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The kinetics of photoinduced intramolecular charge separation and subsequent charge recombination of three
oligo(p-phenylene vinylene)-perylene bisimide-oligo(p-phenylene vinylene) arrays has been studied using
femtosecond pump-probe spectroscopy in solvents of different polarity. The reduction potentials of three
donor-acceptor-donor molecules differ strongly as a consequence of the four substituents (R) 4-tert-
butylphenoxy, H, or Cl) at the bay position of the central perylene bisimide unit. The experiments indicate
that charge separation in these molecules occurs from the first excited singlet state of the perylene bisimide
moiety to the charge-separated state (CSS) and to the lowest electronically excited state level of the charge-
separated state (CSS*). For R) H and Cl, the rates for charge separation and charge recombination decrease
with increasing change in the Gibbs free energy, and hence the molecules represent an exceptional example
of molecules in which both charge separation and recombination occur close to or in the Marcus inverted
region.

Introduction

The kinetics of photoinduced charge separation reactions in
π-conjugated donor-acceptor systems is important to natural
and artificial light energy conversion.1 Marcus theory for
electron transfer predicts that this reaction can occur in different
regions, depending on the relative magnitude of the change in
Gibbs free energy (-∆G0) and the reorganization energy (λ).2

In the “normal region” (-∆G0 < λ), the rate constant increases
with increasing driving force (-∆G0), whereas in the “inverted
region” (-∆G0 > λ), the rate constant should decrease with
increasing-∆G0. This prediction of Marcus theory has attracted
considerable interest and was experimentally first verified by
Closs and Miller 20 years ago.3 Presently, numerous examples
of inverted region behavior have been reported for charge
recombination, but it remains quite elusive in photoinduced
charge separation.4 One exception is the recent work of Mataga
et al., who elegantly demonstrated inverted region behavior in
charge separation in porphyrin-imide dyads, utilizing the higher-
energy S2 state to increase-∆G0.5

Here, we describe the photoinduced electron transfer and
recombination kinetics of three oligo(p-phenylene vinylene)-
perylene bisimide-oligo(p-phenylene vinylene) (OPV-PERY-
OPV) arrays (1-3, Figure 1) and demonstrate that for2 and3
both forward and backward electron transfer occur in the
inverted region. These donor-acceptor-donor arrays differ only

by the substituents at the bay positions of the central PERY
moiety. The substituentstert-butylphenoxy, hydrogen, and
chlorine were chosen to create an increasing reduction potential
of the perylene bismide and thereby an increase of-∆G0.

Results and Discussion

Compound2 has been described previously.6 Compounds1
and 3 were synthesized by reacting (E,E,E)-4-[4-{4-(3,4,5-
tridodecyloxystyryl)-2,5-bis[(S)-2-methylbutoxy]styryl}-2,5-
bis[(S)-2-methylbutoxy]styryl]aniline6 with the appropriately
substituted 3,4:9,10-perylenetetracarboxylic dianhydrides in the
presence of zinc acetate in quinoline at 190°C (Figure 1).
Compounds1 and 3 were fully characterized using NMR
spectroscopy and mass spectrometry. The UV/vis absorption
spectra of1-3 are shown in Figure 2. The spectra exhibit the
characteristicπ-π* absorption of the OPV unit at∼435 nm
for each triad. The absorptions at higher wavelength are the
vibronically resolved transitions of the perylene bisimide
chromophores. Going from1 to 3, there is a continuous shift
of this band to higher energy, and accordingly, the energy of
the lowest singlet excited state increases (E00 ) 2.13, 2.32, and
2.38 eV for1-3, respectively when recorded in CH2Cl2).

Each of the three triads1-3 exhibits a reversible oxidation
wave in the cyclic voltammogram. The first oxidation potentials
of 1-3 are very similar (Eox ) +0.34,+0.31, and+0.33 V vs
Fc/Fc+ in CH2Cl2, respectively). The reduction potentials vary
much more (Ered ) -1.17, -1.02, and-0.80 V) and reflect
the difference in the electron donating and accepting character
of the substituents on the perylene bisimide moiety.
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The rates for charge separation (kCS) and recombination (kCR)
were determined for1-3 in six solvents with varying polarity
(εs ) 2.38-25.3) by monitoring the transient absorption of the
OPV+• radical cation at 1450 nm6 after excitation of the OPV
(450 nm) or PERY (520 nm) chromophore with femtosecond
pump-probe photoinduced absorption spectroscopy. Figure 3
shows an example of the transient traces that have been obtained.
For each triad,kCS and kCR were extracted from the data by

fitting a biexponential function. These data are collected in Table
1. For all three triads, charge separation is extremely fast
(kCS ) 2.2 × 1011 to 1.6 × 1012 s-1, Table 1). The charge
recombination varies more strongly with the solvent and is in
general slower (kCR ) <8 × 108 to 2.6× 1011 s-1). We found
that values obtained forkCS (or kCR) pertaining to the same
solute-solvent combination were independent of the excitation
wavelength (450 or 520 nm) used. This indicates that an ultrafast
singlet energy transfer from the singlet excited state of OPV
(2.52 eV) to the PERY moiety precedes the electron transfer,
which therefore originates from PERY singlet excited state S1.
The strong quenching of the OPV fluorescence supports this
conclusion. Therefore, the change in free energy for charge
separation,-∆G0, was determined relative to the energy level
of the PERY S1 (E00) and the redox potentials of the donor
(Eox(D)) and the acceptor (Ered(A)) state using a continuum
model:7

The radius of the OPV radical cation and the perylene bisimide
anion are set tor+ ) 5.05 Å andr- ) 4.71 Å, respectively,8

whereas the center-to-center chromophore distance (Rcc) was
set at 14 Å for all three compounds.

A semilogarithmic plot ofkCS andkCR versus-∆G0 is given
in Figure 4. The plot clearly shows that charge recombination
(open symbols) takes place in the inverted region. The rates
can be described using the nonadiabatic electron-transfer theory
proposed by Jortner et al.:9

In eq 2,V describes the electronic coupling andS () λi/pω)
relates to the effective mode vibrational energy, whereasλi and
λs are the internal and solvent reorganization energies, respec-
tively. Takingpω ) 0.186 eV (1500 cm-1) andT ) 298 K, a
satisfactory fit could be obtained forλi ) 0.25 eV, λs )
0.5 eV, andV ) 6 meV (Figure 4). This value ofλs is in
reasonable agreement with values calculated with the Born-
Hush approximation for the more polar solvents.10

Figure 1. Synthesis and structures of the three donor-acceptor-donor arrays1-3.

Figure 2. Normalized UV/vis absorption spectra of compounds1-3.

Figure 3. Normalized differential transmission dynamics of3 in CHCl3
(εs ) 4.81, closed squares) and benzonitrile (εs ) 25.3, open circles)
recorded at (1450 nm) with excitation at 450 nm, together with a
biexponential fit to the data (solid lines).
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Turning now to the rates for charge separation (Figure 4, solid
markers), it appears that thekCS data of1 fall on the same curve
as used to describe the charge recombination. Charge separation
for 1 is close to the “optimal region” (-∆G0 ≈ λ). For 2 and
3, charge separation is more exergonic than for1, and the rates
for charge separation are expected to be lower because inverted
behavior applies. In contrast, the experimental charge separation
in 2 and 3 is significantly faster than in1 (Figure 4).
Nevertheless, a small reduction ofkCS (more pronounced for
3) with increasing-∆G0 indicates behavior close to the inverted
region.

A possible explanation for the highkCS of 2 and 3 is that
charge transfer produces an excited state of the charge-separated
state (CSS*) rather than the ground state (CSS, Figure 5).4c The
energy of CSS* can be inferred from the absorption spectrum

of OPV+•, which exhibits a low-energy band with an onset at
0.6 eV (Figure 5).11 Because-∆G0 (to CSS) exceeds 0.6 eV
in solvents withε > 2.7, charge transfer from the PERY S1

state to CSS* is exergonic for2 and 3. We expect that
nonradiative decay from CSS* to CSS is fast; therefore, we
consider that charge recombination occurs only from CSS.

When-∆G0 is corrected for the 0.6-eV difference between
CSS and CCS*, the charge transfer will become less exergonic
and is no longer expected to occur in the inverted region but
rather in the optimal region. This rationalizes the moderate
reduction ofkCS with increasing-∆G0 and explains (in part)
the high values ofkCS for 2 and3. By including the additional
pathway to CSS* with a 0.6-eV lower driving force, the
experimental data forkCS of 2 and3 are in fair agreement with
values obtained from eq 2 when the same parameters are used
as before and the electronic coupling between PERY S1 and
CSS* is set toV ) 8 meV (i.e., slightly higher that between
PERY S1 and CSS (V ) 6 meV)). For low values of-∆G0,
the rate constant does not change because the pathway to CSS*
is endergonic. For larger values of-∆G0, charge separation is
a combination of both pathways. The fit supports the presence

TABLE 1: Experimental Rate Constants (k) and Estimates for the Change in the Gibbs Free Energy (∆G) and Activation
Energy (∆Gq) for Charge Separation (CS) and Recombination (CR) in Different Solventsa

solvent
-∆GCS

(eV)
∆Gq

CS
b

(eV)
kCS

(s-1)
kCS,calcd

c

(s-1)
-∆GCR

(eV)
∆Gq

CR
b

(eV)
kCR

(s-1)
kCR,calcd

d

(s-1)

1 PhCH3 0.14 0.021 2.7× 1011 1.4× 1010 1.99 2.73 <8 × 108 1.1× 108

PhCH3
e 4.9× 1011 5.7× 108

CHCl3 0.55 0.016 2.2× 1011 4.5× 1011 1.58 0.212 2.1× 1010 6.4× 109

PhCl 0.61 0.006 2.6× 1011 5.2× 1011 1.52 0.204 1.0× 1010 1.1× 1010

THF 0.69 0.019 3.9× 1011 5.7× 1011 1.44 0.057 3.4× 1010 2.1× 1010

ODCB 0.76 0.003 4.6× 1011 5.8× 1011 1.37 0.078 1.8× 1010 3.5× 1010

PhCN 0.88 0.004 2.5× 1011 5.8× 1011 1.25 0.016 5.5× 1010 7.9× 1010

2 PhCH3 0.51 0.037 1.6× 1012 4.1× 1011 1.81 1.89 3.0× 109 7.4× 109

PhCH3
e 4.1× 1011 3.9× 109

CHCl3 0.91 0.007 1.5× 1012 6.0× 1011 1.40 0.128 6.6× 1010 2.8× 1010

PhCl 0.98 0.020 1.0× 1012 6.6× 1011 1.34 0.120 7.5× 1010 4.3× 1010

THF 1.06 0.002 1.5× 1012 7.9× 1011 1.26 0.022 8.9× 1010 7.5× 1010

ODCB 1.13 0.022 1.1× 1012 9.1× 1011 1.19 0.033 4.4× 1010 1.1× 1011

PhCN 1.25 0.015 1.3× 1012 1.0× 1012 1.07 0.001 9.3× 1010 2.2× 1011

3 PhCH3 0.77 0.185 1.5× 1012 5.8× 1011 1.61 1.43 1.6× 1010 4.9× 109

PhCH3
e 1.1× 1012 2.5× 1010

CHCl3 1.18 0.054 1.0× 1012 9.9× 1011 1.20 0.060 1.2× 1011 1.1× 1011

PhCl 1.24 0.085 8.7× 1011 1.0× 1012 1.14 0.053 6.4× 1010 1.5× 1011

THF 1.32 0.033 1.0× 1012 1.0× 1012 1.06 0.002 2.6× 1011 2.3× 1011

ODCB 1.39 0.082 9.0× 1011 9.7× 1011 0.99 0.006 7.9× 1010 3.1× 1011

PhCN 1.51 0.064 5.8× 1011 7.3× 1011 0.87 0.004 1.9× 1011 4.5× 1011

a Calculated rate constants following eq 2.b Determined from the Marcus relation∆Gq ) (∆G0 + λ)2/4λ, with λ ) λi + λs, λi ) 0.25 eV, and
λs ) (e2/4πε0)(1/(2r+) + 1/(2r-) - (1/Rcc))(1/n2 - 1/εs).10 c Calculated for both the PERY S1 f CSS and PERY S1 f CSS* pathways (kCS,calcd)
kCSS + kCSS*) usingλi ) 0.25 eV,λs ) 0.5 eV,VCSS ) 6 meV,VCSS* ) 8 meV, pω ) 0.186 eV (ω ) 1500 cm-1), andT ) 298 K. d Calculated
for CSSf S1 usingλi ) 0.25 eV,λs ) 0.5 eV,V ) 6 meV,pω ) 0.186 eV, andT ) 298 K. e Calculated usingλs ) 0.1 eV instead of 0.5 eV.
(See the text).

Figure 4. Rates for charge separation (solid markers) and recombina-
tion (open markers) versus-∆G0 for 1 (squares),2 (circles), and3
(triangles). The solid line representsk calculated from eq 1. The dashed
line represents the calculatedk for a combination of charge separation
to CSS and CSS*, taking into account a 0.6-eV lower driving force
for the latter pathway. The data for charge separation in toluene (in
parentheses) were not used in the fitting because the solvent reorganiza-
tion energyλs deviates significantly from that in the other solvents
(see text).

Figure 5. Energy diagram for charge separation from PERY S1

to CSS and CSS*. The inset shows the absorption spectrum of
OPV-PERY-•-OPV+• relative to the energy level of CSS.
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of an additional charge-separation pathway to CSS* and
reproduces the decrease ofkCS with increasing-∆G0 for 2 and
3.

The three experimental rate constants for the charge separation
of 1-3 in toluene (indicated in Figure 4 with parenthesis)
deviate from the calculated curve. This is primarily due to the
fact that the solvent reorganization energyλs ) 0.5 eV, used to
construct the curve, does not apply to apolar solvents such as
toluene. For toluene, the Born-Hush approximation gives
λs ) 0.1 eV. Using the same parameters but settingλs )
0.1 eV brings the calculated rate constants for toluene closer to
the experimental values (Table 1). The deviation of the toluene
data might also be explained by the notion that the microscopic
polarity, and hence-∆G0, is not accurately described byεs

because of a substantial quadrupole moment of the solvent.12

Conclusions

The kinetics of photoinduced intramolecular charge separation
and charge recombination in three homologous oligo(p-phen-
ylene vinylene)-perylene bisimide-oligo(p-phenylene vinylene)
arrays has been studied in solvents of different polarity. For
the two molecules with the lowest reduction potentials,2 and
3, the rates for charge separation and charge recombination
decrease with increasing change in the Gibbs free energy and
hence represent an example of molecules in which charge
separation and recombination occur close to or in the Marcus
inverted region.

Experimental Section

All of the solvents and reagents were purchased from Merck
and used as received. 1,6,7,12-Tetra(4-tert-butylphenoxy)per-
ylene-3,4:9,10-tetracarboxylic acid bisanhydride was synthesized
according to the literature.13 NMR spectra were recorded at room
temperature on a Bruker DRX 400 spectrometer. Matrix-assisted
laser desorption ionization time-of-flight (MALDI-TOF) mass
spectrometry was recorded on a Bruker Franzen Reflex III
spectrometer (dithranol matrix). The solvents for spectroscopic
studies were of spectroscopic grade and used as received. UV/
vis spectra were measured on a Perkin-Elmer Lambda 40P, and
the steady-state fluorescence spectra were measured on a Perkin-
Elmer LS-50B spectrofluorometer.

N,N′-Di[(E,E,E)-4-[4-{4-(3,4,5-tridodecyloxystyryl)-2,5-
bis[(S)-2-methylbutoxy]styryl}-2,5-bis[(S)-2-methylbutoxy]-
styryl]phenyl]-1,6,7,12-tetra(4-tert-butylphenoxy)perylene-
3,4:9,10-tetracarboxylic Acid Bisimide (1).(E,E,E)-4-[4-{4-
(3,4,5-Tridodecyloxystyryl)-2,5-bis[(S)-2-methylbutoxy]styryl}-
2,5-bis[(S)-2-methylbutoxy]styryl]aniline6 (120 mg, 0.095 mmol),
1,6,7,12-tetrakis(4-tert-butylphenoxy)-3,4:9,10-perylenetetracar-
boxylic dianhydride13 (38 mg, 0.040 mmol), and zinc acetate
(9 mg, 0.04 mmol) were mixed with 2 mL of quinoline. The
reaction mixture was stirred under Ar for 16 h at 190°C. After
cooling to room temperature, it was added to a mixture of 1
mL of water and 10 mL of MeOH, and the precipitate was
collected by filtration, washed with water and MeOH, and then
dried in vacuum. The crude product was purified by silica gel
column chromatography with CH2Cl2 as the eluent. After the
solvent was evaporated, the product was precipitated from
CH2Cl2 as a dark-purple powder by adding MeOH (60 mg,
43%); mp 302°C; 1H NMR (400 MHz, CDCl3, 25 °C, TMS):
δ ) 8.26 (s, 4H; Hperylene), 7.7-7.0 (m, 44H; Ar-H, vinylic
H), 6.86 (d,J ) 8.8 Hz, 8H; Ar-H), 6.74 (s, 4H; Ar-H), 4.02
(t, J ) 6.5 Hz, 8H;-OCH2C11H23), 3.97 (t,J ) 6.1 Hz, 4H;
-OCH2C11H23), 3.81-3.95 (m, 16H; -OCH2-), 2.1-1.2
(m, 180H), 1.1(m, 24H;-CH3), 1.0 (m, 24H;-CH3), 0.9 (t,

J ) 6.1 Hz, 18H; -CH3); 13C NMR (100 MHz, CDCl3,
25 °C): δ ) 163.61, 156.13, 153.26, 152.84, 151.42, 151.18,
151.11, 151.00, 147.45, 138.63, 138.20, 133.97, 133.25, 133.14,
129.64, 128.74, 128.59, 127.91, 127.75, 127.44, 127.17, 126.84,
126.69, 126.41, 124.77, 122.82, 122.60, 120.77, 120.23, 119.79,
119.37, 110.97, 110.49, 109.93, 109.66, 105.15, 74.52, 74.47,
74.21, 74.07, 73.56, 69.12, 35.16, 35.09, 34.99, 34.36, 31.94,
31.92, 31.41, 30.36, 29.76, 29.74, 29.71, 29.70, 29.66, 29.47,
29.44, 29.39, 29.36, 26.40, 26.35, 26.13, 22.68, 16.86, 16.78,
14.10, 11.51, 11.47, 11.38; MALDI-TOF MS calculated for
C236H326N2O22, 3540.4m/z; found, 3542.8 [M+ H]+; UV/vis
(CH2Cl2) λmax(ε) ) 581 (62 800), 541 (40 200), 436 (151 000),
336 (54 600), 289 nm (72 600 mol-1 L cm-1); fluorescence
(MCH, 3.0 × 10-7 mol L-1): λmax ) 592 nm.

N,N′-Di[(E,E,E)-4-[4-{4-(3,4,5-tridodecyloxystyryl)-2,5-
bis[(S)-2-methylbutoxy]styryl}-2,5-bis[(S)-2-methylbutoxy]-
styryl]phenyl]-1,6,7,12-tetrachloroperylene-3,4:9,10-tetra-
carboxylic Acid Bisimide (3). The compound was synthesized
according to the above procedure for1. Starting from (E,E,E)-
4-[4-{4-(3,4,5-tridodecyloxystyryl)-2,5-bis[(S)-2-methylbutoxy]-
styryl}-2,5-bis[(S)-2-methylbutoxy]styryl]aniline6 (80 mg, 0.063
mmol), 1,6,7,12-tetrachloro-3,4:9,10-perylenetetracarboxylic di-
anhydride14 (15 mg, 0.028 mmol), and zinc acetate (6 mg, 0.026
mmol), the product was isolated as a red powder (35 mg, 40%);
mp 305°C; 1H NMR (400 MHz, CDCl3, 25°C, TMS): δ )
8.51 (s, 4H; Hperylene), 7.5-6.8 (m, 28H; Ar-H, vinylic H),
6.58(s, 4H; Ar-H), 3.95 (m, 12H;-OCH2C11H23), 3.79 (broad,
16H, -OCH2-), 2.1-1.2 (m, 144H), 1.1(m, 24H;-CH3), 1.0
(m, 24H; -CH3), 0.9 (t, J ) 6.1 Hz, 18H;-CH3); 13C NMR
(100 MHz, CDCl3, 25°C): δ ) 161.82, 156.13, 153.14, 150.92,
150.76, 138.13, 134.54, 132.90, 128.99, 128.51, 126.84, 126.69,
126.33, 125.00, 123.47, 122.89, 122.31, 122.21, 109.79, 108.95,
105.01, 74.44, 74.01, 74.21, 73.84, 73.55, 69.07, 35.21, 35.13,
35.03, 34.93, 31.94, 30.41, 29.78, 29.74, 29.70, 29.47, 29.49,
29.38, 26.48, 26.42, 26.16, 22.69, 16.97, 16.91, 14.11, 11.58,
11.55, 11.51, 11.46; MALDI-TOF MS calculated for C196H274-
Cl4N2O18, 3083.9m/z; found, 3083.1 [M]+; UV/vis (CH2Cl2):
λmax(ε) ) 521 (67 000), 433 (144 000), 335 nm (54 800 mol-1

L cm-1).
Electrochemical Measurements.Cyclic voltammetry was

performed with an EG&G PAR 273 potentiostat in a three-
electrode single-compartment cell using dichloromethane as the
solvent. Working electrode: platinum disk; counter electrode:
platinum wire; reference electrode: Ag/AgCl. All potentials
were internally referenced to the Fc/Fc+ couple. The solutions
were purged with argon gas prior to use. The supporting
electrolyte was 0.1 mol L-1 tetrabutylammonium hexafluoro-
phosphate (Fluka), which was recrystallized twice from ethanol/
water and dried in a high vacuum.

Pump-Probe Experiments. The femtosecond laser system
used for pump-probe experiments consisted of an amplified
Ti/sapphire laser (Spectra Physics Hurricane). The single pulses
from a cw mode-locked Ti/sapphire laser were amplified by a
Nd:YLF laser using chirped-pulse amplification, providing 150-
fs pulses at 800 nm with an energy of 750µJ and a repetition
rate of 1 kHz. The pump pulses (450 or 520 nm) were created
via optical parametric amplification (OPA) of the 800-nm pulse
by a BBO crystal into infrared pulses, which were then two
times frequency doubled via BBO crystals. The pump beam
was focused to a spot size of about 1 mm2 with an excitation
pulse energy of∼1 µJ. The probe beam (1450 nm) was
generated in a separate optical parametric amplification setup.
For the probe pulses, an RG 850-nm cutoff filter was used to
avoid contributions of the residual probe light (800 nm) from
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the OPA. The probe beam was reduced in intensity compared
to that of the pump beam and polarized at the magic angle
(54.7°) with respect to the pump beam polarization to cancel
out orientation effects in the measured dynamics. The cross
correlation of pump and probe pulses was determined by
measuring the optical Kerr effect in pure heptane using the same
sample cell as in the pump-probe experiments. The pump laser
pulse induces birefringence because the refractive index contains
an intensity-dependent term and becomes anisotropic under
polarized illumination.15 The cross correlation has an ap-
proximately Gaussian shape with 0.5-ps fwhm. In principle, rates
for charge separation should be obtained by deconvoluting the
measured signal with the cross correlation. However, numerical
analysis indicates that for rates<2 ps-1 deconvolution results
in only a negligible correction to the rate obtained by directly
fitting an exponential function. The temporal evolution of the
differential transmission was recorded using an InGaAs detector
by a standard lock-in technique at 500 Hz.
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