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Photoinduced electron transfer from fluorene to perylene bisimide has been studied for 2,7-bis(N-(1-
hexylheptyl)-3,4:9,10-perylene-bisimide-N’-yl))-9,9-didodecylfluorene (PFP) in 11 different organic solvents.
The intramolecular charge-separated state in PFP is almost isoenergetic with the locally excited state of the
perylene bisimide. As a consequence of the small change in free energy for charge separation, the electron
transfer rate strongly depends on subtle changes in the medium. The rate constantkCS for the electron transfer
from fluorene to perylene bisimide moiety in the excited state varies over more than 2 orders of magnitude
(∼108-1010 s-1) with the solvent but does not show the familiar increase with polarity. The widely differing
rate constants can be successfully explained by considering (1) the contribution of the polarization energy of
the dipole moment in the transition state and by (2) the classical Marcus-Jortner model and assuming a spherical
cavity for the charge-separated state. Using the first model, we show that lnkCS should vary linearly with∆f
[∆f ) (εr - 1)/(2εr + 1) - (n2 - 1)/(2n2 + 1), whereεr andn represent the static dielectric constant and the
refractive index of the solvent, respectively], in accordance with experimental results. The second model,
where the reorganization energy scales linearly with∆f, provides quantitative agreement with experimental
rate constants within a factor of 2.

1. Introduction

Donor-acceptor compounds are actively considered as
models for molecular solar energy conversion and artificial
photosynthesis. In many investigations, creation of (supra)mo-
lecular architectures providing a long-living charge-separated
state after absorption of light has been an important objective
because these may allow charges to be collected in an external
circuit or used in chemical reactions.1 One of the successful
strategies in this respect are arrays with multiple carefully
positioned photoactive and electroactive groups in which
photogenerated charges are spatially separated via a cascade of
electron-transfer reactions after absorption of light.2 The re-
combination of the electron and hole to the ground state is then
inhibited by an extremely low electronic coupling of the distant
wave functions of the electrons and holes. While the quantum
efficiency of such a cascaded charge transfer process can be
very high (95% in the photosynthetic reaction center), it usually
involves significant but unfavorable energetic losses. In this
respect, there is a direct relation between the free energy of the
charge separated state and the maximum open-circuit voltage
in an organic solar cell based on the same donor and acceptor
chromophores. The open-circuit voltage is one of the crucial
parameters that determine the energy conversion efficiency of
these devices, and it is directly related to the energy of the

charge-separated state betweenp and n type material.3 To
preserve the photon energy after charge separation, the energy
of the charge-separated state should be as high as possible, and
consequently the free energy liberated in the electron-transfer
reaction should be small. Hence, for future organic solar cells
and photosynthetic systems, it is of profound interest to establish
conditions for photoinduced electron transfer in donor-acceptor
systems with such a small driving force for charge transfer.

In this study we address photoinduced electron transfer in a
donor-acceptor system where the difference between redox
potentials of the two chromophores and the energy of the singlet
excited state is small. The model system that we use (PFP,
Figure 1) incorporates a fluorene donor and two perylene
bisimide acceptors. Various perylene (bis)imide and (poly)fluo-
rene conjugates have previously been reported in the literature.
Some exhibit photoinduced electron transfer, while others show
energy transfer followed by fluorescence of the perylene
(bis)imide chromophore. The discrimination between electron
and energy transfer in these systems depends on subtle differ-
ences in the distance between donor and acceptor, redox
potentials, and the nature of the medium. Photoinduced energy
transfer has been observed in systems where perylene monoim-
ide serves as end capper of oligo- or polyfluorenes,4 as pendant
side chain,4b,5and for perylene bisimide incorporated in the main
chain.6 Also for oligofluorenes (n ) 1-3) directly coupled to
1,7-bis(3,5-di-tert-butylphenoxy)perylene bisimides intramo-
lecular photoinduced electron transfer is absent.7 On the other
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hand, intramolecular photoinduced electron transfer has been
observed for a perylene monoimide attached to a rigid sub-
stituted bisfluorene containing apara-coupled pentaphenyl
moiety.8 Likewise, charge transfer occurs in the excited state
for a system similar to PFP where fluorene is coupled to an
unsubstituted perylene bisimide.9 The latter molecule is related
to a series of perylene bisimide-oligophenylene-perylene bis-
imide triads that has been studied by Adams et al. for varying
lengths of the oligophenylene bridge.10 For these molecules,
intramolecular photoinduced charge transfer was reported in
which the electron is thought to be transferred from one perylene
bisimide to the other over the bridge, while the alternative
interpretation that the oligophenylenes act as electron donor was
not considered explicitly.

Here we show that in PFP intramolecular photoinduced
electron transfer from fluorene to the perylene bisimide is
extremely sensitive to the environment. The effects of solvent
and the dielectric properties on charge transfer reactions have
been extensively described in the literature.11 We rationalize
the effects of the medium on the electron-transfer rate in terms
of the polarization energy of the transition state using a dielectric
continuum model with a spherical cavity.

2. Results

Synthesis.The synthesis of PFP is outlined in Scheme 1.
First, 9,9-didodecyl-2,7-dibromofluorene1 was reacted with
potassium phthalimide in dimethylacetamide in the presence of
copper(I) iodide to form bisphthalimide fluorene2.12 Diami-

nofluorene3 was synthesized by reaction of2 with hydrazine
monohydrate. 1-Hexylheptylamine, synthesized in a two-step
procedure as reported by Semenov and Skorovarov,13 was
reacted with 3,4,9,10-perylenetetracarboxylic dianhydride in
imidazole to N,N′-bis(1-hexylheptyl)-3,4:9,10-perylenedicar-
boximide (PERY) and then converted into4 by reaction with
KOH and subsequently HCl as described by Langhals et al.14

PFP was obtained by reaction of monoanhydride4 with the
diaminofluorene3 and was purified by column chromatography
and preparative HPLC. Compound5 was synthesized from4
and aniline according to literature procedures.15

UV/vis Absorption. In toluene solution the UV/vis absorption
spectrum of PFP exhibits characteristic bands at 308, 459, 491,
and 529 nm (Figure 2a). The band at 308 nm originates from
the fluorene moiety, while the others are the vibronic bands of
the perylene bisimide S1 r S0 transition. In the long wavelength
region, the absorption spectra of PFP and the PERY reference
compound are almost identical, demonstrating that the three
chromophores in PFP are electronically only weakly coupled
as a consequence of the twisted conformation around the

Figure 1. Structure of 2,7-bis(N-(1-hexylheptyl)-3,4:9,10-perylene-bisimide-N′-yl))-9,9-didodecylfluorene (PFP).

SCHEME 1: Synthesis of PFP and 5

a Potassium phthalimide, CuI, DMA, 180°C, 28%. b N2H4‚H2O,
ethanol, reflux, 83%.c 1. KOH, tert-butyl alcohol, 2. HCl, 53%.
d Imidazole, Zn(OAc)2, 180°C, 24%.e Aniline, imidazole, 140°C, 74%.

Figure 2. (a) UV/vis absorption spectra and molar absorption
coefficients of PFP (solid line) and PERY (dashed line) in toluene
solution. The dotted line pertains to the molar absorption coefficient
of PERY, after multiplication by a factor 2. (b) UV/vis absorption
spectra of PFP in 11 different solvents relative to the wavelength of
maximum absorptionλmax.
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fluorene-perylene bisimide carbon-nitrogen bonds.9 In ac-
cordance, the molar absorption coefficient of PFP (15.7× 104

L mol-1 cm-1) is approximately twice that of PERY (7.3×
104 L mol-1 cm-1).

UV/vis spectra of PFP and PERY were further recorded in
11 different organic solvents with varying dielectric constants
(Figure 2b). The wavelength of maximum absorption (λmax) of
PFP varies with the solvent, ranging from 523 nm in 2-MeTHF
to 533 nm ino-dichlorobenzene (ODCB). Table 1 lists the
transition energies (νmax ) hc/λmax) for both PFP and PERY
and reveals that the solvatochromic behavior of PFP is virtually
identical to that of PERY. When corrected for the small
differences inλmax, the absorption spectra of PFP are almost
identical in all 11 solvents (Figure 2b). No significant difference
in relative height or width of the vibronic absorption bands
exists. Since it is well established that the formation of
aggregates of perylene bisimides results in significant changes
in relative intensities of the bands,16 we exclude the possibility
that aggregation of PFP occurs or differs strongly among these
solvents. Since the absorption spectra of PFP overlap very well
with those of molecularly dissolved (i.e. not aggregated) PERY
(Figure 2a), we conclude that aggregation of PFP does not take
place at the concentrations used.

Electrochemistry. Cyclic voltammetry of PFP in dichloro-
methane (DCM) revealed two reversible reduction waves at
Ered(1) ) -1.075 V andEred(2) ) -1.278 V vs Fc/Fc+ (Figure
3). PFP also shows two oxidation waves atEox(1) ) 1.247 V
andEox(2) ) 1.452 V. The current associated with the last wave
is approximately half of the current of the three other redox
waves. Apart from this last wave, reference compound5 exhibits
almost identical redox potentials (Figure 3,Ered(1) ) -1.065
V, Ered(2) ) -1.265 V, andEox(1) ) 1.252 V) as PFP which
establishes that each of the corresponding redox processes in
PFP are each two-electron reductions or oxidations, involving
the two perylene bisimides. Consequently, theEox(2) of 1.452
V for PFP is likely associated with a single-electron oxidation
of the fluorene unit of PFP. Unsubsitituted fluorene itself,
however, has a significantly lower oxidation potential and shows
an irreversible wave with a peak potential at 1.300 V (Figure
3).17 We stress that cyclic voltammetry overestimates the
ionization potential of the fluorene unit in PFP because the redox
wave at 1.452 V is associated with the PFP2+ f PFP3+ reaction,
rather than with the oxidation of the fluorene moiety in a neutral
PFP. Coulomb repulsion will place the PFP2+ f PFP3+ process
at a higher potential. The potential increase due two charging
can be calculated from∆E ) 2e/4πε0εrd, whered is the distance
between the positive charge located in the center of the fluorene
and centers of positive charge density in the perylene bisimides.
The factor of 2 accounts for the fact that a positive charge in

each of the two perylene bisimides moieties contributes to the
repulsion. The experimental potential increase of∆E ≈ 1.45-
1.25) 0.20 V in DCM (εr ) 8.93) gives an estimate ford of
16 Å that corresponds to half the length PFP suggesting that
the three positive charges tend to maximize their distance. To
ensure that the imide moieties themselves are not responsible
for the increased oxidation potential, we also checked the
oxidation of2. The 2,7-substitution of the fluorene moiety in
reference2 resembles the one in PFP. Compound2 already
oxidizes atEox(1) ) 1.146 V (Figure 3), which is at a lower
potential than fluorene itself. In conclusion, there is some
ambiguity on the precise oxidation potential of the fluorene unit
in neutral PFP, but the above analysis shows that a value of
+1.25 V vs Fc/Fc+ is a realistic estimate.

Fluorescence.Fluorescence spectra of PFP and PERY were
recorded in all solvents listed in Table 1, and the spectra in
toluene and 2-methyltetrahydrofuran (2-MeTHF) are shown in
Figure 4a. Similar to the absorption spectra, the fluorescence
spectra of PFP show a small but distinct solvent dependent
spectral shift. This behavior is also observed for the fluorescence
spectra of PERY (Table 1).

Although the fluorescence spectra of PERY and PFP are
similar in energy, the intensity of the PFP emission varies

TABLE 1: Absorption and Fluorescence Energiesνmax (eV) of PERY and PFP Together with the Relative Dielectric Constant
Er, Refractive Index n, and Solvent Parameters,f, f ′, ∆f, and λs (eV)

PERY PFP solvent parameters

solvent absνmax PL νmax Abs νmax PL νmax εr n fa f ′b ∆fc λs
d

dioxane 2.371 2.340 2.366 2.340 2.27 1.422 0.229 0.203 0.027 0.14
toluene 2.353 2.318 2.344 2.309 2.38 1.479 0.239 0.221 0.019 0.10
chloroform 2.353 2.324 2.344 2.318 4.81 1.446 0.359 0.211 0.148 0.77
chlorobenzene 2.344 2.309 2.335 2.305 5.69 1.525 0.379 0.235 0.144 0.75
2-MeTHF 2.380 2.348 2.371 2.344 6.97 1.408 0.400 0.198 0.202 1.05
THF 2.375 2.340 2.366 2.335 7.47 1.406 0.406 0.197 0.209 1.08
DCM 2.362 2.331 2.353 2.322 8.93 1.424 0.420 0.203 0.217 1.13
ODCB 2.335 2.301 2.326 2.292 9.93 1.551 0.428 0.242 0.186 0.97
pyridine 2.340 2.301 2.331 2.292 12.3 1.51 0.441 0.230 0.211 1.10
benzonitrile 2.340 2.305 2.331 2.296 25.2 1.529 0.471 0.236 0.235 1.22
DMF 2.357 2.313 2.348 2.309 37.1 1.43 0.480 0.205 0.275 1.43

a f ) (εr - 1)/(2εr + 1). b f ′ ) (n2 - 1)/(2n2 + 1). c ∆ f ) f - f ′. d λs from eq 12.

Figure 3. Cyclic voltammograms of PFP,5, fluorene, and2 recorded
in dichloromethane. Vertical lines allow comparison of first oxidation
and reduction potentials.
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strongly with the solvent and is often dramatically reduced
compared to that of PERY in the same solvent. The origin of
the fluorescence quenching of the perylene bisimide emission
in PFP cannot be due to a singlet-energy transfer, because the
fluorene S1 state is much higher in energy. Likewise, quenching
via aggregation of the perylene bisimide chromophores is
excluded because the UV/vis spectra do not show any sign of
aggregation (Figure 2b). Therefore, we can safely attribute the
quenching to photoinduced electron transfer in which an electron
is transferred from fluorene to perylene bisimide in the S1 state.
Energetically, such electron transfer is not strongly exergonic
because the difference between fluorene oxidation and perylene
bisimide reduction potentials (1.25+ 1.08) 2.33 eV in DCM)
is very close to the excited state (S1) energy of perylene bisimide
(2.32 eV). Although the redox potentials of perylene bisimide
and fluorene in PFP are similar (vide supra), the alternative
possibility that an electron transferred from one perylene
bisimide unit to another is unlikely as a competing reaction.
The electronic coupling between donor and acceptor in the
excited state for the latter process will be significantly (orders
of magnitude) less because it involves a fluorene bridge rather
than directly coupled chromophores. Moreover, charge transfer
over larger distances is energetically less favorable because the
contribution of the electrostatic potential energy to the charge
separated state is higher for larger electron-hole separations.
This places the transfer between the perylene bisimides at a
higher free energy.

In general, photoinduced electron transfer is more favorable
in polar solvents because these stabilize the charge-separated
state. Hence, stronger fluorescence quenching was expected for
solvents with a higher polar nature. To test this proposition,
the extent of fluorescence quenching was measured in the 11
solvents listed in Table 1. For each solvent the fluorescence

quenching factorI0/I was determined from the fluorescence
intensity I of PFP with respect to intensityI0 of PERY in the
same solvent with excitation at the same wavelength. We
checked that within the absorption band, the fluorescence
quenching was independent of the excitation wavelength, when
corrected for differences in absorption. Table 2 clearly shows
that the quenching strongly depends on the nature of solvent.
For instance, the fluorescence of PFP is quenched by a factor
of I0/I ) 1.5 in toluene, while in 2-MeTHF the quenching is
much stronger withI0/I ) 67 (Figure 4a). The extent of
quenching observed in dioxane and DMF corresponds well to
quenching of a similar compound reported in the literature.9

Figure 4b shows the fluorescence quenching factorI0/I of PFP
as function of the dielectric constant of the solvent. Figure 4b
demonstrates that the extent of quenching is not simply
determined by the polarity (represented by the relative dielectric
constant) of the solvent.

To investigate the solvent dependence of the fluorescence in
more detail, quenching experiments were performed in chloro-
form/ODCB and toluene/DCM mixtures (Figure 5). The di-
electric constants of the solvent mixtures (0, 25, 50, 75, and
100 vol %) were assumed to vary linearly with composition. In
both sets of experiments the photoluminescence quenching in
the mixtures is between that of the pure solvents, but for toluene/
DCM the quenching factor increases with increasing dielectric
constant, while it decreases for the chloroform/ODCB mixture.
In addition to the opposite trends, we note that the quenching
observed for pure solvents with a dielectric constant that is
nominally the same as that of the mixtures is also different.
This indicates that the extent of quenching of PFP depends on

Figure 4. (a) Fluorescence spectra of PFP and PERY in 2-MeTHF
and toluene, excited at 490 nm. (b) Fluorescence quenching factorI0/I
versus the relative dielectric constant in different solvents.

Figure 5. Fluorescence quenching factorI0/I of PFP in toluene/DCM
and chloroform/ODCB solvent mixtures of different composition (0,
25, 50, 75, and 100%) versus the relative dielectric constant of the
mixture.

TABLE 2: Rate Constants (kCS, ns-1) for Charge Transfer
Obtained from Photoluminescence Quenching (I 0/I ) and
Photoluminescence Lifetimes (τPFP, ns) for PFP in Various
Solvents

quenching lifetime

τPERY I0/I kCS τPFP kCS

dioxane 4.11 8.4 1.8 0.76 1.1
toluene 3.99 1.5 0.13 2.53 0.15
chloroform 3.88 22 5.4 0.12 8.3
chlorobenzene 3.90 5.5 1.2 0.87 0.9
2-MeTHF 3.69 67 17.8 0.04 23.0
THF 4.00 84 20.7 0.05 19.8
DCM 4.39 38 8.4 0.11 8.9
ODCB 3.95 7.4 1.6 0.69 1.2
pyridine 3.91 32 7.9 0.10 10.2
benzonitrile 3.84 21 5.2 0.17 5.6
DMF 4.17 54 12.8 0.07 13.5
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the solvent but is not (only) determined by the relative dielectric
constant. The two sets of experiments clearly show that mixing
solvents can lead to ambiguous information with respect to the
relation between the dielectric constant and the rate for
photoinduced electron transfer.9,10b

Fluorescence Lifetime.To study the photoinduced electron
transfer in more detail, the fluorescence lifetime of PFP was
determined by recording the emission at 534 nm in different
solvents with time-correlated single photon counting (TCSPC)
after excitation at 400 nm. The fluorescence lifetime of PFP
(τPFP) strongly depends on the solvent, and together with the
fluorescence lifetime of PERY (τPERY) the rate for charge
transferkCS (Table 2) can be estimated via

The rate of charge transferkCS (Table 2) can also be derived
from the fluorescence-quenching factorI0/I

For most solvents, the values ofkCS obtained from fluorescence
lifetime and quenching experiments are similar (Table 2). The
rate constant for charge transfer is the largest in THF and the
smallest in toluene.

3. Discussion

Energy of the Locally Excited State. The energies of
maximum absorption and emission of PFP vary with the nature
of the solvent in a similar way as those of the PERY
chromophore (Table 1). Since PERY is a symmetrical molecule,
it has no net dipole moment in the ground or excited state. The
dipole moment of PFP in its ground state is expected to be very
small since the molecule does not contain highly polar substit-
uents or groups with a very strongly electron accepting or
donating character. Because the solvent shift of the absorption
and fluorescence band of PFP is very similar to that of PERY
(Figure 6), we conclude that PFP in its perylene bisimide based
local excited state does not have an appreciable dipole moment.
For a molecule without a net dipole moment in the ground and
excited state, the solvent dependence of the optical absorption
and emission is dominated by dispersion interactions between
the dissolved molecule and the surrounding solvent molecules.
The solvent-dependence of energy of maximum absorption (or
emission)ν is then given by18

in which ν(0) is the energy of the absorption (or emission) in
the gas phase,a is the radius of the (spherical) solvent cavity
needed to store a solute molecule,ε0 is the vacuum permittivity,
andn is the refractive index of the solvent. The parameterD
describes the difference between the dispersion interactions of
the solute molecule in its ground state with the solvent molecules
and the interactions of the solute molecule with the solvent in
its excited state. A plot of the experimental transition energies
νmax for absorption and fluorescence in the different solvents

versusf ′ provides an approximate linear relation (Figure 6),
demonstrating that the dispersion interaction is important in the
shift of the transition energy.

The average slope of the linear fits are-0.87 eV for
absorption and-0.95 eV for emission, and the energy for
absorption or emission in a vacuum by extrapolating tof ′ ) 0
is ν(0) ) 2.53 ((0.05 eV). The radius of the cavitya ) 4.71
Å of the perylene bisimide was estimated from the density
(F ) 1.59 g cm-3) of N,N′-dimethylperylene-3,4:9,10-tetracar-
boxylic bisimide as determined from the X-ray crystallographic
data viaa ) [3M/(4πFNA)]1/3.19 Usinga ) 4.71 Å, the average
slopes giveD ) 72 D2 for absorption andD ) 79 D2 for
emission. These values may be compared to those for e.g.
naphthalene, where one findsD ) 13, 41, and 96 D2 for the
1La, 1Lb, and1Bb states, respectively, anda ) 3.5 Å.20

Charge Transfer. To rationalize the remarkable, and seem-
ingly unpredictable, influence of the solvent polarity on the
charge-transfer rate, two related approaches were used: First
we use a model that describes the solvent polarization energy
contribution to the transition state energy, and in the second
approach we use a dielectric continuum model with a spherical
cavity to describe the energy of the charge separated state and
the Marcus-Jortner model to calculate the rate constant. Both
models explain the remarkable dependence of the rate for
photoinduced charge separation and the nature of the solvent
as shown in Figure 4b.

Polarization Energy in the Transition State.Based on the
subnanosecond lifetimes, we consider that the electron transfer
reaction proceeds from the relaxed locally excited perylene
bisimide state via a transition state to the charge-separated state
in a thermally activated reaction. We consider that in the thermal
activation step the solvent dipoles need to rearrange to adjust
to the dipole moment of the transition state but that the electronic
polarization of the solvent molecules can adjust during the
Franck-Condon type transition. The contribution of the per-
manent solvent dipoles to the reaction fieldFT associated with
a dipoleµT of the transition state in the center of a spherical

kCS ) 1
τPFP

- 1
τPERY

(1)

kCS )
(I0/I) - 1

τPERY
(2)

ν ) ν(0) - D

2πε0a
3
f′ (3)

f′ ) n2 - 1

2n2 + 1
(4)

Figure 6. Transition energiesνmax of absorption (b) and photolumi-
nescence (O) for PERY (a) and PFP (b) in different solvents vs solvent
parameterf ′. The slopes of the linear fits are as follows: (a) Abs:
-0.86 (( 0.10) eV, PL:-0.90 (( 0.15) eV and (b) Abs:-0.88
(( 0.11) eV, PL:-1.00 (( 0.17) eV.
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cavity with radiusa is given by21,22

The polarization energyEpol to bring the dielectric into the
polarized state associated with the dipole moment of the
transition state is21,22

The activation energy of the charge transfer∆GCS
‡ can be

described by the activation energy in the gas phase∆GCS
‡(0)

minus the polarization energyEpol of the transition state

The nonadiabatic charge separation rate constant is a function
of the energy barrier∆GCS

‡, the reorganization energy, and the
electronic coupling (V) between donor and acceptor in the
excited state23

whereλ is total reorganization energy (i.e. the sum of the internal
and solvent reorganization energies). Substituting eq 8 into eq
9 shows that rate of charge transferkCS depends on the solvent
parameter∆f via

A plot of -kBTlnkCS vs ∆ f (Figure 7, open symbols;kCS taken
from the fluorescence quenching) reveals an approximate linear
relation with a slope of-0.40 eV (R ) 0.79). This shows that
the last term in eq 10 is not strongly contributing the solvent
dependence ofkCS.

In eq 10 it assumed that the energy level of the S1 state is
identical in each solvent. The absorption and fluorescence
spectra show, however, that the S1 energy varies significantly
with the solvent. When the activation energy is corrected for
the changes in S1 energy (∆ν ) νmax - 〈ν〉av, with 〈ν〉av the
average of allν’s listed in Table 1), one can write

As can been seen in Figure 7, a plot of the left-hand term of
this expression versus∆f gives a linear relation with a slope of
-0.43 eV and an improved correlation coefficient (R ) 0.94)
compared to a fit of-kBTlnkCS. Considering that electron
transfer will occur between the central fluorene and only one
of the perylene bisimides, we can estimate the radius of the
cavity a ) 5.4 Å from the molecular volumes calculated from
the densities (V ) [M/(FNA)]) of the perylene bisimide19 and
of fluorene24 chromophores [a ) (3(Vpery + Vfluorene)/4π)1/3].
This allows for the approximation of the dipole moment in the
transition state from the slope of the graphs givingµT ) 10.4
D and dividing this value by the electron charge, 2.2 Å is
obtained as the electron-transfer distance in the transition state.

The important result following from this analysis is that the
remarkable solvent dependence of the charge transfer as shown
in Figure 3b is dominated by the solvent polarity parameter∆f.
Furthermore in the transition state the electron transfer occurs
over a small distance only, likely smaller than the radius of the
solvent cavity.

Dielectric Continuum Model with a Spherical Cavity.
From the above analysis we infer that the center-to-center
distance in the electron-transfer reaction in PFP is small and
likely less than the sum of the radii of the reactants. When the
center-to-center distance between two spherical reactants is less
than their radii, the two-sphere model that is often used to
describe the energetics and kinetics of charge separation in
donor-acceptor systems is not valid,25,26and a spherical cavity
model is more appropriate. In the one-sphere model, the solvent
reorganization energy is described as27

where∆µ is the magnitude of the difference vector between
the dipole moment of the locally excited stateµLE and the dipole
moment of the charge-separated stateµCS (∆µ ) |µbCS - µbLE|).
This expression accounts for the nonequilibrium polarization
state of the solvent in the charge-separated state. The solvent
dependence of the shift in the static energy for the charge
separation reaction is26

where ∆GCS(0) is the Gibbs free energy in the gas phase.
Equations 12 and 13 can be used to calculate the rate of charge
transferkCS by the Marcus-Jortner expression28

Figure 7. Plots of-kBTlnkCS (O) and-kBTlnkCS + ∆ν (b) versus the
solvent parameter∆f. The dashed line is the linear fit to-kBTlnkCS +
∆ν.

FBT ) µbT ‚ 1

2πε0a
3
∆ f (5)

∆ f ) f - f′ )
εr - 1

2εr + 1
- n2 - 1

2n2 + 1
(6)

Epol ) 1
2

µbT ‚FBT )
µT

2∆ f

4πε0a
3

(7)

∆GCS
‡ ) ∆GCS

‡(0) -
µT

2∆ f

4πε0a
3

(8)

kCS ) 2π3/2

h(λkBT)1/2
V2 exp[-∆GCS

‡

kBT ] (9)

-kBTlnkCS ) ∆GCS
‡(0) -

µT
2∆ f

4πε0a
3

- kBTln(V2

h
2π3/2

(λkBT)1/2)
(10)

-kBTlnkCS + ∆ν ) ∆GCS
‡(0) -

µT
2∆ f

4πε0a
3

- kBTln(V2

h
2π3/2

(λkBT)1/2) (11)

λs )
(∆µ)2

4πε0a
3
∆ f (12)

∆GCS ) ∆GCS(0) -
(µCS

2 - µLE
2)

4πε0a
3

f (13)

kCS ) ( π

p2λskBT
)1/2

V2∑
n)0

∞

e-S Sn

n!
exp(-

(∆GCS + λs + npω)2

4λskBT )
(14)
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where the Huang-Rhys factor S () λi/hω) relates to the
effective mode vibrational energy (taken asω ) 1500 cm-1

corresponding to the CdC stretch vibration) andλi is the internal
reorganization energy. We fitted the experimentally rates of
charge separation obtained from the fluorescence quenching in
all 11 solvents to the rates given by eqs 12-14, usingλi, a,
∆GCS(0), ∆µ, (µCS

2 - µLE
2), andV as variables. As a starting

point for the optimization we usedλi ) 0.2 eV,a ) 5.4 Å, and
∆GCS(0) ) +0.01 eV () Eox - Ered - Vmax in DCM) and
assumed thatµLE ) 0 andµCS ) 20 D (double that of in the
transition stateµT). After optimization the rate constants
predicted by the model are in very good agreement with the
experimental values within a factor of 2 (Figure 8). The final
values of the parameters (see the caption of Figure 8) are close
to the starting values.29 In fact, (µCS

2 - µLE
2)1/2 and ∆µ are

almost equal confirming thatµLE ≈ 0. The result thatµLE ≈ 0
is supported by the fact that the solvent dependence of the optical
absorption of PFP was found to be dominated by the dispersion
interaction (vide supra).

Rationalization of the Continuum Model. The final values
of ∆GCS + λs (see the Supporting Information) vary from-0.92
eV (for THF and 2-Me-THF) to-1.15 eV for ODCB and reveal
that several vibrational quanta (hω) are required for the reaction
to proceed. The remarkable changes inkCS with solvent that
have been observed experimentally are the consequence of
different effects with a subtle interplay. The shorter distance
for charge transfer motivates the use of a spherical model for
λs (eq 12). Accordingly, the solvent reorganization energyλs

depends on bothεr and n via the solvent parameter∆f. For
aromatic solvents, the generally largern causes a reduction of
λs when compared to nonaromatic solvents with similar polarity
(compare e.g. DCM and ODCB, Table 1). On the other hand,
∆GCS depends onεr only and is reduced in more polar solvents.
Hence, the free energy and reorganization energies do not scale
by similar factors, although both depend on polarity. The
importance of the refractive index in determiningλs becomes
clear when considering aromatic vs nonaromatic solvents with
similar relative dielectric constant. Looking at three characteristic
combinations (viz.: dioxane vs toluene; chloroform vs chloro-
benzene; and dichloromethane vs ODCB), the aromatic solvent
has a slightly higherεr, but the highern and lowerλs causes a
reduction ofkCS. Here the model nicely reproduces the observed
trends.

As mentioned above, the model does reproduce all rate
constants within a factor of 2, while the experimental values
differ by more than a factor of 150 for different solvents. On

the other hand, some of the differences are not reproduced. As
can be seen in Figure 8 (and in Table S1), the model would
predict that the charge separation rate constant in DMF (21.9
ns-1) would be larger than in THF (16.6 ns-1), while experi-
mental values are different (12.8 ns-1 for DMF versus 20.7 ns-1

for THF).

4. Conclusion

Photoinduced charge separation from fluorene to perylene
bisimide in PFP occurs with a rate constantkCS varying from
∼108-1010 s-1, depending on the solvent. The nature of the
solvent strongly affects the rate constants, but the rate does not
monotonically increase with the relative dielectric constant. In
fact we have observed opposite trends with increasing polarity
in two different solvent mixtures. The remarkable solvent
dependence (Figure 8) can be successfully explained in terms
of two related models. In the first model we consider that the
polarization energy of the solvent, induced by the dipole moment
in the transition energy, affects the activation barrier for charge
separation, and we derive that lnkCS scales linearly with the
solvent parameter∆f in accordance with the experiments. In
the second model we use the classical Marcus-Jortner equation
for charge transfer and employ a spherical cavity model for the
reorganization energy which varies linearly with∆f. With this
second model we are able to accurately (within a factor 2)
describe the widely varying (factor of more than 150) rate of
charge separation in PFP for all 11 solvents.

The reason for the exceptional influence of the solvent on
the charge separation is the fact that the driving force for the
charge separation reaction over long distances is low in each
solvent (e.g. in DCM:Eox - Ered - νmax ) +0.01 eV), causing
that the distance over which the electron transfer can take place
will be small. At short distances the solvation of the charge
separated state is strongly dependent on the solvent, making
subtle changes in the medium important. The unique feature of
the PFP molecule is that fluorene and perylene bisimide units
are directly coupled, allowing for such short distance electrons
transfers to occur.

5. Experimental Section

Methods. UV/vis absorption spectra were recorded on a
Perkin-Elmer Lambda 900 or a Lambda 40 spectrophotometer.
Fluorescence spectra were recorded on an Edinburgh Instru-
ments FS920 double-monochromator spectrometer with a
Peltier-cooled red-sensitive photomultiplier. Time-correlated
single photon counting fluorescence studies were performed
using an Edinburgh Instruments LifeSpec-PS spectrometer,
consisting of a 400 nm picosecond laser (PicoQuant PDL 800B)
operated at 2.5 MHz and a Peltier-cooled Hamamatsu micro-
channel plate photomultiplier (R3809U-50). Lifetimes were
determined from the data using the Edinburgh Instruments
software package.

NMR spectra were recorded at room temperature on a Varian
Gemini spectrometer at frequencies of 300 and 75 MHz for1H
and13C nuclei or a Bruker spectrometer at frequencies of 400
and 100 MHz for1H and13C nuclei. Chemical shifts are given
in ppm (δ) relative to tetramethylsilane. Matrix assisted laser
desorption ionization time-of-flight (MALDI-TOF) mass spec-
trometry was conducted on a Perseptive Biosystems Voyager
DE-Pro MALDI-TOF mass spectrometer. Elemental analysis
was carried out on a Perkin-Elmer 2400 series II CHN analyzer.

Preparative HPLC was performed with a Shimadzu system
using a LC-8A preparative liquid chromatograph pump (5 mL/
min), a SIL-10AD-VP auto injector, a SPD-10AV-VP UV/vis

Figure 8. Rate of photoinduced charge transferkCS, determined from
PL quenching experiments (O) and modeled with eqs 12-14 (b) using
λi ) 0.12 eV,a ) 3.85 Å,∆GCS(0) ) 0 eV, (µCS

2 - µLE
2)1/2 ) 21.2 D,

∆µ ) 21.8 D, andV ) 141.1 cm-1. The values forλs are shown in
Table 1.29
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detector (522 nm), and a SCL-10A-VP system controller, using
an eluent gradient of THF/water 8:2 to pure THF. An Alltima
C18 5µm column with a length of 150 mm and an internal
diameter of 10 mm was used. Cyclic voltammetry was measured
in 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6)
as a supporting electrolyte in dichloromethane using an Eco-
chemie Autolab PGSTAT30 potentiostat. TBAPF6 and DCM
were carefully dried prior to the experiments. The working
electrode was a Pt disk, the counter electrode was an Ag bar,
and an Ag/AgCl electrode was used as reference electrode.

Materials. N,N′-Bis(1-hexylheptyl)-3,4:9,10-perylenedicar-
boximide (PERY) andN-(1-hexylheptyl)perylene-3,4:9,10-tetra-
caboxylic-3,4-anhydride-9,10-imide (4) were synthesized ac-
cording to literature procedures.14,30 All reagents and solvents
were commercial products and used as received or purified using
standard procedures.

9,9-Didodecylfluorene-2,7-bisphthalimide (2).To dimethyl-
acetamide (dried on molsieves, 50 mL) was added 9,9-
didodecyl-2,7-dibromofluorene1 (2.96 g, 4.48 mmol). After
addition of potassium phthalimide (1.66 g, 8.96 mmol) and
copper(I) iodide (dried in oven, 1.71 g, 8.96 mmol) the mixture
was stirred under argon for five minutes at room temperature
and subsequently stirred at 180°C. After 18 h the reaction
mixture was cooled to room temperature and was poured into
4 N HCl (300 mL). To this solution was added CH2Cl2, and
the organic layer was isolated and subsequently washed with
water and brine and dried over Na2SO4. After filtration and
evaporation of the solvent the product was purified by column
chromatography (silica gel, CH2Cl2/n-hexane 3:1,Rf ) 0.3). A
yellowish/brownish sticky glass was obtained with a yield of
1.00 g (28%).1H NMR (CDCl3, 300 Hz): 7.98 (dd,J ) 5.5
Hz, 3.0 Hz, 4H), 7.84 (d,J ) 8.8 Hz, 2H), 7.81 (dd,J ) 5.5
Hz, 3.3 Hz, 4H), 7.46 (m, 4H), 2.00-1.95 (m, 4H), 1.30-1.00
(m, 36 H), 0.85-0.70 (m, 10 H).13C NMR (CDCl3): 167.54,
152.11, 139.97, 134.55, 132.01, 130.89, 125.23, 123.84, 121.46,
120.45, 40.17, 32.05, 30.25, 29.77, 29.72, 29.44, 24.11, 22.82.
MALDI-TOF MS (MW ) 792.49)m/z ) 793.28 [M + H]+.
Anal. Calcd for C53H62N2O4: C 80.26, H 8.13, N 3.53. Found:
C 79.91, H 7.95, N 3.50.

9,9-Didodecylfluorene-2,7-diamine (3).Compound2 (0.75
g, 0.95 mmol) and hydrazine monohydrate (0.46 mL, 9.5 mmol)
were stirred under argon in refluxing ethanol for 18 h. After
this period again hydrazine monohydrate (0.50 mL, 10 mmol)
was added, and it was refluxed for another 4 h. After cooling
to room temperature, the mixture was filtered, and the solvent
was removed in vacuo. The residue was dissolved in diethyl
ether and again filtrated. The organic phase was washed with
water and brine and dried over Na2SO4. After filtration and
evaporation of the solvent 0.42 g (83%) of a brown oil was
obtained as the product.1H NMR (CDCl3, 300 MHz) δ 7.33
(dd, J ) 6.3 Hz, 2.5 Hz, 2H), 6.62 (d,J ) 2.2 Hz, 2H), 6.61
(d, J ) 6.3 Hz, 2H), 3.65 (s, 4H), 1.80-1.75 (m, 4H), 1.30-
0.95 (m, 36 H), 0.87 (t,J ) 6.9 Hz, 6H), 0.75-0.60 (br signal,
4H). 13C NMR (CDCl3 75 MHz): δ 151.63, 144.47, 133.12,
119.01, 113.81, 110.04, 54.59, 40.90, 31.90, 30.23, 29.70, 29.62,
29.38, 29.33, 23.76, 22.68, 14.11. MALDI-TOF MS (MW)
532.48)m/z ) 532.43 [M•]+. Anal. Calcd for C37H60N2: C
83.39, H 11.35, N 5.26. Found: C 82.96, H 11.23, N 5.26.

N-(1-Hexylheptyl)-N′-phenyl-3,4:9,10-perylenedicarboxim-
ide (5).15 A mixture of N-(1-hexylheptyl)perylene-3,4:9,10-
tetracaboxylic-3,4-anhydride-9,10-imide4 (0.2 g, 0.349 mmol),
aniline (96µL, 1.046 mmol), and imidazole (1 g) was stirred
for 24 h at 140°C. The crude product was diluted with CH2Cl2
(40 mL) and extracted with water. The organic layer was dried

over MgSO4 and evaporated in vacuo. The crude product was
purified by silica gel column chromatography (CH2Cl2 then
CH2Cl2/MeOH: 97/3) to give5 as a reddish solid (167 mg,
74%).1H NMR (CDCl3) δ 8.72-8.60 (m, 8H), 7.60-7.57 (m,
2H, Ph), 7.53-7.49 (m, 1H, Ph), 7.37 (d,3J ) 7.2 Hz, 2H,
Ph), 5.18 (hept,3J ) 6.0 Hz, 1H, CH), 2.28-2.20 (m, 2H),
1.90-1.85 (m, 2H), 1.32-1.23 (m, 16H, 8 CH2), 0.83 (t,3J )
6.8 Hz, 6H, CH3). 13C NMR (CDCl3) δ 163.5, 135.0, 134.2,
131.8, 129.8, 129.6, 129.5, 128.9, 128.58, 126.6, 126.4, 123.3,
123.2, 123.0, 54.8, 32.4, 31.8, 29.2, 26.9, 22.6, 14.0. IR (cm-1):
1697 and 1655 (νCdO imide). MALDI-TOF MS (MW ) 648.3)
m/z ) 648.4 [M•]-.

2,7-Bis(N-(1-hexylheptyl)-3,4:9,10-perylene-bisimide-N’-
yl))-9,9-didodecylfluorene (PFP).Diamine 3 (0.34 g, 0.64
mmol),N-(1-hexylheptyl)perylene-3,4:9,10-tetracaboxylic-3,4-
anhydride-9,10-imide4 (0.73 g, 1.27 mmol), imidazole (8.85
g), and zinc acetate (0.062 g, 0.34 mmol) were heated to 180
°C and stirred under argon atmosphere. After 16 h no anhydride
was present anymore, and the reaction mixture was cooled to
room temperature. The reaction mixture was dissolved in CH2Cl2
and washed with 2 N HCl and brine. The solution was dried on
Na2SO4, subsequently filtered, and dried in vacuo. Column
chromatography was performed twice (silica gel, (1) CH2Cl2
with 0-3% methanol and (2) [a] ethyl acetate, [b] CH2Cl2/
methanol 95:5,Rf ) 0.95). The obtained solid was subsequently
purified by Soxhlet extraction with ethyl acetate and precipita-
tion from CH2Cl2 into ethyl acetate. A red solid (0.25 g,
24%)was obtained, which was around 10% impure according
to HPLC characterization. A small amount was purified by
preparative HPLC (THF/water) to obtain 12 mg of pure product.
1H NMR (CDCl3, 400 MHz): δ 8.80-8.60 (m, 16H), 7.95 (d,
J ) 8.4 Hz, 2H), 7.40-7.35 (m, 4H), 5.20 (m, 2H), 2.30-2.20
(m, 4H), 2.05-2.00 (m, 4H), 1.95-1.80 (m, 4H), 1.40-1.10
(m, 72H), 1.00-0.95 (m, 4H), 0.84 (m, 18H).13C NMR (CDCl3,
100 MHz): δ 164.63, 163.59, 152.32, 140.71, 135.03, 134.42,
134.12, 131.80, 131.25, 129.86, 129.58, 127.36, 126.71, 126.47,
124.07, 123.73, 123.54, 123.25, 123.09, 120.70, 55.60, 54.83,
39.98, 32.38, 31.95, 31.76, 30.12, 29.70, 29.67, 29.39, 29.28,
29.21, 26.94, 23.95, 22.69, 22.57, 14.11, 14.03. Mp) 285°C.
MALDI-TOF MS (MW ) 1643.96)m/z) 1644.04 [M•]-. Anal.
Calcd for C111H126N4O8: C 81.08, H 7.72, N 3.41. Found: C
80.57, H 7.58, N 3.45.
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