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A donor—donor—acceptor triad, OAr OPV—Cqgo, with a redox gradient has been synthesized by covalently
linking an oligoaniline (OAnN), an oligp¢phenylene vinylene) (OPV), and a fullerengd)in a nonconjugated
linear array. Photoluminescence and femtosecond piyprgbe spectroscopy studies reveal that photoexcitation
of any of the three chromophores of this triad in a polar solvent results in formation of the-ORW"—

Ceo~ charge-separated state, after an efficient

ultrafa$80 fs) singlet-energy transfer to the fullerene singlet-

excited state. The initial OAROPV'—Cso~ State can rearrange to the low-energy OA®OPV—Cqo charge-

separated state via an intramolecular redox

reaction. Because the competing charge recombination of the

OAN—OPVt—Cqo~ state to the ground state is fast and increases with increasing polarity of the solvent, the
quantum vyield for this charge shift is the highestO(4) in weakly polar solvents such as chlorobenzene.

Once formed, the OAR—-OPV—Cgo~ state has a

long lifetime>(1 ns) due to weak electronic coupling between

the distant redox sites in the excited state. The stabilization gained is more than 1 order of magnitude in time.
The experimental results are found to be in qualitative agreement with Marcus theory. In thin films, the
OANnt—0OPV—Cqo~ state is formed at a higher rate and in higher quantum yield than in solution.

Introduction

we showed that photoexcitation of the oliggthenylene
vinylene) unit of an OPVCgo dyad (Figure 1) in a polar organic

Photoinduced energy and electron-transfer reactions are thesolvent results in an ultrafast(90 fs) singlet-energy transfer

key steps in natural photosynthesis, and the elucidation of their
mechanism continues to attract considerable intér&€amilar
processes occur in artificial photoactive and redoxactive mo-

(LOPV*—Cgo— OPV—1Cq¢*), followed by a much slower{10
ps) electron-transfer reaction (OPWCg* — OPVF—Cgo™) that
produces a charge-separated state with a lifetime of 58 ps.

lecular donor entities linked to acceptors. These systems arey\1ore recent studies revealed that the rate of the forward

considered to be promising for applications in molecular and
supramolecular electronics, light harvesting, and photocatdlysis.
Molecular donot-acceptor combinations also find application
in organic and polymer photovoltaic cells to convert sunlight
into electrical energy* One of the potentially promising
materials for photovoltaic cells is a blend of a conjugated
polymer as a donor and a methanofullerene derivative as the
acceptoP. In these polymer:€ bulk heterojunctions, the forward
electron transfer is extremely fast( ps)® whereas the electron
recombination extends to the millisecond time donTaifhe

electron-transfer reaction strongly depends on the relative
orientation of the two moieti€’s.For an end-to-end substitution

of donor and acceptor, the electron transfer is much slow&0 (

ps) than for a face-to-face orientatior{ ps), suggesting that
the latter configuration explains the fast forward reaction
observed in polymer:§ blends. With respect to charge
recombination, however, there remains a substantial discrepancy
between the lifetimes of oligomeiCso dyads in solution, which

are typically less than 100 ps, and the long-lived charges in
polymer:Go films. Nature solved the problem of fast charge

large difference between the forward and backward transfer rates,q .o mpination in photosynthesis by creating a multistep electron
ensures efficient charge generation and gives the opportunityy ,ster to increase the distance between the charges and slow

to transport and collect the photogenerated charges at the

electrodes, and both processes have been studied extensivel
in recent years.

In this context, there is a considerable interest in the study
of photoinduced charge generation in covalently linked dyads,
consisting of linear conjugated oligomers and fulleretiés.
Compared to the polymerggblends, these covalently molecular
dyads are much more well-defined and allow the charge-transfer
reactions to be studied in different media. Using this approach,
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recombinatiord. In mimicking natural photosynthesis, a number
¥f multisite covalently linked porphyrin-fullerene combinations
(triads, tetrads, and pentads) have been desctiiéghowing

that also in artificial fullerene systems multistep charge-transfer
results in an increase in lifetime of the charge-separated state.
Hence, inspired by nature, a tentative explanation for the long
lifetime in the polymer:& films is the diffusion of charges to
different sites in the blend.

In this contribution, we intend to connect the complementary
views that originate from mimicking natural photosynthesis and
polymer:Gyo solar cells by extending the OP\Cgo dyad to
include ap-oligoaniline (OAn) moiety as an additional donor,
to create a donerdonor—acceptor triad (OAROPV—Cg,
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Figure 1. Structure of the OAROPV—Cq triad and reference compounds.

Figure 1). By using a meta substituted phenylene ring in ©An 705 nm. Whereas each of the three chromophores contributes
OPV—Cgo, the OAn and OPV parts are electronically decoupled to the absorption band at 327 nm, the absorption at 440 nm is
in the ground state and operate as isolated redox active segmentsiominated by ther—x* transition of the OPV segment. The
In OAN—OPV—Cg, the oxidation potential decreases from,C absorption at 705 nm is characteristic for fulleropyrrolidifiés.
via OPV, to OAn, while at the same time the reduction potential The absorption spectrum of OATOPV—Cg is a near super-
increases (vide infra). By introducing this redox gradient, we position of the absorption spectra of the different components
expect that the energetically most favorable charge-separatecf the triad; only at high energies there is a slight deviation of
state corresponds to OAROPV—Cgo~ and that the lifetime  the linear combination (Figure 2). This is likely due to the fact
of this state is enhanced as a result of the larger distance betweethat the OAR-OPV—Cqg triad has one less alkoxy substituted
the centers of positive and negative charge density. The detailedphenylene group compared to combined chromophores (OAn
analysis of the photophysical processes in GAPV—Cgg has + OPV + MP—Cg).
been performed using photoluminescence and femtosecond gjectrochemistry. The OAN-OPV—Cygo triad exhibits a
pump-probe spectroscopy in solvents of different polarity and reyersiple first reduction wave at0.70 V, corresponding to
in the solid state and by comparing the results with those of {he fyllerene moiety and three reversible oxidation waves due
the model compounds OATOPV, OPV-Cgo, OPV, OAn, and 4 the OAn (-0.55 V and+1.03 V) and the OPV-+0.83 V)
MP—Cqo (Figure 1) that have only one or two chromophores.  mqjeties (potentials are given vs SCE, calibrated against Fc/
) ] Fct, recorded in dichloromethane with 0.1 M TBA§KTable
Results and Discussion 1). These oxidation potentials are in close agreement with the
Synthesis. The synthesis of OAR OPV, MP—Ce and values established for the reference compounds (Tal§feThe

OPV—Ceo have been described elsewhere. The synthesis of Small difference in oxidation potential between the OPV moiety
the triad OAR-OPV—Cgo (7, Scheme 1) starts from OPV in triad OAN—OPV—Cg (+0.83 V) and the OPV chromophore

aldehydel, which has been described previou¥lyThe alde- (+O.7_8 V)Y is attribute_d to the smaller number of electrc_m
hyde functionality ofl was protected as a dimethyl acefal donatlng alkoxy substituents of the former. The reduction
Aldehyde4 was obtained after reacting amiewith 3-bro- ~ Potentials of OPV and OAROPV (-1.91 and-1.87 V) were
mobenzaldehyde in a palladium-catalyzed reaction. Aldehyde measured in tetrahydrofuran (THF) and are much more negative
4 was subsequently converted into the Schiff b&safter than that of the fullerene (Table 1).

refluxing with aniline in ethanoIN-Phenylaldimines was then Absorption Spectra of Redox StatesUV/visible/near-IR
reacted with the methyl group & in a Siegriest reactidn spectroscopy enables the electronic transitions of the donor

affording, after acidic work up, aldehyd® A chlorobenzene acceptor arrays to be monitored during a stepwise oxidation
solution of aldehydes, N-methylglycine, and & was stirred process. Quantitative chemical oxidation of the GAWPV dyad
for 16 h in the dark at reflux temperature to yield a mixture of in dichloromethane solution was achieved by the addition of
Ceo, the desired monoadduct, and higher adducts. The Tiad thianthrenium perchloratg(Figure 3). After the addition of one
was isolated after extensive column chromatography in a 43% equivalent of this oxidizing agent, the intensity of the absorption
yield. For the synthesis of the OATOPV dyad (0, Scheme band at 3.79 eV decreases and two absorption bands emerge in
2), the bromine atom i8 was exchanged for a deuterium atom the spectrum, one at 1.44 eV and the other overlapping with
by lithiation and subsequent deuteration withDto yield 9. the absorption band of the OPV unit at 2.83 eV. Comparison
A Siegriest reaction d® with N-phenylaldimine5 afforded10. with the electronic transitions of thé,N,N’, N'-tetraphenyl-1,4-
All compounds used in the photophysical investigations were benzenediamine radical cation (1.44 and 3.05"€8§monstrates
fully characterized usingH and*3C NMR spectroscopy, mass that the absorption bands are associated with the formation of
spectrometry, FT-IR, and elemental analysis. an OAnN' radical cation, whereas the disappearing band is that
UV/Visible Absorption. The absorption spectrum of OAN of the neutral OAn moiety. When a second equivalent of
OPV—Cg in toluene solution (Figure 2) exhibits two strong thianthrenium perchlorate is added, the band of the neutral OPV
absorption bands at 327 and 440 nm and a weak absorption aunit, at 2.83 eV, decreases, and two absorption bands with
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SCHEME 1. Synthesis of OAR-OPV—Cgg (7)2

aa = amberlite IR 120, trimethyl orthoformate, methanol, @, 2 H, 91%. b= 3-bromobenzaldehyde, Rdba}, BINAP, CsCO;, toluene,
100° C, 5 days, 62%. & aniline, ethanol, 88C, 4 H, 79%. d= 1. compound, t-BuOK, DMF, 8¢ C, 5 H, 72%; 2. HCI. e N-methylglycine,
Cso, chlorobenzene, reflux, 18 H, 43%.

SCHEME 2. Synthesis of OAr-OPV (10p

R*O
aa = 1. n-BulLi, diethyl ether,—10 °C; 2. DO, room temperature, 41%.+% 1. compound, t-BuOK, DMF, 80 C, 3 H, 50%; 2. HCI.

vibronic fine structure, at 0.74 and 1.64 eV, related to an OPV absorption of OAf at 1.44 eV remains and the second band
radical catior?® appear in the spectrum. At the same time, the of OAn'™ at 3.04 eV is now clearly observable. After two
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Figure 2. UV—uvisible absorption spectra of the OA®PV—Cg triad
(solid line) and model compounds OAn (dotted line), OPV (dashed 0.25
line), and MP-Cg (dashee-dotted line) recorded in toluene solution,
and the summation of the spectra of all three reference compounds
(squares). Inset: Magnification of the 705 nm absorptions. 0.00
TABLE 1: One-Electron Redox Potentials €° of OAn, Energy (eV)
OPV, MP—Cgp, OAN—0PV, and OAn—0OPV—Cg, (vs SCE)
Calibrated with Fc/Fc* (in Dichloromethane with 0.1 M Figure 3. UV/visible/near-IR spectra recorded during the conversion
TBAPFg) of OAn—OPYV by stepwise oxidation using thianthrenium perchldfate

in CH.Cl,: (a) before (solid line) and after (dashed line) adding 1 equiv.

compound Erea (V) Eo (V) and (b) after adding 1 equiv. (dashed line) and 2 equiv. (solid line).
OAn 0.53/1.02
OoPV —-loF 0.78 positive and negative charges in the charge separated state. The
MKEES’PV :(1):;9,& 0.53 radii of the positive and negative ions are givenrb)a_ndr*,
OAN—OPV—Cgo ~0.70 0.53/0.83/1.03 and «s is the relative permittivity of the solvent-e is the

elemental charge, ang is the vacuum permittivity. Thé&c
distances were determined by molecular modeling, assuming
that the charges are located at the centers of the OAn, OPV,
and Go moieties?? The radius of the negative ion ofs@was

set tor~ = 5.6 A and that of the ions of OPV t0"/r~ = 5.1

A.% The radius of the positive charge of OAn was sette=

4.8 A, as estimated from molecular modeling.

The change in free energy for charge separation was
calculated for four solvents of interest with increasing polarity:
toluene ¢ = 2.38), chlorobenzene & 5.71),0-dichlorobenzene
(e = 9.93), and benzonitriles(= 25.2) (Table 2). According to

aMeasured in THF.

equivalents of oxidizing agent, the absorption spectrum exhibits
the characteristics of both OArand OPV radical cations and
therefore corresponds to that of the OAROPV' dication
diradical.

Energetic Considerations.In the two dyads (OAROPV,
OPV—Cg) and triad (OAR-OPV—Cgp), NUMErous processes
may occur after photoexcitation. Apart from the intrinsic decay
of the singlet-excited state of the individual chromophores

(photoluminescence, intersystem crossing, and thermal decay),eq 1, charge separation (CS: OABPV—ICeg* — OAN—

energy and electron-transfer reactions involving more than one RPN . . T~
Comoshor or oo ccveGroup) e poshl. Wnthr e ", Co) S0 Shtge st G OMOPY G
reactions occur depends on, among others, whether these olar solvents (Ta%ole 2) 9 y
processes are exergonic. The absorption spectra (Figure 2) reved! Th . al d timated . f th .
that the lowest singlet-excited state is located on the fullerene € experimental and estimated energies of the various
at 1.76 eV, followed by the singlet state of the OPV at 2.48 neutral a_nd cha_lrge-_separated states of the V=Cotriad
eV, whereas that of the OAn segment is positioned at ap- are depicted in Figure 4, assuming chlorobenzene as the
pro,ximately 3.40 eV medium. Figure 4 also shows the prevailing photophysical
The energies of the charge-separated states can be estimate_r(?aCtionS that have been identified (vide infra) in the triad or
by calculating the change in free energ&GQ°) for charge Its model cgmpounds. ) .
separation using a continuum modél: PhotoluminescencePhotoluminescence (PL) experiments on
the triad, dyads, and model compounds were used to study the

AG® = 6(E, (D) — E,.fA)) — Eg — energy and electron-transfer reactions that occur in these
) molecules. These transfer relaxation pathways are expected to
€ & (1 Ly 1 1) quench the PL of the chromophores, especially when their rate

dree R, Bmeg\rt  rN\ewr € constants are higher than that of the intrinsic decay.

The PL at 499 nm of the OPV moiety (excitation at 440 nm)
In this equation,Ex(D) and E.{A) are the oxidation and of the OAN—OPV—Cg triad, dissolved in toluene, is highly
reduction potentials of the donor and acceptor molecules or quenched (quenching fact@ > 4000) compared to the PL of
moieties measured in a solvent with relative permittivagy, the corresponding OPV molecule. Apart from a residual
Eqo is the energy of the excited state from which the electron emission at 499 nr# photoexcitation of the OPV moiety of
transfer occurs, anB is the center-to-center distance of the OAn—OPV—-Cggresults in a weak PL signal at 715 nm (Figure



Energy and ET in an OAROPV—Cg Triad J. Phys. Chem. A, Vol. 107, No. 44, 200®73

;LABI}E 2: tCshanlge iSn FreeREnergy_ (AG) Véith Rejfgrencae to For a further comparison, we have studied the PL of the
e Lowest Singlet State, Reorganization Energy4), an OAN—OPV dyad in solvents of different polarity. Figure 6a
Ezgcl)?;t()iﬁg: ())gcirc:%q?’r%hifgpeagﬁli%n(((:CSSF?),,C;I:%r%eh arge shows that thg emission é(DAn—OPV)*., dissplved in t'oluene,
Recombination (CR2) in Toluene (TOL), Chlorobenzene stems exclusively from the OPV moiety, irrespective of the
(CB), o-Dichlorobenzene (ODCB), and Benzonitrile (BZN) as excitation wavelength (330 nm (OAn) or 444 nm (OPV)). This
Determined Using Eqgs 1 and 2 implies that an efficient singlet-energy transfer occurs from the
AGY ) AGH excited'OANn* state to OPV {OAN*—0OPV — OAN—10PV*).
reaction solvent (eV) (eV) (eV) In toluene, the fluorescence quantum yield of GADPYV is
OAN—OPV—1Cgs* — OAN—OPV+—Cgg~ TOL 0.21 0.35 0.224 slightly (~10%) higher than that of OPV, but the PL is
Cs cB  —-0.22 075 0.093 progressively quenched with increasing solvent polarity (Figure

ODCB —0.36 0.86 0.073 (i i ~
BN —046 099 0070 6a), providing quenching factors @ ~ 2, 9, and 22 for

OAN—OPV*—Cep.— OAN—OPV—Cg~ TOL  —1.97 035 1.905 chlorobenzenep-dichlorobenzene, and benzonitrile, respec-

CR1 CB  —154 0.75 0.204 tively. The quenching of OAROPV PL after excitation at 440
SZD’\CIZB 71.4318 8.38 8.852 nm in more polar solvents is attributed to an intramolecular

B T : : photoinduced electron-transfer reaction in the excited state to

8§E_OPV+_CG‘}Q OAN™~OPV=Ceo TC%L :8:2? g:gg 8:23% produce the OAh—OPV- state. The excitation spectrum of the
ODCB -025 0.91 0.119 residual emission of OAROPV recorded in chlorobenzene
BZN —0.29 1.06 0.140 (Figure 6b) closely corresponds to the absorption spectrum of

OAN"—OPV-Cey —~ OAN—OPV-Cs ~ TOL ~ —189 036 1618  OAn—OPV. This indicates that thEDAn*—OPV — OAn—1-

CR2 B ~132 089 0053 OPV* singlet-energy transfer is significantly faster than an

ODCB —1.15 1.03 0.004
BZN —1.01 1.20 0.007 electron transfer from the same sta®@An*—OPV — OAn*—

OANn—10OPV* — OAN*—OPV- TOL 0.41 0.35 0.407 OPV-). Hence, OAhR—OPV" is primarily formed via the OAr

Cs cB  —0.07 080 0.165 10PV* singlet state, irrespective of the excitation wavelength.
ODCB —0.22 0.91 0.133 . .
BZN -034 1.06 0123 Near Steady-State Photoinduced Absorption (PIA) Spec-

troscopy. Near steady-state PIA spectroscopy in the microsec-
5a), characteristic of the fluorescence emission band of ©nd and millisecond time domain is a very sensitive technique
fulleropyrrolidines? In toluene, the quantum yield of this ~(detection limitAT/T ~ 107¢) to probe small concentrations of
emission is nearly identical to that of the reference compound /ong-lived photoexcitations such as triplet states and intermo-
MP—Cgo. The same result is observed for the ORSk, dyad, lecular charge-separated states. The PIA spectrum of-OAn
although in this case the PL quenching of the OPV is somewhat OPV—~Ceo in toluene solution, recorded with excitation at 458
less Q ~ 1500)23 The strong quenching of tHOPV* singlet- nm, exhibits a band at 1.78 eV with a shoulder at 1.52 eV,
excited state (§ in the OP\-Ceo dyad has previously been — characteristic of the long-lived~40 us) triplet state of the
studied in detail and was found to involve an ultrafast photo- fulleropyrrolidine moiety (OAR-OPV—3Ce*) formed via in-
induced intramolecular singlet-energy transfer (ET) toward the tersystem crossing from the fullerene singlet-excited stéte.

fullerene moiety YOPV*—Cgo — OPV—1Cgs0*), Which occurs The photoinduced electron transfer in GAQPV—Cg in
with a time constant of less than 190%&4We propose that  o-dichlorobenzene and subsequent charge shift or charge
the same ET process occurs in the GADPV—Cg triad. In recombination will likely occur in the picosecond to nanosecond

accordance with this proposition, the excitation spectrum of the time regime and cannot be resolved with the near-steady-state
fullerene fluorescence of OAROPV—Cgg coincides with the PIA technique. However, absorptions of the charge-separated
corresponding absorption spectrum of GABPV—Cgo (Figure states can be observed in mixtures of the different model
5b). It is interesting to note that the fullerene excitation spectra compounds of the triad io-dichlorobenzene solution, by using
of OPV—Cgo and OAR-OPV—Cg differ appreciably at lower  the redox activity of the corresponding triplet states. Photoex-
wavelengths, where the OAn moiety absorbs. The excellent citation of OPV (at 458 nm) or MPCqg (at 528 nm) will result
agreement between the absorption spectrum of the-¥PNV— in the formation of the corresponding excited triplet states. These
Ceo triad and the excitation spectrum of the fullerene fluores- triplet states JOPV* and MP-3Cg¢*) can undergo an electron
cence of the triad implies that not only excitation of OPV, but transfer to one of the other redox active chromophores present
also excitation of OAn is responsible for the emission of the in solution to produce an intermolecularly charge-separated state,
fullerene. This points to an efficient sequential singlet-energy which is long-lived because the formed cation and anion radicals
transfer in the triad (Figure 4), which starts with the formation diffuse away in solution.
of the 1OAN*—OPV—Cqg singlet-excited state and ends at the  Accordingly, selective photoexcitation of MR at 528 nm
OANn—OPV—1Cg¢* fullerene singlet-excited state. in mixtures with OPV or OAn ino-dichlorobenzene solution

In a more polar solvent, like-dichlorobenzenee(= 9.93), produces the charge-separated states @HMP—Cg~ and
the PL of the OPV unit of the OAROPV—Cgtriad is quenched OANT/MP—Cg™, respectively, which are characterized by the
to a similar extent as in toluene (Figure 5a). In contrast, the PL absorptions of OPV (at 0.68 and 1.52 eV), OAn(at 1.40 eV),
of the fullerene moiety at 715 nm is significantly quenched in and MP-Cgy~ (at 1.24 eV) (Figure 7a). Likewise, photoexci-
this more polar solvent as compared to in toluene (Figure 5a). tation of MP—Cs in a mixture with OAR-OPV in o-dichlo-
The same result has previously been observed for the-OPV robenzene results in a band at 1.40 eV (Figure 7b) attributed to
Ceo dyadPde and gives evidence of a photoinduced charge the OAn"—OPV radical cation. Although in this mixture the
separation (CS) that occurs from the fulleropyrrolidine singlet- OAn—OPV* radical cation can also be formed, it will probably
excited state and produces the OP\Cgy~ charge-separated rearrange by an intramolecular redox reaction to the GAn
state. For the OAROPV—Cg triad, a photoinduced CS will OPV state within the time scale of the experiment. In an
initially produce a similar state (OAROPV—Cgo~), which may equimolar mixture of OAn, OPV, and MRCg, charge transfer
then go through a charge shift (CSH) to generate the energeti-from the positively charged OPVonto the OAn becomes
cally more favorable OAn—OPV—Cgo~ state (Figure 4). intermolecular, i.e., diffusion-limited and slower. This allows
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Figure 4. Schematic energy levels (in chlorobenzene) and photoinduced processes-OBNRCso. The rate constants are collected in Table

3.

for the detection of a weak residual absorption band character-

istic of the OPV radical cation in the PIA spectrum at 0.68
eV (Figure 7b).

Even in a mixture where both OPV and MEg, are present
in 4-fold excess with respect to OAn, the PIA spectrum is still
dominated by the absorption of the OAradical cation (Figure
7c). At high modulation frequency (2500 Hz) the relative
intensity of the OPYV radical cation band at 0.68 eV increases
compared to low modulation frequency (75 Hz) (when normal-
ized at 1.24 eV), indicating that in this mixture OPWas a
shorter lifetime than the OAnradical cation, consistent with
the proposed OPV+ OAn — OPV + OANn™ redox reaction.

Femtosecond Pump-Probe Spectroscopy in Polar Sol-

and triad increase significantly with solvent polarity frd@s

= 4.3 x 1019 s1in chlorobenzene tecs = 2.0 x 1011 s 1in
benzonitrile. A similar increase is found for the charge
recombination. This effect of the medium on the rate constant
has often been observed in don@cceptor dyads and is in
agreement with Marcus theory, vide infi&.

In comparison to the dyad, the charge shift (CSH) from
OANn—OPV"—Cgs~ to OAN"—OPV—Cgs~ provides an extra
pathway in the triad for the decay of the OPVadical other
than charge recombination (CR1, Figure 4) to the ground state.
Hence, the OPV radical cation absorption may disappear faster
in the triad than in the dyad. The experimental data in Figure 8
show, however, that this difference is only discernible in

vents. The formation and decay of the transient charged specieschlorobenzene, i.e., the least polar solvent. This is a direct

generated after photoexcitation of the OPV moiety in GAn
OPV—Cgp and the reference compounds OP®;p and OAn-
OPV have been investigated with subpicosecond pupnpbe
spectroscopy in solvents of different polarity.

Upon excitation at 450 nm of OPYCg, or OAN—0OPV—
Cso, the transient absorption at 1450 nm (0.85 eV) that is
associated with the OP\radical cation, i.e., the OPNV-Cgg™
and OAn-OPV"—Cgy~ states, exhibits a rise and a decay

consequence of the increased rate for charge recombination in
more polar solvents (Figure 8), which implies that the probability
for the competing (slower) charge shift is strongly reduced.
Nonlinear least-squares analysis of the experimental OPV
traces (Figure 8) does not give a clear indication of the
magnitude of the rate of charge shift; it yields valueskgs:

and kcr1 + kesh) that are essentially the same (see Table 3).
This may be explained in part by a differencekigr; for the

component (Figure 8). It is important to note that the charge dyad and the triad and in part by the difficulties in the data
separation occurs after the ultrafast singlet-energy transfer: analysis itself. Due to the fact that the rates for formation and
(OAN—)!OPV*—Cgp— (OAN—)OPV—1Cg* (ke = 5.3 x 10-2 decay of the OPY species are very similar, it is difficult to
s1) %eFitting of the temporal differential absorption data at 1450 estimate the rates, as nonlinear-least-squares-fit procedures tend
nm to a biexponential functiBhprovides the rate constants for ~ to yield parameters, which are strongly correlated.

forward and backward electron-transfer reactions (Table 3). As  Additional information on the CSH reaction can be obtained
can be seen in Figure 8 (and Table 3), the rate constants for theby measuring the photoinduced absorption at 1030 nm (1.20
charge separatiork{s) are equal in the dyad and triad within  eV). At this probe wavelength, the StateslOPV* andMP—
experimental error. The rates for charge separation in the dyadCeg*, as well as the radical ions MPCgy~ and OAIT, contribute
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Figure 6. (a) PL spectra of OAROPVin toluene (solid squares),

chlorobenzene (open squaresyichlorobenzene (closed circles), and
benzonitrile (open circles) solutions with excitation at 444 and 330

Normalized PL Intensity

Figure 5. (a) PL spectra of OP¥Cg in toluene (dashed line) and of
OAN—OPV—Cg in toluene (solid line) and-dichlorobenzene (dotted
line). The inset shows a magnification of the fullerene emission. (b) ) ex
Excitation spectra of the 710 nm emission of OP®k, (dashed line) nm (for toluene only, dashed line). (b) Excitation spectrum of the OPV
and OAn*OPV*Cso (Sohd |ine) Compared to the absorption Spectrum emission at 500 nm of OAROPYV in chlorobenzene (daShed Iine) and

of OAN—OPV—Cg (dotted line), all in toluene. compared to the absorption spectrum (solid line).

to the induced absorption (Figure 7). The differential transmis- @ long-lived signal is observed which can be modeled taking
sion at 1030 nm of OP¥Cgo and OAR-OPV—Cg in chlo- si="5x 10° st andkery = 6 x 10° s™*. Taking a higher
robenzene undergoes a strong rise and drop within 2 ps (Figure(lower) value forkcs results in a curve that bends downward
9). This transient signal is associated with the formation and (Upward) after 60 ps. Usingcsy = 5 x 10° s™ results in a
decay of the!OPV* singlet-excited state and involves thg S calculated yield of formation for the OAR-OPV—Cso~ species

— S, transition of the OPV unite The short lifetime of the ~ Of about 0.4 per absorbed photon. This result can be compared
10PV* state is due to the ultrafast ET onto the fullerene moiety With the following crude estimate. At 30 ps, mainly the GAn

as described above. After the ET, the 1030 nm signal for the OPV'—Cyg_ state is present of which only thes© makes a
OAN—OPV—Ce triad remains constant over the time scale of Ma°r contnbutlgn to the ab:c,orpnon at 1030 nm.tAt;ZOO
the experiment (1 ns), whereas for the dyad, the signal decaysns’_only the OAN—OPV—Ceo_ state is present and OArand
L . - “"Cgo~ contribute almost equally to the transient absorption. The
to zero within 200 ps (Figure 9). We propose that the remaining . . . .
signal is due to absorption byse and OAIT radical ions, and experimental observation that the induced absorpﬂop at 1030
9 ADSOMP ¥6 . ' nm hardly changes between 30 and 200 ps thus indicates that
hence chgracterlstlc pf the OAﬁO.Py—Cso' charge separated the probability of formation of OAh—OPV—Cey~ out of OAN—
state.. Using the ext|[11ct|orllcoeﬁ|C|ents in .brackets for these OPV*—Cgq is roughly one-half, in good agreement with the
species [7.7x 10° M~ cm* (OPV(S), estimate), 7x 10° estimate above. Figure 9 also shows the induced absorption
M~ cmt (MP—Ceo(S1)*), 7 x 10° M~ em™* (MP—Ceo~ 2), signal at 1450 nm as observed for the triad. This latter signal
and 8.2x 10 M~icm* (OAn* 19)], we have modeled the time  h35 heen modeled using the same parameters as mentioned
profile for the absorption at 1030 nm (Figure 9) for both the apove. The value dicrs = 6 x 10° 51 obtained for the triad
OPV—Cgo dyad and the OAROPV—Cgg triad. Rate constants  ¢an be compared e = 12 x 10° s~L obtained for the dyad
were taken from the transient absorption measurements at 145Gy probing the OPY cation absorption. At present, we cannot
nm probe wavelength (Table 3) and the rate for charge shift fully account for this difference. The method used here to
(kesH) is used as an adjustable paramétefurther details of  determinekcsy has the advantage that it does not rely on rate
the mathematical modeling are given in the Supporting Informa- parameters obtained from model compounds. For the other two
tion. The results show a large induced absorption due to the solvents used (ODCB and BZN), a long-lived transient at 1030
OPV(S) species. The duration of this transient is mainly nm has a weak intensity, and the signal-to-noise ratio does not
determined by the width of the laser pulses used. For the allow for an estimate of the rate for charge shift.
modeling, a cross-correlation of 500 fs (fwhm) for the pump  We also studied the reference compound GAPV with
and probe pulse was assumed. For the dyad, a smooth trace ipump—probe spectroscopy in solution. In particular, it is of
observed after the initial contribution of the excited OPV moiety. interest to investigate whether an OAYDPV*—Cgo— OANT—
This is consistent with the fact that the{(S;) and the Go~ OPV —Cqg electron-transfer reaction can compete with the
groups have almost equal extinction coefficients. For the triad, OAN—10OPV*—Cgy — OAN—OPV—1Cs* energy transfer.
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Figure 7. (a) Normalized photoinduced absorption spectra of the after excitation at 450 nm.

mixtures OPV/MP-Cg (1:1) (solid line) and OAn/MP-Cgo (1:1)
(dashed-line) iro-dichlorobenzene (excitation at 528 nm with 25 mw
and modulation frequency of 275 Hz). (b) Photoinduced absorption Significantly reduced te~140 and~100 ps, compared to that
spectra of the mixtures OAROPV/MP—Cg (1:1) (solid line) or OAn/ of the OPV model compound (1.36 and 1.44 ns, respectively).
OPV/MP—Cqg (1:1:1) (dashed line) im-dichlorobenzene (excitation This is in accordance with the proposed CADOPV* —

at 528 nm with 25 mW and modulation frequency of 275 Hz). () OAn*—OPV- electron-transfer reaction, which reduces the
Normalized photoinduced absorption spectra of the mixture OAn/OPV/ lifetime of thelOPV* state. The lifetimes diOPV* and OAR—

MP—Cqg (1:4:4) ino-dichlorobenzene recorded at modulation frequen- e L .

cies of 75 Hz (solid line) and 2500 Hz (dashed line) (excitation at 528 OPV*in toluene are very similar (1.20 and 1.38 ns, Figure 9)

nm with 25 mw). as expected because electron transfer does not occur here.
However, and surprisingly, a significant increase of fluorescence

As a result of the electrorhole symmetry in conjugated lifetime was observed for OAR'OPV* in chlorobenzene (2.65

oligomers, the optical spectra of OPV radical cations and OPV NS) compared to OPV (1.27 ns) (Figure 11). At first glance,
radical anions are expected to be very similar, and hence, wethis increase in fluorescence lifetime seems to contradict the
probe the formation of OPV at 1450 nn?® The transient ~ Observed OARIOPV* — OAn™—OPV" charge separation
differential transmission recorded for OA®PV, dissolved in reaction, which is approximately 20 times faster than the intrinsic
solvents with increasing polarity, at 1450 nm after excitation qlecgy (Figure 10, Table 3). Instead of an increase in fluorescence
at 455 nm, is shown in Figure 10. In full agreement with the lifetime, a decrease would be expected. Note that except for a
PL quenching of the OAROPV fluorescence (Figure 6), the loss in intensity (onlyafact_or of_2), the_fluorescence spectra of
OAN*—OPV- charge-separated state is only formed in the three OPV and OAR-OPV are identical (Figure 6) and that the
polar solvents (chlorobenzeregichlorobenzene, and benzoni-  €Mission is thus from the OAROPV* state. Taking these
trile) but not in (less polar) toluene (Figure 10). The rate ©€XPerimental observations into consideration, we propose that

constants for charge separation and charge recombindtign ( in chlorobenzene the singlet OAROPV* state and the OAN-
and Keg, Table 3) increase with increasing polarity. Table 3 OPV- charge-separated state are nearly degenerate and that back

reveals that the rate for the OAROPV* — OAn+—OPV- electron transfer from OAN-OPV- reproduces the OAR!-
charge separatiorkfs = 1.6-4.1 x 10° s°3) is significantly OPV* singlet state. The estimated change in free energy for
less than the rate of thEOPV*—Cgy — OPV—1Csg* energy OAN—1OPV* — OAn*—OPV" of only AG® = —0.07 eV
transfer ker > 5.3 x 1012 s71), and as a consequence, the (Table 2) supports this suggestion.

OAN*—OPV-—Cgostate is unlikely be to formed in a significant Kinetic Considerations. The final outcome of a photoexci-
yield from OAR-10PV*—Cg. Hence, excitation of OAn tation not only depends on the energetics of the reaction, but
OPV—Cgo in solution will always provide OAROPV—1Cgg* also on the kinetics. Marcus theory provides an estimate for
as an intermediate state, irespective of the excitation wavelengththe free energy barrierAG") for electron-transfer reactions
and solvent polarity. based on the change in free energys() and the reorganization

Charge recombination in OAR-OPV- is almost an order ~ €Ne€rgy &) via:

of magnitude slower than in OPV-Cg~ and occurs in the
) . 0 2
nanosecond regime. In this respect, a remarkable phenomenon AGH = (AG"+4) ?)
was observed when the fluorescence lifetimes of 68V V)
were recorded. In the most polar solvewntslichlorobenzene
and benzonitrile, the lifetime of the OATOPV emission is The reorganization energy consists of an internal contribution
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TABLE 3: Rate Constants for the Intrinsic Decay of the Lowest-Energy Singlet-Excited Chromophore
Singlet-Energy Transfer (ket), Charge Separation kcs), Charge Recombination kcri), and Charge Shift
Compounds in Toluene (TOL), Chlorobenzene (CB)p-Dichlorobenzene (ODCB), Benzonitrile (BZN), and in the Solid State

csn) in the Studied

compound TOLk (ns™) CBk(ns™?) ODCBk (ns™) BZN k (ns™%) film k (ns™)
OPV koOPV 0.83 0.79 0.74 0.69
MP—Cso koC60 0.68 0.72 0.75 0.68
OPV—Csgo ket >5300 n.d. >5300 n.d.
kes 404+ 2 50+ 9 250+ 40 >3000
ker1 12+1 19+ 3 37+ 8 1.1
OANn—OPV—Cg ket >5300 n.d. >5300 n.d.
s 48+ 5 71+ 12 20154 >3000
kerit Kesh 11+1 16+ 3 61+19 49
OAn—OPV K'cs 16.4 15.6 40.8
K'cr 1.0 1.4 4.1
T T T T T] 10000 T T 3
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Figure 11. Time-resolved fluorescence of OPV and CGA@PYV in
toluene (TOL) and chlorobenzene (CB) recorded with excitation at 400

Time delay -1 (ps)

Figure 9. Differential transmission dynamics of OA©OPV—Cs (Open
circles) and OPV-Cq (closed squares) in chlorobenzene monitored at
1030 nm with excitation at 450 nm. The induced absorption signal at :

1450 nm as observed for the triad is shown with open squares. The . . + o
lines correspond to a numerical simulation based on the model describeofunctlon of the energy barriexG* but also of the reorganization

in the text. For the simulation, the rate constants from Table 3 are usede€nergy ) and the electronic coupling/J between donor and
and the rate for charge shift is used as an adjustable parameter. Theacceptor in the excited-state according to the equation
time delay has been shifted by 1 ps to show the signals on a logarithmic

plot. B 472 \v2 (AGO“F/D
. k_(hz/lkBT) Vzexp{——4/1kBT1 (4)

0.0

The values ofAG?, 1, and AG* calculated on the basis of egs
1—4 collected in Table 2 show that the initial charge separation
(kcg) is in the Marcus normal region—HAG® < ). As the
- polarity of the solvent increases, the OABPV"—Cgy~ charge-
S separated state is stabilized with a concomitant increase of the
N r 1 reorganization energy. The combination of these trends results
'21 ) in reduction of the barrier for charge separation in more polar
solvents (Table 2). As a consequence, the rate for charge
] separationicg) is expected to increase with polarity as has been
J found experimentally (Figure 8, Table 3). Charge recombination
in OAn—OPV*"—Cgo™ is in the Marcus inverted regior-AG°
> 1). The use of eq 4 in the inverted region often underestimates
the true rate constant because of nuclear tunn®lingt will
Figure 10. Differential transmission dynamics of OAROPV- in be used here for quglitgtive_comparison. We find_that the barrier
toluene (closed squares), chlorobenzene (closed ciroletighloroben- for charge recombination is strongly reduced in more polar
zene (open circles), and benzonitrile (open squares) monitored at 145050lvents, consistent with the higher recombination réage:(
nm with excitation at 455 nm. Table 3). Apart from recombination to the ground state, the
OAn—OPV"—Cgy~ state may undergo a charge shift to form
OANnt—OPV—Cgo~. The charge shift occurs in the normal
Born-Hush approach to give after summation region —AG° < 1) and is energetically less favorable than the
recombination (Table 3). However, in contrast to the recombina-
_ _ e (11, 1 1\/1 1 tion, the barrier for charge shift is reduced with decreasing
A=A+ A=A+ 47,_60 (Q(F + r_) - ﬁt)(n_z o E_s) @) polarity. Hence, the balance between charge recombination and
the competing charge shift, will move toward the latter with

The rate constants for the different processes are not only adecreasing polarity. As a result, the barrier for the charge shift

0 200 400 600 800 1000
Time delay (ps)

(4i) and a solvent termi{), which can be approximated via the
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TABLE 4: Relative Rate Constants for the Charge T T T T
Separation (CS), Charge Recombination (CR1), Charge Shift
(CSH), and Charge Recombination (CR2) in
o-Dichlorobenzene (ODCB) and Benzonitrile (BZN)
Compared to the Corresponding Rate Constant in
Chlorobenzene (CB), Calculated Using Eq 4

relative rate constant CS CR1 CSH CR2

o Poed
k(CB) 1 1 1 1 *
k(ODCB) 2.00 89 0.58 6.25
k(BZN) 2.16 980 0.23 5.06 120 . . . . .
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Figure 13. (a) Differential transmission dynamics at 1450 nm of thin
N R e R films of OAn—OPV—Cs (0pen circles) and OPYCg (closed circles)
0.5 1.0 15 2.0 at 298 K with excitation at 450 nm. (b) Differential transmission

Energy (eV) dynamics at 1030 nm of a thin film of OAROPV—Cs at 298 K with
excitation at 450 nm.

Figure 12. Photoinduced absorption spectra of GADPV—Cg, (solid
line) and OPV\~Cg, (dotted line) in thin films. Recorded at 80 K with

excitation at 458 nm (25 mW) and a modulation frequency of 275 Hz. for the formation of an intramolecular (OAOPV*—Ceo") or

intermolecular (OAA—OPV—Cg/OAN—0OPV—Cgy) charge-
. _ o~ . separated state. The charge-separated state in the-Ofgénd
in OANn—OPV*—Cqgo is lower than that for charge recombina OAN—OPV—C films, measured with this PIA technigue,

tion in chlorobenzene but not io-dichlorobenzene and ben- . - - .
zonitrile. This is in full agreement with the experimental result extgnd into the mllllsecond tlme dO”?a'”- The .PIA band at 1.25
eV increases with the pump intensith) ollowing a square-

that the charge shift was more easily observed in chlorobenzene 0. . .
(Figures 8 and 9). root power law CAT/T ~ 199). This suggests a nongeminate

_ _ . bimolecular recombination of the photoinduced charges. We
The energy barriers for relaxation to the ground staté in ,on65e that the long-lived (ms domain) charges observed with
OAN™—OPV—Cso~ are small. However, besides the energy near steady-state PIA in films of OP\Cso and OAR-OPV—
barrier, the rate constant (eq 4) is also determined by the ¢ 4t 80 K are associated with a small fraction of positive and
electronic coupling/. This electronic coupling depends expo-  neqative charges that have escaped from geminate recombination
nentially on the center-to-center distance between the donor andDy charge migration to other sites in the film where they became

acceptor viaV? = Vi?(Ro) exp(-B(Rec — Ro)), with Ry the trapped and are thus associated with different molecules in the
contact distance. Hencd/ is orders of magnitude less for g, (i.e., OAN*—OPV—Cgo and OAR-OPV—Ceq).

OAN*~OPV—Cey_ (Rec = 30.0 A) than for OAR-OPV*—Ceq- Femtosecond Pump-Probe Spectroscopy in the Solid

(Rec = 15.4 A)3" The reduction of the electronic coupling State.Femtosecond spectroscopy shows that in films of OPV

caused by the longer distance between the centers of positiveC60 and OAR-OPV—Cg, at room temperature a charge-
and negative charge density in OAROPV—Ceo , isthe origin - ggparated state is formed within 0.5 ps, as evidenced by the

of the increase in lifetime for OAn-OPV—Ceo™ compared to jnsiantaneous rise of the 1450 nm differential transmission
OAN—OPV"—Ceo (Figure 13a) associated with OPVadical cations. Although a
The rate constants of the various photoinduced processes inack of higher time-resolution precludes an unambiguous
solvents of different polarity have been calculated using eq 4 conclusion, we have no evidence that a singlet-energy transfer
relative to the corresponding rate constant in chlorobenzene byprecedes the electron-transfer reaction in the solid state. Possibly,
assuming thaV is independent of the solvent and are collected the photoinduced electron transfer in the solid state is predomi-

in Table 4. nantly intermolecular. The OP\V-Cgo~ state is much longer
Near Steady-State PIA Spectroscopy in the Solid State. lived in the film than in solution (Table 3). This phenomenon
Near steady-state PIA spectra of thin films of OP¥, and has also been observed in other denacceptor dyads and has

OANn—OPV—-Cgo were recorded at 80 K with excitation at 458 been attributed to the migration of opposite charges to different
nm. The PIA spectrum of the OP\Cgo film (Figure 12) sites in the film894.32|n contrast, the OPV signal in the film
exhibits the signals of OPVat 0.68 and 1.52 eV and that of of the triad rapidly decays, with a time constant of 20 ps over
Cso at 1.24 eV, characteristic of a charge-separated state. Thethe first 100 ps. This is interpreted to result from an intermo-
PIA spectrum of a film of OAR-OPV—Cg (Figure 12) lacks lecular or intramolecular charge shift (CSH) from OPYb

the bands at 0.68 and 1.52 eV and exhibits only one broad bandOAn*. The time profile of the 1030 nm differential transmission
that peaks at 1.25 eV. This signal is attributed to the overlapping (Figure 13b) is consistent with the formation of an OAn
transitions of the OAh and G~ radical ions and gives evidence OPV—Cgo~ state in the triad and explains the short lifetime of
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the OAn-OPV+t—Cgo~ state (Figure 13a). This time profile we consider it likely that in the film the primary charge-
cannot be fitted to monoexponential decay and suggests severaseparated state involves two molecules, also the charge shift
lifetimes. This fact can be rationalized by a combination of a probably involves an intermolecular OA®OPVt—Cgsy —
direct charge recombination and an indirect charge recombina-OAn*t—OPV—Cg reaction, with the negative charge located
tion after migration of the charges in the fiff2d1t should be on the fullerene unit of a third molecule (OA®OPV—Cgq").
noticed, however, that contrary to what is observed for the The lifetime of the charges formed in the film (OAROPV—
OPV—Cgo dyad the OAR—OPV—Cgy~ state seems to be longer Cgo/ OAN—0OPV—Cqo7) is sSomewhat less as compared to the
lived in solution than the OAh—OPV—Cgo/ OAN—OPV—Cgo™ solution.

state in the film. As a tentative explanation for this difference,  The experiments on OAROPV—Cg, demonstrate that in

we propose that in solution the triads are isolated from each solution the OAR-OPVf—Cgo~ — OANt—OPV—Cgo~ charge
other such that the weak electronic coupling between the OAn shift and the resulting spatial extension of the charges increase
and the G decelerates the intramolecular charge recombination the lifetime of the charge-separated state compared to-OAn
in OAN*—OPV—Cgg . In the film, the triads are in intimate ~ OPV*—Cgq-, because the electronic coupling between the redox
contact with each other, and intermolecular charge recombina-active groups is strongly reduced. This provides a rationale to

tion between OAhR—OPV—Cs and OAn-OPV—Ce~ can explain the long lifetime of the charge-separated state in

occur. conjugated polymer:§ blends in terms of charge migration.
The major differences in the kinetics of the electron-transfer

Conclusions reactions observed after photoexcitation of GADIPV—Cgpin

solution or in thin films further demonstrate that intermolecular
interactions are of crucial significance in this respect. Creating
and investigating well-defined multichromphoric supramolecular
donor-acceptor assemblies, consisting of many judiciously
positioned chromophores, will enable a more detailed under-
standing of photoinduced charge-separation processes in natural
and artificial systems.

We have synthesized a molecular triad, GADPV—Cgg,
with a redox gradient in a linear array. The photophysical
processes that may occur in this system are schematically
depicted in Figure 4 and have been investigated in solution and
in thin films with photoluminescence and transient absorption
spectroscopy.

In solution, photoexcitation of either chromophore of the
OANn—OPV—Cg triad results in an ultrafast (sequence of)

. . ) . Experimental Section
singlet-energy transfer (ET, Figure 4) and provides a singlet P

state on the fulleropyrrolidine unit (OAPOPV—1Cgg*), ir- All reagents and solvents were used as received or purified
respective of the polarity of the solvent. The competitive process using standard proceduresgoGvas purchased from Bucky,
of charge separation from the primal@An*—OPV—Cgo or U.S.A. NMR spectra were recorded on a Varian Unity Inova

OANn—10PV*—Cq states are more than 1 order of magnitude and a Varian Unity Plus at frequencies of 500 and 125 MHz
slower and were not observed in the triad. In toluene, the singletfor H and13C nuclei, a Varian Mercury Vx at frequencies of
OANn—OPV—1Cq¢* state decays via intersystem crossing (ISC) 400 and 100 MHz forH and 3C nuclei, or Varian Gemini
to the OAR-OPV—3Cq* triplet state and via PL to the ground 2000 at frequencies of 300 and 75 MHz fét and3C nuclei,
state. In more polar solvents, the singlet GADPV—1Cq¢* state respectively. Tetramethylsilane (TMS) was used as an internal
gives rise to an intramolecular charge separation reaction (CS)standard fotH NMR, and CDC4, CD;COCD;, or CS for was
that generates the OATOPV"—Cgo~ state. The rate for this  used for’3C NMR. Infrared (FT-IR) spectra were recorded on
forward electron-transfer reaction increases with the polarity of a Perkin-Elmer Spectrum One UATR FT-IR. Elemental analyses
the solvent fromkes = 4.8 x 10%s71in chlorobenzene técs were preformed on a Perkin-Elmer 2400 series |l CHN
= 2.0 x 10" s71in benzonitrile, in qualitative agreement with ~ Analyzer. Matrix assisted laser desorption ionization time-of-
Marcus theory. Because the oxidation potential of the OAn flight mass spectrometry (MALDI-TOF MS) was performed on
segment is below that of the OPV unit, the primary GAn  a Perseptive DE PRO Voyager MALDI-TOF mass spectrometer
OPV"—Cgo~ charge-separated state may undergo an intramo- using a dithranol matrix. All HPLC analyses were performed
lecular redox reaction, or charge shift (CSH), to form OAn on a Hewlett-Packard HP L-&Chemstation 3D (HP 1100
OPV—Cgo~. The charge recombination in OAIOPV"—Cgg~ Series) with DAD detection using an Inertsil 5 Si column (250
(CR1), however, competes with the charge shift. Because thex 3 mm). A Shimadzu LC-10AT system combined with a
charge recombination is slowed in less polar solvents, the Polymer Laboratories MIXED-D column (particle size:ubn;
quantum vyield for the charge shift is the highes(4) in the length/i.d. (mm): 300« 7.5) and UV detection were employed
least polar solvent in which electron transfer occurs, i.e., for size exclusion chromatography (SEC), using CH& an
chlorobenzene. The charge recombination in the secondaryeluent (1 mL/min).
OANn*—OPV-Cg,~ charge-separated state (CR2) is significantly  (E,E)-4-4 4-(4-Methyl-2,5-bis[(S)-2-methylbutoxy]styryl)-
slower kcr2 < 1 x 10° s71) than that of the primary OAn 2,5-bis[(S)-2-methylbutoxy]styryl } -2,5-bis[(S)-2-methylbu-
OPVF—Cgy~ state kcrr = 1.1 x 10 s!). Hence, the  toxy]}-5-benzaldehyde-dimethylacetal (2)Amberlite IR 120
stabilization gained is more than 1 order of magnitude in time. (1.5 g), trimethyl orthoformate (20 mL), antl (1.2 g, 1.78
The observed trends in the various rate constakis kcsh, mmol) were added to 100 mL of methanol. The suspension was
kcr1, Kera ksc, andker) with changing solvent polarity are in - stirred under an argon atmosphere af@dor 2 h. The reaction
qualitative agreement with Marcus theory when the free energiesmixture was cooled to room temperature, and 1.5 g gl0C
of the charge-separated states are determined using a continuunwas added. The suspension was filtered, and the solvent was
model (eq 1). removed in vacuo to yield 1.38 g (91%) Bf which was used

In thin films, charge generation on the OPV unit of OAn  without further purificationtH NMR (CDCl;, 400 MHz): 6
OPV—Cgp is much fasterKcs = 3.0 x 102 s71) and likely (ppm) 7.50 (d, 1H),7.49 (s, 2H), 7.44 (d, 1H), 7.18 (s, 1H),
predominantly intermolecular. In the films, a subsequent charge-7.17 (s, 1H), 7.16 (s, 1H), 7.10 (s, 1H), 7.08 (s, 1H), 6.73 (s,
shift occurs from the primary OPVradical cation to an OAh 1H), 3.92-3.74 (m, 12H), 3.42 (s, 6H), 2.24 (s, 3H), 1:98
radical cation with a rate close kasy= 5.0 x 1019s™1, Because 1.88 (m, 6H), 1.69-1.54 (m, 6H), 1.39-1.26 (m, 6H), 1.16-
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0.96 (m, 36 H)13C NMR (CDChk, 100 MHz): 6 (ppm) 151.69, 36H).13C NMR (CDCk, 100 MHz): 6 (ppm) 189.06, 156.43,
151.10, 150.96, 150.67, 150.45, 128.17, 127.71, 127.57, 126.98151.44, 151.26, 151.04, 150.64, 148.21, 147.84, 142.91, 142.70,
126.56, 125.21, 123.19, 123.06, 122.54,121.71, 116.32, 111.80,139.13, 135.22, 129.45, 129.19, 129.18, 128.50, 128.45, 127.45,
110.14, 109.94, 109.26, 108.39, 99.75, 74.69, 74.35, 74.28,126.74, 126.48, 126.42, 125.46, 125.30, 123.97, 123.79, 123.74,
74.23, 73.73, 73.38, 54.34, 35.11, 35.08, 35.05, 34.96, 34.89,123.56, 123.19, 122.98, 122.56, 122.43, 122.40, 122.21, 121.90,
26.36, 26.26, 26.21, 16.79, 16.70, 16.40, 11.46, 11.37, 11.33.120.29, 110.64, 110.29, 110.17, 109.82, 109.74, 109.64, 74.39,
N_(4_D|pheny|am|nopheny|).|\|_pheny|_3_am|nobenza|de_ 7425, 7411, 7405, 7391, 7369, 3513, 3501, 3493, 3488,
hyde (4).To a tube fitted with a magnetic stirrer was added ~ 34.84, 26.38, 26.34, 26.33, 26.18, 16.88, 16.86, 16.81, 16.76,
(0.8 g, 2.38 mmol), 3-bromobenzaldehyde (1.32 g, 7.14 mmol), 16.63, 11.52, 11.46, 11.38, 11.32. Anal. Calcd fagHGor
Pdy(dba}; (0.022 g, 0.024 mmol), BINAP (0.044 g, 0.071 mmol), N207: C, 80.8; H, 8.1; N, 2.2. Found: C, 80.7; H, 7.6; N, 2.2.
and CsCO; (1.16 g, 3.57 mmol). After purging with argon, MALDI-TOF MS (MW = 1263.75)m/z = 1263.71 [M]".
freshly distilled toluene (11.9 mL) was added. The reaction  N-Methyl-2-[4-[4{ 4-[N'-(4-diphenylaminophenyl)-N'-(phen-
mixture was heated at 10@ under Ar atmosphere. After 48  yl)]3-aminostyryl]-2,5-bis[(S)-2-methylbutoxy]styryl}-2,5-bis-
h, Pd(dba) (0.022 g, 0.024 mmol), BINAP (0.044 g, 0.071 [(S)-2-methylbutoxy]styryl]-2,5-bis[(S)-2-methylbutoxy]d3,4-
mmol), and CgCO; (1.16 g, 3.57 mmol) were added, and the fulleropyrrolidine (7). A solution of aldehydé (0.2 g, 0.158
mixture was heated for another 72 h. After cooling to room mmol), finely groundN-methylglycine (84.4 mg, 0.949 mmol),
temperature, the reaction mixture was filtered over Celite 545 and Gy (227 mg, 0.316 mmol) in chlorobenzene (60 mL) was
and concentrated in vacuo. Column chromatography £SiO stirred and refluxed in the dark under an atmosphere of dry
heptane/ChKCl, 1:1, R = 0.4) and evaporation to dryness from  nitrogen for 18 h. After cooling to room temperature, the solvent
heptane yielded 0.643 g (62%) of a yellow powder. IR (UATR) was removed in vacuo, and the remaining residue was purified
v (cm™1) 3034, 2923, 2851, 1698, 1583, 1485, 1277, 1263, 749, by column chromatography on silica gel (toluene/cyclohexane:
690, 626.1H NMR (CDCl;, 400 MHz): 6 (ppm) 9.92 (s, 1H), 2/1, R = 0.4) to afford triad7 as a ~1/1 mixture of
7.56 (t, 1H), 7.43(dt, 1H), 7.37 (t, 1H), 7.34.23 (m, 7H), diastereomers according to HPLC (eluent: toluene/cyclohexane
7.13-7.11 (m, 6H), 7.08-6.96 (m, 7H)13C NMR (CDCk, 100 50/50 vlv; flow: 1 mL/min.; peaks &t = 9.1 and 10.3 min.).
MHz): 0 (ppm) 192.24, 149.14, 148.00, 147.45, 144.17, 142.11, Traces of impurities were effectively removed after a 2nd
137.91, 129.98, 129.70, 129.45, 128.18, 126.37, 125.41, 124.62 chromatographic purification on silica gel (&®luene: 1/0 to
124.20, 123.67, 123.07, 122.91, 122.66. Anal. Calcd for 7/3R = 0.3) to afford analytically pure material (assa99.5%)

CaiH24N2O: C, 84.5; H, 5.5; N, 6.4. Found: C, 84.1; H, 5.1;

N, 6.1.
(E)-N,N’-(Diphenyl)-N'-(4-diphenylaminophenyl)-3-ami-

nobenzaldimine (5).To a suspension ¢f (0.55 g, 1.24 mmol)

according to HPLC and GPC analysis. The product was
precipitated from a concentrated toluene solution with methanol
(100 mL), and the resulting solid was washed with methanol
(2 x 100 mL) and finally dried in vacuo at 5. The triad

in ethanol (50 mL) was added aniline (0.14 g, 1.50 mmol). The was obtained as a light brown powder (137 mg, 43%). IR

reaction mixture was heated at 85 for 4 h. After cooling to

(UATR) v (cm™Y) 2957, 2914, 2872, 1589, 1502, 1491, 1264,

room temperature, the product precipitated slowly from the 1190, 965, 750, 694, 526H NMR (CS;, 500 MHz): 6 (ppm)
ethanol. The product was obtained as 0.508 g (79%) of a yellow 7.61-6.96 (m, 35H), 5.62 (s, 1H), 5.05 (d, 1H), 4.41 (d, 1H),
powder after washing with ethanol. IR (UATR)cm™1) 3034, 4.15-3.70 (m, 12H), 2.92 (s, 3H), 2.16L.26 (m, 18H), 1.02
1628, 1589, 1486, 1267, 751, 6934 NMR (CDCls;, 400 1.26 (m, 36H).23C NMR (CS, 125 MHz): 6 (ppm) 156.50,
MHz): o (ppm) 8.34 (s, 1H), 7.61 (t, 1H), 7.53 (dt, 1H), 7-38  154.91, 154.84, 154.18, 154.15, 153.53, 151.61, 150.93, 150.76,
7.31(m, 3H), 7.287.10 (m, 16H), 7.036.97 (m, 7H).13C 150.71, 150.67, 150.63,147.79, 147.40, 147.06, 146.60, 146.57,
NMR (CDCl3, 100 MHz): 6 (ppm) 160.31, 151.99, 148.47, 146.52,146.13, 146.07, 146.03, 146.00, 145.93, 145.89, 145.85,
147.78, 147.56, 143.29, 142.34, 137.40, 129.62, 129.33, 129.19145.75, 145.50, 145.47, 145.37, 145.26, 145.19, 145.07, 145.04,
129.09, 126.32, 125.91, 125.66, 125.26, 123.95, 123.88, 123.53145.01, 144.98, 144.91, 144.50, 144.37, 144.31, 144.15, 142.92,
122.82,122.52, 122.44, 120.85. Anal. Calcd fapHGoNs: C, 142.86, 142.51, 142.46, 142.43, 142.40, 142.35, 142.12, 142.10,
86.2; H,5.7; N, 8.1. Found: C, 85.8; H, 5.3; N, 8.0. MALDI- 142.06, 141.99, 141.98, 141.95, 141.92, 141.79, 141.63, 141.53,
TOF MS (MW = 515.65)m/z = 515.23 [M]'. 141.51, 140.06, 139.98, 139.69, 139.51, 139.07, 136.35, 135.99,
(E,E,E)-4-[44{ 4-[N-(4-Diphenylaminophenyl)-N-(phenyl)- 135.88, 135.86, 134.49, 134.44, 129.42,129.20, 129.17, 127.99,
3-aminostyryl]2,5-bis[(S)-2-methylbutoxy]styryl }-2,5-bis[()- 127.68, 127.66, 127.40, 127.27, 126.88, 126.30, 125.24, 125.14,
2-methylbutoxy]styryl]-2,5-bis[(S)-2-methylbutoxy]benzal- 124.85, 124.80, 123.79, 123.70, 123.61, 123.29, 122.69, 122.56,
dehyde (6).Schiff base5 (0.450 g, 0.873 mmol) and aceal ~ 122.52,122.47,122.29, 121.96, 120.39, 114.29, 114.16, 110.04,
(0.775 g, 0.873 mmol) were dissolved in DMF (5 mL). The 109.63, 109.40, 109.22, 108.71, 108.61, 76.53, 75.43, 75.40,
mixture was heated to 8GC under an argon atmosphere, and 7397, 7391, 7369, 7359, 7352, 7344, 7295, 7291, 6970,
potassiuntert-butoxide (0.352 g, 3.142 mmol) was added. The 68.98, 40.02, 35.41, 35.31, 35.29, 35.25, 35.20, 35.18, 35.17,
reaction mixture was stirred for 3 h. After cooling to room 26.86, 26.84, 26.80, 26.49, 17.14, 17.09, 17.06, 17.02, 17.00,
temperature, the reaction mixture was poured on ice, washed16.80, 12.04, 12.03, 12.00, 11.94, 11.89, 11.85. Anal. Calcd
with HCI 3N and brine, dried over MgSQand concentrated ~ for C1aH10MNsOs: C, 87.7; H, 5.4; N, 2.1. Found: C, 87.8; H,
in vacuo. Column chromatography (SiQoluene/cyclohexane ~ 5.0; N, 2.1. MALDI-TOF MS (MW= 2011.44)wz = 2011.18
7:3R = 0.4, and heptane/G8l, 6:2, R = 0.2) and evaporation ~ [M] ™"
to dryness from heptane yielded 0.795 g (72%) of an orange (E,E)-2-{4-(4-Methyl-2,5-bis[(S)-2-methylbutoxy]styryl)-
powder. IR (UATR)v (cm™1) 3062, 2960, 2917, 2873, 1675, 2,5-bis[(S)-2-methylbutoxy]styryl}-1,4-bis[(S)-2-methylbutoxy]-
1589, 1504, 1490, 1422, 1262, 1200, 1039, 968, 744, 893.  5-deuteriobenzene (9)n-BuLi 1.6 M (0.13 mL, 0.21 mmol)
NMR (CDCl;, 500 MHz): 6 (ppm) 10.43(s, 1H), 7.64 (d, 1H), was added dropwise to a solution®{0.15 g, 0.16 mmol) in
7.54 (d, 1H), 7.51 (d, 1H), 7.50 (d, 1H), 7.40 (d, 1H), 7.33 (s, freshly distilled diethyl ether (3 mL) at10° C. The reaction
1H), 7.28-6.98 (m, 29H), 3.79 3.98 (m, 12H), 1.98.91 (m, mixture was stirred for 5 min. After the addition of,O (0.5
6H), 1.76-1.57 (m, 6H), 1.39-1.31 (m, 6H), 1.13-0.94 (m, mL), the cooling bath was removed, and the reaction mixture
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was stirred fo 2 h at room temperature. The mixture was
estracted with diethyl ether dried over Mggé&hd concentrated

in vacuo. Column chromatography (Si®eptane/ChCly: 1/1,

R: = 0.3) and recrystallization from ethanol yielded 54 mg
(41%) of the product as yellow crystaléi NMR (CDCls, 400
MHz): ¢ (ppm) 7.49 (d, 1H), 7.48 (s, 2H), 7.44 (d, 1H), 7.19-
(s, 1H), 7.18 (s, 1H), 7.17 (s, 1H), 7.10 (s, 1H), 6.82 (s, 1H),
6.72(s, 1H), 3.923.71 (m, 12H), 1.991.82 (m, 6H), 1.68

1.54 (m, 6H), 1.38-1.23 (m, 6H), 1.26-0.86 (m, 36H).13C
NMR (CDCl;, 100 MHz): 6 (ppm) 151.68, 151.14, 150.94,
150.90, 150.44, 128.21, 127.61, 127.54, 127.10, 125.23, 123.24
122.98,122.82,121.74,116.31, 113.96, 111.58, 110.36, 109.85
108.34, 74.68, 74.46, 74.30, 74.26, 73.59, 73.38, 35.11, 35.06

35.04, 34.97, 34.80, 26.36, 26.34, 26.26, 26.19, 16.80, 16.70,’

16.56, 16.40, 11.46, 11.40, 11.37, 11.31. Anal. Calcd far¢s-
DOe: C, 77.8; H, 10.2. Found: C, 77.5; H, 9.1. MALDI-TOF
MS (MW = 813.96)m/z = 813.53[M].

(E,E,E)-2-[44 4-[N-(4-Diphenylaminophenyl)N-(phenyl)-
3-aminostyryl]-2,5-bis[(S)-2-methylbutoxy]styryl}-2,5-bis-
[(S)-2-methylbutoxy]styryl]-1,4-bis[(S)-2-methylbutoxy]-5-
deuteriobenzene (10)Schiff baseb (0.025 g, 0.049 mmol) and
9 (0.40 g, 0.049 mmol) were dissolved in DMF (5 mL). The
mixture was heated at 8@ under an argon atmosphere, and
potassiuntert-butoxide (0.020 g, 0.176 mmol) was added. The
reaction mixture was stirred fd h at 80°C. After cooling to
room temperature, the reaction mixture was poured onto ice
and washed with HIC3 N and brine. The organic layer was
dried over MgSQ@ and concentrated in vacuo. Column chro-
matography (Si@ toluene/cyclohexane 7:3& = 0.6) and
recyrstallization from hexane, heptane, and a few drops gf CH
Cl, yielded 30 mg ofL0 (50%) as a yellow powder. IR (UATR)

v (cm™1) 2960, 2917, 2873, 1588, 1504, 1489, 1255, 1205, 1042,
970, 744, 693'H NMR (CDs;COCD;, 400 MHz): ¢ (ppm) 7.61

(s, 2H), 7.60 (d, 1H), 7.55 (d, 1H), 7.47(d, 1H), 7-35.95 (m,
30H), 4.01-3.76 (m, 12H), 2.091.83 (m, 6H), 1.741.55 (m,

6H), 1.45-1.26 (m, 6H), 0.951.15 (m, 36H)13C NMR (100
MHz): ¢ (ppm) 155.25, 152.89, 152.84, 152.72, 150.10, 149.58,
149.54,144.87, 144.58, 141.06, 131.32, 131.03, 130.98, 130.19
129.47,129.13, 128.96, 128.91, 128.15, 127.30, 127.04, 125.3
125.35, 125.16, 124.93, 124.87,124.73, 124.68, 124.37, 124.34
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su microchannel plate photomultiplier (R3809U-50). Lifetimes
were determined from the data using the Edinburgh Instruments
software package.

Near Steady-State PIA. Solutions were prepared in a
nitrogen-filled glovebox in order to exclude interference of
oxygen during measurements. The PIA spectra were recorded
between 0.5 and 3.0 eV by excitation 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
tungster-halogen probe light through the sampleT] with a
phase-sensitive lock-in amplifier after dispersion by a grating
'monochromator and detection, using 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
(—ATIT ~ AO.D.) was directly calculated from the change in
transmission after correction for the PL, which was recorded in
a separate experiment. PIA and PL spectra were recorded with
the pump beam in a direction almost parallel to the direction of
the probe beam. The solutions were studied il mmnear-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 on quartz substrate, and held at 80 K
in an Oxford continuous flow cryostat.

Transient Subpicosecond Photoinduced AbsorptionThe
femtosecond laser system used for pumppobe 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 a Nd:YLF laser using chirped
pulse amplification, providing 150 fs pulses at 800 nm with an
energy of 750uJ and a repetition rate of 1 kHz. The pump
pulses at 450 nm were created via optical parametric amplifica-
tion (OPA) of the 800 nm pulse by a BBO crystal into infrared
pulses which were then two times frequency doubled via BBO
crystals. The probe beam was generated in a separate optical
parametric amplification setup in which 1030 and 1450 nm
pulses were created. The pump beam was focused to a spot

size of about 1 mrwith an excitation flux of 1 mJ cn¥ per

12430, 123.17, 122.16, 115.71, 113.14, 112.34, 111.95, 111.5gPulse. For the 1030 and 1450 nm pulses a RG 850 nm cutoff
111.39. 75.61 75.56. 75.53. 75.36. 74.72 36.76. 36.68. 36.63 flter was used to avoid contributions of residual probe light
36.44, 27.85, 27.81, 27.60, 18.04, 17.98, 17.95, 17.92, 17.60,(800 nm) from the OPA. The probe beam was reduced in
12.63. 12.60. 12.58. 12.52. 12.39. Anal. Calcd f@:ﬂ'QOZNZOﬁ intensity Compared to the pump beam by using neutral density
C,81.6;H,8.2: N, 2.3. Found: C,81.2;H,7.7: N, 2.2. MALDI- filters of OD = 2. The pump beam was Iinearly polarized at
TOF MS (MW = 1236.74)m/z = 1235.62 [M]. the magic angle of 5477with respect to the probe, to cancel
Electrochemistry. Cyclic voltammograms were measured in out orientation effects in the measured dynamics. The temporal

0.1 M tetrabutylammonium hexafluorophosphate (TBARS

a supporting electrolyte in dichloromethane (or THF) using a
Potentioscan Wenking POS73 potentiostat. The working elec-
trode was a Pt disk (0.2 ¢ the counter electrode was a Pt

evolution of the differential transmission was recorded using
Si or an InGaAs detector by a standard lock-in technique at
500 Hz. Solutions in the order of-5 x 1074 M were excited

at 450 nm, i.e., providing primarily excitation of the OPV part

plate (0.5 crf), and a saturated calomel electrode (SCE) was within the molecules. The solid-state measurements were
used as reference electrode, calibrated against Eq/#F6.43 performed on films, drop cast from chloroform solution.
V).
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