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Abstract: Two quaterthiophene ±
[60]fullerene dyads in which C60 is singly
(4TsC) or doubly (4TdC) connected to
the inner �-position of the terminal
thiophene rings have been synthesized.
The electronic properties of these do-
nor ± acceptor compounds were ana-
lyzed by UV/Vis spectroscopy and cyclic
voltammetry, and their photophysical
properties in solution and in the solid
state by (time-resolved) photolumines-
cence (PL) and photoinduced absorp-
tion (PIA) spectroscopy. Both the flex-
ible and geometrically constrained 4TsC

and 4TdC dyads exhibit photoinduced
charge transfer from the quaterthio-
phene to the fullerene in toluene and
o-dichlorobenzene (ODCB). In toluene,
charge transfer occurs in both dyads by
an indirect mechanism, the first step of
which is a singlet-energy transfer from
the 4T(S1) state to the C60(S1) state. In
the more polar ODCB, direct electron

transfer from 4T(S1) competes with en-
ergy transfer, and both direct and indi-
rect charge transfers are observed. The
geometrical fixation of the donor and
acceptor chromophores in 4TdC results
in rate constants for energy and electron
transfer that are more than an order of
magnitude larger than those of the
flexible 4TsC system. For both dyads,
charge recombination is extremely fast,
as inferred from picosecond-resolved
temporal evolution of the excited state
absorption of the 4T.� radical cation
both in toluene and ODCB.
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Introduction

Composite films of �-conjugated polymers (electron donor)
and fullerenes (electron acceptor) have been used successfully
as the active layer in organic solar cells.[1] Photoinduced sub-
picosecond forward electron transfer between the donor and
acceptor in these blends[2] leads to an initial quantum
efficiency for charge separation close to unity. Importantly,
the resulting charges have lifetimes up to the millisecond time
range[3] that allow transport and collection of the charges at
the electrodes.

In addition to charge transfer, other phenomena such as
thermal decay of the excited state and energy transfer, can
follow photoexcitation of donor± acceptor molecules and
thereby influence the efficiency of charge generation. In

oligo(thienylenevinylene) ±C60 dyads,[4] charge formation
competes with fast thermal deactivation of the excited
oligomer. For oligo(p-phenylenevinylene) ±C60

[5] and oligo-
thiophene ±C60,[6] ultrafast energy transfer (kET� 1013 s�1)
from the singlet excited state of the �-conjugated oligomer
to the singlet excited state of the fullerene moiety precedes an
indirect charge transfer reaction in a polar environment. In
solution, the rate constant for this indirect charge transfer is
more than two orders of magnitude lower than that of the
electron transfer observed in a solid-state composite film of a
�-conjugated polymer and a fullerene derivative.[2] In these
composite films, the charge transfer is likely to occur directly
from the singlet excited state of the polymer, because no
indication for a possible competitive energy transfer is
observed.

The much higher electron transfer rates observed in the
solid state can be related to the relative spatial arrangement of
the donor and acceptor chromophores, because in the solid
state a face-to-face orientation of the chromophores is possible.

In recent years, extensive studies on covalently linked,
conjugated oligomer±C60 dyad molecules have been per-
formed in order to better understand the photophysics of
these processes.[4±8] The molecular design of these conjugated
oligomer±C60 dyads allows precise control of the interactions
between donor and acceptor moieties and thus the restriction
of the photophysical processes to exactly one donor± acceptor
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couple in dilute solution. Results obtained on porphyrin ±
C60

[9] and aniline ±C60
[10] dyads underlined the importance of

the geometry of the linker group. The distance between the
donor and acceptor moieties and their mutual orientation are
also crucial parameters for the rate of charge generation,
transfer, and recombination. For example, whereas porphyr-
in ±C60 dyads connected by a single bridge show charge-
transfer rate constants in the range of 1010 s�1, this value
increases by one order of magnitude for a doubly bridged
face-to-face dyad.[11]

We report here the synthesis and photophysical properties of
two donor± acceptor dyads in which a quaterthiophene (4T)
was singly (4TsC) or doubly (4TdC) attached to a C60 group by
a single or a double Bingel reaction. These different modes of
attachment result in a different relative spatial orientation of
the 4T and C60 chromophores, with a completely free orienta-
tion in the former case and a geometrical constraint imposing a
face-to-face orientation in the latter case.

The photophysical properties of these two dyads have been
analyzed by using their individual constituent chromophores,
namely, dipentylsulfanyl-4T (4TP) (Schemes 1 and 2) and the
C60 adducts C60s and C60d as reference compounds. (Time-
resolved) photoluminescence (PL) and (time-resolved) pho-
toinduced absorption (PIA) spectroscopy in solvents with
different permittivity revealed significant differences in the
rates for both energy and electron transfer. The energetics of
the direct and indirect electron-transfer reactions in solution
can be rationalized on the basis of the Marcus theory.

Results and Discussion

Synthesis : The synthesis of the target dyads and reference
compounds is depicted in Schemes 1 and 2. 3-(2-Cyanoethyl-
sulfanyl)thiophene (5) was prepared in 83% yield from

3-bromothiophene (6) in a one-pot reaction involving lithium/
bromine exchange with n-butyllithium at low temperature
and insertion of elemental sulfur to generate the 3-thiophe-
nethiolate, which was alkylated with 3-bromopropionitrile
(Scheme 1).[12] Selective bromination of 5 with N-bromosuc-
cinimide (NBS) in dimethylformamide (DMF) gave the
2-bromothiophene (4) in 85% yield. Treatment of bithio-
phene (3) with n-butyllitium and tributylstannylchloride
afforded bis(tributylstannyl)bithiophene (2),[13] which was
then coupled to 4 in a Stille reaction in the presence of a
palladium catalyst to give the key compound bis(cyanoethyl-
sulfanyl)quaterthiophene (1) in 73% yield (Scheme 1).

Deprotection of one thiolate group of 1 with one equivalent
of CsOH followed by reaction with iodopentane gave 7 in
52% yield together with 16% of the dipentylsulfanyl com-
pound 4TP (Scheme 2). Compound 9 was then obtained by
deprotection of the remaining thiolate group of 7 and
treatment with 2-bromoethanol. Application of the same

reaction sequence to 1 with two
equivalents of CsOH leads to
quaterthiophene 8 bearing two
terminal hydroxyl groups.

Esterification of 8 and 9 with
3-chloro-3-oxoethylpropanoate
gave mono- and diesters 10 and
11, which were subsequently
subjected to a Bingel reac-
tion[14] in the presence of iodine
and 1,8-diazabicyclo[5.4.0]un-
dec-7-ene (DBU) to give the
target dyads 4TsC and 4TdC in
42 and 35% yield, respectively
(Scheme 2). Because of the lack

of regioselectivity of the second Bingel reaction, 4TdC was
obtained as a mixture of several isomers.

The reference compounds C60s and C60d were synthesized
by the method described by Hirsch et al.[15] Again the product

Scheme 1. Synthesis of precursor 1. a) 1. nBuLi/Et2O, �78 �C; 2. S8;
3. NC(CH2)2Br, 0 �C, N2. b) NBS/DMF, RT, N2. c) 1. nBuLi/THF, �78 �C;
2. Bu3SnCl, RT, N2. d) [Pd(PPh3)4]/toluene, reflux, N2.
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of the double Bingel reaction was obtained as a mixture of
isomers.

Energy levels of singlet and triplet states of quaterthiophene
and fullerene compounds : The UV/Vis spectrum of 4TP
shows a maximum at �� 405 nm and an onset at �� 475 nm
(Figure 1). Fullerene C60s has a strong absorption at 330 nm, a
peak at 427 nm, and a weak absorption at 690 nm. The UV/
Vis spectrum of C60d shows less fine structure and exhibits a
broad absorption in the 300 ± 330 nm region, a band at
422 nm, and a weak band around 693 nm. The optical
absorption spectra of 4TsC and 4TdC are very similar to the
superposition of the spectra of the 4TP and C60 reference
compounds, and this suggests that the electronic coupling
between the donor and acceptor chromophores in the ground
state is very weak (Figure 1). The UV/Vis spectra of 4TsC and
4TdC show that selective excitation of the fullerene is possible
above 500 nm. The 4T chromophore of the dyads can be
preferentially, but not completely selectively, excited in the
400 ± 420 nm region.

In toluene, 4TP emits yellow-green light with a peak at
473 nm, a maximum at 504 nm, and a shoulder at 542 nm
(Figure 2a). Both C60s and C60d have low quantum yields for

photoluminescence and show
weak emissions at 698 and
704 nm, respectively, typical of
fullerene derivatives (Fig-
ure 2c).[16] Both the quantum
yield and the emission wave-
length do not change signifi-
cantly when toluene is replaced
by ODCB (Figure 2b and d).
Based on the emission spectra,
the energy levels of the
4TP(S1), C60s(S1), and C60d(S1)
singlet states are set to 2.63,
1.78, and 1.75 eV, respectively.

The energy levels of the full-
erene triplet states were deter-
mined from their phosphores-
cence spectra. Compounds C60s
and C60d were dissolved in a
2:1:1 mixture of methylcyclo-
hexane, 2-methyltetrahydrofur-
an, and iodoethane and cooled
to 80 K.[17, 18] For both C60 refer-
ence compounds, the fluores-
cence is reduced dramatically in
this matrix, while a new phos-
phorescent emission band ap-
pears at 825 nm (Fig-
ure 3),[16b, 18] which corresponds
to a C60(T1) state energy of
1.50 eV for both C60s and C60d.
The triplet state of 4TP was
assumed to be comparable to
that of a related �-quaterthio-
phene and lies significantly
higher than that of the fullerene
(1.81 eV).[19]

Figure 1. UV/Vis absorption spectra of 4TsC (a) and 4TdC (b) and their
reference compounds 4TP, C60s, and C60d in toluene at room temperature.

Scheme 2. Synthesis of 4TP, 4TsC, and 4TdC. a) 1. CsOH/MeOH, DMF, 2. nC5H11I, RT, N2. b) 1. CsOH/MeOH,
DMF; 2. Br(CH2)2OH, RT, N2. c) Ethyl 3-chloro-3-oxopropionate, pyridine/CH2Cl2, reflux, N2. d) DBU, I2, C60/
toluene, N2.
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Figure 3. Phosphorescence spectra at T� 80 K of C60s (�) and C60d (�) in
methylcyclohexane:2-methyltetrahydrofuran:iodoethane (2:1:1).

The cyclic voltammograms of 4TsC and 4TdC shows two
reversible oxidation waves corresponding to the successive
generation of the 4T radical cation and dication. The redox
peak potentials (Table 1) are slightly more positive than those
of the 4TP reference compound but quite similar to those of
the corresponding ester-containing quaterthiophenes 10 and
11. This difference presumably reflects the electron-with-
drawing effect of the ester groups. For both dyad molecules,
reversible reduction waves are observed around �0.60 and
�1.00 V (Table 1). No attempts to reach the further reduced
states of the C60 systems were made. In both cases, comparison

with the corresponding refer-
ence compounds C60s and C60d
reveals a slight negative shift of
the redox potentials, which
might be indicative of some
weak through-space interaction
between the 4T and the C60

moieties in the dyads. It can
also be attributed to small dif-
ferences in solvation, because
in the dyads and in 4TP, 10, and
11, the solvent-accessible sur-
face differs.

Photoluminescence quenching
in the dyads : The degree of
quenching of photolumines-
cence of both chromophores,
measured upon selective photo-
excitation of 4T or C60, within
the dyad molecules can be used

to determine the extent of energy and charge transfer relative
to the intrinsic decay of their excited states and to differ-
entiate between direct and indirect charge-transfer pathways
(Scheme 3). The fluorescence spectra of both dyads were
recorded in two different solvents [toluene (�� 2.38) and
ODCB (�� 9.93)], because charge separation is known to
depend on polarity.[20]

Scheme 3. Photophysical pathways for energy transfer (kET), direct (k d
CS�,

and indirect (k i
CS� electron transfer after excitation of the donor. Intrinsic

radiative (kr) and nonradiative (knr) decay of the individual chromophores
are shown.

Photoexcitation of the 4T moiety of both dyads reveals
considerable quenching of the 4T fluorescence (Figure 2a and
b). In both solvents, the residual 4Temission is about ten times
larger for the flexible, singly bridged 4TsC than for the doubly
linked 4TdC dyad. Quenching of the 4T fluorescence reflects
the sum of the rates for energy transfer (kET) and direct charge
transfer (k d

CS� relative to the normal radiative (kr) and
nonradiative (knr) decay of 4TP (Scheme 3). Upon excitation
of the 4T moieties in 4TsC and 4TdC at 405 nm, emission of
the fullerene moiety is also observed (Figure 2c and d). Apart
from some direct excitation of the fullerene moiety, this
emission is mainly caused by sensitization of the C60(S1) state
by singlet-energy transfer from the initial 4T(S1) state.
However, the fullerene emission of the dyads is weaker than
that of the C60s and C60d reference compounds. This quench-
ing can be explained by an electron-transfer reaction, either

Figure 2. Photoluminescence spectra of 4T emission (a and b) and fullerene emission (c and d) for 4TP, 4TsC,
4TdC, C60s, and C60d upon excitation at �� 407 nm in toluene (a and c) and at �� 405 nm in ODCB (b and d) at
room temperature. All graphs are corrected for optical density at the excitation wavelength.

Table 1. Cathodic (Epc2 , Epc1) and anodic (Epa1, Epa2) peak potentials [V vs
Ag/AgCl] for the reduction and oxidation of the various quaterthiophenes
and C60 derivatives. Electrolytic medium 0.10� Bu4NPF6/CH2Cl2, scan rate
100 mVs�1.

Compound Epc2 Epc1 Epa1 Epa2

4TP ± ± 0.89 1.10
10 ± ± 0.92 1.12
4TsC � 1.00. � 0.61 0.92 1.13
C60s � 0.97 � 0.59 ± ±
11 ± ± 0.97 1.19
4TdC � 1.07 � 0.69 0.97 1.21
C60d � 1.05 � 0.68 ± ±
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from the initial 4T(S1) state (k d
CS, Scheme 3) or from the

C60(S1) state (k i
CS, Scheme 3) formed by energy transfer (kET,

Scheme 3). In toluene, the fullerene emission of both dyads is
quenched by a factor of 2 ± 4 (Figure 2c). Replacing toluene
by the more polar ODCB only marginally affects the intensity
of the residual 4T photoluminescence, but produces a further
decrease in the C60 luminescence (Figure 2d). The quenching
of fullerene emission in ODCB is significantly larger for 4TdC
than for 4TsC.

To specify the charge transfer in terms of direct or indirect
pathways, the donor and acceptor parts of the dyads were
selectively excited. Direct electron transfer from 4T(S1) and
indirect electron transfer from C60(S1) can be quantified by
comparing the acceptor luminescence after selective excita-
tion of the donor (at 405 nm) or the acceptor (at 520 nm)
(Table 2). In toluene, the residual C60 luminescence of both

4TsC and 4TdC is independent of the photoexcited moiety of
the dyad. This implies that the indirect electron-transfer
process dominates and is preceded by fast singlet-energy
transfer to the C60(S1) state. However, in ODCB the fullerene
emission of both dyads is reduced to a larger extent when the
4T donor is excited as compared to selective excitation of the
fullerene acceptor. This difference results from direct relax-
ation of 4T(S1) to the charge-separated state (CSS) (k d

CS,
Scheme 3).

The excitation spectra of the fullerene emission (Figure 4)
show whether electron transfer occurs directly from the

Figure 4. Photoluminescence excitation spectra (––) for 4TsC (top;
�em� 698 nm) and 4TdC (bottom; �em� 705 nm) in toluene (left) and
ODCB (right) at room temperature compared with UV/Vis absorption
spectra (- - - -).

4T(S1) state or indirectly via the C60(S1) state following a
singlet-energy transfer process. In toluene, the excitation
spectra of the C60 fluorescence dyads are similar to their UV/
Vis absorption spectra (Figure 4, left). This indicates that the
residual C60 emission can originate from excitation of the 4T
or the C60 chromophore, and that a full energy-transfer
reaction from 4T(S1) to C60(S1) occurs prior to a charge-
transfer reaction. However, in ODCB, the absorption and
excitation spectra are no longer similar. Notably, the charac-
teristic absorption peak of the 4T molecule with a maximum
at �� 405 nm is drastically reduced in the excitation spectra
for both dyads (Figure 4, right). Hence, in ODCB, excitation
of the 4T moiety of both dyads does not result in a full
population of the C60(S1) state, because direct charge transfer
from the 4T moiety to the charge-separated state competes
with singlet-energy transfer to C60(S1).

The steady-state photoluminescence shows that in toluene
singlet-energy transfer dominates the decay of the 4T(S1)
state in 4TsC and 4TdC, while in ODCB energy and electron
transfer are competitive processes.

Rate constants for energy and electron transfer : Time-
correlated single-photon counting (TCSPC) was used to
determine the singlet-state lifetimes of 4TP, C60s, and C60d
by recording the temporal decay of the fluorescence after
excitation at 400 nm. Photoexcitation at 400 nm in both
toluene and ODCB results in singlet excited state lifetimes �
of about 0.5 ns for 4TP and 1.5 ± 2.0 ns for the C60 deriva-
tives.[21]

Transfer rates from fluorescence quenching : The rate con-
stants for the various transfer processes can be determined by
combining the lifetimes of the singlet excited states of the
isolated chromophores and the degree of photoluminescence
quenching of the dyads. Assuming selective photoexcitation
of the chromophores, the contributions of energy transfer and
of direct and indirect electron transfer can be calculated by
Equations (1) ± (3).

kET�
QA�DA*�QD�D*A�

QA�D*A��D
(1)

k i
CS �

QA�DA*� � 1

�A
(2)

k d
CS �

QD�D*A� � 1

�D
�kET (3)

Here �D and �A are the singlet-state lifetimes of the isolated
donor and acceptor molecules, respectively, and QD(D*A),
QA(D*A), and QA(DA*) represent the quenching ratios for
the donor (QD) or acceptor (QA) photoluminescence after
selective excitation of the donor (D*A) or the acceptor
(DA*).[22] For the quenching ratios listed in Table 2, these
equations reveal that upon excitation of the 4T moiety of both
dyads an indirect electron transfer occurs in toluene with a
rate on the order of k i

CS� 109 s�1 following fast singlet-energy
transfer from 4T(S1) to C60(S1) with a rate of kET� 1011 s�1. For
4TdC the energy-transfer rate constant is even one order of
magnitude higher than for 4TsC. In ODCB, the rates for
energy transfer for both dyads are comparable to those

Table 2. Rate constants for energy transfer (kET), indirect charge transfer (k i
CS�, and

direct charge transfer (k d
CS� calculated from the PL quenching of donor (QD) or

acceptor (QA). The excited moiety of the DA dyad is indicated by an asterisk.

Sample Solvent QD(D*A) QA(DA*) QA(D*A) kET k i
CS k d

CS k i
CS

[a]

[ns�1] [ns�1] [ns�1] [ns�1]

4TsC toluene 250 3.6 3.6 520 1.7 � 1 1.0
4TdC toluene � 1600 2.3 2.3 � 3300 0.8 � 1 1.1
4TsC ODCB 160 4.0 5.3 240 2.1 76 2.1
4TdC ODCB � 2000 8.3 11.1 � 3000 3.8 � 1010 2.8

[a] Photoluminescence lifetime obtained from Equations (4) and (5).
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measured in toluene. For indirect electron transfer in ODCB
the rate is similar to that found in toluene for 4TsC, but is four
times larger for 4TdC. For direct charge transfer (k d

CS� the rate
for 4TdC (k d

CS � 1012 s�1) is more than one order of magnitude
larger than for 4TsC.

Transfer rates from fluorescence lifetimes : The rates for
indirect charge transfer (k i

CS�, as determined from the
fluorescence quenching QA(DA*) and the acceptor lifetime
�A by using Equation (2), can be compared to rates obtained
from time-resolved fluorescence. In this experiment, the
lifetime of the fullerene emission of the dyad (�A,dyad) is
recorded and compared to that of the acceptor (�A) to give an
estimate for the rate constant [Eq. (4)].

k i
CS �

1

�A�dyad

� 1

�A
(4)

The lifetimes of the residual fullerene emission around
700 nm for 4TsC and 4TdC amount to 610 and 580 ps in
toluene, and 350 and 300 ps in ODCB (Table 2). The values of
k i
CS obtained from the lifetimes [Eq. (4)] are similar to those

obtained from quenching [Eq. (2)] for both solvents (Table 2).
In principle, the lifetime of the residual 4Temission (�D,dyad)

of the two dyads can be used in an analogous fashion to
determine the sum of kET and k d

CS [Eq. (5)].

kET� k d
CS �

1

�D�dyad

� 1

�D
(5)

However, the determination of �D,dyad appeared to be
limited by the time resolution of the TCSPC technique (ca.
10 ps). This results in a lower limit of kET� k d

CS� 1011 s�1,
consistent with the results obtained from Equations (1) and
(3) for both solvents.

In conclusion, photoluminescence quenching and lifetime
studies have shown that both energy-transfer and direct
charge-transfer rates are about ten times larger for 4TdC than
for 4TsC.

Near-steady-state photoinduced absorption (PIA) spectros-
copy : Near-steady-state photoinduced absorption spectrosco-
py, which probes the optical spectra of excited states with
lifetimes in the micro- and millisecond time domain, was used
to obtain direct spectral evidence of charge separation within
the dyads. The two dyads were investigated in the solid state
and in solution. Furthermore, mixtures of 4TP with C60s or
C60d were investigated in toluene, ODCB, and benzonitrile.

PIA in the solid state : The photoinduced absorption spectra,
recorded at 80 K with excitation at 458 nm, of drop-cast films
of 4TsC and 4TdC exhibit excited-state absorptions at 0.98,
1.20, and 1.74 eV (Figure 5). The 1.20 eV peak is characteristic
for a C60

.� radical anion, while the bands at 0.98 and 1.74 eV
are assigned to the low-energy (LE) and high-energy (HE)
absorption bands of a 4T.� radical cation.[23, 24] The observa-
tion of the spectral characteristics of both positive and
negative charge carriers gives a strong support to the
proposed charge-transfer process. Since a 1.74 eV band can
also originate from a C60 triplet absorption, the charge
separation is more convincingly evidenced by the 0.98 and

Figure 5. PIA spectra of drop-cast films of 4TsC (a) and 4TdC (b). �ex�
458 nm, modulation frequency 275 Hz, excitation intensity 25 mW, T�
80 K.

1.20 eV bands of 4T.� and C60
.� . Increasing the excitation

intensity I results in a near square root increase of all PIA
bands (��T� I� ; �� 0.44) for both dyads, indicative of
bimolecular recombination of a nongeminate pair of opposite
charges in the films. The intensity of the PIA bands of both
molecules decreases with increasing modulation frequency in
the whole range studied (30 ± 4000 Hz), consistent with a
distribution of lifetimes extending into the millisecond time
domain.[3c] The similar intensity and frequency dependence
indicates that all bands have a similar origin, and supports the
assignment of the 1.74 eV band to the 4T.� radical cation. The
long lifetime of the charge-separated state in the solid state at
low temperatures is interpreted as follows. A small percentage
of intramolecular geminate electron ± hole pairs will disso-
ciate into a more distant pair of free charges by electron
transfer to neighboring dyads. Trapping of these charges in a
local minimum will result in a metastable charge-separated
state, as recombination of hole and electron is now a
thermally activated process.

PIA of reference molecules and their mixtures in solution :
First, the reference compounds 4TP, C60s, and C60d were
studied with PIA in dilute (2	 10�4�) solutions [toluene (��
2.38), ODCB (�� 9.93), and benzonitrile (�� 25.18)] to
investigate their individual photophysical properties and their
excited-state behavior in 1:1 (molar ratio) mixtures of donor
and acceptor. In the mixtures, selective photoexcitation of the
fullerene compound was achieved by exciting at 528 nm.

Photoexcitation of solutions containing C60s or C60d result-
ed in a characteristic broad C60 triplet absorption band at
1.74 eV (��T/T� 10�4), assigned to a Tn
T1 excited-state
absorption (Figure 6, bottom graph).[25] The fullerene triplet
state has a lifetime on the order of 100 �s.[18] The PIA
spectrum of 4TP shows an intense broad band with a
maximum at 2.00 eV (��T/T� 4	 10�3) and a shoulder at
1.70 eV (not shown). These excited-state absorptions are
assigned to the Tn
T1 transition of the 4T(T1) state.[26] The
linear increase of the PIA bands with increasing excitation
intensity (��T� I), indicates a monomolecular decay mech-
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Figure 6. PIA spectra of mixtures of 4TP/C60s (––) and 4TP/C60d (- - - -)
in toluene, ODCB, and benzonitrile at room temperature. The PIA spectra
of the individual C60 reference compounds are shown in the bottom graph.
�ex� 528 nm, modulation frequency 275 Hz, and excitation intensity
25 mW. All spectra have been corrected for detector sensitivity, fluores-
cence, and normalized on the intensity at 1.74 eV.

anism. The frequency dependence of the PIA bands resulted
in a 4T(T1) lifetime of 160 �s.

Figure 6 shows the PIA spectra of 4TP/C60s and 4TP/C60d
mixtures in different solvents, normalized to the 1.74 eV
band.[25] In toluene, photoexcitation of a 1:1 mixture of 4TP
and C60s at 458 nm (mainly 4T absorption) or 528 nm (C60

absorption) results in the formation of the C60(T1) state, as
evidenced by the characteristic Tn
T1 transition, which
exhibits a monomolecular decay mechanism and a lifetime of
about 100 �s. This spectrum and, in particular, the absence of
signals of 4T(T1) imply that the C60(T1) state lies below 4T(T1)
and that triplet-energy transfer occurs in solution from 4T(T1)
to form C60(T1). This is consistent with the triplet energies of
4TP (1.81 eV) and C60s (1.50 eV), as determined above. In the
more polar solvents ODCB and benzonitrile the bands of 4T.�

at 0.98 and 1.74 eV[23, 24] and of C60
.� at 1.20 eV are clearly

visible. Moreover, the bands of 4T.� are roughly two to three
times more intense than the C60

.� absorption, in accordance
with reported molar absorption coefficients of closely related
ions (4T.� : 33500��1 cm�1; C60

.� : 12000��1 cm�1).[23, 27] In
benzonitrile, a tenfold intensification of the PIA bands
(��T/T� 1.5	 10�3) is observed relative to ODCB
(��T/T� 1.5	 10�4), which reflects the favorable formation
of charges in a more polar solvent. In both solvents, all PIA
bands show the same dependence on the modulation fre-
quency, that is, the cation and anion radicals originate from
and recombine by the same processes. The charge-separated
states have lifetimes on the order of 2 ms. The PIA bands
increase with increasing excitation intensity according to a
near square root dependence (��T� I� ; �� 0.6 ± 0.7).

Next, mixtures of 4TP with C60d instead of C60s were
studied. In toluene, the C60(T1) state is formed, as shown by

the typical excited-state absorptions of C60 triplet species
(Figure 6) with monomolecular decay and a lifetime of 100 �s.
The observation of C60(Tn
T1) is in agreement with the
lower energy of the C60d(T1) state compared to the 4TP(T1)
state. In benzonitrile, strong bands (��T/T� 1.5	 10�3) of
4T.� and C60d

.� are observed, together with a bimolecular
decay mechanism and lifetimes on the order of 2 ± 3 ms. In
ODCB, the PIA spectrum of 4TP/C60d displays mainly the
C60(Tn
T1) absorption (��T/T� 1.5	 10�4) spectrum with
an additional small absorption of the 4T.� radical cation at
0.98 eV (��T/T� 1.5	 10�5). This result indicates that, in
ODCB, the 4TP.�/C60d

.� charge-separated state is close in
energy to the C60d(T1) state.

PIA of donor ± acceptor dyads in solution : The PIA spectra of
4TsC and 4TdC in toluene and ODCB are depicted in
Figure 7 together with the PIA spectra of C60s and C60d. All
spectra were measured by exciting at 458 nm and corrected

Figure 7. Photoinduced absorption spectra of 4TsC (a) and 4TdC (b) in
toluene (- - - -) and ODCB (����, shown with tenfold magnification). �ex�
458 nm, 275 Hz, 25 mW, 298 K. The PIA spectra are compared to those of
C60s and C60d (––), respectively.

for differences in optical density. When the dyads were
dissolved in toluene identical spectra were obtained for
excitation at 528 nm instead of 458 nm. In toluene, both dyads
show a PIA band at 1.74 eV resulting from the C60 Tn
T1

transition. However, a distinct difference is seen for the
intensity of the PIA bands of the dyads compared with C60s
and C60d. For 4TsC, the C60(Tn
T1) signal is reduced by a
factor of three relative to C60s, whereas for 4TdC the signal
intensity decreases by a factor of two compared to C60d. These
observations are in agreement with the proposed indirect
electron transfer after full energy transfer from 4T(S1) to
C60(S1), because the reduction of the triplet ± triplet absorp-
tion equals the reduction in fullerene emission (QA(DA*)) in
both dyads. The intramolecular charge-separated states 4T.� ±
C60

.� for 4TsC and 4TdC are not observed in these PIA
spectra because the lifetimes are much shorter than the micro-
to millisecond time domain. The almost identical quenching
factors of the C60(S0
 S1) PL and the C60(Tn
T1) PIA for
4TsC and 4TdC in toluene reveals, implicitly, that the decay of
the intramolecular charge-separated state does not give rise to
an additional population of the fullerene triplet state. We
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conclude that the intramolecular charge-separated state
recombines directly to the ground state.

In ODCB, the PIA spectrum of 4TsC shows very low
intensity excited-state absorptions at 0.98 and 1.74 eV
(��T/T� 5	 10�6) as a result of a small extent of charge
formation. The charges show bimolecular decay with lifetimes
exceeding 10 ms. The more than 100 times lower signal
intensity for 4TsC in ODCB compared to the 1:1 molar
mixture 4TP/C60s is attributed to fast recombination of
opposite charges within the dyad to form the ground state.
The presence of a small amount of long-lived charges is
attributed to some intermolecular charge transfer. As a
consequence of the low concentration of residual charges,
the bimolecular recombination is reduced and lifetime
increases.

In contrast to 4TsC, the PIA spectrum of 4TdC in ODCB
resembles the spectrum of the triplet state of C60d (��T/T�
10�5) together with a very small additional feature at 0.98 eV
(��T/T� 5	 10�6). On changing the modulation frequency,
the absorption band at 1.74 eV reveals the contributions of
short-lived and long-lived components (Figure 8).[28] Note that
the intensity of the 1.74 eV band is quenched compared to
C60(Tn
T1) of pristine C60d. Moreover, the intensity of the
0.98 eV signal is drastically reduced compared to 1:1 mixtures
of 4TP/C60d in ODCB. These features point to rapid
recombination of charges, which is indirectly reflected by
the low intensity of C60(Tn
T1) absorption.

Figure 8. Frequency dependence of the 1.74 eV PIA signals of 4TsC (filled
symbols) and 4TdC (open symbols) dyads in toluene (squares) and ODCB
(circles). �� 458 nm, 25 mW, 298 K.

The PIA spectra of the dyads show that, in ODCB, the free
energy of the charge-separated state of 4TsC is lower than
that of C60s(T1), while the charge-separated states of 4TdC
and C60d(T1) are closer in energy than in the previous case.

In conclusion, the near-steady-state PIA experiments con-
firm the conclusions derived from the fluorescence studies. In
addition, some information on the relative energetic positions
of the charge-separated and triplet states was obtained. In the
next section we focus on transient photoinduced absorption
spectroscopy to gain more detailed insight into the rates of
forward and backward electron transfer.

Transient photoinduced absorption spectroscopy: Both dyads
were investigated in dilute solutions in toluene and ODCB

((2 ± 5)	 10�4�) by sub-picosecond photoinduced absorption
spectroscopy. The dyads were photoexcited at 450 nm, and the
change in transmission was monitored at 500, 880, and
1325 nm, respectively.

Stimulated emission of 4T: The deactivation of the 4T(S1) state
can be followed over time by probing the stimulated emission
of the 4T chromophore at 500 nm. Due to the absence of
direct charge transfer in toluene, the rate of energy transfer
kET of both dyads can be obtained from the differential
transmission dynamics at 500 nm. Pristine 4TP shows the
long-lived 4T(S0
 S1) signal with a time constant of 470 ps
(Figure 9), similar to that obtained from time-resolved
fluorescence spectroscopy. The flexible 4TsC dyad shows a
reduced transmission signal at 500 nm (Figure 9) that disap-
pears within 2 ps, consistent with the time constant obtained
from the quenching of the steady-state fluorescence. For
4TdC no signal could be observed at 500 nm (Figure 9). This
can be explained if the decay is faster than the resolution of
our setup (ca. 300 fs). This corroborates with the value of less
than 300 fs for singlet-energy transfer obtained from steady-
state fluorescence spectroscopy.

Figure 9. Differential transmission dynamics of the stimulated emission at
500 nm of the 4T chromophore for 4TP (––), 4TsC (- - - -), and 4TdC (����)
in toluene at room temperature as function of the pump-probe delay after
photoexcitation at 450 nm with a 150 fs pulse. Excitation wavelength �ex�
450 nm.

Absorption of 4T radical cation : Next, the charge formation
and recombination processes were studied in toluene and
ODCB. To ensure that we are only looking at charged species,
the dyads were probed at 1325 nm (0.94 eV), where the low-
energy (LE) band of 4T.� is located (Figures 5 and 6). For
4TsC in toluene, a low-intensity signal at 1325 nm was
obtained, which reaches a maximum after 50 ps and decreases
subsequently with a time constant of about 600 ps (Figure 10).
In ODCB, the signal at 1325 nm attains its maximum intensity
faster (�5 ps) and disappears with a time constant of about
350 ps (Figure 10).

The rise times of the 1325 nm signal (belonging to 4T.�) for
4TsC in toluene (50 ps) and ODCB (�5 ps) seem to be in
conflict with k i

CS and k d
CS obtained from time-resolved PL and

PL quenching data. However, both the low intensity of the
signal and the short rise time can be explained when charge
recombination is faster than charge formation. In that case,
the amount of charge present is reduced dramatically. As a
result, the decay of the signal at 1325 nm actually represents
the amount of charged species formed with time, which
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Figure 10. Differential transmission of the photoinduced absorption at
1325 nm of 4TsC in toluene (top) and ODCB (bottom) as a function of the
pump-probe time delay after photoexcitation at 450 nm with a 150 fs pulse.

follows the decay of the C60(S1)
state of 4TsC from which elec-
tron transfer takes place. In full
agreement with this proposi-
tion, the lifetime of 610 ps for
the C60(S1) state of 4TsC in
toluene (Table 2) corresponds
satisfactorily with the decay of
the 4T.� signal at 1325 nm of
600 ps. The recombination rate
can be estimated from the rise
time of the 1325 nm signal,
resulting in krec� 6.7	 1010 s�1,
which corresponds to a lifetime
of about 15 ps. The explanation
of the 1325 nm signal of 4T.� ±
C60

.� in ODCB is somewhat more difficult, as PL studies
revealed the presence of two pathways (direct and indirect)
for charge transfer with rates of k d

CS� 7.6	 1010 s�1 and k i
CS�

109 s�1. Again, we envision the likelihood that recombination
is faster than forward charge transfer to explain the low-
intensity signal at 1325 nm. The decay at 1325 nm is in
agreement with the lifetime of 350 ps for the C60(S1) state of
4TsC. The grow-in signal (k� 5	 1011 s�1) can be attributed to
a fast recombination process with a small contribution from
the slower direct charge-transfer process, which is at least 6 ± 7
times slower. Comparing recombination in toluene (krec�
6.7	 1010 s�1, lifetime 15 ps) and ODCB (krec� 5	 1011 s�1,
lifetime 2 ps) we find that the rate of charge recombination is
enhanced on increasing the polarity.

For 4TdC, a very small signal at 1325 nm was detected, both
in toluene and ODCB, which was not higher than approx-
imately twice the noise level (detection limit: �T/T� 2	
10�4). These low intensities can be explained by charge-
recombination processes that are faster than the charge-
transfer processes, and this implies that in ODCB the rate
constant for recombination is krec� 1013 s�1, because fast direct
charge transfer with k d

CS � 3	 1012 s�1 must be overcome.

C60 excited state absorption : To verify these results, the
channel from which indirect charge transfer occurs, C60(S1),
was monitored in time by probing the C60(Sn
 S1) excited

state absorption at 880 nm. The fullerene reference com-
pounds display a small signal at 880 nm with a time constant
similar to the results obtained by Guldi et al.[16b] Besides the
fullerene derivatives, pristine 4TP was also probed at 880 nm.
This revealed the presence of a strong excited state absorp-
tion, assigned to the 4T(Sn
 S1) transition. The 4T(Sn
 S1)
signal at 880 nm decays with a time constant of 420 ps,
comparable to the 4T(S1) lifetime obtained by the temporal
evolution of the 500 nm signal and from time-resolved PL
spectroscopy. The 4TsC dyad shows, both in toluene and in
ODCB, an absorption signal that decays with two time
constants (Figure 11a and b). A short time constant of about
2 ps is attributed to the initial presence of a 4T(Sn
 S1)
absorption, which then turns into a C60(Sn
S1) excited-state
absorption as a consequence of the fast energy-transfer

process (kET� 5	 1011 s�1) in both toluene and ODCB. The
lifetime of the longer lived absorption is related to the rate of
indirect charge transfer k i

CS, and this absorption decays in
toluene and ODCB with time constants of 710 and 360 ps,
respectively. In both toluene and ODCB 4TdC shows only
one time constant (Figure 11), as the deactivation of 4T(S1) to
C60(S1) occurs within the time resolution of our setup
(kET�k d

CS � 3.3	 1012 s�1). In toluene, the decay of the
C60(S1) state of 4TdC occurs with a time constant of 950 ps.
In ODCB, the signal at 880 nm drops more rapidly to zero,
with a time constant of 200 ps. The faster deactivation of the
C60(S1) state of 4TdC in ODCB compared to the C60(S1) state
of 4TsC is in agreement with the data on k i

CS obtained from
time-resolved PL and PL quenching.

According to differential transmission dynamics, both 4TsC
and 4TdC display an ultrafast singlet-energy transfer from
4T(S1) to C60(S1) with rate constants of kET� 5	 1011 s�1 and
kET� 3	 1012 s�1, respectively. Interestingly, the rate for charge
recombination is higher than the rate of (in)direct charge
formation. Although the rate for direct charge transfer cannot
be derived from time-resolved photoinduced absorption, the
rate for indirect charge transfer is obtained from the decay of
both the 880 and 1325 nm signals and reveals the enhanced rate
constant for 4TdC in ODCB compared to 4TsC.

In summary, the transient pump-probe experiments reveal
that the deactivation of the 4T(S1) state is very fast (�2 ps).

Figure 11. Differential transmission of the photoinduced absorption at 880 nm of 4TsC (squares) and 4TdC
(circles) in toluene (a and c) and ODCB (b and d) as function of the pump-probe time delay following
photoexcitation at 450 nm with a 150 fs pulse in the �10 to 30 ps (a and b) and �150 to 800 ps (c and d) time
domains.
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Electron transfer in the dyads occurs both by a direct
mechanism from 4T(S1) as well as via the C60(S1) state, which
is formed by energy transfer. In the latter case the rate for
charge separation is much slower. The fitting of the temporal
absorption profiles reveals that the lifetime of the charge-
separated state is very short, in the low picosecond range.

Energy of the charge-separated states and energy barriers for
charge separation : To rationalize the energy- and electron-
transfer reactions in apolar and polar solvents obtained from
PL and PIA, we estimated the free energy for charge
separation GCS using the Weller equation [Eq. (6)].[20]

GCS� e [Eox(D) � Ered(A)] � e 2

4��0�sRcc

� e 2

8��0
¥

1

r �
� 1

r �

� �
¥

1

�ref
� 1

�s

� �
(6)

With the experimental data for the oxidation (Eox) and
reduction (Ered) potentials (E1/2 is used in Eq. (6) rather than
the peak potentials given in Table 1) measured in a solvent of
relative permittivity �ref, together with estimated values for
the radii of the charged molecules (r� and r�) and the distance
between the two charges Rcc, the Gibbs free energy of the
charge-separated state GCS can be calculated in solvents with
varying polarity �s and compared to the excited state from
which charge transfer occurs.

Energy of the charge-separated state : For 4TsC and 4TdC, Eox

and Ered were determined in dichloromethane (�ref� 8.93) by
cyclic voltammetry (Table 1). The Rcc values for both dyads
were determined by molecular modeling assuming localiza-
tion of the charges at the center of quaterthiophene and
fullerene moieties. This results for 4TdC in Rcc� 8.0 ä. For
4TsC two different Rcc values are used to account for the
flexibility of the linker between the photoactive chromo-
phores. The interchromophore distance for 4TsC is set either
at 8.0 ä, similar to 4TdC, or to 20 ä for the extended
conformation. For intermolecular charge transfer, the Rcc

term was set to infinity. The radius of the C60
.�radical anion

was set to r�� 5.6 ä, based on the density of C60.[10a] The
radius of the 4T.� radical cation (a simplification for a one
dimensionally extended moiety) is obtained by calculating the
van der Waals volume excluding the thioether side chains.

From X-ray crystallographic studies on unsubstituted terthio-
phene[29] and sexithiophene,[30] the density (�� 1.51 gcm�3) is
known to be independent of the length, and hence the radii
were determined from r�� (3	 1024M/4��NA)1/3 to be
r�(3T)� 4.03 ä and r�(6T)� 5.08 ä. This approach results
in a value of 4.43 ä for r�(4T). With these approximations,
the free energy of intra- and intermolecular charge-separated
states were estimated, and the relative ordering of the states is
given in Figure 12 (see also Table 3). The energies of the

Figure 12. Free energy of intramolecular and intermolecular charge-
separated states in 4TsC and 4TdC dyads and 4TP/C60s and 4TP/C60d
mixtures in toluene (squares) and ODCB (circles) relative to the 4TP(S1),
C60s(S1), and C60d(S1) singlet energies and the C60s(T1) and C60d(T1) triplet
energies. Energies were calculated by using Equation (6) with Rcc� 8.0 ä
(filled symbols), Rcc� 20.0 ä (open symbols), and Rcc�� (crossed
symbols).

singlet excited states from which intramolecular charge
transfer can occur were obtained from fluorescence data
and are 2.63, 1.78, and 1.75 eV for 4TP(S1), C60s(S1), and
C60d(S1), respectively. Intermolecular charge transfer occurs
from the triplet state of the fullerene, which has an energy of
1.50 eV, as inferred from phosphorescence data. For mixtures
of 4TP and C60s or C60d Equation (6) predicts that the charge-
separated state cannot be obtained in toluene from the C60(T1)
state. This is in agreement with the experimentally observed
C60(Tn
T1) absorption in the PIA spectra (Figure 6). In the

Table 3. Free energies GCS of the charge-separated states of 4TsC and 4TdC dyads and of 4TP/C60s and 4TP/C60d mixtures. Change in free energy �GCS for
charge separation relative to the singlet (S1) and triplet (T1) excited states of 4T and C60. Energy barriers �G�

CS for direct (4T(S1)) and indirect (C60(S1))
charge transfer.

Sample Solvent Rcc GCS
[a] �GCS �GCS �GCS �i� �s

[b] �G�
CS

[c] �G�
CS

[c]

4T(S1) C60(S1) C60(T1) 4T(S1) C60(S1)
[ä] [eV] [eV] [eV] [eV] [eV] [eV] [eV]

4TsC toluene 8.0 1.61 � 1.02 � 0.17 ± 0.33 0.36 0.02
ODCB 8.0 1.26 � 1.37 � 0.52 ± 0.65 0.20 0.01
toluene 20.0 2.06 � 0.57 0.28 ± 0.36 0.03 0.29
ODCB 20.0 1.36 � 1.27 � 0.42 ± 0.99 0.02 0.08

4TdC toluene 8.0 1.74 � 0.89 � 0.01 ± 0.33 0.24 0.08
ODCB 8.0 1.39 � 1.24 � 0.36 ± 0.65 0.14 0.03

4TP/C60s toluene � 2.31 ± ± 0.81 0.38 ± ±
ODCB � 1.39 ± ± � 0.11 1.21 ± ±

4TP/C60d toluene � 2.39 ± ± 0.89 0.38 ± ±
ODCB � 1.47 ± ± � 0.03 1.21 ± ±

[a] Calculated by using Equation (6). [b] Reorganization energy �i� �s calculated from �i� 0.3 eV and �s from Equation (8). [c] Calculated from
Equation (7).



Quaterthiophene ±C60 Dyads 5415±5429

Chem. Eur. J. 2002, 8, No. 23 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0823-5425 $ 20.00+.50/0 5425

more polar solvent ODCB, the free energy of the charge-
separated state GCS of both mixtures drops below the energy
of C60(T1). This is supported experimentally by the absorp-
tions of a charge-separated state in the PIA experiment
(Figure 6). For 4TP/C60d, the PIA spectrum shows the
presence of both C60(T1) and 4TP.�/C60d

.� , in nice agreement
with their almost equal energies (Figure 12 and Table 3).
Increasing the polarity results in a further reduction ofGCS for
both 4TP mixtures. This was verified experimentally by using
benzonitrile as solvent, in which the absorptions of the charge-
separated states were obtained for both mixtures (Figure 6).
In conclusion, GCS as inferred from Equation (6) for the 4TP/
C60s and 4TP/C60d mixtures is in full agreement with the
experimental data for each of the three solvents studied.

For the dyads, the energy of the charge-separated state in
toluene is lower than the C60s(S1) and C60d(S1) states when the
center-to-center distance is small (Rcc� 8.0 ä). In accordance,
a quenching of photoluminescence of the fullerene emission
and a quenching of the fullerene triplet ± triplet absorption are
observed due to indirect charge transfer for both dyads in
toluene. When the interchromophore distance is increased to
20 ä for 4TsC, charge separation is strongly endergonic from
the C60(S1) state in toluene and unlikely to occur. This
supports our assumption that for indirect charge transfer the
flexible structure allows the donor and acceptor moieties to
come close within the lifetime of the fullerene singlet excited
state of about 1.5 ns.

Intramolecular charge transfer in both dyads in ODCB, as
inferred from PIA spectra together with PL quenching and
time-resolved PL data, is in accordance with the lower free
energy of the charge-separated state (GCS) compared to both
the 4T(S1) and C60(S1) states, for both proximate and extended
orientations of donor and acceptor.

Energy barriers for electron transfer : The direct electron
transfer in ODCB and the absence thereof in toluene must be
related to different activation barriers for direct electron
transfer, because in both solvents a net gain in free energy
would result.[31] The barrier for electron transfer�G�depends
on the change in Gibbs free energy for charge separation
�GCS, the internal reorganization energy �i , and the solvent
reorganization energy �s. By using the Marcus equation, the
activation barrier for direct [�G�

CS(4T(S1))] and indirect
[�G�

CS(C60(S1))] electron transfer can be calculated from the
change in Gibbs free energy for charge separation from
�GCS�GCS�E00, where E00 is the energy of the 4T(S1) or
C60(S1) excited state, respectively [Eq. (7)].

�G�
CS �

��GCS � �i � �s�
4��i � �s�

(7)

The internal reorganization energy is taken as �i� 0.3 eV
based on the value determined by Verhoeven et al.[7a, 10a, 18b]

from the charge-transfer absorption and emission spectra of
the diethylaniline/C60 couple.[32] The solvent reorganization
energy �s can be calculated from the Born ±Hush approach
[Eq. (8)][10a, 33]
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where n is the refractive index of the solvent. Comparison
of the total reorganization energy (�� �s� �i) with the change
in free energy for charge separation �GCS (Table 3) shows
that in these dyads indirect photoinduced electron transfer
[i.e. , from C60(S1)] occurs within the ™normal∫ Marcus region
(����GCS), while the direct electron transfer [i.e. , from
4T(S1)] occurs in the Marcus ™inverted∫ region (����GCS).
The direct electron transfer is situated rather far in the
inverted region as a consequence of the high energy of the S1

state of 4TP. The barriers for indirect charge transfer
[�G�

CS(C60(S1))] in both dyads are low (�0.1 eV) in both
solvents. Hence, indirect charge transfer within the normal
region can occur for both dyads in both solvents. The barriers
for direct charge transfer [�G�

CS(4T(S1))] are significantly
higher in toluene than in ODCB for both dyad molecules.
Consequently, a direct electron transfer from the 4T(S1) state
is hampered in toluene, because the activation barrier for
charge transfer in the inverted region is too high. In ODCB,
the barrier for direct charge transfer is apparently sufficiently
reduced.

For the flexible dyad, the distance between the chromo-
phores dramatically influences the activation barrier for direct
and indirect charge transfer. At short interchromophore
distance (8 ä) indirect charge transfer occurs in both toluene
and ODCB, as the barrier for indirect charge transfer
[�G�

CS(C60(S1)] is sufficiently low, while the barrier for direct
charge transfer [�G�

CS(4T(S1)] is rather high. Increasing the
center-to-center distance lowers the barrier, so that direct
charge transfer can occur. However, with increasing distance
the electronic coupling V between donor and acceptor in the
excited state, which according to Equation (9) determines the
rate constant for nonadiabatic charge separation together
with �G�

CS and �, is dramatically reduced.

kCS�
4�3

h 2�kBT

� �
1/2V 2 exp

��G�
CS

kBT

� �
(9)

It is important to note that V is not only determined by the
distance. More specifically, V depends on the overlap of the
wavefunctions of the donor and acceptor in the excited state.
Hence, V will strongly depend on the mutual orientation and
the flexibility or fixation of the two chromophores in space.
These factors are also important when addressing the question
whether through-space charge separation is more efficient
than through-bond charge separation. The experiments on
4TsC and 4TdC suggest that the through-space process is
preferred because the chromophores are linked by the same
saturated spacers. For a through-space charge transfer, the
overlap of donor and acceptor is of course essential, even
more so than a simple parameter as the distance.

Conclusion

Singly or doubly connected quaterthiophene ± fullerene dyads
show both energy and electron transfer in toluene and ODCB.
Spectral evidence for charge formation within these dyads was
obtained by photoinduced absorption spectroscopy. In tol-
uene, the charge-separated state is reached in both cases by
indirect charge transfer with rate constants on the order of
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109 s�1 following a singlet-energy transfer reaction from
4T(S1) to C60(S1). No direct charge transfer from 4T(S1) is
observed in toluene, as the barrier for this process is
insuperable. In ODCB, direct charge transfer occurs from
4T(S1) in addition to the indirect pathway, and for both dyads
its rate is competive with the fast energy-transfer processes.
Direct electron transfer in ODCB is a consequence of the
reduced activation energy barrier for this process compared to
toluene. The rate constants of direct electron transfer and
energy transfer for the geometrically constrained dyad 4TdC
are one order of magnitude larger than for the flexible 4TsC.
This tenfold increase indicates that the constraints imposed on
the orientation of the chromophores in the 4TdC dyad result
in stronger interactions between the excited states of the 4T
and C60 chromophores. The Gibbs free energy for charge
separation in solution, expressed by the Weller equation, fully
supports and explains the experimental data of both dyads in
solvents of different polarity.

In solution, the rate constants for the recombination of the
geminate pair of charges in 4TsC and 4TdC are higher than
the rate of their formation, as was inferred from fitting the
transient profile of the 4T.� absorption by using the forward
electron-transfer rates obtained from photoluminescence
spectroscopy. This fast recombination of opposite charges
contrasts with porphyrin ±C60 dyads, for which lifetimes of the
charge-separated state in the range of 10 ± 100 ps were
reported.[11] Because the recombination is deeply in the
inverted region, the origin of the fast recombination cannot
be explained by Marcus theory. Hence, further studies are
required to understand the recombination of charges in these
face-to-face complexes.

Of course, a fast intramolecular recombination reaction is
not beneficial for a good photovoltaic cell. However, the near-
steady-state PIA experiments show that, in contrast to the fast
recombination in solution, the lifetime of some charges
created in the solid state extends into the micro- to milli-
second time domain. This much longer lifetime in the solid
state is attributed to positive and negative charges that avoid
geminate (intramolecular) recombination and migrate to
adjacent dyad molecules in the film, in agreement with
previous reports.[3c] Future investigations will focus on estab-
lishing the discrimination between recombination and charge
migration in more detail.

In conclusion, the faster intramolecular energy transfer and
electron transfer in 4TdC compared to 4TsC results from the
imposed face-to-face orientation of the donor and acceptor
chromophores. We conjecture that the high rate of electron
transfer observed in solid-state mixtures of conjugated
polymers and fullerenes[2, 3] is caused by a similar face-to-face
orientation of the two chromophores formed spontaneously in
these blends.

Experimental Section

Materials : 3-(2-Cyanoethylsulfanyl)thiophene (5) and 5,5�-bis(tributyl-
stannyl)-2,2�-bithiophene (2) were prepared according to known proce-
dures.

2-Bromo-3-(2-cyanoethylsulfanyl)thiophene (4): A solution of N-bromo-
succinimide (1.05 g, 5.92 mmol) in DMF (10 mL) was added dropwise to a

solution of 5 (1.0 g, 5.92 mmol) in DMF (10 mL) under N2 at 0 �C in the
absence of light. The mixture was stirred for 4 h at room temperature,
concentrated in vacuo, and the residue diluted with CH2Cl2 (150 mL). The
organic phase was washed with water, dried over Na2SO4, evaporated in
vacuo, and purified by chromatography on silica gel (CH2Cl2/petroleum
ether (PE) 1:1) to give a white solid (1.33 g, 90%). M.p. 40 ± 41 �C; 1H NMR
(CDCl3): �� 2.57 (t, 2H, 3J� 7.5 Hz), 3.05 (t, 2H, 3J� 7.5 Hz), 7.00 (d, 1H,
3J� 5.7 Hz), 7.32 (d, 1H, 3J� 5.7 Hz); 13C NMR (CDCl3): �� 18.6, 30.8,
117.8, 118.5, 126.8, 129.6, 131.5; IR (KBr): 	
 � 2246 cm�1 (CN); elemental
analysis (%) calcd for: C 33.88, H 2.44, S 25.84, N 5.64; found: C 33.88, H
2.38, S 25.54, N 5.62.

3,3���-Bis(2-cyanoethylsulfanyl)-2,2�:5�,2��:5��,2���-quaterthiophene (1): A
mixture of 4 (0.5 g, 2 mmol), 5,5�-bis(tributylstannyl)-2,2�-bithiophene (2 ;
0.57 g, 0.8 mmol), and [Pd(PPh3)4] (116 mg, 5 mol%) in anhydrous toluene
(15 mL) was refluxed overnight under an N2 atmosphere. After cooling to
room temperature, an orange precipitate was recovered and washed several
times with pentane. Chromatography on silica gel (CH2Cl2) gave a powder
(0.32 g, 85%), which was then recrystallized from CH2Cl2/toluene 1:1 to
give pure 1 (0.28 g). M.p. 149 ± 150 �C; UV/Vis (CH2Cl2): �� 404 nm (lg��
4.40); 1H NMR (CDCl3): �� 2.57 (t, 4H, 3J� 7.3 Hz), 3.05 (t, 4H, 3J�
7.3 Hz), 7.08 (d, 2H, 3J� 5.2 Hz), 7.18 (d , 2H, 3J� 4.2 Hz), 7.24 (d, 2H, 3J�
5.2 Hz), 7.33 (d, 2H, 3J� 4.2 Hz); 13C NMR (CDCl3): �� 18.48, 31.72,
117.85, 123.88, 123.97, 124.00, 127.71, 133.48, 133.89, 137.93, 139.47; IR
(KBr): 	
 � 2246 cm�1; MS (70 eV, EI):m/z (%): 500 [M�] (63), 447 (31), 394
(29), 360 (43), 83 (42), 69 (75), 57 (87), 55 (100); HRMS calcd for
C22H16N2S6: 499.963779; found: 499.960226; elemental analysis (%) calcd
for: C 52.77, H 3.22, S 38.41, N 5.59; found: C 52.82, H 3.24, S 37.74, N 5.49.

3-(2-Cyanoethylsulfanyl)-3���-(pentylsulfanyl)-2,2�:5�,2��:5��,2���-quaterthio-
phene (7): Under inert atmosphere a solution of cesium hydroxide (134 mg,
1 equiv) in degassed methanol (5 mL) was added dropwise to a solution of 1
(400 mg, 0.8 mmol.) in degassed DMF (30 mL). The mixture was stirred for
1 h at room temperature, and 1-iodopentane (60 mg, 4 equiv) added. After
1 h of stirring at room temperature and solvent removal, the residue was
dissolved in dichloromethane. The solution was washed with water, dried
over Na2SO4, concentrated, and purified by chromatography on silica gel
(CH2Cl2/PE 4:1) to give an orange oil (215 mg, 52%). 1H NMR (CDCl3):
�� 7.32 (d, 1H, 3J� 3.9 Hz), 7.30 (d, 1H, 3J� 3.9 Hz), 7.23 (d, 1H, 3J�
5.3 Hz), 7.19 (d, 1H, 3J� 5.3 Hz), 7.16 (d, 1H, 3J� 3.9 Hz), 7.15 (d, 1H, 3J�
3.9 Hz), 7.08 (d, 1H, 3J� 5.2 Hz), 7.04 (d, 1H, 3J� 5.2 Hz), 3.04 (t, 2H, 3J�
7.3 Hz, CH2S), 2.87 (t, 2H, 3J� 7.4 Hz, CH2S), 2.56 (t, 2H, 3J� 7.3 Hz,
CH2CN), 1.62 (qu, 2H, 3J� 7.4 Hz), 1.40 ± 1.34 (m, 2H), 1.32 ± 1.27 (m, 2H),
0.87 (t, 3H, 3J� 7.3 Hz, CH3); 13C NMR (CDCl3): �� 139.6, 138.4, 137.0,
135.6, 135.1, 133.5, 132.2, 128.3, 127.7, 126.9, 123.8 (2C), 123.5, 123.3, 117.8,
36.2, 31.7, 30.9, 29.3, 22.2, 18.5, 13.9; MS (MALDI): m/z : 517 [M�], 463; IR
(KBr): 	
 � 2246 cm�1 (CN).

3,3���-Bis-(pentylsulfanyl)-2,2�:5�,2��:5��,2���-quaterthiophene (4TP): This
compound resulting from the deprotection of two thiolate groups was
isolated (70 mg, 16%) during the preparation of 7. The pure compound was
obtained as an orange oil after chromatography on silica gel (CH2Cl2/PE
3:7). 1H NMR (CDCl3): �� 7.29 (d, 2H, 3J� 3.8 Hz), 7.18 (d, 2H, 3J�
5.3 Hz), 7.15 (d, 2H, 3J� 3.8 Hz), 7.04 (d, 2H, 3J� 5.3 Hz), 2.86 (t, 4H, 3J�
7.4 Hz, CH2S), 1.62 (qu, 4H, 3J� 7.4 Hz), 1.46 ± 1.19 (m, 8H), 0.87 (t, 6H,
3J� 7.2 Hz, CH3); 13C NMR (CDCl3): �� 137.5, 135.8, 134.7, 132.3, 128.0,
126.8, 123.5, 123.1, 36.2, 30.9, 29.3, 22.2, 13.9; MS (MALDI):m/z : 534 [M�],
463; HMRS (ESI� ): calcd for C26H30S6: 534.0672; found: 534.0652.

3-(2-Hydroxyethylsulfanyl)-3���-(pentylsulfanyl)-2,2�:5�,2��:5��,2���-quaterthio-
phene (9): This compound was obtained from compound 7 according to the
procedure described for 7 by using CsOH (74 mg, 1 equiv), 7 (200 mg,
0.4 mmol), and 2-bromoethanol (200 mg, 4 equiv). The pure compound was
obtained as an orange oil (110 mg, 56%) after chromatography on silica gel
(CH2Cl2/PE 9:1). 1H NMR (CDCl3): �� 7.31 (d, 1H, 3J� 3.8 Hz), 7.29 (d,
1H, 3J� 3.8 Hz), 7.20 (d, 1H, 3J� 5.3 Hz), 7.17 (d, 1H, 3J� 5.1 Hz), 7.15 (d,
2H, 3J� 3.8 Hz), 7.06 (d, 1H, 3J� 5.3 Hz), 7.04 (d, 1H, 3J� 5.1 Hz), 3.67 (q,
2H, 3J� 6.0 Hz, CH2O), 3.02 (t, 2H, 3J� 6.0 Hz, CH2S), 2.86 (t, 2H, 3J�
7.3 Hz, CH2S), 2.03 (t, 1H, 3J� 6.0 Hz, OH); 1.62 (qui, 2H, 3J� 7.6 Hz);
1.45 ± 1.24 (m, 4H); 0.87 (t, 3H, 3J� 7.0 Hz, CH3); 13C NMR (CDCl3): ��
138.0, 137.8, 137.1, 135.7, 135.0, 134.0, 132.9, 132.3, 128.2, 127.4, 126.8, 125.7,
123.7, 123.6, 123.5, 123.2, 60.6, 39.6, 36.2, 30.9, 29.3, 22.2, 13.9; MS
(MALDI): m/z : 508 [M�], 463; IR (KBr): 	
 � 3370 cm�1 (OH); UV/Vis
(CH2Cl2): �� 403 nm (lg�� 4.37).
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3,3���-Bis-(2-hydroxyethylsulfanyl)-2,2�:5�,2��:5��,2���-quaterthiophene (8):
This compound was prepared using the method described for 9, from 1
(100 mg, 0.2 mmol), CsOH (70 mg, 2.1 equiv), and 2-bromoethanol
(300 mg, 6 equiv). Chromatography on silica gel (CH2Cl2/AcOEt 8.5:1.5)
gave a yellow solid (50 mg, 52%). M.p. 70 ± 72 �C; 1H NMR (CDCl3): ��
7.31 (d, 2H, 3J� 3.9Hz), 7.21 (d, 2H, 3J� 5.2Hz), 7.16 (d, 2H, 3J� 3.9 Hz),
7.07 (d, 2H, 3J� 5.2 Hz), 3.68 (m, 4H, CH2O), 3.03 (t, 4H, 3J� 5.8 Hz,
CH2S), 2.07 (t, 2H, 3J� 6.4 Hz, OH); 13C NMR (CDCl3): �� 137.7 (2C),
137.6 (2C), 134.3 (2C), 132.9 (2C), 127.4 (2C), 125.9 (2C), 123.8 (2C), 123.7
(2C), 60.7 (2C), 39.6 (2C); MS (MALDI): m/z : 482 [M�], 436.

3-(Ethoxycarbonylacetoxyethylsulfanyl)-3���-(pentylsulfanyl)-
2,2�:5�,2��:5��,2���-quaterthiophene (10): A solution of 9 (100 mg, 0.20 mmol),
3-chloro-3-ethyloxopropanoate (0.16 mL, 6 equiv) and pyridine (0.10 mL,
6 equiv) in CH2Cl2 (30 mL) was heated under reflux for 12 h under inert
atmosphere. After cooling to room temperature and addition of CH2Cl2
(50 mL), the mixture was washed successively with aqueous HCl (0.5�),
saturated Na2CO3, and water. The organic phase was dried over Na2SO4,
concentrated, and purified by chromatography on silica gel (CH2Cl2/PE
9:1) to give an orange oil (103 mg,84%). 1H NMR (CDCl3): �� 7.30 (d, 1H,
3J� 4.1 Hz), 7.29 (d, 1H, 3J� 4.7 Hz), 7.20 (d, 1H, 3J� 5.5 Hz), 7.18 (d, 1H,
3J� 5.5 Hz), 7.16 (d, 1H, 3J� 3.7 Hz), 7.15 (d, H, 3J� 3.7 Hz), 7.07 (d, 1H,
3J� 5.3 Hz), 7.04 (d, 1H, 3J� 5.3 Hz), 4.27 (t, 2H, 3J� 6.8 Hz, CH2O), 4.19
(q, 2H, 3J� 7.1 Hz, CH2O), 3.33 (s, 2H), 3.07 (t, 2H, 3J� 6.8 Hz, CH2S),
2.86 (t, 2H, 3J� 7.4 Hz, CH2S), 1.62 (qui, 2H, 3J� 7.6 Hz), 1.42 ± 1.35 (m,
2H), 1.32 ± 1.24 (m, 5H), 0.87 (t, 3H, 3J� 7.2 Hz, CH3); 13C NMR (CDCl3):
�� 166.3, 166.2, 138.0, 137.8, 137.2, 135.7, 134.9, 134.1, 133.0, 132.3, 128.2,
127.3, 126.8, 125.6, 124.4, 123.7, 123.5, 123.2, 63.9, 61.6, 41.4, 36.2, 34.2, 30.9,
29.3, 22.2, 14.1, 13.9; UV/Vis (CH2Cl2): �� 403 nm (lg�� 4.32); IR (KBr):
	
 � 1752, 1736 cm�1 (C�O); MS (MALDI): m/z : 622 [M�], 391.

3,3���-Bis(ethoxycarbonylacetoxyethylsulfanyl)-2,2�:5�,2��:5��,2���-quaterthio-
phene (11): This compound was prepared using the procedure already
described for 10, from 8 (200 mg, 0.42 mmol), 3-chloro-3-ethyloxopropa-
noate (0.25 mL 4 equiv), and pyridine (0.14 mL, 4 equiv) in CH2Cl2
(50 mL). Chromatography on silica gel (CH2Cl2/AcOEt 9.5:0.5) gave an
orange solid (215 mg, 73%). M.p. 41 ± 43 �C; 1H NMR (CDCl3): �� 7.30 (d,
2H, 3J� 3.9 Hz), 7.20 (d, 2H, 3J� 5.3 Hz), 7.16 (d, 2H, 3J� 3.9 Hz), 7.08 (d,
2H, 3J� 5.3 Hz), 4.27 (t, 4H, 3J� 6.9 Hz, O-CH2), 4.19 (q, 4H, 3J� 7.1Hz,
O-CH2), 3.32 (s, 4H), 3.07 (t, 4H, 3J� 6.9 Hz, CH2S), 1.27 (t, 6H, 3J�
7.1 Hz, CH3); 13C NMR (CDCl3): �� 166.3 (4C), 137.7 (2C), 134.4 (2C),
133.0 (2C), 127.4 (2C), 125.7 (2C), 123.0 (6C), 63.9 (2C), 61.6 (2C), 41.4
(2C), 34.2 (2C), 14.0(2C); IR (KBr): 	
 � 1750, 1728 cm�1 (C�O); UV/Vis
(CH2Cl2): �� 404 nm (lg�� 4.44); MS (MALDI): m/z : 710 [M�], 391.

Compound 4TsC : A solution of C60 (82 mg 1.3 equiv), DBU (0.04 mL,
3 equiv), iodine (73 mg, 2.5 equiv), and 10 (93 mg, 0.15 mmol) in anhydrous
toluene (160 mL) was stirred at room temperature under inert atmosphere
for 12 h. After addition of water (200 mL), the organic phase was
separated, and the aqueous phase extracted with dichloromethane. The
organic phase was washed with water, dried over Na2SO4, and concen-
trated, and the residue was purified by chromatography on silica gel
(CH2Cl2/PE 3:2) to give a dark solid (60 mg, 42%). M.p. 65 ± 67 �C;
1H NMR (C6D6/CS2): �� 7.16 (d, 1H, 3J� 3.9 Hz), 7.07 (d, 1H, 3J� 3.9 Hz),
7.06 (d, 1H, 3J� 5.3 Hz), 6.99 (d, 1H, 3J� 4.9 Hz), 6.98 (d, 1H, 3J� 4.9 Hz),
6.96 (d, H, 3J� 3.9 Hz), 6.95 (d, 1H, 3J� 3.9 Hz), 6.83 (d, 1H, 3J� 5.3 Hz),
4.42 ± 4.34 (m, 4H, CH2O), 3.07 (t, 2H, 3J� 6.8 Hz, CH2S), 2.70 (t, 2H, 3J�
7.4 Hz, CH2S), 1.50 (qui, 2H, 3J� 7.5 Hz), 1.38 ± 1.30 (m, 3H), 1.30 ± 1.15 (m,
4H), 0.80 (t, 3H, 3J� 7.2 Hz, CH3); MS (MALDI): m/z : 1340 [M�], 463;
HRMS calcd for C88H28O4S6: 1340.0311; found: 1340.0291. elemental
analysis (%) calcd for: C 78.80, H 2.11, O 4.77, S 14.62; found: C 78.71, H
2.49, O 4.53, S 14.32; UV/Vis (CH2Cl2): �� 403 (lg�� 4.45), 327 (4.60),
257 nm (5.06); IR (KBr): 	
 � 1744, 1721 (C�O), 1231, 526 cm�1.

Compound 4TdC : This compound was prepared using the method
described for 4TsC from C60 (138 mg, 0.19 mmol), 11, (150 mg, 1.1 equiv),
DBU (0.12 mL, 6 equiv), and iodine (242 mg, 5 equiv) in anhydrous
toluene (250 mL). Chromatography on silica gel (CH2Cl2/PE 7:3) gave a
dark solid (95 mg, 35%) consisting of a mixture of several isomers. M.p.
160 ± 164 �C; 1H NMR (CDCl3): �� 7.32 ± 6.85 (m, 8Hthio), 4.77 ± 4.35 (m,
8H, OCH2), 3.36 ± 3.05 (m, 4H, SCH2), 1.61 ± 1.36 (m, 6H, CH3); IR (KBr):
	
 � 1746, 1721 (C�O), 1231, 525 cm�1; UV/Vis (CH2Cl2): �� 404 (lg��
4.33), 250 nm (4.96); MS (MALDI):m/z : 1426 [M�]; HRMS (ESI� ): calcd
for C90H26O8S6: 1425.9952; found: 1425.9926; elemental analysis (%) found
(calcd): C (74.74) 74.41, H (1.84) 1.49, S (13.45) 12.89.

C60s and C60d : These compounds were prepared using the procedure
described for 4TsC from C60 (200 mg, 0.28 mmol), ethyl bromomalonate
(100 mg, 1.5 equiv), and DBU (126 mg, 3 equiv) in anhydrous toluene
(400 mL). Chromatography on silica gel (CH2Cl2/PE 1:1) gave the mono-
adduct C60s (65 mg, 27%) and the bis-adduct (50 mg, 17.5%) C60d as a
mixture of isomers. C60s : m.p.� 250 �C; 1H NMR (CDCl3): �� 4.35 (q, 4H,
3J� 7.1 Hz, OCH2), 1.35 (t, 6H, 3J� 7.1 Hz, CH3); MS (MALDI): m/z : 878
[M�], 720; IR (KBr): 	
 � 1746 (C�O) 1236, 526 cm�1; UV/Vis (CH2Cl2):
�� 425, 326, 257 nm. C60d : m.p. 122 ± 124 �C, 1H NMR (CDCl3): �� 4.65 ±
4.35 (m, 8H, O-CH2), 1.65 ± 1.35 (m, 12H, CH3); MS (MALDI): m/z : 1036
[M�], 878, 720; IR (KBr): 	
 � 1746 (C�O), 1236, 526 cm�1; UV/Vis
(CH2Cl2): �� 422, 250 nm.

Electrochemistry : Electrochemical measurements were carried out with a
PAR 273 Potentiostat-Galvanostat in a three-electrode, single-compart-
ment cell equipped with platinummicroelectrodes of 7.85	 10�3 cm2 area, a
platinum wire counterelectrode, and an Ag/AgCl reference electrode.
Experiments were performed in dichloromethane (HPLC grade) contain-
ing 0.20� Bu4NPF6. Solutions were deaerated by argon bubbling prior to
all experiments, which were run under an argon atmosphere.

Absorption and fluorescence spectroscopy : UV/Vis absorption and fluo-
rescence spectra were recorded on a Perkin ±Elmer Lambda 40 spectrom-
eter and an Edinburgh Instruments FS920 double-monochromator lumi-
nescence spectrometer using a Peltier-cooled red-sensitive photomultiplier,
respectively. All UV/Vis and fluorescence measurements were carried out
in 10 mm quartz cells. All measurements were carried out at room
temperature unless indicated otherwise. Spectra were not corrected for the
Raman scattering of the solvent. Solvents for absorption and fluorescence
measurements were used as received.

Time-correlated single-photon counting : Time-correlated single-photon
counting fluorescence studies were performed using an Edinburgh Instru-
ments LifeSpec-PS spectrometer. The LifeSpec-PS comprises a 400 nm
picosecond laser (PicoQuant PDL 800B) operated at 2.5 MHz and a
Peltier-cooled Hamamatsu microchannel plate photomultiplier (R3809U-
50). Lifetimes were determined from the data by using the Edinburgh
Instruments software package.

Near-steady-state PIA : Solutions containing 2	 10�4� of each compound
were prepared in a nitrogen-filled glove box in order to exclude
interference of oxygen during measurements. The PIA spectra were
recorded between 0.5 and 3.0 eV by exciting with a mechanically
modulated cw Ar ion laser (�� 458 or 528 nm, 275 Hz) pump beam and
monitoring the resulting change in transmission of a tungsten halogen
probe light through the sample (�T) with a phase-sensitive lock-in
amplifier after dispersion by a grating monochromator and detection by
Si, InGaAs, and cooled InSb detectors. The pump power incident on the
sample was typically 25 mW with a beam diameter of 2 mm. The PIA
(��T/T���d) was directly calculated from the change in transmission
after correction for the photoluminescence, which was recorded in a
separate experiment. Photoinduced absorption spectra and photolumines-
cence spectra were recorded with the pump beam in a direction almost
parallel to the direction of the probe beam. The solutions were studied in a
1 mm near-IR-grade quartz cell at room temperature. Solvents for PIA
measurements were distilled under nitrogen before use. The solid-state
measurements were performed on films drop cast from chloroform solution
onto a quartz substrate and held at 80 K in an Oxford continuous-flow
cryostat.

Transient subpicosecond photoinduced absorption : The femtosecond laser
system used for pump-probe experiments consists of an amplified Ti/
sapphire laser (Spectra Physics Hurricane). The single pulses from a cw
mode-locked Ti/sapphire laser were amplified by an Nd/YLF laser by using
chirped pulse amplification, providing 150 fs pulses at 800 nm with an
energy of 750 �J and a repetition rate of 1 kHz. The pump pulses at 450 nm
were created by optical parametric amplification (OPA) of the 800 nm
pulse by a BBO crystal into infrared pulses, which were then twice
frequency-doubled by BBO crystals. The probe beam was generated in a
separate optical parametric amplification setup, in which the 500, 880, and
1325 nm pulses were created. The pump beam was focused to a spot size of
about 1 mm2 with an excitation flux of 1 mJcm�2 per pulse. For the 880 nm
and 1325 nm pulses a RG 850 nm cutoff filter was used to avoid
contributions of residual probe light (800 nm) from the OPA. The probe
beam was reduced in intensity compared to the pump beam by using
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neutral-density filters of OD� 2. The pump beam was linearly polarized at
the magic angle of 54.7� with respect to the probe, to cancel out orientation
effects in the measured dynamics. The temporal evolution of the differ-
ential transmission was recorded by an InGaAs detector by a standard
lock-in technique at 500 Hz. Solutions on the order of 2 ± 5	 10�4� were
excited at 450 nm to provide primarily excitation of the 4T part within the
dyad molecules.
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