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We investigate the photoinduced intramolecular electron-transfer (IET) behavior of a perylenebisimide dimer
in a variety of solvents using femtosecond transient absorption spectroscopy. Overlapping photoinduced
absorptions and stimulated emission give rise to complicated traces, but they are well fit with a simple kinetic
model. IET rates were found to depend heavily on solvent dielectric constant. Good quantitative agreement
with rates derived from fluorescence quantum yield and time-resolved fluorescence measurements was found
for forward electron transfer and charge recombination rates.

Introduction

Intramolecular electron transfer (IET) is a process of funda-
mental interest to chemists and physicists,1-3 which has attracted
additional attention due to its relevance to biological systems4,5

and possible molecular electronic devices.6,7 Although IET is
generally studied in donor-acceptor molecules where the donor
and acceptor are different chemical species, symmetry breaking
and IET, leading to a charge-separated (CS) state, can also occur
in symmetric species under the right conditions.8-11

Generally speaking, the possibility of charge separation in
such molecules depends on two factors: electronic coupling
and solvation. While there must be appreciable electronic
overlap of the chromophores for IET to occur within the excited-
state lifetime, if the overlap is too great, a lower energy excimer
excited state results12 and charge separation is generally dis-
favored. Further, even in cases where there is an appropriate
amount of coupling, charge separation will still not occur for
symmetric molecules in nonpolar solvents; only in higher
polarity solvents is the charge-separated state sufficiently
stabilized relative to the locally excited state for IET to be
energetically favorable.

We have previously studied these effects on electron transfer
in symmetric perylenebisimide dimers at the single-molecule
level13,14and in solution,15 using steady-state and time-resolved
fluorescence spectroscopy. Femtosecond transient absorption
(FTA) spectroscopy can provide direct detection of charge-
separated states and still more detailed information about the
rates and mechanism of rapid forward and back electron
transfer.16-19 We describe here the FTA spectroscopy of the
perylenebisimide dimerD0 in a variety of solvents.

Figure 1 shows the chemical and three-dimensional structure
of D0, and diagrams the kinetic processes occurring after the
photoexcitation. Absorption of a photon leads to a singlet locally
excited state, localized at one perylenebisimide (*P-P). The

molecule can then relax radiatively to the ground state (kfluor)
or undergo electron transfer (ket) to form the charge-separated
state (P+-P-). Intersystem crossing, internal conversion, or
other nonradiative relaxation processes are slow and generally
not observed for these perylenebisimides.15,20 The charge-
separated state can undergo back electron transfer to reform the
locally excited state (kbet) or charge recombination to the ground
state (kcr).

The relative energies of the locally excited state (*P-P) and
the charge-separated state (P+-P-), and thus∆Get° for electron
transfer, depend on the solvent polarity. In nonpolar solvents,
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Figure 1. Kinetic scheme for photoinduced intramolecular electron
transfer in a perylenebisimide dimer, with the chemical and three-
dimensional structures of the dimerD0, and the dependence of the
relative fluorescence quantum yield on the solvent polarity (dielectric
constant); the gray line is a fit using Marcus theory and the kinetic
scheme shown above.15
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charge separation is energetically unfavorable (∆Get° > 0), so
ket is slow relative tokfluor, and the equilibriumket/kbet lies to
the left, toward the locally excited state, so essentially no
electron transfer is seen. In polar solvents, the charge-separated
state is stabilized (so that∆Get° < 0), ket becomes fast relative
to kfluor, and the equilibriumket/kbet lies to the right, meaning
that the fluorescence is quenched. Figure 1 shows the depen-
dence of the fluorescence quantum yield on the solvent polarity
(dielectric constant),15 with the dramatic drop in fluorescence
due to the increased rate of IET. The shape of the fluorescence
spectrum remained the same in all solvents, indicating that all
fluorescence is from the locally excited state alone. Fits of these
data and fluorescence lifetime measurements can give values
for electron-transfer rates, but FTA spectroscopy in polar
solvents can detect the perylenebisimide cation and anion and
measure IET rates more directly.

Experimental Section

The synthesis ofD0 has been reported previously.13,21Steady-
state absorption spectra were collected on a PerkinElmer
Lambda 25 UV/vis spectrometer, and fluorescence spectra were
collected on a PerkinElmer LS 55 luminescence spectrometer.
Spectroelectrochemistry was performed using an apparatus
described previously.22

The femtosecond transient absorption apparatus consisted of
a laser system based on the design of Backus et al.23 Briefly,
15-fs pulses were produced by a mode-locked Ti:sapphire
oscillator (KMLabs TS, pumped by 4.5 W, 532 nm output from
a Spectra-Physics Millennia V laser). The pulse train was
amplified using a chirped-pulse-amplification scheme at a
repetition rate of 1 kHz. The amplifier was a multipass
Ti:sapphire amplifier (pumped by the 9.5 W, 527 nm output
from a Spectra-Physics Evolution X laser). The resulting pulses
had a pulse width of 100 fs and a pulse energy of 500 mJ and
were centered at a wavelength of 780 nm (1.59 eV photon
energy). The sample was excited with pump pulses at 490 nm
(2.53 eV photon energy) produced by a collinear optical
parameter amplifier (TOPAS). The pump power was varied with
calibrated neutral density filters, and the beam was mechanically
chopped at 500 Hz. We note that the transient absorption of
the samples had a linear dependence on pump power for all of
the data shown in this publication. The transient absorption of
the sample was probed with a single-filament white-light
continuum (approximately from 460 to 950 nm) produced by
focusing a fraction of the fundamental into a sapphire window.
Probe pulses were delayed with respect to pump pulses with a
computer-controlled optical delay. All of the beams were linearly
polarized with an angle of 54.7° (magic angle) with respect to
each other. The probe beam and a reference beam (not
transmitted through the sample) were dispersed in a 0.25-m
spectrometer and detected with a pair of avalanche photodiodes
(Hamamatsu C5460). The preamplified signal from the diodes
was sent to a home-built integrating circuit. Its output voltage
is proportional to the area of the diode response and held
constant until the next trigger pulse occurs. The integrating
circuit output was analyzed using a commercially available
Pentium processor with a real-time operating system and 16-
bit detection board (processor, NI 8175, 866 MHz PXI embed-
ded controller; detection board, NI PXI-6052E 333kS/s, 16-
bit, 16Se/8DI inputs, 24-bit CTR/TMR kit). The computation
of ∆T/T was carried out within the software of the real-time
unit. The data were fit using a least-squares method implemented
in Microcal Origin 6.0.

Results and Discussion

Figure 2 shows the steady-state absorption and fluorescence
spectra ofD0 in chloroform, with their characteristic vibronic
progression and small Stokes shift. These spectra are similar in
shape and position to the corresponding spectra of the perylene-
bisimide monomer in all solvents, indicating that all absorption
and emission is to or from the singlet excited state localized at
one perylenebisimide chromophore. Figure 2 also shows the
absorption spectra of the electrochemically generated cation and
anion of a symmetric perylenebisimide monomer (R) 1-hexyl-
heptyl), in excellent agreement with previous reports.20,24

Transient absorption spectra ofD0 at 1, 100, and 1000 ps
after excitation, in pure 1,4-dioxane (dioxane; low polarity,ε

) 2.21) and in pure dimethylformamide (DMF; high polarity,
ε ) 38.3), are shown in Figure 3. Both spectra at 1 ps show a
positive signal from 470 to 600 nm, resembling a superposition
of the steady-state absorption and fluorescence spectra, due the
sum of ground-state bleach and the stimulated emission of the
locally excited state; and a broad negative signal centered around
680 nm due to excited-state absorption. In dioxane, whereD0
shows no electron transfer (ΦF ≈ 1),15 the spectrum looks much

Figure 2. Absorption and emission spectra ofD0, and the absorption
spectra of the electrochemically generated cation and anion of a
perylenebisimide monomer; the radical ion spectra are scaled to give
an idea of the extinction coefficient relative to the ground-state
absorption for a single perylenebisimide chromophore.20

Figure 3. Transient absorption spectra of (a)D0 in dioxane and (b)
D0 in DMF, at 1 ps (black line), 100 ps (red line), and 1000 ps (blue
line) after excitation.
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the same at 100 and 1000 ps, decreasing only slightly while
having the same shape (the FTA signal does in fact decay at
the same rate at all wavelengths, at a rate that agrees with the
previously measured radiative ratekfluor, vide infra).

In DMF, however, by 100 ps, the FTA spectrum is very
different: the ground-state bleach has increased rather than
decreased, the stimulated emission has disappeared and the
signal becomes negative above∼560 nm, and the broad
absorption around 680 nm has red-shifted slightly. By 1000 ps,
almost no signal remains. All of these changes are indicative
of the electron transfer, the formation of the charge-separated
state (P+-P-) and subsequent charge recombination. In the
locally excited state (*P-P), one chromophore is still in the
ground state, while in the charge-separated state, neither is, so
the charge-separated state should contribute twice as much to
the FTA signal of the ground state bleach as the locally excited
state. Depletion of the locally excited state, of course, leads to
loss of the stimulated emission, and the formation of the cation
in the charge-separated state should lead to an absorption around
600 nm (see Figure 2), explaining the negative FTA signal at
that wavelength (although the cation absorption spectrum is not
fully resolved at 100 ps due to overlap with the residual
stimulated emission). Meanwhile, the loss of the locally excited-
state absorption around 680 nm is matched by the growth of
the anion absorption at 700 nm, leading to the red-shift in the
FTA signal.

On the basis of these spectra, we analyze the electron-transfer
behavior ofD0 in several solvent systems by taking kinetic
traces at or near 500 nm, where the FTA signal is from the
ground-state bleach alone, near 600 nm, where the signal is the
sum of the stimulated emission and the cation absorption, and
near 700 nm, where the signal is the sum of the locally excited
state absorption and the anion absorption. Quantitatively,

where s1, s2, s3, s4, and s5 are scaling factors related to the

relative extinction coefficients of the various chemical species
at the wavelength in question. By our convention, these
coefficients are positive and the expected sign of the FTA signal
is indicated in eqs 1-3.

The concentrations of the locally excited state and charge-
separated state as a function of time can be calculated by
adapting known equations for interpreting exciplex kinetics.25

For the kinetic scheme shown in Figure 1:

where

Equations 1-9 describe the three sets of FTA data as a function
of the rateskfluor, ket, kbet, andkcr, and the coefficientss1-s5. In
practice, the value [*P-P]0 is set to one, the coefficientss1, s2,
ands4 are set to the initial value of the FTA signal at the relevant
wavelength, andkfluor is presumed to be the same in all solvents.
Electron-transfer rates are then generated from global fits to all
of the FTA data, minimizing the total varianceø2 for all three

TABLE 1: Solvent Dielectric Constants and Parameters
Used in Fitting the FTA Dataa

dioxane
2:1

acetone:CHCl3

63:37
dioxane:DMF DMF

ε 2.21 1.54 15.6 38.3
kfluor 4.17× 108

( 1.44× 108
4.17× 108 4.17× 108 4.17× 108

ket 4.87× 109

( 0.24× 109
6.79× 109

( 1.33× 109
8.83× 109

( 3.36× 109

kbet 1.0× 108

< 4.3× 108
1 × 108

< 2.0× 109
4.83× 109

( 3.57× 109

kcr 4.94× 108

( 1.18× 108
7.87× 108

( 3.62× 108
3.16× 109

( 1.85× 109

s1 0.0471
( 0.0019

0.0183
( 0.0005

0.0338
( 0.0010

0.0102
( 0.0010

s2 0.0397
( 0.0032

0.0136
( 0.0003

0.0126
( 0.0010

0.0980
( 0.0120

s3 0.0130
( 0.0004

0.0196
( 0.0020

0.0000
( 0.0262

s4 0.0624
( 0.0022

0.0331
( 0.0010

0.0283
( 0.0022

0.0209
( 0.0021

s5 0.0343
( 0.0019

0.0355
( 0.0086

0.0306
( 0.0066

a Error limits were estimated by taking upper and lower bounds found
to lead to a doubling of the quality of fit parameterø2; a “<” sign
indicates no lower bound greater than zero was found and that the upper
bound is given.

∆T/T500 ) s1([*P-P] + 2[P+-P-]) (1)

∆T/T600 ) s2[*P-P] - s3[P
+-P-] (2)

∆T/T700 ) -s4[*P-P] - s5[P
+-P-] (3)

Figure 4. Transient absorption versus time forD0 in dioxane (ε )
2.21) at (a) 500 nm, (b) 580 nm, and (c) 690 nm.

Figure 5. Transient absorption versus time forD0 in DMF (ε ) 38.3)
at (a) 495 nm, (b) 580 nm, and (c) 685 nm.

[*P-P] ) c1e
-λ1t + c2e

-λ2t (4)

[*P-P-] ) c3(e
-λ1t - e-λ2t) (5)

λ2,1 ) 1
2[kfluor + ket + kbet + kcr (

x(kvet + kcr - kfluor - ket)
2 + 4ketkbet ] (6)

c1 ) [*P-P]0(λ2 - kfluor - ket)/(λ2 - λ1) (7)

c2 ) [*P-P]0(kfluor + ket - λ1)/(λ2 - λ1) (8)

c3 ) [*P-P]0(ket)(λ2 - λ1) (9)
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curves by varying the ratesket, kbet, andkcr, and the coefficients
s3 ands5. The results of the fitting are shown in Table 1 and
described below.

Figure 4 shows FTA traces forD0 in dioxane (ε ) 2.21).
Here, no electron transfer occurs, so the data at all three
wavelengths decay monoexponentially at essentially the same
rate and are best fit by setting all electron-transfer rates to zero,
with kfluor ) 4.20 × 108. This value ofkfluor is in general
agreement with the value previously reported forD0 from time-
resolved fluorescence experiments15 and is held constant forD0
in all other solvents. ForD0 in DMF (ε ) 38.3), on the other
hand, the shapes of the three FTA curves (Figure 5) are quite
unusual, because of the overlapping absorptions and emissions
described above, but nonetheless they are fit quite accurately
by our model.

The electron-transfer behavior was also studied at intermediate
polarity, in a mixture of 63:37 dioxane:DMF (ε ≈ 15.6) (Figure
6) and in a 2:1 acetone:CHCl3 mixture with similar dielectric
constant (ε ≈ 15.4) (Figure 7). The data agree well and are fit
with similar values for the ratesket, kbet, andkcr, consistent with
our earlier finding that the electron-transfer behavior of perylene-
bisimide dimers is most often primarily a function of dielectric
constant, rather than solvent-specific effects.15 In these solvents,
there is a short, rapid drop in the ground-state bleach FTA signal
(∆T/T500) at <1 ps, which may be due to a small amount of
photoionization followed by rapid back electron transfer to the
ground state from the solvated electron.26-29 Because this
process is not related to IET, the points below 1 ps for∆T/T500

were not included when fitting the FTA data.
Figure 8 shows a comparison of the electron-transfer rates

calculated here from the FTA data (open shapes) with those
found previously15 from the time-resolved fluorescence data

(solid shapes) and by fitting the quantum yield versus fluores-
cence data using Marcus/Jortner theory (lines). The agreement
among all three methods is quite good forket (green), fairly
good forkcr (gray), but not good forkbet (red). This discrepancy
is understandable because, for all three methods, the quality of
the fits was found to depend most strongly on the value ofket,
somewhat less strongly on the value ofkcr, and often only very
weakly on the value ofkbet. For instance, for the FTA data for
D0 in 63:37 dioxane:DMF (Figure 6), changingkbet by a full
order of magnitude, from 107 to 108, changes the total variance
ø2 for all three curves by less than 1%. As such, it is not
surprising that values forkbet are unreliable. Given the kinetic
model in Figure 1, this weak dependence is understandable,
because once the charge-separated state is sufficiently stabilized
that kbet , ket, there is essentially no back electron transfer to
the locally excited state and what little there is has only a slight
effect on any observable.

Nonetheless, the values forket andkcr are more reliable and
in agreement with our earlier fluorescence measurements on
D0. The charge recombination rateskcr are consistently slower
that the electron-transfer ratesket, even though the former
process is far more exothermic, because the charge recombina-
tion reaction lies far into the Marcus inverted region1 (in DMF,
∆Gcr° ≈ -2.17 eV and the total reorganization energyλ ≈ 0.95
eV15). These rates also compare well with charge separation
and recombination rates measured for a similar symmetric dimer
of another perylenebisimide-based chromophore (in 2-meth-
yltetrahydrofuran,ε ) 6.97),11 which has somewhat faster rates
but also shows charge separation faster than charge recombina-
tion.

Conclusion

Photoexcitation can lead to symmetry breaking and charge
separation in weakly coupled symmetric dimers if polar solvents
sufficiently stabilize the charge-separated state relative to the
locally excited state. In this study, photoinduced intramolecular
electron transfer in a symmetric perylenebisimide dimer gives
rise to transient absorption signals for the perylenebisimide
cation and anion. Although absorptions and stimulated emission
overlap, fitting the FTA signal versus time at several wave-
lengths can give rates for the electron-transfer processes
occurring after photoexcitation. Rates of forward electron
transfer and charge recombination in several solvents of different
polarities were found to agree with those found by steady-state
and time-resolved fluorescence studies.15 Rates of back electron
transfer to the excited state showed less agreement as extent of

Figure 6. Transient absorption versus time forD0 in 63:37 dioxane:
DMF (ε ) 15.6) at (a) 505 nm, (b) 600 nm, and (c) 720 nm.

Figure 7. Transient absorption versus time forD0 in 2:1 acetone:
CHCl3 (ε ) 15.4) at (a) 500 nm, (b) 580 nm, and (c) 700 nm.

Figure 8. Electron-transfer rates forD0 as a function of dielectric
constant, calculated from FTA data, from the time-resolved fluorescence
data (solid shapes) and by fitting the quantum yield versus fluorescence
data using Marcus/Jortner theory (lines).15
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this process is minor under most conditions. The agreement we
find among these methods suggests that prospects are strong
for both fluorescence and further FTA studies of this and other
perylenebisimide-based molecules, or other symmetric species,
to better understand the fundamentals of intramolecular electron
transfer.
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