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Photoinduced electron transfer from fluorene to perylene bisimide has been studied for I%;{tbis(
hexylheptyl)-3,4:9,10-perylene-bisimidé-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 ckidt@rnhe electron transfer

from fluorene to perylene bisimide moiety in the excited state varies over more than 2 orders of magnitude
(~10—10% s71) 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 Kagsshould vary linearly withAf

[Af = (e — 1)/(2¢; + 1) — (N2 — 1)/(2n? + 1), wheree, 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 Withprovides quantitative agreement with experimental

rate constants within a factor of 2.

1. Introduction charge-separated state betwgerand n type materiaf To
. . preserve the photon energy after charge separation, the energy

Donor-acceptor compounds are actively considered as uf the charge-separated state should be as high as possible, and
models for molecular solar energy conversion and artificial ¢,ngequently the free energy liberated in the electron-transfer
photosynthesis. In many investigations, creation of (SUPra)Mo- a4 ction should be small. Hence, for future organic solar cells
lecular archltecturgs prowdmg a Iong-llvmg charge-sepgrat.ed and photosynthetic systems, it is of profound interest to establish
state after absorption of light has been an important objective onditions for photoinduced electron transfer in doracceptor
because these may allow charges to be collected in an eXtemaEystems with such a small driving force for charge transfer.

circuit or used in chemical reactiohOne of the successful hi q ad hotoinduced el for i
strategies in this respect are arrays with multiple carefully In this study we address photoinduced electron transfer in a

positioned photoactive and electroactive groups in which donor-acceptor system where the difference between redox

photogenerated charges are spatially separated via a cascade §Ptentials of the two chromophores and the energy of the singlet
electron-transfer reactions after absorption of IRfthe re- excited state is small. The model system that we use (PFP,

combination of the electron and hole to the ground state is then Figure 1) incorporates a fluorene donor and two perylene
inhibited by an extremely low electronic coupling of the distant Pisimide acceptors. Various perylene (bis)imide and (poly)fiuo-
wave functions of the electrons and holes. While the quantum réne conjugates have previously been reported in the literature.
efficiency of such a cascaded charge transfer process can pe>ome exhibit photoinduced electron transfer, while others show
very high (95% in the photosynthetic reaction center), it usually €nergy transfer followed by fluorescence of the perylene
involves significant but unfavorable energetic losses. In this (bis)imide chromophore. The discrimination between electron
respect, there is a direct relation between the free energy of theand energy transfer in these systems depends on subtle differ-
charge separated state and the maximum open-circuit voltageences in the distance between donor and acceptor, redox
in an organic solar cell based on the same donor and acceptofotentials, and the nature of the medium. Photoinduced energy
chromophores. The open-circuit voltage is one of the crucial transfer has been observed in systems where perylene monoim-
parameters that determine the energy conversion efficiency ofide serves as end capper of oligo- or polyfluorehas pendant
these devices, and it is directly related to the energy of the side chairf>Sand for perylene bisimide incorporated in the main
chain® Also for oligofluorenesif = 1—3) directly coupled to

* To whom correspondence should be addressed. E-mail: r_a_j_janssen@l,7-bis(3,5-di_tert—butylphenoxy)perylene_r bisimides intramo-
tue.nl. lecular photoinduced electron transfer is abgedh the other
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Figure 1. Structure of 2,7-bis{-(1-hexylheptyl)-3,4:9,10-perylene-bisimidié-yl))-9,9-didodecylfluorene (PFP).
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hand, intramolecular photoinduced electron transfer has been 0‘9150 100 50 0 50

observed for a perylene monoimide attached to a rigid sub-
sites bluorene coanng e WS DN e > () s s et it
S . coefficients of PFP (solid line) and PERY (dashed line) in toluene
for a system similar to PFP where fluorene is coupled to an ggjution. The dotted line pertains to the molar absorption coefficient
unsubstituted perylene bisimid&he latter molecule is related  of PERY, after multiplication by a factor 2. (b) UV/vis absorption
to a series of perylene bisimide-oligophenylene-perylene bis- spectra of PFP in 11 different solvents relative to the wavelength of
imide triads that has been studied by Adams et al. for varying maximum absorptiomax.
lengths of the oligophenylene bridég&eFor these molecules, ) ) ) )
intramolecular photoinduced charge transfer was reported in nofluorene3 was synthesized by reaction 2with hydrazine
which the electron is thought to be transferred from one perylene Monohydrate. 1-Hexylheptylamine, synthesized in a two-step
bisimide to the other over the bridge, while the alternative Procedure as reported by Semenov and Skorovéravas
interpretation that the oligophenylenes act as electron donor was'®acted with 3,4,9,10-perylenetetracarboxylic dianhydride in
not considered explicitly. imidazole to N,N-bis(1-hexylheptyl)-3,4:9,10-perylenedicar-
Here we show that in PFP intramolecular photoinduced PoXimide (PERY) and then converted imcby reaction with
electron transfer from fluorene to the perylene bisimide is KOH and subs.equently HCI.as described by Langhals al.
extremely sensitive to the environment. The effects of solvent PFP was obtained by reaction of monoanhydrddwith the
and the dielectric properties on charge transfer reactions havediaminofluorened and was purified by column chromatography
been extensively described in the literatttaVe rationalize ~ and preparative HPLC. Compoutsdwas synthesized from
the effects of the medium on the electron-transfer rate in terms "d aniline according to literature procedutes. ,
of the polarization energy of the transition state using a dielectric ~YV/ViS Absorption. In toluene solution the UV/vis absorption

Relative wavelength (nm)

continuum model with a spherical cavity. spectrum of PFP exhibits characteristic bands at 308, 459, 491,
and 529 nm (Figure 2a). The band at 308 nm originates from
2 Results the fluorene moiety, while the others are the vibronic bands of

the perylene bisimide;S— S transition. In the long wavelength
Synthesis.The synthesis of PFP is outlined in Scheme 1. region, the absorption spectra of PFP and the PERY reference
First, 9,9-didodecyl-2,7-dibromofluorenkt was reacted with compound are almost identical, demonstrating that the three
potassium phthalimide in dimethylacetamide in the presence of chromophores in PFP are electronically only weakly coupled
copper(l) iodide to form bisphthalimide fluorer#&'? Diami- as a consequence of the twisted conformation around the
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TABLE 1: Absorption and Fluorescence Energiesvmax (€V) of PERY and PFP Together with the Relative Dielectric Constant
€, Refractive Index n, and Solvent Parametersf, f ', Af, and 45 (eV)

PERY PFP solvent parameters
solvent abemax PL Vmax AbS Vimax PL Ymax € n fa f'b Afe Asd

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
OoDCB 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
af = (¢ — 1)/(2 + 1).bf' = (2 — 1)/(22 + 1).cAf=f — f'. 4 ) from eq 12.

fluorene-perylene bisimide carbemitrogen bond$. In ac- r T T

cordance, the molar absorption coefficient of PFP (15.70% 5r PFP gy .

L mol~t cm™Y) is approximately twice that of PERY (7.8 of PE————— -

10* L mol~t cm™2). sl i
UVlvis spectra of PFP and PERY were further recorded in 1oL ]

11 different organic solvents with varying dielectric constants ARARARRA AMRARAARS AAARRAAA AN AROARN

(Figure 2b). The wavelength of maximum absorptidgaf) of 10} 5 ﬂ -

PFP varies with the solvent, ranging from 523 nm in 2-MeTHF ol N _/ ]

to 533 nm ino-dichlorobenzene (ODCB). Table 1 lists the | 4K_—_\/

transition energiesvfax = hd/imay for both PFP and PERY <or L ]

and reveals that the solvatochromic behavior of PFP is virtually = o2 T :

identical to that of PERY. When corrected for the small  Fluorene

differences inlmax the absorption spectra of PFP are almost 10 i

identical in all 11 solvents (Figure 2b). No significant difference 0 | i

in relative height or width of the vibronic absorption bands TR T TR T

exists. Since it is well established that the formation of 10r 2 ' ' ' i

aggregates of perylene bisimides results in significant changes I

in relative intensities of the band&we exclude the possibility °r i

that aggregation of PFP occurs or differs strongly among these 0 | % i
solvents. Since the absorption spectra of PFP overlap very well 1 1 L

with those of molecularly dissolved (i.e. not aggregated) PERY 2 -1 0 1 2
(Figure 2a), we conclude that aggregation of PFP does not take E versus Fc/Fc™ (V)
place at the concentrations used. Figure 3. Cyclic voltammograms of PF, fluorene, and® recorded

Electrochemistry. Cyclic voltammetry of PFP in dichloro- in dichloromethane. Vertical lines allow comparison of first oxidation
methane (DCM) revealed two reversible reduction waves at and reduction potentials.
Ered(1) = —1.075 V andEe(2) = —1.278 V vs Fc/Ft (Figure
3). PFP also shows two oxidation wavesg§(1) = 1.247 V each of the two perylene bisimides moieties contributes to the
andEq(2) = 1.452 V. The current associated with the last wave repulsion. The experimental potential increasé\&f~ 1.45-
is approximately half of the current of the three other redox 1.25= 0.20 V in DCM (¢, = 8.93) gives an estimate fal of
waves. Apart from this last wave, reference compdbieshibits 16 A that corresponds to half the length PFP suggesting that
almost identical redox potentials (Figure Be(1) = —1.065 the three positive charges tend to maximize their distance. To
V, Ered(2) = —1.265 V, andEq(1) = 1.252 V) as PFP which ~ ensure that the imide moieties themselves are not responsible
establishes that each of the corresponding redox processes ifior the increased oxidation potential, we also checked the
PFP are each two-electron reductions or oxidations, involving oxidation of2. The 2,7-substitution of the fluorene moiety in
the two perylene bisimides. Consequently, Eag(2) of 1.452 reference2 resembles the one in PFP. Compouhdlready
V for PFP is likely associated with a single-electron oxidation oxidizes atEx(1) = 1.146 V (Figure 3), which is at a lower
of the fluorene unit of PFP. Unsubsitituted fluorene itself, potential than fluorene itself. In conclusion, there is some
however, has a significantly lower oxidation potential and shows ambiguity on the precise oxidation potential of the fluorene unit
an irreversible wave with a peak potential at 1.300 V (Figure in neutral PFP, but the above analysis shows that a value of
3).17 We stress that cyclic voltammetry overestimates the +1.25 V vs Fc/F¢ is a realistic estimate.
ionization potential of the fluorene unit in PFP because the redox FluorescenceFluorescence spectra of PFP and PERY were
wave at 1.452 V is associated with the PFP- PFP* reaction, recorded in all solvents listed in Table 1, and the spectra in
rather than with the oxidation of the fluorene moiety in a neutral toluene and 2-methyltetrahydrofuran (2-MeTHF) are shown in
PFP. Coulomb repulsion will place the PEP— PFP* process Figure 4a. Similar to the absorption spectra, the fluorescence
at a higher potential. The potential increase due two charging spectra of PFP show a small but distinct solvent dependent
can be calculated frolE = 2e/4mepe,d, whered is the distance spectral shift. This behavior is also observed for the fluorescence
between the positive charge located in the center of the fluorenespectra of PERY (Table 1).
and centers of positive charge density in the perylene bisimides. Although the fluorescence spectra of PERY and PFP are
The factor of 2 accounts for the fact that a positive charge in similar in energy, the intensity of the PFP emission varies
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60 - 3 Z 1 TABLE 2: Rate Constants (kcs, ns™1) for Charge Transfer
50} g J Obtained from Photoluminescence Quenchingl{/l) and
< clls £ o Photoluminescence Lifetimesprp, ns) for PFP in Various
00 517 % g ] Solvents
oc o
0r 2 3 ] quenching lifetime
20[ & 18l [ ]
,gg g Q TPERY lo/l Kcs TPFP Kes
or 1215 | ] dioxane 411 84 18 076 11
0 —i= L L L L toluene 3.99 1.5 0.13 2.53 0.15
1015 20 25 30 3% 40 chloroform 3.88 22 5.4 0.12 8.3
£ () chlorobenzene 3.90 55 1.2 0.87 0.9
Figure 4. (a) Fluorescence spectra of PFP and PERY in 2-MeTHF 2-MeTHF 3.69 67 17.8 0.04 23.0
and toluene, excited at 490 nm. (b) Fluorescence quenching fattor THF 4.00 84 20.7 0.05 19.8
versus the relative dielectric constant in different solvents. DCM 4.39 38 8.4 0.11 8.9
oDCB 3.95 7.4 1.6 0.69 1.2
. . . ridine 3.91 32 7.9 0.10 10.2
strongly with the solvent and is often dramatically reduced Egnzonitrile 384 21 52 017 56
compared to that of PERY in the same solvent. The origin of pmE 4.17 54 12.8 0.07 135

the fluorescence quenching of the perylene bisimide emission
in PFP cannot be due to a singlet-energy transfer, because theuenching factody/| was determined from the fluorescence
fluorene $ state is much higher in energy. Likewise, quenching intensity| of PFP with respect to intensity of PERY in the
via aggregation of the perylene bisimide chromophores is same solvent with excitation at the same wavelength. We
excluded because the UV/vis spectra do not show any sign ofchecked that within the absorption band, the fluorescence
aggregation (Figure 2b). Therefore, we can safely attribute the quenching was independent of the excitation wavelength, when
quenching to photoinduced electron transfer in which an electron corrected for differences in absorption. Table 2 clearly shows
is transferred from fluorene to perylene bisimide in thestate. that the quenching strongly depends on the nature of solvent.
Energetically, such electron transfer is not strongly exergonic For instance, the fluorescence of PFP is quenched by a factor
because the difference between fluorene oxidation and peryleneof 1o/l = 1.5 in toluene, while in 2-MeTHF the quenching is
bisimide reduction potentials (1.251.08= 2.33 eV in DCM) much stronger withlo/l = 67 (Figure 4a). The extent of
is very close to the excited state;\8nergy of perylene bisimide  quenching observed in dioxane and DMF corresponds well to
(2.32 eV). Although the redox potentials of perylene bisimide quenching of a similar compound reported in the literafure.
and fluorene in PFP are similar (vide supra), the alternative Figure 4b shows the fluorescence quenching falgtbiof PFP
possibility that an electron transferred from one perylene as function of the dielectric constant of the solvent. Figure 4b
bisimide unit to another is unlikely as a competing reaction. demonstrates that the extent of quenching is not simply
The electronic coupling between donor and acceptor in the determined by the polarity (represented by the relative dielectric
excited state for the latter process will be significantly (orders constant) of the solvent.
of magnitude) less because it involves a fluorene bridge rather  To investigate the solvent dependence of the fluorescence in
than directly coupled chromophores. Moreover, charge transfer more detail, quenching experiments were performed in chloro-
over larger distances is energetically less favorable because théorm/ODCB and toluene/DCM mixtures (Figure 5). The di-
contribution of the electrostatic potential energy to the charge electric constants of the solvent mixtures (0, 25, 50, 75, and
separated state is higher for larger electrbole separations. 100 vol %) were assumed to vary linearly with composition. In
This places the transfer between the perylene bisimides at aboth sets of experiments the photoluminescence quenching in
higher free energy. the mixtures is between that of the pure solvents, but for toluene/
In general, photoinduced electron transfer is more favorable DCM the quenching factor increases with increasing dielectric
in polar solvents because these stabilize the charge-separatedonstant, while it decreases for the chloroform/ODCB mixture.
state. Hence, stronger fluorescence quenching was expected foln addition to the opposite trends, we note that the quenching
solvents with a higher polar nature. To test this proposition, observed for pure solvents with a dielectric constant that is
the extent of fluorescence quenching was measured in the 11nominally the same as that of the mixtures is also different.
solvents listed in Table 1. For each solvent the fluorescence This indicates that the extent of quenching of PFP depends on
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the solvent but is not (only) determined by the relative dielectric T T T T T

constant. The two sets of experiments clearly show that mixing 2381 :. a7
solvents can lead to ambiguous information with respect to the 236 | o. 4
relation between the dielectric constant and the rate for o o e
photoinduced electron transfet® 23410 0 % ,
Fluorescence Lifetime.To study the photoinduced electron O
transfer in more detail, the fluorescence lifetime of PFP was 2321 o o ]
determined by recording the emission at 534 nm in different S 230} 5"%.,,\0 |
solvents with time-correlated single photon counting (TCSPC) K L
after excitation at 400 nm. The fluorescence lifetime of PFP g ' ' ' ' '
. 2F2381 b
(zprp strongly depends on the solvent, and together with the .8
fluorescence lifetime of PERYtfery) the rate for charge 236 ’ 4
transferkcs (Table 2) can be estimated via O
234l %0 ® T _
Kes=—— Q) 232} 0y o
Terp  TPERY o o
... O
2.30 | =y -
The rate of charge transfées (Table 2) can also be derived . . R
from the fluorescence-quenching factefi 019 020 021 022 023 024 025
f(-)
_ (|0/|) -1 ) Figure 6. Transition energiesmax of absorption @) and photolumi-
=

nescenced) 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
For most solvents, the valueslefs obtained from fluorescence (1 0.11) ev, PL:—1.00 & 0.17) eV.

lifetime and quenching experiments are similar (Table 2). The
rate constant for charge transfer is the largest in THF and the

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

Energy of the Locally Excited State. The energies of The average slope of the linear fits are0.87 eV for
maximum absorption and emission of PFP vary with the nature absorption and-0.95 eV for emission, and the energy for
of the solvent in a similar way as those of the PERY absorption or emission in a vacuum by extrapolatin'te= 0
chromophore (Table 1). Since PERY is a symmetrical molecule, is »(0) = 2.53 @0.05 eV). The radius of the cavigy= 4.71
it has no net dipole moment in the ground or excited state. The A of the perylene bisimide was estimated from the density
dipole moment of PFP in its ground state is expected to be very (o = 1.59 g cm3) of N,N'-dimethylperylene-3,4:9,10-tetracar-
small since the molecule does not contain highly polar substit- hoxylic bisimide as determined from the X-ray crystallographic
uents or groups with a very strongly electron accepting or data viaa = [3M/(47pNa)]¥3.18 Usinga = 4.71 A, the average
donating character. Because the solvent shift of the absorptionsjopes giveD = 72 D? for absorption andD = 79 D? for
and fluorescence band of PFP is very similar to that of PERY emjssion. These values may be compared to those for e.g.

(Figure 6), we conclude that PFP in its perylene bisimide based naphthalene, where one fin@s = 13, 41, and 96 Bfor the
local excited state does not have an appreciable dipole moment1 _ 1, andB, states, respectively, aral= 3.5 A 20

For a molecule without a net dipole moment in the ground and
excited state, the solvent dependence of the optical absorptionin
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)v is then given b¥#

TpERY

3. Discussion

Charge Transfer. To rationalize the remarkable, and seem-
gly 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

D cavity to describe the energy of the charge separated state and

v=v(0) - ——f (©)] the Marcus-Jortner model to calculate the rate constant. Both
27eq@ models explain the remarkable dependence of the rate for
photoinduced charge separation and the nature of the solvent
f = n—1 4) as shown in Figure 4b.
ni+1 Polarization Energy in the Transition State.Based on the

subnanosecond lifetimes, we consider that the electron transfer
in which »(0) is the energy of the absorption (or emission) in reaction proceeds from the relaxed locally excited perylene
the gas phase is the radius of the (spherical) solvent cavity bisimide state via a transition state to the charge-separated state
needed to store a solute molecuigis the vacuum permittivity, in a thermally activated reaction. We consider that in the thermal
andn is the refractive index of the solvent. The paramdder  activation step the solvent dipoles need to rearrange to adjust
describes the difference between the dispersion interactions ofto the dipole moment of the transition state but that the electronic
the solute molecule in its ground state with the solvent molecules polarization of the solvent molecules can adjust during the
and the interactions of the solute molecule with the solvent in Franck-Condon type transition. The contribution of the per-
its excited state. A plot of the experimental transition energies manent solvent dipoles to the reaction fiélgassociated with
vmax fOr absorption and fluorescence in the different solvents a dipoleur of the transition state in the center of a spherical
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cavity with radiusa is given by122

. 1
Fr=7 Af (5)
T 27€,°

e—1 2 _

Af=f—f=no M1 ®)

The polarization energyy to bring the dielectric into the
polarized state associated with the dipole moment of the
transition state /22

ﬂTZAf

4@’

Fr

Epol = 1-zﬁT . (7)

The activation energy of the charge transfeGcst can be
described by the activation energy in the gas phaGes¥(0)
minus the polarization enerdyyq of the transition state

#TZA f

3

AGcs' = AGs'(0) —
drega

G

The nonadiabatic charge separation rate constant is a function

of the energy barrieAGcsF, the reorganization energy, and the
electronic coupling ) between donor and acceptor in the
excited stat€

©)

wherel is total reorganization energy (i.e. the sum of the internal

Neuteboom et al.

In eq 10 it assumed that the energy level of thestate is
identical in each solvent. The absorption and fluorescence
spectra show, however, that the &ergy varies significantly
with the solvent. When the activation energy is corrected for
the changes in Senergy Av = vmax — 0, with [0, the
average of alb’s listed in Table 1), one can write

—kgTInkes + Av = AG.S'(0) —

2

Af 2
aal 3 Tin v
e a

2.71:3/2
)

h

As can been seen in Figure 7, a plot of the left-hand term of
this expression versusf gives a linear relation with a slope of
—0.43 eV and an improved correlation coefficieR € 0.94)
compared to a fit of—kgTInkcs. Considering that electron
transfer will occur between the central fluorene and only one
of the perylene bisimides, we can estimate the radius of the
cavitya = 5.4 A from the molecular volumes calculated from
the densities\{ = [M/(pNa)]) of the perylene bisimidé€ and

of fluorené* chromophoresd = (3(Vpery + Viuorend/47)9].

This allows for the approximation of the dipole moment in the
transition state from the slope of the graphs giving= 10.4

D and dividing this value by the electron charge, 2.2 A 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 paramater
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 vafei2®and a spherical cavity
model is more appropriate. In the one-sphere model, the solvent
reorganization energy is described’as

_

A
S
47teoa3

(12)

where Au is the magnitude of the difference vector between
the dipole moment of the locally excited staig and the dipole
moment of the charge-separated state (Au = |tics — HLgl)-

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

and solvent reorganization energies). Substituting eq 8 into eqseparation reaction3%

9 shows that rate of charge transkeg depends on the solvent
parameteAf via

ur'Af
-

Amea

—kgTInkeg = AG¢'(0) — kg TIn

V2 2]_[3/2
"
(10)

A plot of —kgTInkcsvs A f (Figure 7, open symbolscs taken

from the fluorescence quenching) reveals an approximate linear

relation with a slope 0f-0.40 eV R = 0.79). This shows that
the last term in eq 10 is not strongly contributing the solvent
dependence dfcs.

2 2
AGoq= AG0) — Les ) L ) (13)

4re @
where AGc4(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 expressiéh

(AGeg + A+ Nhw)?
KT

2
s

T _
szoe S—ex
= n!

h2 AT,

S=

(14)
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i i T T T the other hand, some of the differences are not reproduced. As
o o can be seen in Figure 8 (and in Table S1), the model would
10" F ° /O 4 predict that the charge separation rate constant in DMF (21.9
\Q ns1) would be larger than in THF (16.6 Y, while experi-
S mental values are different (12.8 Afor DMF versus 20.7 ns

"o o for THF).
S 0k .
4. Conclusion
Photoinduced charge separation from fluorene to perylene
o bisimide in PFP occurs with a rate const&sg varying from
10 - - s . - I ~10¥—10'0 s71, depending on the solvent. The nature of the
6 5 10 15 20 25 30 35 40 solvent strongly affects the rate constants, but the rate does not
£ () monotonically increase with the relative dielectric constant. In
Figure 8. Rate of photoinduced charge transkeg, determined from fact we have observed opposite trends with increasing polarity
PL quenching experiment®] and modeled with eqs 1214 (@) using in two different solvent mixtures. The remarkable solvent
4i=0.12eV,a=3.85A AGc(0) =0 eV, (ucs — ue?)'2=21.2 D, dependence (Figure 8) can be successfully explained in terms

Au =21.8 D, andV = 141.1 cm*. The values forls are shown in ot o related models. In the first model we consider that the
Table 12° N . .
polarization energy of the solvent, induced by the dipole moment

in the transition energy, affects the activation barrier for charge
separation, and we derive thatkgs scales linearly with the
. - ; : solvent parameteAf in accordance with the experiments. In
corresponding to the=€C stretch vibration) and is the internal . :

P g stretch vibration) and, is the interna the second model we use the classical Marclgstner equation

reorganization energy. We fitted the experimentally rates of for ch i f d | herical it del for th
charge separation obtained from the fluorescence quenching in or charge transier and employ a spherical cavity model for the
reorganization energy which varies linearly witt. With this

all 11 solvents to the rates given by eqs—12, usingi;, a, nd model we are able t rately (within a factor 2

AGcg0), Au, (ucs® — uie?), andV as variables. As a starting 3§CO i tr? € 'del are aple fo ?ccufa ey (th 120 ac :)r f)

point for the optimization we used = 0.2 eV,a= 5.4 A, and Scribe the widely varying (factor of more than ) rate o
charge separation in PFP for all 11 solvents.

AGcg0) = +0.01 eV — Ered — in DCM) and . .
asszsrsw(gd thatie = 0 aan;Ifg; _ 26673 (dgﬂégle that of)in the The reason for the exceptional influence of the solvent on
transition stateur). After optimization the rate constants the charge separation is the fact that the driving force for the
. ' - . harge separation reaction over long distances is low in each
dicted by the mod ¢ . \
predicted by the model are in very good agreement with the solvent (e.g. in DCM-Eoy — Eved — ¥max= +0.01 eV), causing

experimental values within a factor of 2 (Figure 8). The final . .
values of the parameters (see the caption of Figure 8) are closethat the distance over which the electron transfer can take place

to the starting value®. In fact, (e — ue2)Y2 and Au are will be small. At short distances the solvation of the charge
almost equal confirming tha&;; ~ 0. The result thati e ~ 0 separated state is strongly dependent on the solvent, making

is supported by the fact that the solvent dependence of the opticalsumIe changes in the medium important. The unique fgature.of
absorption of PFP was found to be dominated by the dispersionthe P.FP molecule is that f_Iuorene and peryle_ne bisimide units
interaction (vide supra). are directly coupled, allowing for such short distance electrons
Rationalization of the Continuum Model. The final values transfers to occur.
of AGcs+ s (see the Supporting Information) vary fron0.92
eV (for THF and 2-Me-THF) to-1.15 eV for ODCB and reveal
that several vibrational quantad) are required for the reaction Methods. UV/vis absorption spectra were recorded on a
to proceed. The remarkable changeskdg with solvent that Perkin-Elmer Lambda 900 or a Lambda 40 spectrophotometer.
have been observed experimentally are the consequence oFluorescence spectra were recorded on an Edinburgh Instru-
different effects with a subtle interplay. The shorter distance ments FS920 double-monochromator spectrometer with a
for charge transfer motivates the use of a spherical model for Peltier-cooled red-sensitive photomultiplier. Time-correlated
As (eq 12). Accordingly, the solvent reorganization enetgy  single photon counting fluorescence studies were performed
depends on botl, and n via the solvent parametexf. For using an Edinburgh Instruments LifeSpec-PS spectrometer,
aromatic solvents, the generally largecauses a reduction of  consisting of a 400 nm picosecond laser (PicoQuant PDL 800B)
Aswhen compared to nonaromatic solvents with similar polarity operated at 2.5 MHz and a Peltier-cooled Hamamatsu micro-
(compare e.g. DCM and ODCB, Table 1). On the other hand, channel plate photomultiplier (R3809U-50). Lifetimes were
AGcsdepends oR, only and is reduced in more polar solvents. determined from the data using the Edinburgh Instruments
Hence, the free energy and reorganization energies do not scalsoftware package.
by similar factors, although both depend on polarity. The  NMR spectra were recorded at room temperature on a Varian
importance of the refractive index in determinidgbecomes Gemini spectrometer at frequencies of 300 and 75 MHZHor
clear when considering aromatic vs nonaromatic solvents with and*3C nuclei or a Bruker spectrometer at frequencies of 400
similar relative dielectric constant. Looking at three characteristic and 100 MHz for'H and*3C nuclei. Chemical shifts are given
combinations (viz.: dioxane vs toluene; chloroform vs chloro- in ppm () relative to tetramethylsilane. Matrix assisted laser
benzene; and dichloromethane vs ODCB), the aromatic solventdesorption ionization time-of-flight (MALDI-TOF) mass spec-
has a slightly higheg,, but the highen and loweris causes a  trometry was conducted on a Perseptive Biosystems Voyager
reduction ofkcs. Here the model nicely reproduces the observed DE-Pro MALDI-TOF mass spectrometer. Elemental analysis
trends. was carried out on a Perkin-Elmer 2400 series Il CHN analyzer.
As mentioned above, the model does reproduce all rate Preparative HPLC was performed with a Shimadzu system
constants within a factor of 2, while the experimental values using a LC-8A preparative liquid chromatograph pump (5 mL/
differ by more than a factor of 150 for different solvents. On min), a SIL-10AD-VP auto injector, a SPD-10AV-VP UV/vis

where the HuangRhys factorS (= Ai/hw) relates to the
effective mode vibrational energy (taken @s= 1500 cnt?

5. Experimental Section
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detector (522 nm), and a SCL-10A-VP system controller, using over MgSQ and evaporated in vacuo. The crude product was
an eluent gradient of THF/water 8:2 to pure THF. An Alltima purified by silica gel column chromatography (&H, then
C18 Hum column with a length of 150 mm and an internal CH,Cl,/MeOH: 97/3) to give5 as a reddish solid (167 mg,
diameter of 10 mm was used. Cyclic voltammetry was measured 74%).'H NMR (CDCls) 6 8.72-8.60 (m, 8H), 7.66-7.57 (m,
in 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF  2H, Ph), 7.53-7.49 (m, 1H, Ph), 7.37 (d®J = 7.2 Hz, 2H,
as a supporting electrolyte in dichloromethane using an Eco- Ph), 5.18 (hept3J = 6.0 Hz, 1H, CH), 2.282.20 (m, 2H),
chemie Autolab PGSTAT30 potentiostat. TBAP&hd DCM 1.90-1.85 (m, 2H), 1.32-1.23 (m, 16H, 8 CH)), 0.83 (t,3) =
were carefully dried prior to the experiments. The working 6.8 Hz, 6H, CH). *3C NMR (CDCk) ¢ 163.5, 135.0, 134.2,
electrode was a Pt disk, the counter electrode was an Ag bar,131.8, 129.8, 129.6, 129.5, 128.9, 128.58, 126.6, 126.4, 123.3,
and an Ag/AgCl electrode was used as reference electrode. 123.2,123.0,54.8, 32.4, 31.8, 29.2, 26.9, 22.6, 14.0. IR{Em
Materials. N,N-Bis(1-hexylheptyl)-3,4:9,10-perylenedicar- 1697 and 1655(—o imide). MALDI-TOF MS (MW = 648.3)
boximide (PERY) andN-(1-hexylheptyl)perylene-3,4:9,10-tetra- Nz = 648.4 [M]". o
caboxylic-3,4-anhydride-9,10-imidet)( were synthesized ac- 2,7-Bis(N-(1-hexylheptyl)-3,4:9,10-perylene-bisimideN'-
cording to literature proceduré$3 All reagents and solvents  Y1))-9,9-didodecylfluorene (PFP).Diamine 3 (0.34 g, 0.64
were commercial products and used as received or purified using™mol), N-(1-hexylheptyl)perylene-3,4:9,10-tetracaboxylic-3,4-
standard procedures. a;hydéldg-g,lo-lmldezo(%gg g, (}?iz mmoll)), |m|darl120Ie C(}|8.85180
N 57 - - ) g), and zinc acetate (0. g, 0.34 mmol) were heated to
acg,tinliq)ilggdt(eg?i/ggjoginemzc;;itéljggthgl(l)mL(:I]eL)(Z\),EII';)SdlgndeotIZﬁI 9.9 °C and stirred under argon atmosphe(e. Aftgr 16 h no anhydride
didodecyl-2,7-dibromofluorend (2.96 g, 4.48 mmol). After was present anymore, and _the reaction mixture Was_cooled to
addition of potassium phthalimide (1.66 g, 8.96 mmol) and room temperatyre. The reactlon_m|xture was @ssolved 'E.m:d_'
copper(l) iodide (dried in oven, 1.71 g, 8.96 mmol) the mixture and washed wit 2 N HCI and brine. The solution was dried on

was stirred under argon for five minutes at room temperature N&SQ,, subsequently filtered, and. dr'Ed. n vacuo. Column
and subsequently stirred at 18C. After 18 h the reaction chromatography was performed twice (silica gel, (1).CH

; | . with 0—3% methanol and (2) [a]_ethyl acetate, [b] &/
;fn Il)\(ltul-zglw(gsog Oncw)l_e)oI ':% rt%?? S’galumtip())enr?:ll;rs :Sgeg%ioirﬁg into methanol 95:5R; = 0.95). The obtained solid was subsequently
the organic layer was isolated and subsequently Wa;shed Withpurified by Soxhlet. extraction with ethyl acetate qnd precipita-
water and brine and dried over pBO,. After filtration and g(z)lg/ from %tb@lgc;ntohgtr:\yl acetate.dAlgsd_solld (0.25 g.’
evaporation of the solvent the product was purified by column b)was obtaine » WHICh was aroun o Impure according
chromatography (silica gel, GBl,/n-hexane 3:1R; = 0.3). A to HPLC characterization. A small amount was purified by
yellowish/brownish sticky glass was obtained with a yield of Ereparanve HPLC (THF/watler) to obtain 12 mg of pure product.
1.00 g (28%)H NMR (CDCls, 300 Hz): 7.98 (ddJ =55 1 NMR(CDCl;, 400 MHz): 6 8.80-8.60 (m, 16H), 7.95 (d,
Hz, 3.0 Hz, 4H), 7.84 (dJ = 8.8 Hz, 2H), 7.81 (ddJ = 5.5 J=8.4 Hz, 2H), 7.46-7.35 (m, 4H), 5.20 (m, 2H), 2.362.20
Hz, 3.3 Hz, 4H), 7.46 (m, 4H), 2.001.95 (m, 4H), 1.361.00 (M 4H), 2.05-2.00 (m, 4H), 1.951.80 (m, 4H), 1.461.10
(M. 36 H), 0.85.0.70 (m, 10 H)13C NMR (CDCl): 167.54, (M 72H), 1.06-0.95 (m, 4H), 0.84 (m, 18H}*C NMR (CDCE,
152.11, 139.97, 134.55, 132.01, 130.89, 125.23, 123.84, 121.46100 MH2): 0 164.63, 163.59, 152.32, 140.71, 135.03, 134.42,
120.45 40.17. 32.05. 30.25. 29.77. 29.72. 29.44. 24 11 22.82.134'12’ 131.80, 131.25, 129.86, 129.58, 127.36, 126.71, 126.47,
MALDIiTOF I\}IS (MW _ 79'2 49)m’/z _ 7(:;3 28 [M+ H]Lr 124.07, 123.73, 123.54, 123.25, 123.09, 120.70, 55.60, 54.83,
Anal. Calcd for GsHeN,Os: C 80.26, H 8.13, N 3.53. Found: 39.98, 32.38, 31.95, 31.76, 30.12, 29.70, 29.67, 29.3?, 29.28,
C 79.91, H 7.95 N 3.50. 29.21, 26.94, 23.95, 22.69, 22.57, 14.11, 14.03.vp85°C.

. L MALDI-TOF MS (MW = 1643.96)1/z = 1644.04 [M]~. Anal.
9,9-D|dodecylfluorene-_2,7-d|am|ne (3)Compound (0.75 Calcd for GaH126N40g: C 81.08, H 7.72, N 3.41. Found: C

g, 0.95 mmol) and hydrazine monohydrate (0.46 mL, 9.5 mmol) 80.57, H 7.58, N 3.45.

were stirred under argon in refluxing ethanol for 18 h. After

this period again hydrazine monohydrate (0.50 mL, 10 mmol)  Acknowledgment. We thank Dr. E. O. Dijk for the
was added, and it was refluxed for another 4 h. After cooling optimization routine used. The research was financially sup-
to room temperature, the mixture was filtered, and the solvent ported by The Netherlands Organization for Chemical Research
was removed in vacuo. The residue was dissolved in diethyl (CW), The Netherlands Organization for Scientific Research
ether and again filtrated. The organic phase was washed with(NWOQ) in the PIONIER program, and the NAIMO EU
water and brine and dried over p&O,. After filtration and integrated project (NMP4-CT-2004-500355).

evaporation of the solvent 0.42 g (83%) of a brown oil was

obtained as the productd NMR (CDCls, 300 MHz) ¢ 7.33 Supporting Information Available: Transient subpicosec-
(dd,J = 6.3 Hz, 2.5 Hz, 2H), 6.62 (d] = 2.2 Hz, 2H), 6.61 ond absorption spectroscopy on FPF. This material is available
(d, J = 6.3 Hz, 2H), 3.65 (s, 4H), 1.861.75 (m, 4H), 1.36 free of charge via the Internet at http://pubs.acs.org.

0.95 (m, 36 H), 0.87 (tJ = 6.9 Hz, 6H), 0.75-0.60 (br signal,

4H). 13C NMR (CDCk 75 MHz): o 151.63, 144.47, 133.12,  References and Notes
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