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A series of fullereneoligothiophene-fullerene (Go—nT—Cesg) triads withn = 3, 6, or 9 thiophene units has

been synthesized, and their photophysical properties have been studied using photoinduced absorption and
fluorescence spectroscopy in solution and in the solid state as thin films. The results are compared to those
of mixtures of oligothiophenesT) with N-methylfulleropyrrolidine (MP-Cgp). Photoexcitation of the triads

in the film results in an electron-transfer reaction for= 6 and 9, but not fon = 3. The lifetime of the
charge-separated state in the film is on the order of milliseconds. Photoexcitation of the oligothiophene moiety
of the Go—nT—Cqgo triads, dissolved in an apolar solvent, results in a singlet energy-transfer reaction to the
fullerene moiety with rates varying between'a@nd 10° s™%. In more polar solvents, aimtramolecular
photoinduced charge separation occursifer 6 and 9 and, to some extent, foe= 3. The quenching of the
MP—Ceo(S:) fluorescence provides a lower limit to the rate of ifieamolecular photoinduced electron transfer

of 101 st in the Go—nT—Cq triads withn = 6 or 9 in polar solvents, assuming that charge separation
occurs after singlet energy transfer fram(S;) to MP—Ceo(S,). A direct mechanism, i.e., charge separation

from nT(S,), cannot be excluded experimentally but must occur in the femtosecond time domain to compete
effectively with energy transfer. The lifetime of tir@ramolecularly charge-separated state in the-@T—

Ceo triads is significantly reduced compared to the lifetime of the radical ions in the films, and hence, the
latter results from charge migration to different molecular sites. Similar energy- and electron-transfer reactions
occur intermolecularly in solution from theT and MP-Cqg triplet states. The preferences fimtra- and
intermolecular energy- and electron-transfer reactions, as a function of conjugation length and solvent
permittivity, are in full agreement with predictions that can be made using the Weller equation for the change
in free energy upon charge separation.

Introduction In addition to conjugated polymer/fullerene blends, various
In recent years, composite films consisting of conjugated molecular dyad_s and triads of fuIIerenes_ involvir)g co_valent
polymers and fullerene derivatives have been considered forPonds to organic donors such as aromatic anfir@igothio-
achieving solid-state polymer photovoltaic célfsThe underly- phenes, ollgo.(p-phenylenewnylene)%;ol|go(th|gnyleneV|nyI-
ing photophysical process is an electron-transfer reaction from ene)s? tetrath|afu|va|eqeé9 carotenes} porphynns%Z phthalo-
the conjugated polymer as a donor to the fullerene as an electrorfyaninest® phytochlorinsi* or organometallic donors with
acceptor upon photoexcitation. One of the most remarkable rutheniumi® ferrocene'® and coppel’ have been described in
features of conjugated polymer/fullerene blends is the fact that '€Cent years. The preparation and photophysical properties of
an ultrafast forward electron-transfer reaction occur psf the_se molecular arrays involving fullerenes have recently been
but the recombination of photogenerated electrons on the '€Viewed:® A general feature of these molecular donacceptor
fullerene and holes on the polymer is slow and extends into the SYStems is that the lifetime of the charge-separated state does
millisecond time domaif.As a result of the fast forward ~ Not extend into the millisecond regime as for the polymer/
electron transfer, the quantum yield for the photoinduced charge fullerene composites, but is limited to the low nanosecond time
separation in these composite films is near unity. Therefore, domain, although some exceptions to this general rule
the efficiency of photovoltaic devices is probably limited by —€Xistoe10»12emi6a
the transport or the injection of charges to the electrodes. Apart  To investigate whether the large difference in forward and
from the low charge-carrier mobility generally associated with backward electron-transfer rates in polymer/fullerene composites
conjugated polymers and fullerenes, an important reason foris an intrinsic property of the molecules involved or a material
inefficient charge transport is the random nature of the property, we setoutto explore the photoinduced electron transfer
interpenetrating network, which is formed spontaneously by spin in molecular triads of conjugated oligothiophenes covalently

coating mixtures op-typesr-conjugated polymer and fullerene  linked to fullerenes, i.e., §—nT—Cgo (n = 3, 6, and 9) (Figure
derivatives 1). These well-defined acceptedonor—acceptor triad mol-
~ ecules can be studied as isolated molecules in solution and in
R ;ﬁ“jtgﬁésé‘r’] @"‘{Bgmm correspondence should be addressed. E-mail: the solid state wheriatermolecular interactions occur. By using

"t Eindhoven University of Technology. different solvents, it is possible to address the effect of the

* University of Groningen. polarity of the medium on the photoinduced charge separation
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Figure 1. Synthesis of the g—nT—Cso fullerene-oligothiophene-fullerene triads.

and recombination. The covalent linkage of the oligothiophene 25 T T T T
and fullerene also enforces a spatial ordering of the donor and "
acceptors in the solid state, which is not achieved in the blend.

This spatial restriction may be considered as a first step in
preparing predefined architectures of structurally organized __
donor and acceptor phases on a nanoscopic scale. We expectd 15
that such nanoscopic structures may hold the key to more
efficient polymer photovoltaic cells.

Here, we describe the synthesis of these novel triads and
investigate their photophysical properties in solid films and in
solutions of different polarity using (time-resolved) fluorescence 05
and photoinduced absorption (PIA) spectroscopy. The results
are compared to those for simple mixtures of tifeoligothio-

1.0

Absorbance (O

phenes withN-methylfulleropyrrolidine (MP-Cgg). We dem- 0.0 .
onstrate that both energy- and electron-transfer reactions occur 300 400 500 600 700
upon photoexcitation of the gg—nT—Cgg triads on short time Wavelength (nm)

scales. The energy and electron transfer can take place from,:igure 2. UV—Vis absorption spectra of MPCeo (4.6 x 10 M
the singlet as well as from the triplet excited states of both the goted line), Go—nT—Ceo (2.3 x 10-* M, solid lines), anchT (2.3 x

oligothiophene and the fullerene. The discrimination between 104 M, dashed lines) fon= 3, 6, and 9 recorded i-dichlorobenzene
the energy- and electron-transfer processes strongly depends oat 295 K with a 1-mm path length. The inset shows an enlarged view
the permittivity of the medium, and we show that the transfer of the 556-750 nm region.

can be qualitatively modeled with the Weller equation. We show spectroscopy, MALDI-TOF-MS, and HPLC. Both NMR and
that the long lifetime in the solid state results from the migration p| = analys’es of the triads c]early showed the presence of
of opposite charges to different sites and is not associated withgq, arg stereoisomerdl-methylfulleropyrrolidine (MP-Cao)

anintramolecular charge-separated state. was used as a reference compound and was synthesized
according to published methoéls.
Absorption Spectra of Cso—nT—Cgo. The absorption spectra
Synthesis. The oligothiophenes used as starting materials of the Go—nT—Cg triads closely correspond to a superposition
(Figure 1) in the synthesis of thes&s-nT—Cgo triads carry a of the individual spectra afiT and MP-Cgq (Figure 2). Hence,
dodecyl substituent on one of the positions of every third electron transfer between donor and acceptor does not occur in
thiophene ring, starting at the second fi§°As a consequence, the ground state. As expected, a significant red shift of the
the 6T and 9T triads are mixtures of three and four regioisomers, absorption maximum and an increase in the molar absorption
respectively. The oligothiophenes were converted to the corre- coefficient occurs with increasing conjugation length. The inset
spondinga,w-dialdehydes in a VilsmeierHaack reaction with of Figure 2 shows that, at 600 nm, the absorption of rifie
phosphorus oxychloride aidiN-dimethylformamide. The triads ~ oligomers is negligible, and hence, this wavelength can be used
(Ceo—nT—Cs0; N = 3, 6, and 9) were prepared in a 1,3 dipolar to selectively excite the fullerene moiety. Fafo€6T—Cgo and
cycloaddition reaction by treating the dialdehydes with 8 equiv Ceo—9T—Cgq, light of 430-470 nm will result in almost
of N-methylglycine and 4 equiv of [60]fullerene g in selective excitation of the oligothiophene moiety, but selective
chlorobenzene at reflux temperature for 18 h. This reaction excitation of the terthiophene unit ingg&-3T—Cgo IS not
creates a stereocenter at each pyrrolidine ring. Hence, the thregossible.
triads are obtained as mixtures of stereocisomers. In combination Photoexcitation of Go—nT—Cgo as Thin Films at 80 K.

Results and Discussion

with the regioisomerism of the oligothiophenes, 4,-€3T— Thin films of Cso—nT—Cgo were obtained by casting from
Ceo isomers, 10 Go—6T—Cgp isomers, and 16 £—9T—Cgo solution on quartz substrates. The films were studied by PIA in
isomers are expected. The structure and purity of the &T— the microsecond and millisecond time domains using a me-

Cso triads was confirmed withH NMR, 13C NMR, UV—Vis chanically modulated laser excitation beam and phase-sensitive
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in Figure 3 (peak positions are shown in the insets) fom(a) 3, (b)

Figure 3. PIA spectra (solid lines) of —nT—Cso thin films on quartz n= 6, and (c)n = 9. The frequency dependencies were recorded at 80

for (@)n= 3, (b)n =6, and (c)n = 9. The spectra were recorded at K by excitation at 351.1 and 363.8 nm for= 3 and at 457.9 nm for

80 K by excitation at 351.1 and 363.8 nm for= 3 and at 457.9 nm n =6 and 9 with 25 mW.

for n =6 and 9 with 25 mW and a modulation frequency of 275 Hz.

In graph (a), the vertical scale has been expanded by 1 order of TABLE 1: Energies of Optical Transitions of PIA Spectra

magnitude relative to those in (b) and (c). The PL spectrumegtC  Of Thin Films of C;—nT —Cegp Triads. Modulation Frequency

3T—Cqo is shown in (a) with a dashed line. (n) and Excitation Intensity Dependence () of PIA Signals

lock-in detection over a wide energy range from 0.25 to 3.5 triad PIA (eV) n(@™) p (%)

eV, i.e., covering the UV/vis/IR spectral region. This technique ~ Ceo—3T—Ceo 1.24 0.14 0.76

is very sensitive for probing a small concentration of long-lived ;gg 8ég 8%

photoexcitations (detection limXT/T ~ 1076). The PIA spectra Cor—6T—Cao 0.75 017 0.46

of thin films of Cso—NT—Cgo recorded at 80 K reveal that there 1.24 0.12 0.48

is a strong difference in the excited states created §gr8T— 1.49 0.14 0.48

Cso in comparison with those for gg—6T—Cgo and Go—9T— Coo—9T—Coeo 0.54 0.14 0.48

Ceo (Figure 3). For Go—3T—Cso, We observe a low intensity 1.24 0.14 0.49

PIA spectrum that extends over the-2 eV region, whereas 141 011 0.47

the spectra of gg—6T—Csp and Go—9T—Csgo are much more In contrast, for a thin film of G—6T—Cso, the characteristic

intense and show two characteristic peaks in the visible and absorption bands of the 6Tradical cation at 0.75 and 1.49 eV

near-IR energy regions. and of the MP-Cgo* radical anion at 1.24 eV are present in
The exact assignment of the PIA spectrum @§-€3T—Cqgo the PIA spectrum (Figure 3b). The simultaneous observation

is presently not known, but characteristic strong signals of the of 6T+ and MP-Cg;* radical ions gives direct spectral

3T' radical cations (expected at about 1.46 and 2.25)eAte evidence of a photoinduced electron-transfer reaction. Under

not observed. By varying the modulation frequency of the these conditions, no fluorescence afp€6T—Cyqo is detected.
excitation beam (Figure 4a, Table 1), we found that the peak at The relative intensities of the PIA bands of 8Tat 1.49 eV
2.07 eV is probably of a different origin than the bands at 1.24 and of MP-Cgy* at 1.24 eV are qualitatively consistent with
and 1.78 eV, although all bands increase similarly with pump the difference in molar absorption coefficients of these ions as
intensity according to a power law-AT O IP, with p = 0.75— determined in solution; for 6F, ¢ = 72000 M1 cm™1, and
0.80). These exponents indicate that the photoexcitationssin C ~ for Cgo*, € = 12000 M1 cm™1.1%22 The PIA bands increase
3T—Cso decay in a nearly monomolecular fashion, for which with the square root of the excitation intensityAT O IP, with

p = 1 is expected. We tentatively attribute the spectrum (at p = 0.46-0.48; Table 1), which indicates a bimolecular decay
least in part) to a triplet state of the fullerene moiety. In addition process, consistent with the recombination of positive and
to this triplet state, we observe a weak fluorescence fgr-C negative charges. The decrease-@fT with increasing modula-
3T—Cso with an onset at 1.66 eV due to emission from a tion frequency follows approximately the same power-law
fullerene singlet excited state (Figure 3a). The absence of 3T behavior for all bands{AT O ™", with n = 0.12-0.17; Figure
radical cations, the triplet-state fullerene PIA, and the fluores- 4b, Table 1) with increasing frequenaybetween 30 and 4000
cence all indicate that photoinduced electron transfer is not anHz. Such power-law behavior is characteristic for a distribution
important process in thin films of gg—3T—Cso. of lifetimes in the millisecond time domain. The fact that
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changes in—AT with pump intensity and with modulation ~ TABLE 2: Spectroscopic Data for nT Oligomers and
frequency are similar for the PIA bands attributed to"6and MP —Ceo in Different Solvents

MP—Cso* strongly suggests that these photogenerated radical S—S S—S ©1(S) To—Ti o(Ty)
ions decay via the same relaxation process. The PIA results for solvent  (eV) (eV) (ns) (eVv) (us)
thin films of Cso—9T—Cgp are analogous to those o= 6T— 3T PhCH  3.56 3.00 0.81 2.63 410
Ceo (Figure 3c) and support a photoinduced electron-transfer ODCB 3.52 2.97 2.59 310
reaction. The principal absorption bands of the"9Tadical PhCN 3.50 2.98 2.62 380
cations are observed at 0.55 and 1.41 eV, while a shoulder at 6T gg%"é 22-%% 22-‘:% 0.78 %-;g %23
1.24 eV is consistent with the presence of MBs* radical PhCN 286 239 179 154
anions. The PIA bands decrease in similar fashion with g1 PhCH  2.74 226 0.65 1.59 93
increasing modulation frequency AT O ™", withn = 0.11— ODCB 2.68 2.22 1.55 127
0.14; Table 1, Figure 4c), and again, a square-root dependence PhCN 2.69 2.24 1.56
for the pump intensity is observee-AT O IP, with p = 0.47— MP—Ce PhCH  1.76 174 145 178 240
0.49; Table 1). Fluorescence o= 9T—Cgp is absent. SECC,\? 1177(; 117733 11'_77% 123%
The observation of a long-lived charge-separated state for
the molecular triads §—6T—Cgo and Go—9T—Cgo and the ML B B B
concurrent absence of charged statesgi-@T—Cgo raises the 0.010 oT: 6T T

question of whether these differences are consistent with

energetic predictions based on relative oxidation and reduction
potentials, excitation energies, and Coulombic stabilization. |-
Furthermore, it is of interest to know whether the photoinduced 7 0.005
electron-transfer reaction is antramolecular or arintermo- '

lecular process. Previous studies on dyads and triads involving L
fullerenes have shown that the charge-separated state typically

'
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has a lifetime on the (sub)nanosecond time sgaiéalthough 0.000 Ry

some extend into the microsecond dondf&itfb.12em.16a ' . X o j"( Lo
We propose that a charge-separated state with a lifetime on = '1 Ou ,41 5* - 2 0' = *2 SU J43 0

the order of milliseconds, as observed for thin films of€ ' ’ ) ’ '

6T—Cso and Go—9T—Csq, results from migration of the hole Energy (eV)

and/or the electron to different molecules after the photoinduced figyre 5. PIA spectra of oligothiophenesT (n = 3, 6, and 9) in
electron-transfer reacticii. This proposition is corroborated by  toluene solution (2.3x 10 M) at 295 K. Recorded with 50-mW
the nonlinear excitation intensity dependence of the PIA bands, excitation at 351.1 and 363.8 nm for 3T and at 457.9 nm for 6T and
which is a clear indication of bimolecular processes that require 97-

diffusion of photoexcited species. To obtain support for this

proposition and to study the energetics of photoinduced electron-these conditions. A linear intensity dependence is expected for
transfer reactions in these molecules in more detail, we have@ monomolecular decay mechanism, but it should be noted that

investigated the photoexcitation 0f&nT—Cso and mixtures ~ Pimolecular mechanisms such as quenching offi@ ) state

of nT with MP—Cgo in solvents of different polarity. by molecular oxygen would also give the same behavior. The
Photoexcitation of nT and MP—Ceo in Solution. Before lifetime of the photoexcitations has been determined by record-

describing the photoexcitations of thesenT—Cqgo triads and Ing dthle _chafnge n trans_mismﬁ—m') ?53;43%%0:_"“ Fo_f the
mixtures ofnT with MP~Ce, it is important to consider some goaﬁdatflict)tri]n re%l:eegiyég)rim;nfarlagggoafter correcztig)r:gfl:)rrethe
of the photophysical properties of the individual components. quorescencéq contribFL)Jtion to the a{nalytical expression for
Photoexcitation of thaT oligothiophenes in solution results in ’ P

a transient singlet excited statel(S;), which decays by monomolecular decay/.

fluorescence to the ground state and by intersystem crossing to

the nT(Ty) triplet state?*25In solution, the quantum yields for —ATO _lgr 1)
fluorescence are higlt,and intense fluorescence spectra of 3T, V1+ 0%

6T, and 9T are observed in solution. The positions of the

emission bands depend only slightly on the nature of the solventwhere g is the efficiency of generation of the photoinduced
(Table 2). The singlet excited-state lifetimef thenT oligomers species and 1/is the monomolecular decay constant. The
has been determined in toluene solution from time-resolved lifetime of thenT(T,) triplet state decreases with chain length
fluorescencer decreases with conjugation length from 0.81 ns from ~400us for 3T to~100us for 9T (Table 2). The triplet

for 3T, to 0.78 ns for 6T, to 0.65 ns for 9T (Table 2). The value state energies af-oligothiophenes have recently been deter-
for 6T is close to the value of 1.10 ns reported for a related 6T mined independently by photodetachment photoelectron spec-
derivative?® The triplet-state absorption spectra of 3T, 6T, and troscopy (T, with n = 1—4) and spectroscopic and calorimetric
9T have been recorded using PIA spectroscopy (Figure 5) in measurements{, with n = 1-5 and 7)?8 For 3T, the triplet
three solvents of increasing polarity: toluenaichlorobenzene, energy is 1.921.93 eV. From the linear relation of the triplet
and benzonitrile at a concentration of %304 M. The spectra  energy as a function of the reciprocaf® it is possible to
invariably exhibit a | — T, transition, which shifts to lower  estimate the triplet energy levels for 6%1.64 eV) and 9T
energy with increasing chain length. Again, the peak position (~1.55 eV).

is only slightly dependent on the nature of the solvent (Table In addition to the triplet-state transitions, small signals of
2). The intensity of the J< T, absorptions increases linearly photochemically generatenlT** radical cations are observed
with pump intensity. The linear intensity dependence shows thatin the PIA spectra of thenT oligomers dissolved ino-
triplet—triplet annihilation is not a major decay pathway under dichlorobenzene and benzonitrile. The direct photogeneration
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Figure 6. Modulation-frequency dependence of the PIA spectra of
nT dissolved in toluene (Figure 5). The frequency dependencies were
recorded with 50 mW excitation at 351.1 and 363.8 nm for 3T and at
457.9 nm for 6T and 9T. Solid lines represent least-squares fits to the
expression for monomolecular decay with lifetimes of 4&0for 3T,
145 us for 6T, and 93s for 9T.
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Figure 7. PIA spectra of MP-Cg in 0-dichlorobenzene (4.6 1074

M) at 295 K, recorded with excitation at 457.9 nm (solid line) and
600.0 nm (dashed line). The PIA spectrum of MBs in benzonitrile
solution (4.6x 10~* M, 457.9 nm) is shown with a dotted line.

0.5

of charged excitations of oligothiophenes is known to involve
an electron-transfer reaction from the singlet excit&€(,;) state

to the solventl2930The formation of radical cations depends
on the solvent used, but solvent polarity is not the pertinent
criterion. In general, the back electron transfer between radical

van Hal et al.
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Figure 8. Normalized fluorescence (solid lines), absorption (dashed
lines), and excitation (dotted lines) spectra @f-€hT—Cg in toluene
solution for (a)n = 3, (b) n = 6, and (c)n = 9. The spectra were
recorded at 295 K by excitation at 350 nm fo= 3, at 433 nm for

n = 6, and at 457 nm fon = 9. The emission spectra of thes
nT—Cqp triads were corrected for Raman scattering of toluene, but
residual Raman bands are clearly present at 2.62 eV fer3. The
excitation spectra were recorded by monitoring the fullerene emission
at 715 nm (1.73 eV). For a direct comparison, the normalized
fluorescence spectra of tind oligomers are included (dashedotted
lines).

295 K is around 20Q«s (Table 2). The triplet energy level of
MP—Cso has been determined from phosphorescence to be 1.50
eV Bb.6il6aglightly below the triplet energy of g at 1.57 eVe!

The energy of the MPCg((T3) state at 1.50 eV is less than the
values reported and extrapolated for 3T, 6T, and?®Th

cation and solvent radical anion is expected to be fast, unlesshenzonitrile, the PIA spectrum of MFCg reveals an extra small

the solvent exhibits an irreversible dissociative electron-capture
reaction, which is a well-known process for chlorinated solvents
(RClI+ e — R* + CI"). As a result, the charged excitations
produced in this way have long lifetimes on the order of
20 ms.

Photoexcitation of MP-Cgg in toluene,o-dichlorobenzene,
or benzonitrile (4.6x 104 M) results in a weak fluorescence
at 1.74 eV and a long-lived triplet state. The fluorescence
guantum yield of MP-Cgq is known to be only 6x 1074, and
the triplet state is formed with a quantum yield near ufiity.
The lifetime of the MP-Cgo(S,) state determined from time-

band of the radical anion of MPCgp at 1.25 eV in addition to
the signal of MP-Cg((T1) (Figure 7). The formation of MP
Ceo* is a result of the presence of a small amount of
isocyanobenzene (PhNC) in benzonitrile (PhCN), which acts
as a donor to MP-Cg(T1). This is a bimolecular reaction, and
the lifetime of the anions formed is long because charge
recombination is hampered by follow-up reactions of the
isocyanobenzene cation radical, which acts as a sacrificial
electron donor.

Photoexcitation of Gsg—nT—Cgo and Mixtures of nT and
MP —Cgo in Toluene. In toluene solutions, the fluorescence of

resolved fluorescence is 1.45 ns (Table 2), close to the value ofthe oligothiophene moieties of thegfsnT—Cgo triads is

1.28 ns previously reportéi The PIA spectrum of the MP
Cso(T1) state exhibits a peak at 1.78 eV with a characteristic
shoulder at 1.54 eV (Figure 7). The molar absorption coefficient
of this T, < T; absorption is 16000 M cri.6" Similar PIA

strongly quenched with respect to the emission of the unsub-
stituted nT oligomers (Figure 8). Apart from some residual

oligothiophene emission, the fluorescence spectra show a
characteristic band at 1.73 eV, which results from emission from

spectra have been obtained with excitation at 363.8, 457.9, orthe MP-Cqo(S;) state. The excitation spectra of the fullerene

600 nm. The lifetime of the MPCgs((T,) state in solution at

emission coincide with the absorption spectra of the-@T—
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TABLE 3: Fluorescence Quenching of Triads §(nT)/¢ and
#(Ce0)/¢] and Rate Constants for Energy Transfer kgr),
Indirect Charge Separation (Kcs'), and Direct Charge
Separation (kcsf)?

Pp(M)lp ket () $(Coo)l¢p ked (57

700 8.6x 101 1
Ceo—6T—Ceo 9600 1.2x 10%° 1
Ceo*gT*CGQ 5900 9.1x 1012 1

ODCB Gs0—3T—Ceo 2
Ceo_ 6T— Ceo 75
CGQ_ 9T— Ceo 150

PhCN Go—3T—Ceo 5
Ceo—6T—Cso 150
Ceo—9T—Cso 150

kes' (s79)

PhCH Cgo—3T—Ceo

6.9x 10® 8.6 x 101
5.1x 10 9.1 x 10
1.2x 10" 1.4x 101
2.8x 10° 3.5x 1012
1.2x 10" 1.8 x 1015
1.2x 10" 1.4 x 1015

@ Rate constants for energy transfkg, indirect charge separation
(ked), and direct charge separatide{') calculated from egs 2, 5, and
6, respectively.

Ceo triads. In fact, the fullerene fluorescence quantum yield of
the Go—nT—Cqo triads in toluene is nearly identical to that of
MP—Csq, irrespective of the excitation wavelength. The emis-
sion spectra of the §—nT—Cgo triads shown in Figure 8 were
corrected for Raman scattering of toluene, but residual Raman
bands are clearly present at 2.62 eV fgg-€3T—Cg for which

an excitation wavelength of 350 nm is used. Hence, an accurate
determination of the extent of fluorescence quenching of the
oligothiophene emission is somewhat hampered by these
artifacts. Best estimates for the quenching facte(aT)/¢] are

700 for Go—3T—Cgo, 9600 for Gog—6T—Cgo, and 5900 for g—
9T—Ceo (Table 3). The fluorescence quenching of the oligo-
thiophenes and the simultaneous emission of the—Kig
moiety are clear characteristics of an efficiémiramolecular
energy-transfer reaction of td (S,) state to the MP-Cgo(Sy)

state. The quenching and the fluorescence lifetimes of the

-ATIT

-ATIT
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Figure 9. (a) PIA spectra of gg—nT—Cg (n= 3, 6, and 9) in toluene
(2.3 x 1074 M) at 295 K recorded with excitation at 351.1 and 363.8
nm for Co—3T—Cso and at 457.9 nm for £—6T—Cgo and Go—9T—
Cso. (b) PIA spectra of mixtures ofT (n= 3, 6, and 9; 2.3x 1074 M)
and MP-Cs (4.6 x 1074 M) in toluene at 295 K. The dashedlotted
line in graph (b) is for the 9T/MP.Cgo mixture with excitation at 600
nm.

pristinenT oligomers (Table 2) can be used to estimate the rate 'ecorded when the fullerene moiety 0t 9T—Ceo is selec-

constants for the energy-transfer reactikgr) via the relation
nT
o = [%— 1]y @

Here,¢(nT)/¢ is the quenching ratio, andnT) is the lifetime
of the § state (Table 2). The resulting values collected in Table

tively excited at 600 nm in toluene solution.

After photoexcitation of th@T oligomers in toluene solution
containing MP-Cgo (a 1:2 molar proportion is used to mimic
the ratio present in the triads), thél(S;) state decays via
fluorescence and intersystem crossing. The PIA spectra of the
mixtures of 3T or 6T with MP-Cgo give evidence for
intermolecular triplet energy transfer from timd (T,) state to

3 show that the energy-transfer process is extremely fast andthe lower lying MP-Cgo(T1) state (Figure 9b), similar to

occurs within about 1 ps for g—3T—Cgo and within about
100 fs for Q;(J—GT—CBO and Ceo—gT—Ceo.

The energy-transfer reaction from th&(S,;) states, which
populates the MPCgy(S;) state, also affects the PIA spectra
of the Go—nT—Cgp triads in comparison with those of the parent
nT oligomers. The PIA spectra ofge-3T—Cgp and Go—6T—

Ceo are identical to that of the MPCqo(T;) state (Figure 9a).
For both triads, the lifetime of the MPCg(T1) State is about
250us. This result demonstrates that thtramolecular singlet
energy transfer to the fullerene moiety, as inferred from
fluorescence quenching, is followed by efficient intersystem
crossing to the MP-Cgo(T3) State. In contrast, the PIA spectrum
of Cgo—9T—Cq is significantly different and actually corre-
sponds to a superposition of thg <+ T, spectra of 9T(T) and
MP—Cso(T1) (Figure 9a). The concurrent absence of a signal
at ~0.70 eV shows that the PIA band atl1.60 eV is not
associated with 9. We conclude that the triplet energy of
9T is very close to the triplet energy of MRCs0 (1.50 V). On
the basis of the quenching of the 9T fluorescencedi-OT—

Cso, We propose that the 9T('state in Ge—9T—Cgis formed
after initial photoexcitation of 9T via a singlet energy transfer
to MP—Cg, subsequent intersystem crossing to the-NRo-
(T,) state, and finally, a triplet energy transfer to 9T. In

previous observations forT and G.? For 6T, the oligothio-
phene moiety can be nearly selectively excited at 458 nm, and
the sole observation of the MFCg(T1) Spectrum, and hence
guenching of theaT(T;) transitions, demonstrates the effective-
ness of thantermolecular triplet energy-transfer reaction. As
for Ceo—9T—Cs0, We observe only a partial quenching of the
9T(T,) state by MP-Cg (Figure 9b). Figure 9b shows that the
same PIA spectra are obtained in mixtures of 9T ancH@R,
regardless of whether 9T (at 458 nm) or Mg, (at 600 nm)

is selectively excited. Hence, in both cases, the same long-lived
photoexcitations are eventually formed.

Photoexcitation of Ggo—nT—Cgo and Mixtures of nT and
MP—Cgo in 0-Dichlorobenzene and Benzonitrile.In more
polar solvents such as-dichlorobenzene and benzonitrile, a
charge-separated state will be stabilized as a result of a screening
of the Coulombic attraction of the opposite charges and solvation
of the radical ions formed. Figure 10 shows the dramatic changes
that occur in the fluorescence spectra of the threg-6T—

Ceo triads upon an increase in the polarity of the solvent from
toluene € = 2.38) to o-dichlorobenzenee(= 9.93) and to
benzonitrile € = 25.20). For Go—6T—Cgp and Go—9T—Cso,

a near to complete quenching of the M€go(S;) emission is
observed in botle-dichlorobenzene and benzonitrile. Fap€

accordance with this model, the same PIA spectrum has been3T—Cgo, a partial quenching of the MPCqo(S;) state occurs,
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Energy (eV) Figure 11. PIA spectra ofT (2.3 x 104 M) co-dissolved with MP-
. ~ . . Ceo (4.6 x 1074 M) (solid lines) and of correspondings&-nT—Cso
Figure 10. Fluorescence spectra ofel>nT—Ceo in toluene (solid o450 3. 104 M) (dashed lines) in benzonitrile at 295 K for (a)

lines),o-dichlorobenzene (dashed lines), and benzonitrile (dotted lines)
for (@) n =3, (b)n = 6, and (c)n = 9. The spectra were recorded at
295 K by excitation at 350 nm fan = 3, at 433 nm fon = 6, and at

457 nm forn = 9. The optical density at the excitation wavelength
was 0.1. The data have been corrected for differences in the index of
refraction.

n=3, (b)n =6, and (c)n = 9. The spectra were recorded with
excitation at 351.1 and 363.8 nm for= 3 and at 457.9 nm fon =

6 and 9. The dotted line in graph (c) is for the 9T/M@so mixture in
benzonitrile with excitation at 600 nm, multiplied by a factor of 10 for
comparison.

cations in thesenT/MP—Cgp mixtures are more intense by at

which increases with the polarity of the solvent. The quenching |east 2 orders of magnitude than th&" signals that can be
of the MP-Cgo(S;) emission in polar solvents after excitation opserved for thaT in the same solvents, which result from an
of the oligothiophene moiety demonstrates a significant change electron-transfer reaction to the solvent. We conclude that the
in the photophysical processes in comparison with the energyradical ions are formed in amtermolecular photoinduced
transfer observed in toluene. In fact, the quenching may result electron-transfer reaction betwesfi and MP-Cgo. Under the
either from a rapid relaxation of the MCq((Sy) state or from conditions of these PIA experiments, the fluorescence of 6T
an ultrafast process that prevents the energy transferfidbm  and 9T is not significantly quenched. This indicates that the
(S1) to MP—Ceo(S,) from occurring. To investigate whether an  electron transfer does not occur from the (short-livedjS;)
electron-transfer reaction is responsible for this observed state; rather, electron transfer takes place from the (long-lived)
fluorescence quenching, we have recorded the PIA spectra ofnT(T,) state. It must be noted that the photoinduced electron
mixtures ofnT and MP-Cs, as well as those of thegg-nT— transfer between 6T or 9T and Mg, can also be achieved
Coso triads, in botho-dichlorobenzene and benzonitrile. via selective photoexcitation of MPFCgo at 600 nm. As an

Figure 11 shows the PIA spectra of the mixtures and triads example, Figure 11c shows that identical PIA spectra are
recorded in benzonitrile solutions. Similar spectra were observedobtained for 9T/MP-Cgp mixtures, irrespective of whether
for solutions in o-dichlorobenzene (Figure 12). The PIA excitation takes place at 458 or 600 nm. By excitation at 600
spectrum of a 2:1 mixture of MPCgo and 3T in benzonitrile nm, theintermolecular photoinduced charge-transfer reaction
(Figure 11a) shows the characteristic signal of -MRy(T1). proceeds via the MPCg((T1) state, which is reduced by neutral
Apparently, triplet energy transfer to the MEg(T1) state also nT (n = 6 or 9), and again, the fluorescence of MBs((S1) is
occurs for 3T in the solvents more polar than toluene (Figure not significantly quenched.
9b). In contrast, the PIA spectra of 6T and 9T mixed in a 1:2  Figure 13 shows the changes in transmissietA{) as a
molar ratio with MP-Cg in benzonitrile solvents show the two  function of the modulation frequencyw] for the various
characteristic and intense polaron bands of thé*@at 0.84 transitions observed in the PIA spectra (Figure 11). For 3T/
and 1.59 eV) and 97T (at 0.69 and 1.45 eV) radical cations, MP—Cgin benzonitrile, the lifetime of the MPCgo(T,) State,
together with a less intense transition of the MB,* radical as determined by fitting the data to eq 1, is 389 For the
anion at 1.24 eV (Figure 11b,8¥33Foro-dichlorobenzene, the ~ 6T/MP—Cg and 9T/MP-Cgo mixtures in benzonitrile, the
bands of 6T* are observed at 0.82 and 1.55 eV and those of change in transmission-(AT) scales with the square root of
9T" at 0.70 and 1.45 eV, while the MRCgo* radical anion the pump-intensity dependence. This indicates that radical ions
shows a band at 1.24 eV. The PIA bands of tfie* radical decay via a bimolecular decay mechanism. To obtain an estimate
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Figure 12. PIA spectra ofiT (2.3 x 10~* M) co-dissolved with MP- Figure 13. Modulation-frequency dependence of the PIA spectra
Ceo (4.6 x 107* M) (solid lines) and of correspondings-nT—Cso shown in Figure 11 for theT/MP—Csg mixtures with (a)n = 3, (b)

triads (2.3x 107* M) (dashed lines) iro-dichlorobenzene at 295 K =6, and (c)n = 9. The data were recorded at the peak positions
for (@)n=3, (b)n= 6, and (c)n = 9. The spectra were recorded with  indicated in the legends. Solid lines represent least-squares fits to the

excitation at 351.1 and 363.8 nm for= 3 and at 457.9 nm fon = expression for monomolecular decay (a) and bimolecular decay (b
6 and 9. and c).
of the lifetime, we fit the data shown in Figure 13b and c to the are below the detection limit{(AT/T ~ 107%) of our PIA
expression for bimolecular decgy technique because the steady-state concentration that can be
obtained is too low. At this point, it is important to note that
_ —— atanha the experiments on theT/MP—Cgs mixtures have shown that
AT D Viglp o+ tanha (3) intermolecular electron transfer is possible for= 6 and 9.

Becauseintermolecular electron transfer is energetically less
whereo = 7/(w1y), g is the efficiency of generation of the favorable tharintramolecular electron transfer because of the
photoinduced species, = (gl3)~°®is the bimolecular lifetime increased distance between the opposite charges, one can
under steady-state conditions, gfids the bimolecular decay  conclude thaintramolecular electron transfer is energetically
constant. Equation 3 shows that the lifetime of the charged allowed in cases wheri@termolecular charge transfer occurs.
photoexcitations in th&T/MP—Cgo mixtures will depend on Although not clearly visible from Figure 11b and c, low-
the experimental conditions (concentration and pump intensity). intensity signals corresponding to a chargdd* state can be
Indeed, with variations in the concentration and excitation discerned for G—6T—Cgp and Go—9T—Cgp in benzonitrile
energies, different modulation frequency dependencies havewith an intensity of—AT/T on the order of~5 x 1076. For
been observed. Fitting the data shown in Figure 13 gives asolutions ino-dichlorobenzene, the corresponding signals are
lifetime of 1.8-1.9 ms for the 6T* and MP-Cgo* charge- stronger €1 x 1074, but still significantly less than those of
separated state and a lifetime of +45 ms for the 9T* and the nT/MP—Cgo mixtures. Surprisingly, the modulation-
MP—Cgo~* combination in benzonitrile. frequency dependence of these low-intensity PIA signals

The PIA spectra of the §—nT—Cg triads dissolved in indicates a long-lived charged state’d0 ms). These low-
benzonitrile and-dichlorobenzene depicted in Figures 11 and intensity long-lived nT** signals must be attributed to an

12 are of low intensity. For —3T—Cgo, @ weak MP-Cgo(T1) intermolecular charge-separated state. This long-lived state can
spectrum is observed (Figure 11), while fogg€6T—Cg and originate either from a direct electron transfer from the initially
Ceo—9T—Cso, the signal intensity is below 2 104, The virtual formed Go—nT—Cgo(S,) state to the solvent molecules or from
absence of PIA bands forgg-6T—Cgo and Go—9T—Cgg in electron or hole exchange of the transieny-chT™—Cgo*
these more polar solvents is consistent with a fast forward charge-separated state with a neutral triad, giving rise to
electron-transfer reaction, resulting in a short-livietramo- separated §—nT™*—Cgo and Go—nT—Cgo * radical ions.

lecularly charge-separated state that decays to the ground state Although we have not been able to obtain direct spectral
and is not detected with near-steady-state PIA. For most covalentconfirmation of the transient charge-separated state in the triads,
donor—acceptor systems incorporatingeCthe lifetime of the the PIA experiments and the quenching of the fullerene-MP
charge-separated state is limited to the (sub)nanosecond timeCgo(S;) emission are strong indications that a photoinduced
domain®-*81n general, species with lifetimes less thahO us intramolecular electron-transfer reaction occurs igy-&6T—
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Csoand Go—9T—Cqgoin polar solvents. In the following section, TABLE 4: Free Energy Change for Intramolecular
we discuss the energetics of the electron-transfer process in mor¢AGe(Rcg)] and Int_er(;nole((:jular /[(AGci‘”)] Electron Transfer
detail and show that our conclusions are in agreement with M. €so—NT=Ceo Triads and nT/MP —Ceo Mixtures in
- Different Solventst
predictions based on the Weller equatfin.

Energetic Considerations for Electron Transfer. Photo- | AGcsr\e/f(“’) AGcé“) AG%/R;C)
induced electron transfer in solution is governed by the change solvent ev) V) ev)
in free energy for charge separatidxGes, given by the Weller 3T PhCH 0.23 117 0.54
equation, which includes terms for charge separation and Sﬁg’\? %'22% %-%3 _00(-)(5)4
so!vatl_on of the _radlcals ions in addition to the energies for ¢ PhCH 0.00 0.83 0.44
oxidation, reduction, and excitatich. ODCB 0.00 ~0.03 —012

PhCN 0.00 —-0.20 —-0.24
AG. =dE (D)—E_(A)] — E.. — 9T PhCH —0.16 0.61 0.33
cs e[ ox( ) re(£ )] E002 oDCB —0.16 -0.29 —0.26
€ € (i i)(i _ {) @ PhCN —0.16 —0.34 -0.37
Amee R Breg\rt T \€er € a AG values calculated from eq 4 relative to the energy of the

MP—Cgo(T1) State. AGL®(0) is defined ase[Eo(D) — EredA) —
In this equation,Eq(D) and Ee{A) are the oxidation and ~ E(MP—Ceo(T1)]-
reduction potentials of the donor and acceptor, respectively,

measured in volts vs SCE in a solvent with relative permittivity a 3T(S,) b 3T(S,)
€ref, Eoo is the energy of the excited state from which electron I i - |
transfer occurdiq is the center-to-center distance of the positive —
and negative charges in the charge separated stasndr- 25} 6T(S,) 6T(S,) .
are the radii of the positive and negative ions, respectively; — - 9T(S) e OT(S)
is the relative permittivity of the solvent; arge andeg are the E - vt
electron charge and the vacuum permittivity, respectively. 320 'MFS-()?GO N, MF;CGO 1

To describe the change in free energy for photoinduced 2 o el I
electron-transfer reactions in thegenT—Cgg triads andnT/ w p—

. . . . 1.5 [ — eeee T TTTTTTTTTTII — - - SOO88 - - YAB " T

MP—Cso mixtures using eq 4 we measured the oxidation MP-C,, oomon MP-C, veeee o000
potentials of theT oligomers Eox(3T) = +1.07 V,Exx(6T) = ™) sees® goome | (T covee

+0.84 V, andEy(9T) = +0.66 V] and the first reduction 10} 1
potential of MP-Cgo [Ered MP—Cgg) = —0.67 V] in dichlo-
romethane der = 8.93) vs SCE. For 3T, the electrochemical fFigyre 14. Excited-state energy levels. The singlef)(@nergy levels
oxidation is chemically irreversible, whereas the oxidation of of nT and MP-Ce, (solid bars) were determined from fluorescence
6T and 9T and the reduction of Mg are chemically and data. The MP-Cg(T1) level (solid bars and dashed line) was taken
electrochemically reversible. The value Bf, was set to 1.50 form literature phosphorescence d&téi:1%2The levels of the charge-
eV, equal to the triplet energy of MFCs. Of course, a separated states for (@mtramolecular charge transfer ins&-nT—Cso

: ) - . triads and (b)ntermolecular charge transfer mr/MP—Cso mixtures
photoinduced electron-transfer reaction may originate from a were determined using eq 4 (see text and Table 4). Solid squares are

higher excited state, such a3(S;) or MP—Ceo(S,), but the for toluene, open squares fordichlorobenzene, and solid circles for
triplet level of MP-Cg corresponds to the lowest neutral penzonitrile solutions.

excitonic level in the triads and mixtures [assuming that the
9T(T1) and MP-Ceo(T1) levels are energetically degenerate]. the nT+ radical ions will be localized in the thiophene rings.
Hence, one could argue that any charge-separated state with agyith these approximations, we come to the values listed in Table
energy higher thaiEo = 1.50 eV could eventually decay to 4 for the change in free energy fater- and intramolecular
this long-lived triplet state. TheR;. distances have been photoinduced charge transfer in the various solvents. The
determined by molecular modeling of thes€nT—Ceo triads  energies of the neutral and charge-separated states (Tables 2
ass#mlng that gchﬁ poﬁ't'vﬁ_ang negatg/? ﬁharges are !Oca“f‘?dand 4) are schematically shown in Figure 14.
atthe cente_rs ofthe oligothiophene an E erene moieties. This Both Table 4 and Figure 14 show that the experimentally
leads toRy. = 10.0 A for Gso—3T—Cso, Rec = 15.4 A for Gso— . )

= - observed photoinduced energy- and electron-transfer reactions
6T—Cso, andRy. = 21.1 A for Gso—9T—Cgo for intramolecular . . .

: in the Go—nT—Cep triads and thenT/MP—Cgo mixtures are

charge transfer. Fantermolecular charge transfeR.. was set fully accounted for by the Weller equation
to infinity. The value off~ = 5.6 A for Cso has been calculated Uy u y quation. ]
by Verhoeven et al. from the density o3 Although we are _Intoluene, both the MPCeo S, and T, states are energetically
aware that defining a single radius for one-dimensionally Situated below a charge-separated state. Heftea- or
extended molecules such as th& oligomers is a strong intermolecular electron transfer to MCq is not expected for
simplification of the actual situation, we estimated the values any of thenT oligomers in toluene, in full agreement with the
for r* for the oligothiophenes using a similar approach. For fullerene fluorescence (Figure 8) and the observation of the long-
unsubstituted terthiophene, the density= 1.509 g cm? is lived MP—Cqo(T1) [or 9T(Ty)] state (Figure 9). It must be noted,
known from an X-ray crystallographic studyand the radius however, that it has recently been shown that, for a geometrically
has been determined fromi(3T) = (3 x 10#*M/4mpNa)Y3 to constrained porphyrinfullerene (P-Cgo) dyad dissolved in
be 4.03 A. Assuming similar densities for unsubstituted 6T and toluene, the MP-Ce(T1) state is formed via an intermediate
9T, we estimate™(6T) = 5.08 A, andr*(9T) = 5.80 A. The charge-separated stdf&.Energetically, such a process is also
value for 6T corresponds well to the value of 5.02 A that can possible for the g—nT—Ceo triads if electron transfer takes
be derived from the X-ray crystallographic data of unsubstituted place from the initially excitedhT(S,) state. The fact that
sexithiophené® In this approximation, we have discarded the fullerene fluorescence is not quenched fogg-€hT—Csp in
dodecyl solubilizing side chains because the positive charge intoluene indicates that the relaxation of such a charge-separated
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state must involve the intermediacy of an MEsy(S,) state,
which was not found for the PCgo dyad?2

According to eq 4, bothintra- and intermolecular electron
transfer to the fullerene moiety become energetically favored
for 6T and 9T in the more polar solventsdichlorobenzene
and benzonitrile. This prediction is in full agreement with the
complete quenching of the fullerene emission (Figure 10) and
the observation of long-livethtermolecular charge-separated
states with PIA spectroscopy nT/MP—Cgo mixtures (Figures
11 and 12). For g—3T—Cg and 3T/MP-Cg, a subtle
evolution of the energy levels with the polarity of the solvent
is apparent from Figure 14. Forg&-3T—Cgo, intramolecular
photoinduced electron transfer is energetically favored in
benzonitrile in comparison with the MPRCg(T1) state
(AGes = —0.05 eV), but less likely ino-dichlorobenzene
(AGes = +0.04 eV) (Table 4). In accordance with this
prediction, the quenching of the fullerene emission-50%
and~80%, respectively, in these solvents (Figure 10a), and in
benzonitrile, only a weak MPCg(T1) signal is observed (Figure
11a). Thantermolecular electron transfer in 3T/MRCq is less
favorable, and even in benzonitrile, a long-lived MBso(T1)

state can be observed (Figure 1l1a). It must be mentioned,
however, that, in this case, eq 4 predicts that the charge-

separated state is only marginally higher in ener§Bd{ =
+0.01 eV, Table 4).

We conclude that the relative position of the various neutral
and charge-separated states of thg—@T—Cgo triads, as
determined using the Weller equation, is in full agreement with

J. Phys. Chem. A, Vol. 104, No. 25, 2008083
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Figure 15. Schematic diagram describing energy levels of singlgt (S
Sy), triplet (Ty, Tn), and charge-separated (CS) states @f-@T—Cso
triads. The energy-transfeke) and indirect kcd) and direct kesd)
charge-separation reactions are indicated with the curved dotted arrows.
The solid arrow describes the initial excitation of tiilemoiety. Other
symbols are:k andk', for the radiative rate constants, andk', for

the nonradiative decay constantss and K'ics for the intersystem
crossing rate constants, akdandk'yy for the rate constants for triplet
energy transfer, each foiT and MP-Cs, respectively.

Here,¢(Cso)/¢ is the quenching ratio of the fullerene emission
and 7(Cgp) is the lifetime of the MP-Cgo(S;) state (1.45 ns,

the experimental results. Hence, from the Weller equation, we Table 2). The values compiled in Table 3 show that, when an

can determine a threshold permittivity for electron transfer. For
intramolecular reactions these values age= 14.2, 6.0, and
4.2 forn = 3, 6, and 9, respectivelyntermolecular electron
transfer can take place in slightly more polar media for which

indirect mechanism is operative, the electron-transfer reaction
occurs in about 1820 ps for Go—6T—Cgp and Go—9T—Ceo.

If, on the other hand, electron transfer were solely due to a direct
reaction from thenT(S,) state (Figure 15), the decrease in

€s = 26.5, 8.9, and 5.7 are the corresponding thresholds. Thefullerene emission would result from the quenching of the singlet

high threshold for g—3T—Cso explains the observed absence
of a charge-separated state in thin films of this triad.

Kinetics of Energy and Electron Transfer in Solution.
Although our experiments do not have short-time resolution, it

energy transfer reaction. Under this presumption, the rate
constant for a direct charge separatiéasf) would be given
by a combination of eqs 2 and 5.

is possible to obtain a semiquantitative estimate for the kinetics q_ |o(nT) #(Ceo)

of the various photophysical processes (Figure 15) on the basis kes = ) —1 o — 1|/z(nT)

of the extent of fluorescence quenching and the singlet excited-

state lifetimes. The rate constants for energy transfef) ( The values foked calculated from the experimental quenching
determined in this way (Table 3), with toluene as a solvent, ratios (Table 3) indicate that such a transfer would be unlikely

(6)

indicate thatintramolecular singlet energy transfer fronT-
(S1) to MP—Cqgo(S1) occurs within about 1 ps for gg—3T—Cgo
and about 100 fs for £—6T—Cgo and Go—9T—Cso. Because

to be fast ¢1 fs). It must be noted that, in calculating these
values, we assume that the rate for energy transfer is independent
of the solvent polarity. In doing so, we impicitly discard the

the energy of the singlet excited states is not strongly affected possibility that the formation of the MPCgo(S,) state in toluene

by the polarity of the solvent (Table 2), it is likely that similar
rate constants for singlet energy transfer will apply ¢o

dichlorobenzene and benzonitrile. However, in these solvents,

involves the intermediacy of armntramolecularly charge-
separated state. One possibility for distinguishing experimentally
between the direct and indirect charge separation mechanisms

a photoinduced electron-transfer reaction occurs, as was showriwould be to look for additional quenching of tind lumines-

from the quenching of the fullerene fluorescence.

In principle, the electron transfer can take place directly from
the initially excitednT(S,) state, but it can also occur indirectly
in a two-step process via an intermediate MB(S,) state
(Figure 15). The fullerene emission irgd=6T—Cgo and Go—
9T—Ceo in the polar solvents is about 2 orders of magnitude
less than that in toluene (Figure 10, Table 3). If the electron
transfer occurs after singlet energy transfer to the-NIBy(S;)
state, the rate of this indirect charge separatia’) can be
calculated from

- [¢(Ce
i =% aJinccay ©)

cence in polar solvents, as this is only expected in the direct
mechanism. Although some additional quenching has been
observed, reliable numbers could not be obtained because of
the Raman scattering of the solvents in the spectral regions of
interest, which becomes significantly stronger than the residual
fluorescence signal.

Further insight into the direct and indirect mechanisms can
be obtained from the activation barrier for charge separation.
The Marcus equation estimates the barrier for photoinduced
electron transfer from the free energy change for charge
separation 4G¢g and the reorganization energ) £’

AGE = (AG+ 144, (7)
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TABLE 5: Reorganization Energy (4), Free Energy Change

(AG.9), and Barrier (AG;) for Intramolecular Electron
Transfer in Cgg—nT —Cgg Triads in Different Solvents?

nT(Sy) MP—Ceo(S1)  MP—Ceo(T1)

A AGs AGL AGs AGL AGs AGL
solvent (eV) (eV) (eV) (eV) (eV) (eV) (eV)
3T PhCH 0.34 —-0.93 0.26 0.28 0.28 0.54 0.57

OoDCB 0.81 —1.43 0.12 -0.22 0.11 0.04 0.22
PhCN 093 —-152 0.09 -0.31 0.10 —-0.05 0.21
6T PhCH 0.35 —0.45 0.007 0.18 0.20 0.44 0.46
ODCB 0.86 —1.01 0.006 —0.38 0.07 —0.12 0.16
PhCN 0.99 —1.13 0.005 —0.50 0.06 —-0.24 0.14
9T PhCH 0.35 —-0.39 0.001 0.07 0.13 0.33 0.33
ODCB 0.88 —0.98 0.003 —0.52 0.04 —-0.26 0.11
PhCN 1.02 —1.09 0.001 —0.63 0.04 —-0.37 0.10

aValues calculated relative to the energies of tii&S;), MP—
Coso(S1), and MP-Cg((T,) excited states using eqgs 4, 7, and 8.

The reorganization energy is the sum of interigldnd solvent
(4s) contributions. The solvent contribution can be calculated
from the Born-Hush approaéh-38

; :i[;(1+1)_ 1
4.7'[60 r r-

A (1 _ 1)
Rcc n2 €
in whichnis the refractive index of the solvent. For the internal

reorganization energy, we take= 0.3 eV on the basis of the
value reported by Verhoeven et al. for the diethylaniling/C

S 2 + (8)
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9)

1/2 +
4«7‘[3 2 F(_AGCS
= VPex
ks (hZAkBT) kT

allowsV to be determined from the values s, AG;, andA
listed in Tables 3 and 5. For the indirect mechanism, i.e., charge
separation after singlet energy transfer, the values calculated
for V using eq 9 andcd are in the range from 40 to 70 crh
for Ceo—6T—Cso and Go—9T—Cgp in the two polar solvents.
These values are 1 order of magnitude less than expected for a
bridge consisting of three bonds between donor and acceStdf.
On the other hand, the values\éf= 2000-3000 cn1?, which
can be calculated usirigs® (Table 3), assuming that only the
direct mechanism is operative, are too high by 1 order of
magnitude®®-4°Moreover, an electronic coupling of ¥ 2000-
3000 cnt! would certainly give rise to significant differences
between the absorption spectrum of thg-hT—Cg triad in
comparison with the linear superposition of the spectraTof
and MP-Cgg, Which is not observed experimentally (Figure 2).
On the basis of these considerations, we propose that the rate
constants for electron and energy transfer are probably of the
same order of magnitude. If we take the rate for direct charge
separation in the polar solvents to be equal to the rate for energy
transfer (i.e., 1.2« 102 and 9.1x 102 s1 for Ceo—6T—Cgo
and Go—9T—Ceo, respectively)V is found to be between 190
and 240 cm?, and thus, it falls in the range expected for a
bridge of threes bondsée-4°

In summary, we are presently not able to distinguish

couple determined from the charge-transfer absorption andexperimentally between direct and indirerttramolecular

emission spectra. This estimate is probably an upper limit to
the actual internal reorganization energy ine€nT—Cso,
especially for the longer oligothiophenes in which a positive
charge will delocalize over a large-conjugated system,
resulting in a small structural deformation and reorganization
energy'82The values foll = 4; + As obtained in this way are
compiled in Table 5, together with the free energy chard@.§

and barrier AG;) for intramolecular electron transfer in the
three Go—nT—Cgp triads relative to theT(S;), MP—Cso(S1),

and MP-Cgo(T1) excited states. Table 5 shows a number of
interesting effects. First, photoinduced electron transfer from
the MP-Cgo S; or T; states is always in the “normal” Marcus
region ¢ > —AG.y). The barriers for electron transfer from the
MP—Cso(S1) state in Go—6T—Cgp and Go—9T—Cgp are less
than~0.1 eV ino-dichlorobenzene and benzonitrile. In contrast,
electron transfer from theT (S;) state would occur in the Marcus
“inverted” region @ < —AGcy), irrespective of the solvent or
the conjugation length of theT donor (Table 5). The latter is

a consequence of the higher energy of the singlet excited state

of thenT oligomers in comparison with the MRCgg S; Or T
states (Figure 14, Table 2). Because the difference between
and —AGgs is small for Go—6T—Cgo and Go—9T—Cso, the
electron transfer, although formally in the inverted region, is

close to the “optimal region” in these cases. As a consequence,

eq 7 predicts that photoinduced electron transfer from §T(S
or 9T(S) occurs with a very low barrierA(GféS < 0.01eV). It

is important to note that the estimates mst change only
little when different values are used fér When/, is varied
from 0.1 to 0.5 eV, AG,, remains less than 0.05 eV for both
Ce0—6T—Cgo and Go—9T—Cgp in o-dichlorobenzene and ben-
zonitrile.

The energy barrieAGis, the reorganization energy, and the
electronic coupling ) between donor and acceptor in the

charge-separation mechanisms. Electron transfer both from the
nT(S;) state and from the MPCgo(S;) can occur with low
activation barriers in polar solvents. Although the activation
barriers would favor the direct mechanism, the values obtained
for ke and V are improbably high. Therefore, the very fast
energy transfer{100 fs) must be at least a competitive process
in the deactivation of thaT(S;) states of G—6T—Cgoand Go—
9T—Cso. The values fokcd (Table 3) serve as a lower limit to
the rate of the overall charge separation process, and hence,
this reaction proceeds in benzonitrile with a rate greater than
or equal to 18 s™1. It must be stressed, however, that this value
is a true lower limit because it is based on an interpretation of
the experimental results in terms of the indirect process only.
Higher rates for charge separation, up td31€?, cannot be
excluded from our experiments and yield values\arompat-

ible with a dyad with three bonds between donor and acceptor.

Conclusions

Photoexcitation of the oligothiophene moieties ghenT—

Ceo triads results in a fast energy- or electron-transfer reaction
to the fullerene moiety, depending on the conjugation length
of the oligothiophene and the relative permittivity of the
medium.

In thin solid films of these triads, energy transfer occurs for
Cso—3T—Csgo, Whereas electron transfer takes place fg5—C
6T—Cso and Go—9T—Ceso. In solid films, the charge-separated
state has a distribution of lifetimes, extending into the mil-
lisecond time domain. This long lifetime is attributed to a
stabilization that results from migration of holes or electrons in
the film over distances longer than the size of the molecules.

In an apolar solvent such as toluene, photoexcitation of the
nT moiety of the Go—nT—Cgo triads results in a singlet energy-
transfer reaction to give a singlet excited MEso(S;) state,

excited state determine the rate constant for charge separationwhich undergoes a near-quantitative intersystem crossing to the

The expression for nonadiabatic electron-transfer proc&sses

MP—Cego(T1) triplet state. From the strong quenching of tiie
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fluorescence, we estimate that the energy transfer occurs withincollected in a backward-scattering geometry, was dispersed by

~100 fs for Go—6T—Cgso and Go—9T—Csgp. In more polar a 0.34-m double monochromator, allowing for a spectral

solvents (viz.o-dichlorobenzene and benzonitrile), the free resolution of 1 nm. Fluorescence decay curves were recorded

energy of anintramolecularly charge-separated state drops with the time-correlated single-photon-counting technique in

below that of the MP-Cego(T1) triplet state (Figure 14), and an  reversed mode using a microchannel plate photomultiplier

intramolecular photoinduced electron-transfer reaction occurs. (Hamamatsu R3809u-51). The instrument response function was
Similar reactions occuntermolecularly. In apolar solvents,  ~60 ps fwhm.

triplet energy transfer takes place betwe@hand MP-Ceo, Photoinduced Absorption. Solutions for photoinduced ab-
whereas fonT/MP—Cgo mixtures in polar solvents, ainter- sorption were prepared in carefully purified and rigorously
molecular photoinduced electron-transfer reaction occurs for deoxygenated solvents and studied in a 1-mm near-IR-grade
n=6and 9. It has been demonstrated thatititisrmolecularly quartz cell at room temperature. Thin films were prepared by
charge-separated state can be formed from both(i&,) and casting fromo-dichlorobenzene solutions on quartz and were
the MP-Cqo(T1) triplet state. held at 80 K using an Oxford Optistat continuous flow cryostat.
The experimentally observadtra- andintermolecular en- PIA spectra were recorded between 0.25 and 3.5 eV by

ergy- and electron-transfer reactions, as a function of conjugationexcitation with a mechanically modulated (typically 275 Hz)
length and solvent permittivity, are in full agreement with the argon ion laser (Spectra Physics 2025) pump beam. Excitation
predictions based on the Weller equation, eq 4. wavelengths used in this investigation are multi-ine UV
For the Go—nT—Cg triads withn = 6 or 9, the virtual (351.1-363.8 nm) or single-line 457.9 and 488.0 nm. Alter-
absence of the MPCs((S;) emission provides a lower limitto  natively, the argon ion laser was used to pump a continuous-
the rate of theintramolecular photoinduced electron transfer wave dye laser (Spectra Physics 375B) tuned to a wavelength
of 10* s7%, assuming that charge separation occurs in an indirect of 600 nm using Rhodamine 6G. The pump power incident on
mechanism after singlet energy transfer to the-MIgy(S,) state the sample was typically 25 or 50 mW with a beam diameter
(Figure 15). In this case, electron transfer is in the Marcus of 2 mm. The photoinduced absorptionAT/T ~ Aod, was
normal region. For a direct electron-transfer process from the calculated directly from the change in transmission after
nT(Sy) state, the rate should be in the femtosecond regime to correction for the fluorescence, which was recorded in a separate
compete with the energy transfer. The direct electron transfer experiment. Photoinduced absorption spectra and fluorescence
from nT(Sy) is in the Marcus inverted region, and the activation spectra were recorded with the pump beam in an almost-parallel
barriers for charge separation are very low for= 6 and 9 direction to the probe beam. The lifetime of the photoexcitations
(Table 5). Nevertheless, the direct mechanism is not the only was determined by recording the intensity of the PIA bands as
decay pathway because it requires improbably high values for a function of the modulation frequency) in the range of 36
the electronic couplingW) between donor and acceptor in the 4000 Hz and fitting the data, after correction for the fluorescence
excited state to explain the100-fold quenching of the fullerene  contribution, to expressions for monomolecular or bimolecular
fluorescence. However, when the rate for direct charge transferdecay?” Pump-intensity dependencies were obtained at 275 Hz
is of the same order of magnitude as that for energy transfer between 10 and 100 mW and were corrected for fluorescence.

(~10%s7%), sensible values fov (190 and 240 cm) are found. Cyclic Voltammetry. Cyclic voltammograms were recorded
Although we have not been able to determine the lifetime of with 0.1 M tetrabutylammonium hexafluorophosphate (TBAH)
the intramolecularly charge-separated state of thg-@T— as the supporting electrolyte using a Potentioscan Wenking

Ceo triads in solution, it is clearly significantly less than the  pOS73 potentiostat. The substrate concentration was typically
lifetime of charge separation in thin films, supporting the 10-3 M. The working electrode was a platinum disc (0.225m
prOpOSition that the |Ong lifetime in solid films of the triads is the counter electrode was a p|atinum plate (Og)cmnd a

a material, rather than a molecular, property. The combination saturated calomel electrode was used as the reference electrode,
of the long lifetime of the charge-separated statesqaf 6T— calibrated against the Fc/Ecouple (-0.470 V vs SCE).

C|6° and QO_QI_CBO in the TQ‘I? I'd|Sta.te T?"th a \i/fry fast forward Synthesis and Characterization All solvents and reagents
electron-transier rate Is strikingly similar to the extreme asym- ¢ o commercially available and used without purification,
metry observed in conjugated polymer/(methano)fullerene blends.unIeSS stated otherwise.sf(99.5%) was purchased from

Southern Chemical Group, LLC. Column chromatography was
performed with Kieselgel Merck Type 9385 (23800 mesh).
Absorption and FluorescenceOptical spectra were recorded  *H and**C NMR spectra were recorded on a Bruker AM 400
using a Perkin-Elmer Lambda 900 spectrophotometer for spectrometer (400 MHz) or a Varian Unity Plus (500 MHz)
absorption and a Perkin-Elmer LS50B spectrophotometer instrument at 298 K. All spectra of thes&-nT—Ceo triads were
equipped with a red-sensitive Hamamatsu R928 photomul- recorded in Cgand employed a D insert as an external lock
tiplier for fluorescence. The fluorescence spectra of the fullerenesand*H referenced = 4.67 ppm relative to the TMS scale) and
were recorded with a 10-nm bandwidth in excitation and CS as an internal®C referenced = 192.3 ppm relative to the
emission, and the optical density of the solutions was adjusted TMS scale). Molar absorption coefficients were determined
to 0.1 at the excitation wavelength. Fluorescence spectra wereutilizing a Hewlett-Packard HP 8452 UWis spectrophotom-
not corrected for the wavelength dependence of the sensitivity eter. All HPLC analyses were performed on a Hewlett-Packard
of the detection system. HP LC—Chemstation 3D instrument (HP 1100 Series) using
Time-Resolved FluorescenceFor fluorescence lifetime ~ an analytical Cosmosil Buckyprep column (46250 mm).
measurements, &5 ps exciting light pulse at 300 nm was MALDI-TOF-MS spectrometry was performed on a Perseptive
obtained by frequency doubling the output of a synchronously DE PRO Voyager MALDI-TOF spectrometer operating in
pumped cavity-dumped dye laser that was operated at anegative mode, utilizing an-cyano-4-hydroxycinnamic acid
repetition rate of 0.48 MHz. The dye laser (operated at 600 nm) matrix.
was pumped with the frequency-doubled output of an actively  General Procedure for Formylation of Oligothiophenes.
stabilized mode-locked Nd:YAG laser. The fluorescence light, To 3.0 mmol of DMF in 3 mL of chlorobenzene was added 3.0

Experimental Section
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mmol of POC} at room temperature. The mixture was heated att, = 9.8 min. UV—Vis [toluene,Amax(€)]: 333 (83800), 432

at 50°C for 1 h, and 1.0 mmol of oligothiophene in 10 mL of

(10030), 672 (440), 704 (7104 NMR (CS,, 500 MHz): &

chlorobenzene was added. The mixture was stirred overnight7.44/7.39 (2xdJ = 3.5 Hz, 2H, 2Tid), 7.15/7.12 (2xdJ =
at 50°C. After the chlorobenzene was evaporated, the mixture 3.5 Hz, 2H, 2Tid), 7.04 (s, 1H, TH), 5.37/5.34 (2xs, 2H,
was refluxedm 1 M NaOH for 2 h. The dialdehyde was isolated 2NCH), 5.09 (d,J = 9.3 Hz, 2H, 2NGiH), 4.41/4.40 (2xd,

by extraction with chloroform and purified by column chro-

matography.
3'-Dodecyl-[2,2:5',2"terthiophene-5,5'-biscarboxalde-
hyde. From 0.39 g (0.9 mmol) of 'dodecyl-[2,25,2"]-
terthiophene was obtained 0.30 g (68%pab-dialdehyde after
purification by column chromatography (SIOCH,Cl,). H
NMR (CDCls, 400 MHz): 6 9.88 (s, 1H, G=CH), 9.85 (s, 1H,
O=CH), 7.71 (d2J = 3.9 Hz, 1H, ThH), 7.67 (8J = 3.9 Hz,
1H, ThH), 7.24 (d3J = 3.9 Hz, 1H, ThH), 7.23 (d%J = 3.9
Hz, 1H, ThH), 7.19 (s, 1H, ThH), 2.78 (}J = 7.8 Hz, 2H,
ThCHy), 1.66 (dt,3J = 7.8 Hz, 2H, ThCHCH,), 1.42-1.17
(m, 18H, 9CH,), 0.86 (t,3%J = 6.3 Hz, 3H, G13). 1°C NMR
(CDCl;, 100 MHz): 6 145.8 (ThG), 145.0 (ThG), 143.2
(ThGy), 135.4 (ThG@), 131.1 (ThG), 129.2 (ThGg), 126.9
(ThCg), 124.7 (Th@), 31.8 (THCHy), 30.1 (ThCHCH,), 29.7—
29.3 (&8Hy), 22.6 CHy), 14.1 CHs).
3,3""-Didodecyl-[2,2:5',2":5",2"":5"",2""":5"" 2" |sexi-
thiophene-5,5""-biscarboxaldehyde and Regioisomers:rom

102.5 mg (0.12 mmol) of’ """ -didodecyl-sexithiophene was

obtained 60 mg (55%) ak,w-dialdehyde after purification by
column chromatography (S{OCH,Cl,). TH NMR (CDCl;, 400
MHz): 6 9.88 (s, 1H, G=CH), 9.85 (s, 1H, G=CH), 7.70 (d,
3J = 3.9 Hz, 1H, ThH), 7.66 (d?J = 3.9 Hz, 1H, ThH), 7.22
7.02 (m, 8H, ThH), 2.79 (£J = 6.9 Hz, 2H, ThG&i,), 2.76 (t,
8] = 6.9 Hz, 2H, Th®y), 1.73-1.60 (m, 4H, 2ThCHCH,),
1.50-1.19 (m, 36H, 18El,), 0.88 (t,3] = 6.9 Hz, 3H, CG3),
0.87 (t,3J = 6.9 Hz, 3H, GH3). 13C NMR (CDCk, 100 MHz):

J = 9.3 Hz, 2H, 2NCHH), 3.09/3.08 (2xs, 6H, 2NB3), 2.79
(m, 2H, ThQH,), 1.73 (m, 2H, ThCHCH,), 1.32-1.56 (m, 18H,
9CHp), 1.05 (t,J = 6.8 Hz, 3H, G13). 13C NMR (CS, 125
MHz): 6 155.50, 155.46, 153.44, 152.71, 152.67, 152.54,
147.09, 146.57, 146.53, 146.16, 146.14, 146.09, 146.08, 146.06,
146.04, 146.02, 145.99, 145.94, 145.93, 145.89, 145.75, 145.55,
145.52, 145.50, 145.48, 145.44, 145.24, 145.22, 145.17, 145.10,
145.08, 145.05, 145.04, 144.98, 144.96, 144.52, 144.50, 144.46,
144.17,144.16, 142.97, 142.84, 142.54, 142.53, 142.44, 142 .43,
142.09, 142.07, 142.00, 141.97, 141.94, 141.88, 141.85, 141.81,
141.77,141.76, 141.75, 141.72, 141.65, 141.49, 141.46, 140.52,
140.14, 140.05, 140.04, 139.87, 139.84, 139.71, 139.67, 139.53,
138.34, 137.12, 136.97, 136.87, 136.53, 136.50, 135.73, 135.68,
135.46, 135.42, 135.23, 129.82, 128.48, 128.04, 126.70, 125.01,
122.78, 79.13, 79.09, 76.93, 76.84, 69.85, 68.44, 40.32, 40.29,
32.35, 30.79, 30.18, 30.12, 30.06, 29.85, 29.77, 23.37, 14.72.
MALDI-TOF calcd for CisgH42S3N», 1968.2; found, 1967.6.
Ceo—6T—Cgp. Starting from 33""-didodecyl-[2,25',2":
525 2me, 2" sexithiophene-5,8"-biscarboxaldehyde
and regioisomers (50 mg, 5.6310°°> mmol), 72 mg (54%) of
the pure triad was obtained. HPLC-analysis (eluent, toluene;
detection,A = 450 nm; flow, 1 mL/min): three overlapping
peaks at, = 7.7, 8.3, and 9.0 min. UV Vis [toluene Amax€)]:
326 (91070), 433 (63200), 671 (460), 704 (696) NMR (CS;,
500 MHz): 6 7.45/7.40 (2xd,) = 3.9 Hz, 2H, 2Ti), 7.02-
7.19 (m, 8H, 8THl), 5.38/5.35 (2xs, 2H, 2Ng), 5.10 (2xd,
2H, 2NCHH), 4.41 (2xd, 2H, 2NCHl), 3.10/3.09 (2xs, 6H,

0146.7,145.9, 143.0, 140.8, 137.1, 136.7, 136.3, 135.4, 134.4,2NCH5), 2.88/2.81 (2xm, 4H, 2Th@&,), 1.82/1.74 (2xm, 4H,
133.4, 132.3, 129.0, 128.6, 126.8, 125.7, 124.9, 124.4, 124.1,2ThCH,CH>), 1.34-1.60 (m, 36H, 18E,), 1.44 (2xt, 6H,

31.9, 31.5, 30.3, 30.1, 29:29.3, 22.7, 14.1.
3’,3””’3””,”'Trid0decy|_[212':5',2”:5”,2”’:5”"2””:5””,2’””:

5!””, 2!!””:5!!””,2””!”:5”!””,2!1IH”l]novithiophene_S'SIIHIH_biS_

carboxaldehyde and Regioisomerg-=rom 0.12 g (0.1 mmol)

of g',p"" p"""""-tridodecyl-novithiophene was obtained 78 mg
(62%) of a,w-dialdehyde after purification by column chroma-

tography (SiQ, CHCl,). TH NMR (CDCls, 400 MHz): 6 9.88
(s, 1H, G=CH), 9.85 (s, 1H, G=CH), 7.69 (d,3] = 4.2 Hz,
1H, ThH), 7.65 (d3] = 4.2 Hz, 1H, ThH), 7.22.7.00 (m, 13H,
ThH), 2.82-2.74 (m, 6H, 3ThE&), 1.75-1.55 (m, 6H,
3ThCHCHy), 1.50-1.15 (m, 54H, 27Ck), 0.92-0.80 (m, 9H,
3CHj3). 13C NMR (CDCk, 100 MHz): 6 146.8, 146.0, 143.1,

2CHg). 13C NMR (CS, 125 MHz): 6 155.54, 155.49, 153.46,

152.74,152.69, 152.56, 147.12, 146.60, 146.56, 143.00, 142.86,
142.56, 142.47, 142.45, 142.12, 142.10, 142.02, 142.00, 141.96,
141.90, 141.88,141.83, 141.80, 141.78, 141.74, 141.68, 141.51,
141.49.146.17, 146.16,146.11, 146.09, 146.04, 146.01, 145.96,
145.95, 145.91, 145.77, 145.57, 145.55, 145.52, 145.45, 145.25,
145.20, 145.10, 145.08, 145.00, 144.54, 144.49, 144.19, 140.58,
140.24, 140.07, 139.90, 139.87, 139.78, 139.70, 139.56, 138.34,
137.12,137.01, 136.91, 136.75, 136.71, 136.55, 136.52, 136.09,
135.90, 135.86, 135.76, 135.71, 135.49, 135.44, 135.22, 134.98,
129.85, 129.83, 129.78, 128.53, 128.08, 126.74, 126.62, 126.36,
125.05, 124.35, 124.30, 123.97, 123.92, 122.85, 79.17, 79.12,

140.8, 140.6, 137.5, 136.9, 136.9, 136.7, 136.4, 136.2, 135.6,76.96, 76.87, 69.88, 68.47, 40.33, 32.37, 30.80, 30.17, 30.13,
135.6, 135.2, 134.7, 134.7, 134.2, 133.4, 132.5, 129.7, 129.1,30.01, 29.85, 29.78, 23.37, 14.71. MALDI-TOF calcd for
128.5, 126.9, 126.7, 126.2, 125.7, 125.0, 124.5, 124.3, 124.1,C;7H72S6N,, 2382.9; found, 2382.1.

123.9, 31.9, 30.4, 30.2, 29:29.4, 22.7, 14.1.

General Procedure for Synthesis of the g—nT—Cgp
Triads via Double Prato Reaction. A solution of the oligo-
thiophene-bis-carboxaldehyde 1.6 mM in chlorobenzene),d&

Ce0—9T—Cgp. Starting from 33"',3""""-tridodecyl-[2,2:
5’,2”:5”’2”:5”1,2!”:5””’2l””:5””!,21!””:5”””,21”””:5”!””,2””””]_
novithiophene-5,8"""-biscarboxaldehyde and regioisomers (50
mg, 3.84x 107° mmol), 60 mg (56%) of the pure triad was

(4 equiv), and sarcosine (8 equiv) was stirred and refluxed underobtained. HPLC-analysis (eluent, toluene; detectiors 450
an atmosphere of dry nitrogen for 18 h. After the mixture was nm; flow, 1 mL/min): three overlapping peakstat= 6.8, 7.4,
cooled to room temperature, the solvent was removed in vacuo,and 8.1 min. UV-Vis [toluene, Amad€)]: 331 (92280), 456
and the remaining residue was purified by column chromatog- (84800), 671 (480), 704 (6903H NMR (CS;, 500 MHz): ¢

raphy on silicagel. Elution with carbon disulfide yielded
recovered G and further elution with carbon disulfide/toluene

95/5 (v/v) afforded the pure triads.
Cs0—3T—Cgp Starting from 3dodecyl-[2,25',2"|terthiophene-
5,5'-biscarboxaldehyde (50 mg, 1.66 10~ mmol), 113 mg

7.45/7.41 (2xdJ = 3.9 Hz, 2H, THH), 7.00-7.24 (m, 13H,
13THH), 5.38/5.36 (2xs, 2H, 2NB), 5.11/5.10 (2xd,) = 9.8
and 9.3 Hz, 2H, 2NEH), 4.42/4.41 (2xd) = 9.8 and 9.3 Hz,
2H, 2NCHH), 3.10/3.09 (2xs, 6H, 2Ni83), 2.89/2.81 (2xm, 6H,
3ThCH,), 1.83/1.75 (2xm, 6H, 3ThC}CH,), 1.28-1.68 (m,

(54%) of the pure triad was obtained. HPLC analysis (eluent, 54H, 27QH,), 1.05 (m, 9H, 3€l3). 3C NMR (CS, 125 MHz):
toluene; UV detection at 360 nm; flow, 1 mL/min): single peak ¢ 155.53, 155.48, 153.44, 152.72, 152.68, 152.55, 147.10,
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147.09, 146.59, 146.55, 146.17, 146.15, 146.11, 146.10, 146.08, (9) Liu, S.-G,; Shu, L.; Rivera, J.; Liu, H.; Raimundo, J.-M.; Roncali,
146.04, 146.03, 146.00, 145.95, 145.94, 145.90, 145.76, 145.569-?58;9(“)32_’*? EChe?(OVBe”k L Ofg-l Ch‘\f/m V19i9 64, ‘:884?‘826-}( _
a) Slimonsen, K. B.; Konovalov, V. V.; Konovalova, |. A.; Kawal,
145.54,145.50, 145.49, 145.44, 145.25, 145.24, 145.18, 145,11, (&2 1 BI0eer, b B 0 & e ot o herm Soo
145.09, 145.06, 145.04,144.99, 144.98, 144.52, 144.51, 144.47 perkin Trans 2 1998 657-665. (b) Llacay, J.; Veciana, J.; Vidal-Gancedo,
144.17,142.98, 142.84, 142.55, 142.54, 142.46, 141.79, 141.77).; Bourdelande, (J.)L.; Gqﬁm-Mgreno, R; Roxéira, CJ. Org. Chem 1998
141.76, 141.73, 141.67, 141.50, 141.48, 140.57, 140.22, 140.1483 5201-5210. (c) Martin, N.; Peez, |.; Sanchez, L.; Seoane, £.0rg.
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