Photoinduced electron trans-
fer in these compounds was studied by femtosecond transient
absorption spectroscopy. Good resolution of the spectral features
of the excited state and ionic intermediates facilitates identifica-
tion of the states relevant to electron transfer in theseπ-stacking
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donor-acceptor systems. We find that the photoinduced charge
separation (CS) and charge recombination (CR) time constants
are independent of theπ-stacking aptitudes, while the appear-
ance of the spectral features differs significantly when the
monomers are compared to theπ-stacked dimers, providing
insights into the influence ofπ-stacking on the electron-transfer
process.

Experimental Section

Steady-State Measurements.All measurements were per-
formed at room temperature. Proton nuclear magnetic resonance
spectra were recorded on a Varian 400 spectrometer with TMS
as an internal standard, and chemical shifts are given in ppm
downfield from TMS. UV-vis absorption measurements were
made on a Shimadzu spectrometer (UV1601). Steady-state
fluorescence measurements were made on a single photon
counting fluorimeter (PTI). Optical densities of solutions were
kept below 0.1 in a 1-cm cuvette, and excitation/emission
geometry was at right angles. All solvents were spectrophoto-
metric grade. Dynamic light scattering (DLS) experiments were
performed with a Coulter N4 Plus instrument (632.8 nm light
source). Vapor pressure osmometry measurements were per-
formed with a Knauer K-7000 osmometer and employed
polystyrene (MW) 3680) as a molecular weight standard.

Electrochemical measurements were performed with a CH
Instruments model 660A electrochemical workstation. The
solvent was methylene chloride containing 0.1 M tetra-n-
butylammonium hexafluorophosphate (TBAPF6) electrolyte. A
1.0 mm diameter platinum disk electrode, platinum wire counter
electrode, and Ag/AgxO reference electrode were employed.
Ferrocene/ferrocenium (Fc/Fc+, 0.475 V vs SCE in CH2Cl2)
was used as an internal reference for all measurements. All
electrochemical measurements were performed under dry ni-
trogen atmosphere. Synthesis and characterization of the reported
compounds are described in the Supporting Information.

Transient Spectroscopy.A Spectra-Physics Millenium V
frequency-doubled CW Nd:YVO4 laser was used to pump a
home-built Ti:sapphire oscillator.41 The 45-fs, 800-nm pulses
from the oscillator were stretched to about 200 ps by using a
four-pass, reflective, single-grating pulse stretcher and are used
to seed a homemade regenerative amplifier,42 which includes a
Clark-MXR Pockels cell, and is pumped at a 1 kHz repetition
rate by a Quantronix 527DP frequency-doubled Nd:YLF laser
(5.2 mJ/pulse). The amplified Ti:sapphire pulse (0.7 mJ/pulse)
is recompressed to approximately 80 fs by a four-pass, reflective,
single grating compressor. The pulse energy after compression
is 440µJ/pulse. Two 5% reflective beam splitters are placed in
the output path to generate two 800-nm beams for white light

Figure 1. Structures of the molecules used in this study.
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generation. The remaining 800-nm light is frequency doubled
by using a 1-mm-type I LBO crystal to give 400-nm, 80-fs,
80-µJ pulses.42 The 800-nm light from the first 5% beam splitter
is passed though a waveplate-polarizer pair to control its
intensity, and a few microjoules are focused into a 1-mm
sapphire disk to generate white light continuum probe pulses.
All-reflective optics were used both to focus the 800-nm pulse
into the sapphire and recollimate the white light output, thus
limiting the chirp on the white light pulse to<200 fs. The
800-nm light from the second 5% beam splitter was used to
create a second white light continuum by focusing the 800-nm
pulse into a 2-mm sapphire disk, using a 100 mm focal length
(f.l.) lens. This white light was used to seed the first stage of a
two-stage OPA, which was previously described.43,44 The first
stage contains a Type II BBO crystal, which is pumped with
about 20-25 µJ of 400-nm light focused into the crystal with
a 300 mm f.l. lens. After removal of the IR idler beam and
residual 400-nm pump, the first stage produced transform-
limited pulses having∼0.5 µJ/pulse from 460 to 750 nm. This
light is then focused into the Type I BBO of the second stage
of the OPA with a 75 mm f.l. lens. The second stage amplifies
the first stage light upon overlap with the remaining 55-60 µJ
of 400 nm pump light. The final amplified pulse is∼10 µJ/
pulse after filtering out the residual 400-nm and IR idler light.
For experiments with 400-nm excitation, the white light input
to the OPA was turned off by blocking the sapphire with a beam
block. The blue light through the first stage OPA was similarly
turned off, so that the 400-nm pump traveled only through the
second stage of the OPA. Energy levels were sufficiently low
that no continuum generation was observed in the BBO I crystal.
The optical path for the probe beams, 400 nm or OPA, and the
chopping scheme used to perform pump-probe experiments
are described by Lukas et al.42

The instrument was outfitted with a CCD array detector
(Ocean Optics PC2000) for simultaneous collection of spectral
and kinetic data.45 The total instrument response function for
the pump-probe experiments was 130 fs. Typically 5 s of
averaging were needed to obtain the transient spectrum at a
given delay time. Cuvettes with a 2 mmpath length were used
and the samples were irradiated with 0.5-1.0 µJ per pulse
focused to a 200-µm spot. The optical density atλmax was
typically 0.4-0.8. Kinetic analyses were performed at several
wavelengths by using a Levenberg-Marquardt nonlinear least-
squares fit to a general sum-of-exponentials function with an
added Gaussian to account for the finite instrument response.

Results and Discussion

Synthesis and Self-Assembly.It has been shown that
photoinduced electron transfer occurs readily from aromatic
amines attached to PDI molecules.46 In light of this observation,
compounds1-6 (Figure 1) were synthesized and characterized
by mass spectrometry,1H NMR, and UV-vis spectroscopy (see
the Supporting Information). Model compound1 was synthe-
sized to characterize the photoinduced electron-transfer reaction
within a single DEA-PDI molecule. The 1,3,5-tris(4-aminophe-
nyl)benzene scaffold,2, was synthesized by using a literature
procedure,47 and allows the introduction of a variable number
of DEA-PDI units. Compound2 was condensed withN′-(N,N-
diethylaminophenyl)perylene-3,4-dicarboximide-9,10-dicarboxy-
anhydride,3, to yield mono-, bis-, and tris(DEA-PDI), 4, 5,
and 6, respectively. In the absence of an electron donor, the
fluorescence quantum yield of1*PDI is nearly unity; however,
the fluorescence yields of1 and 4-6 are strongly quenched
(æF < 0.001) even in relatively nonpolar solvents such as

toluene, suggesting that a fast and efficient electron-transfer
reaction takes place. This was confirmed by transient absorption
studies (see below).

Elucidation of theπ-stacked aggregate structures in solution
presents a significant challenge. Yet, PDI-based systems have
the advantage thatπ-stacking results in distinctive UV-vis
spectral changes due principally to exciton coupling between
the transition dipoles of adjacent chromophores.48 For example,
exciton interactions between the PDI chromophores in a
J-aggregate (slipped stack geometry) show red-shifted absorption
spectra, while the corresponding H-aggregates (cofacial geom-

Figure 2. Normalized UV-vis spectra of (A)4 and1 (inset) in toluene,
MTHF, and chloroform, (B)5 in MTHF and CHCl3 (inset), and (C)6
in MTHF and chloroform (inset).
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etry) demonstrate blue-shifted spectra.48 In general, the blue shift
in H-aggregates results in an enhanced 0-1 vibronic band in
cofacially stacked PDI compared to that of nonstacked PDI
molecules due to strong vibronic coupling.35,49,50These spectral
changes provide a useful tool for roughly determining the PDI
stacking geometry in solution.30,36,37,51

UV-vis spectra show that1 and4 do not aggregate in CHCl3,
toluene, and MTHF (Figure 2A). On the other hand, bis(DEA-
PDI), 5, demonstrates a moderate degree of H-aggregate
formation, i.e., some enhancement of the 0-1 vibronic band,
in toluene and MTHF, while in CHCl3 its UV-vis absorption
is characteristic of a disaggregated species (Figures 2B and
Figure 3A). On the other hand, tris(DEA-PDI), 6, shows a
strong tendency to self-assemble into H-aggregates in both
toluene and MTHF as denoted by the strong enhancement of
the 0-1 vibronic band (Figures 2C and Figure 3B), while in
CHCl3 6 shows only a small enhancement of the 0-1 vibronic
band suggesting that it is largely disaggregated (Figure 2C,
inset). Remarkably, the UV-vis spectra of6 in toluene and
MTHF show that it remains largely aggregated at low concen-
trations (∼10-6 M). Compound6 also exhibits significant
aggregation in dichloromethane solutions at concentrations
above 10-5 M as indicated by UV-vis spectroscopy. For
comparison, Figure 4 shows the UV-vis absorption and
fluorescence emission spectra from the cofacial PDI2 reference
dimer that we reported earlier.40 In this dimer the orientation
of the transition moments of the two PDI chromophores is forced
by the xanthene spacer to adopt a parallel orientation leading
to essentially solvent-independent blue-shifted spectra.

The molecular weight of the aggregate of6 in toluene at 5
× 10-3 to 1× 10-2 M measured by vapor pressure osmometry

(VPO) is∼6 kD. Since the molecule weight of the monomer is
3136.5, the VPO data indicate that the aggregate is a dimer. In
addition, we performed dynamic light scattering (DLS) experi-
ments on solutions of6 as high as 10-3 M in toluene. No
significant scattering signal was observed, indicating that the
aggregate size (mean particle size, assuming a spherical particle
model) is below the 3 nm detection limit of the instrument. Thus
based on UV-vis, VPO and DLS data,6 self-assembles into a
π-stacked dimer, in which the orientation of the PDI chromo-
phores should be approximately cofacial. The formation of
significant concentrations of larger aggregates of6 is not
supported by our measurements. Compound5 is most likely a
dynamic mixture of monomer and dimer, as indicated by UV-
vis spectra (Figures 2 and 3).

1H NMR spectra of the aromatic protons withinπ-stacked
PDI molecules show characteristic upfield ring current shifts,37,50

and are therefore potentially useful for determining the structures
of these stacked systems.1H NMR spectra of1, 4, and 5 in
CDCl3 are characteristic of monomers. In contrast,1H NMR
resonances of6 in CDCl3 are severely broadened in the 10-4

to 10-2 M concentration range, which is most probably due to
a dynamic equilibrium between monomers and dimers. Notably,
the aromatic PDI resonances of6 in toluene-d8 are significantly
less broadened than those observed in CDCl3, and are shifted
upfield relative to those of monomeric4 by approximately∆δ
) 0.1-0.2 ppm indicatingπ-stacking of6 (Figure 5).37,50Thus,
the dimerization equilibrium in toluene, which appears to be
slow on the NMR time scale, is shifted strongly toward the
dimer. This is in agreement with the UV-vis data showing that
6 is aggregated and that4 and 1 are disaggregated at this
concentration. Moreover, in the concentration range 2× 10-4

to 2 × 10-3 M (toluene-d8), the chemical shifts and the shape
of the PDI aromatic resonances of6 are independent of
concentration, which lends further support to dimer formation
(Figure S1, Supporting Information).52,53

Our NMR, VPO, and UV-vis data suggest that all PDI units
of 6 are involved in cofacialπ-stacking interactions, which
implies a dimer geometry where two molecules of6 are
positioned on top of one another. In light of these observations
we performed a force field optimization of the dimer structure,
using a roughly cofacial dimer geometry as the starting point
for the calculation. Figure 6 shows the energy-minimized dimer
structure calculated by using the MM+ force field.54 All three
pairs of stacked PDI molecules adopt similar conformations,
and the calculated PDI interplanar distances average to∼3.5
Å. Although molecular mechanics calculations employ a high
degree of approximation, they have been shown to give a

Figure 3. Normalized UV-vis spectra of (A)5 in toluene and (B)6 in toluene.

Figure 4. Normalized UV-vis and fluorescence spectra of PDI2 (R
) 3,5-di-tert-butylphenoxy; R′ ) 2-ethylhexyl).
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satisfactory estimate of the stacking interactions in many
systems.55-58 Our calculated structure of theπ-stacked dimer
of 6 is consistent with our experimental results.

Electron Transfer. To estimate the energetics of charge
separation in the monomer vs the dimer cyclic voltammetry
(CV) in dichloromethane was performed on compounds1 and
6. Compound6 is dimeric under the conditions of the CV
measurement, as indicated by UV-vis spectroscopy. The CVs
of both1 and6 show reversible one- and two-electron reductions
of PDI40 and reversible oxidation of DEA59 (Table 1, see also
Figure S2 in the Supporting Information). The energy of the
lowest excited singlet state of monomeric PDI,ES1 ) 2.21 eV,
is obtained from the average of the energies of its absorption
maximum at 2.27 eV (548 nm) and emission maximum at 2.16
eV (575 nm) (Table 1).40,60 Since the UV-vis absorption of
the upper exciton band of dimeric6 occurs at 2.44 eV (511
nm), the lower disallowed absorption should be 1.98 eV (∼630
nm). As the fluorescence emission from all the DEA-PDI
derivatives is strongly quenched, we will rely on the fluores-

cence emission from the PDI2 reference dimer, which has
absorption spectra nearly identical with those of dimeric6, to
estimate the excited-state energies of the PDI excited states in
dimeric 6. The fluorescence maximum of PDI2 occurs at 700
nm withæF ) 0.15 (Figure 4), and is strongly red-shifted relative
to the 575-nm emission maximum of the PDI monomer. The
presence of this relatively strong emission implies that it does

Figure 5. 1H NMR spectrum of the PDI aromatic ring resonances of4 and6 at 2 × 10-3 M in toluene-d8.

Figure 6. MM+ energy-minimized structure of the dimer of6, with views along thex, y, andz axes.

TABLE 1: One-Electron Redox Potentials (E1/2
RED, E1/2

OX), Excitation Energy (ES1), and Free Energies of Charge Separation (∆GCS)
and Charge Recombination (∆GCR) for 1 and 6a

∆GCS(eV) ∆GCR(eV)
E1/2

RED

(V)
E1/2

OX

(V)
ES1

(eV) MTHF toluene MTHF toluene

1 -0.70 0.97 2.21 -0.67 -0.14 -1.58 -2.11
6 -0.68 0.84 ca. 1.9 ca.-0.5 ca. 0.0 ca.-1.4 ca. -1.9

aCompound6 was aggregated at the conditions of measurement, as verified by UV-vis spectroscopy. See the Supporting Information for cyclic
voltammograms.

TABLE 2: Time Constants for Photoinduced Charge
Separation and Thermal Radical Ion Pair Decay for the
Indicated Compoundsa

CS time constant (ps) CR time constant (ps)

compd toluene MTHF toluene MTHF

1 0.7( 0.1 0.8( 0.3 16( 3 3.4( 0.5
4 0.8( 0.1 1.5( 0.5 16( 3 4.3( 1.0
5 0.7( 0.1 0.5( 0.1 20( 2 5.1( 1.2
6 0.6( 0.1 0.7( 0.2 16( 2 4.5( 0.2

a The error bars are 1 standard deviation. These time constants were
determined at 740 nm.

Influence ofπ-Stacking on Photoinduced Electron Transfer J. Phys. Chem. A, Vol. 108, No. 37, 20047501



not originate from the strongly disallowed transition48 from the
lower exciton state to the ground state. It is due to an excimer-
like state that is below the energy of the nearby lower exciton
state of the dimer. The energies of the lower exciton states of
both PDI2 and dimeric6 are 1.98 eV, while the emission from
the excimer-like state of PDI2 occurs at 1.77 eV. Since the
emission occurs exclusively from the excimer-like state, these
two energies bracket the energy of the excimer-like state, and
thus we estimate that the energy of the excimer-like state is
∼1.9 eV. The free energies for the photoinduced charge
separation (∆GCS) and charge recombination (∆GCR) reactions
are calculated by using the Weller equation61 (see the Supporting
Information for details). It should be noted that the oxidation
potential of the DEA donor is lower in dimeric6 (E1/2

OX ) 0.84
V) than in monomeric1 (E1/2

OX ) 0.97 V), indicating that the
DEA radical cation is more stable in the dimer than in the
monomer. Using this approach the data shown in Table 1
indicate that both∆GCS and∆GCR change by no more than 0.2
eV between monomeric1 and dimeric6. These calculations of
free energies are at best an estimate because having the charges
delocalized between dimeric donors and/or acceptors will also
change the solvation, ionic radii, and perhaps the radical ion
pair distances as well.

Femtosecond transient absorption studies with 400-nm pulses
were used to investigate the photochemistry of stacked arrays
of 5 and 6 as well as their nonstacked counterparts1 and 4.
The transient absorption spectra of1 and 4-6 in MTHF and
toluene reveal that ultrafast electron transfer from DEA to1*PDI
results in formation of PDI-• (Table 2, Figures 7 and 8).40,62

The kinetics show that the time constants for the decay of PDI-•

in all compounds measured at∼700 nm match the recovery of

the ground-state bleaches at 511 and 550 nm, indicating that
charge recombination produces the ground state. Additionally,
compounds1, 4, and6 in toluene were excited at 550 nm to
verify that electron transfer did not occur from the S2 (400 nm)
or upper exciton state (511 nm). Both the spectral and kinetic
data were the same within experimental error for samples excited
at 400 or 550 nm. The data obtained with 400-nm excitation
are shown in Figures 7 and 8. In6 we do not observe spectral
changes using either 400- or 550-nm excitation at times greater
than the 130 fs instrument response that can be attributed to
formation of the excimer-like state from either the upper or
lower exciton states (Figure 8D as well as Figure S3 in the
Supporting Information). It appears that the first discernible
process in the dimers is CS from the excimer-like state. We do
not observe a spectral feature due to DEA+• because this radical
cation has a weak extinction coefficient compared to those of
the transient PDI intermediates.40,63However, it is important to
note that good resolution of the1*PDI and PDI-• spectral
features was achieved, and very similar spectra were observed
in both MTHF and toluene. Remarkably, we observe very
similar time constants for CS and CR in all our compounds
regardless of their aggregation state: in tolueneτCS ) 0.6-0.8
ps andτCR ) 16-20 ps, while in MTHFτCS ) 0.5-1.5 ps and
τCR ) 3.4-5.1 ps for compounds1 and4-6 (Table 2). This
occurs despite the fact that dimeric5 and 6 exhibit severely
broadened and blue-shifted transient absorption features that are
dramatically different from the appearance of these features in
1 and4 (Figures 7 and 8). For example, the time evolution of
the transient features of1 in MTHF (Figure 7A) shows that the
absorption due to1*PDI at 693 nm observed at 0.7 ps is replaced
at 3 ps with a sharper feature at 734 nm characteristic of PDI-•.62

Figure 7. Femtosecond transient absorption spectra in MTHF following a 400 nm laser flash: (A)1, (B) 4, (C) 5, and (D)6.
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The 1*PDI and PDI-• spectral features of4 are slightly
broadened, but peak at nearly the same wavelengths as those
of 1, 700 nm for1*PDI and 740 nm for PDI-• (Figure 7B).
Significantly, both the1*PDI and PDI-• peaks in5 and 6 in
both MTHF and toluene (Figures 7C,D and 8C,D, respectively)
are blue shifted in comparison to those of1 and4 (Figures 7A,B
and 8A,B). For example, in MTHF, the1*PDI feature shifts to
675 nm in5 and about 645 nm in6, whereas the PDI-• feature
displays peaks at 693 and 767 nm in5 and at 651, 735, and
776 nm in6. Considerable spectral broadening of these features,
especially those of PDI-•, also occurs in both5 and 6. The
degree of broadening corresponds well to the tendency to self-
assemble:6 > 5 . 4, 1. The spectral features of compound5
are intermediate between those of4 and6, in agreement with
its aggregation behavior (monomer-dimer mixture). The broad
appearance of PDI-• peaks in the spectra of the dimers are
consistent with those observed in covalently linked cofacial PDI
dimers and in (ZnTPP-PDI4)n aggregates.40

Monomer vs Dimer Energetics.To analyze electron transfer
in π-stacked arrays, all photochemically relevant interactions
imposed by aggregation must be considered: (a) ground-state
interactions; (b) excited-state interactions (exciton coupling and
excimer formation); and (c) the interaction of the radical ions
with their neutral neighbors. Our system allows observation of
all these interactions, since they result in distinct photophysical
signatures. As a consequence, both steady state and transient
absorption spectra of the dimers are very different from those
of the monomers.

Ground stateπ-stacking interactions in dimeric6 are indicated
by enhancement of the 0-1 vibronic band in the UV-vis

spectrum, compared to the spectrum of monomeric PDI in the
case of1 and4. Ground stateπ-stacking interactions have been
extensively studied in organic crystals, where they are known
to lower the energy of the HOMO (Figure 9).18

A comparison of the1*PDI and PDI-• spectral features in
the dimers vs the monomers clearly demonstrates the influence
of π-stacking on the states associated with electron transfer.
Stacking changes the energy of the initial excited state from
which CS occurs primarily due to contributions from both
exciton splitting and the formation of an excimer-like state
(Figure 9).18 Ground state cofacial stacking is known to promote
excimer formation by greatly enhanced interaction of the initially
localized excited state with the ground state of a nearby
molecule.18,64 Thus, the fact that PDI is a dimer in the ground
state facilitates subpicosecond formation of the excimer-like
state, which results in the appearance of the blue-shifted, broad
1*PDI absorption in6 (Figures 7D and 8D). Such a blue-shifted
broad transient feature is characteristic of an excimer state.65,66

While it may seem that since CS occurs from the excimer-
like state,∆GCS (and, thereforeτCS) should be different for the
dimer vs the monomer, we observe that the energetics of the
ion pair are also changed, due to the interactions of DEA+•-
PDI-• with an adjacent neutral DEA-PDI in the stacked dimer.
In turn, it is possible that variations in the CR rates will occur
as a result of stabilization of the radical ion pair in the stacked
dimer. It has been shown that radical cations67 and radical
anions68 interact in solution with their neutral counterparts
forming neutral molecule-radical ion dimers (π-mers). In fact,
our redox potential measurements demonstrate that DEA+• is
stabilized to a greater extent in the aggregated compounds

Figure 8. Femtosecond transient absorption spectra in toluene following a 400 nm laser flash: (A)1, (B) 4, (C) 5, and (D)6.
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(compareE1/2
OX for 1 and6, Table 1), due to the interaction of

this cation with its neutral neighbor (DEA/DEA+• interaction)
in the π-stacked dimer. Interestingly, no significant difference
in E1/2

RED of PDI was observed, while the transient spectral
feature of PDI-• changed significantly as a function of dimer-
ization, indicating PDI/PDI- interaction. It should be noted,
however, that the properties of a covalently linked radical ion
pair formed in a photoinduced electron transfer can differ from
those of singly reduced or oxidized species in electrochemical
experiments.

On the whole, it appears that all the DEA-PDI, DEA-1*PDI,
and DEA+•-PDI-• energy levels within the dimers of6 are
stabilized relative to their monomeric counterparts1 and 4
(Figure 9), resulting in the energy gaps for6 being similar to
those for1. Consequently, the overall CS and CR rates should
not change much in agreement with our experimental data (Table
2).

It should be noted that solvent interactions with the dimer of
6 may differ significantly from those in monomers1 or 4, and
can also contribute to the observed phenomena. Specific
solvent-solute interactions almost certainly influence the DEA-
PDI, DEA-1*PDI, and DEA+•-PDI-• energy levels in a
manner different for the monomers vs dimers. Overall, the
interactions between the individual molecules in the dimers and
specific interactions with the solvent should be considered in
order to develop an adequate quantitative picture of the electron
transfer in stacked donor-acceptor molecules. Research aimed
at developing a satisfactory quantitative model for electron
transfer in solubleπ-stacked aggregates is currently underway
in our laboratory.

Conclusions

The self-assembling DEA-PDI systems described here allow
us to observe all the major photochemical consequences of
π-stacking in solution that are relevant to electron transfer: (a)
ground-state interactions, (b) formation of excimer-like excited
states, and (c) radical ion pair state interactions. These interac-
tions appear to change the CS and CR energetics in the same
direction by similar amounts. As the basic building block of
any photoinduced electron-transfer system is a donor-acceptor
dyad, an understanding of the influence of stacking between
two such dyads is an important prerequisite for the utilization
of large molecular arrays such as6 in photofunctional materials.
Our study demonstrates that the noncovalent dimerization of
two photofunctional donor-acceptor units leads to a variety of

photophysical changes in comparison to the monomers. How-
ever, the overall outcome of these changes is somewhat
surprising, namely that electron-transfer rates in the dyad units
of the stacked dimer are very similar to those of the monomeric
dyad. This phenomenon, if it proves to be general, may simplify
the design of photofunctional materials for organic photovoltaics
based onπ-stacking between donor-acceptor moieties.
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