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Synthesis and photophysics of two diketopyrrolopyrrole-based small band gap oligomers, end-capped

at both ends with C60 are presented. Upon photoexcitation of the oligomer, ultrafast energy transfer to

the fullerene occurs (~0.5 ps), followed by an electron transfer reaction. Femtosecond transient

absorption has been used to determine the rates for charge separation and recombination. Charge

separation occurs in the Marcus normal region with a time constant of 18–47 ps and recombination

occurs in the inverted regime, with a time constant of 37 ps to 1.5 ns. Both processes are faster in

o-dichlorobenzene (ODCB) than in toluene. Analysis of the charge transfer rates by Marcus-Jortner

theory leads to the view that the positive charge must be located on the thiophene/dithiophene unit

closest to the fullerene. Approximately 14% of the charge transfer state was found to recombine into the

low-lying triplet state of the oligomer for the smaller system in ODCB.

Introduction

Photovoltaics are considered as one of the viable options for

future energy supplies. In this respect, organic photovoltaics are

regarded as an attractive alternative for the inorganic solar cells

used at present, due to their flexibility, ease of processing and

potentially low cost. In recent years, many different polymers have

been reported as active materials and the best efficiencies to date

approach 7.5%, when combined with fullerene derivatives in bulk

heterojunction devices.1–4

One class of compounds that has attracted much interest

recently is based on alternating electron-rich thiophene units and

electron-poor diketopyrrolopyrrole (DPP) units. This alternation

of electron-rich and electron-poor units in the main chain generally

reduces the band gap of conjugated polymers, giving rise to strong

light absorption extending into the near-infrared region of the

spectrum. Using polymers5–8 and short oligomers9–11 containing

the DPP unit, device efficiencies approaching 5% have been

reported. A common feature of these DPP-based materials is

their relatively high oxidation potential, leading to high-energy

charge separated states when combined with fullerenes, and to

correspondingly high voltages when used in solar cells.
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Despite the advantage of having light absorption extending into

the near-IR region of the spectrum, one of the drawbacks of small-

band gap systems like the DPP-based polymers is their generally

low triplet energy. If the triplet energy is lower than the energy of

the charge separated state, this leads to the possibility of charge

recombination into the triplet state. This triplet recombination is

therefore likely to be a loss mechanism in solar cells based on small

band gap polymers and oligomers.12–14

As electron transfer reactions are key steps in the charge separa-

tion and recombination processes, detailed knowledge about these

reactions could be of great help in designing new donor–acceptor

combinations. Many studies of electron transfer processes in linked

donor-fullerene systems have been performed in past decades.15–43

In general, charge separation occurs rapidly, in the Marcus-normal

regime, followed by charge recombination in the Marcus inverted

regime. Also charge recombination into a triplet state has been

observed frequently.15,18,44–47

We recently reported studies on several small band gap

oligomer–fullerene triads, using thienopyrazines (TPs) as the

electron-deficient unit in the oligomer.48 Consistent with previous

studies,15–43 very fast charge separation in the C60-TP-C60 triads

took place close to the Marcus optimal region, while charge

recombination occurred in the Marcus inverted region. In the

C60-TP-C60 triads no recombination into the low-lying triplet state

could be observed, most probably due to the short lifetime of

the charge separated state, preventing intersystem crossing in

that state. Here, we present a similar series of oligomer–fullerene

triads, based on the DPP-core as the electron-deficient unit in

the oligomers. In these systems, charge transfer takes place in a

two-step fashion, upon photoexitation of the oligomer. In the first

step, energy transfer to the C60 moiety takes place, followed by

electron transfer in the Marcus normal region. As the energy of

the charge separated state in the DPP-systems is higher than in the

TP-systems, and charge recombination takes place in the Marcus

inverted regime, the lifetime of the charge separated state is long

enough to allow relatively slow intersystem crossing followed by
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Scheme 1 Synthesis of the compounds under study.

much faster charge recombination into the triplet excited state of

the oligomer.

Results and discussion

Synthesis

Synthesis of the compounds is depicted in Scheme 1. Oligomers

DPP-T1 and DPP-T2 were synthesized according to (modi-

fied) literature procedures.7,49 Lithiation with lithium diisopropy-

lamide (LDA), followed by quenching of the anion by N,N-

dimethylformamide (DMF) gave the corresponding aldehydes.

These were reacted with C60 and N-methylglycine in a Prato

reaction,50 yielding triads DPP-T1-C60 and DPP-T2-C60. Small

amounts of the crude triads were purified by preparative HPLC

for the analysis described in this work. The compounds were

characterized by 1H-NMR, 13C-NMR, FT-IR and MALDI-TOF-

MS.

Optical and electrochemical properties

UV/vis absorption spectra of the oligomers and triads are given in

Fig. 1a. It can be seen, that the absorption of the triads resembles

a superposition of the spectra of the separate oligomer and N-

methylfulleropyrrolidine (MP-C60) units, although a distinct red-

shift in the absorption is observed. The most likely cause for

this red-shift is the fact that the end-groups connected to the

oligomer (H in the bare oligomer and MP-C60 in the triads)

differ, thereby slightly influencing the electronic energy levels of

the polymer. No other electronic interactions (e.g. charge-transfer

absorptions) can be observed in the absorption spectrum of DPP-

T2-C60. Due to the low solubility of DPP-T1-C60, some scattering

occurred in the UV-experiment, reflected in the low-energy tail

of the spectrum. Therefore, no definite conclusions about other

electronic interactions can be drawn from these spectra, although

there are no clear indications for their existence. From the onsets

of absorption, the optical band gaps of the oligomers can be

calculated as 2.15 eV for DPP-T1 and 1.88 eV for DPP-T2.

The UV/vis absorption data of the oligomers are summarized

in Table 1.

Fig. 1 Normalized UV/vis absorption spectra of the oligomers, triads

and MP-C60 recorded in ODCB (a) and cyclic voltammograms of the

oligomers and MP-C60 recorded in ODCB (b).

Cyclic voltammograms of the separate oligomers and MP-C60

are depicted in Fig. 1b. In both oligomers, one or two reversible

oxidations and one reversible reduction were observed. From the

onsets of oxidation and reduction, the electrochemical band gaps

of the oligomers can be calculated as 2.09 eV for DPP-T1, and

1.81 eV for DPP-T2. These values are in good agreement with the

optical band gaps. The electrochemical data for the oligomers are

summarized in Table 1.
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Table 1 UV/vis absorption and fluorescence and electrochemical data in ODCB for the oligomers and MP-C60. Oxidation and reduction potentials are
relative to ferrocene

lonset/nm ES1/eV lmax/nm lmax
PL/nm UF tF/ns Eox

onset/V Eox
◦/V Ered

onset/V Ered
◦/V Eg

CV/eV

DPP-T1 576 2.15 555 569 0.62 5.9 0.38 0.46 -1.71 -1.78 2.09
DPP-T2 660 1.88 617 653 >0.23a 2.5 0.21 0.29 -1.60 -1.69 1.81
MP-C60 726 1.71 433 717 1.3 -1.13 -1.20

a The full fluorescence band could not be detected. Therefore, a lower limit for the fluorescence quantum yield is given.

Triplet excited states and cations of the oligomers

The absorptions of the triplet excited states of DPP-T1 and DPP-

T2 were investigated by near steady-state photoinduced absorp-

tion (PIA) spectroscopy. As direct excitation of the oligomers did

not result in a detectable signal, due to the low quantum yield for

intersystem crossing to the triplet state, triplet sensitization with

MP-C60 in toluene solution was employed.51 In these experiments

MP-C60 was excited, leading to the triplet excited state of MP-C60

with a quantum yield of near unity. The energy of this triplet state

can then be transferred from MP-C60 to the oligomer, provided that

the latter triplet state has a lower energy than the triplet of MP-

C60. The obtained spectra are shown in Fig. 2. Both spectra show

a bleaching band at the absorption wavelength of the oligomer,

and a strong absorption at lower energy. The triplet spectrum of

DDP-T1 shows a Tn←T1 absorption at 1.44 eV with two vibronic

progressions to higher energies with spacings of 0.16 (strong) and

0.08 eV (weak). In DPP-T2 the lowest energy Tn←T1 absorption

has red shifted to 1.08 eV, again with a vibronic peak shifted by

0.16 eV, but the spectrum is dominated by an absorption at 1.88 eV.

Fig. 2 Near steady-state PIA spectra of mixtures of DPP-T1 or DPP-T2

(0.1 mM) and MP-C60 (0.4 mM) recorded in toluene, at an excitation

wavelength of 351/364 nm. The inset shows an enlargement of the

low-energy part of the spectra.

The energies of the triplet states can be estimated by adding

quenchers with a known triplet energy to the oliogomer/MP-C60

mixture. If the triplet energy of the oligomer is lower than the

triplet energy of the quencher, the spectrum is not affected and the

triplet state of the oligomer is still visible. If however, the triplet

energy of the quencher is lower than that of the oligomer, the

triplet of the oligomer is quenched, and the triplet absorption of

the quencher is observed. In case both absorptions are visible, both

triplets have about the same energy. In this way, the energies of the

triplet states of the oligomers can be estimated as being around

1.1 eV for DPP-T1 (partial quenching of the rubrene triplet,

Table 2 Triplet Tn←T1 absorption maxima and triplet energies (ET)
of the oligomers and absorption maxima (D1←D0 and D2←D0) of the
oxidized oligomers

Tn ← T1/eV ET/eV RC D1←D0/eV RC D2←D0/eV

DPP-T1 1.44 1.1 1.45 2.03
DPP-T2 1.08 1.88 0.9 1.21 1.45

at 1.14 eV,52 and visibility of both DPP-T1 and rubrene triplet

signals in the spectrum) and around 0.9 eV for DPP-T2 (partial

quenching of the bis(trihexylsiloxy)silicon-2,3-naphthalocyanine

triplet, at 0.93 eV).53 The triplet energy of MP-C60 is known to be

1.50 eV.15 Triplet energies and absorption maxima are summarized

in Table 2.

The absorption spectra of the radical cations, formed upon

oxidation of DPP-T1 and DPP-T2 can be investigated by chemical

oxidation with thianthrenium hexafluorophosphate.54 In these

experiments the oxidant is added to a solution of the oligomer

in small aliquots, and the UV/vis spectra are recorded. Spectra

obtained in this way are shown in Fig. 3. In both cases, the original

Fig. 3 Chemical oxidation of oligomers DPP-T1 (a) and DPP-T2 (b) by

adding a solution of thianthrenium hexafluorophosphate. The appearance

and disappearance of bands is indicated with arrows.
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p→p* absorption band of the neutral oligomer disappears and

two bands appear at lower energy. These bands can be attributed

to the HOMO→SOMO (Singly Occupied Molecular Orbital)

and SOMO→LUMO transitions of the newly formed doublet-

state radical. The absorption maxima of the radical cations are

summarized in Table 2.

Photoluminescence of oligomers and triads

Photoluminescence spectra of oligomers DPP-T1 and DPP-T2

dissolved in toluene are depicted in Fig. 4a. Fluorescence maxima,

quantum yields and lifetimes are summarized in Table 1. Whereas

the bare oligomers are strongly fluorescent, the fluorescence of the

DPP oligomer in the triads is fully quenched due to the very fast

decay of the S1 state of the DPP moiety, either by energy transfer

Fig. 4 Normalized photoluminescence spectra of the oligomers in toluene

(a) and quenching of the fullerene fluorescence in the triads in toluene

(b) and ODCB (c), recorded with excitation at 433 nm.

to the C60 units or by electron transfer from the C60 to the DPP

oligomer.

Some insight into the processes occurring after excitation can

be obtained, when the fluorescence of the C60 units is examined.

Quenching of the fluorescence of MP-C60 in the triads is shown

in Fig. 4b. For this graph, MP-C60 and the oligomers were excited

at 433 nm, corresponding to the small absorption maximum in

the fullerene spectrum, and the emission spectra of all compounds

were recorded without changing the settings of the spectrometer.

The spectra were corrected for the optical density at the excitation

wavelength, and hence the height of the fluorescent peaks is

proportional to the relative quantum yields for fluorescence of

the different compounds. It is clear from Fig. 4b that in toluene,

the fluorescence of the C60-units is partially quenched (~55% for

DPP-T1-C60 and ~75% for DPP-T2-C60), indicating some, but

incomplete, charge transfer in these systems. In ODCB quenching

of the C60 fluorescence is nearly complete for DPP-T1-C60 and

DPP-T2-C60, indicating efficient charge separation as a result of

the higher solvent polarity that stabilizes the charge separated

state.

Charge separation and recombination processes

Near steady-state PIA spectra of the triads DPP-T1-C60 and DPP-

T2-C60 are shown in Fig. 5. For both oligomers, clear signals are

observed in both toluene and ODCB that can be attributed to

the absorption of the triplet excited state of the DPP-oligomers.

As the bare oligomers do not show any detectable amount of

triplet absorptions, the observed triplet states must be formed

via another process than direct intersystem crossing from the

Fig. 5 Near steady-state PIA spectra of DPP-T1-C60 (a) and DPP-T2-C60

(b) recorded in toluene and ODCB, at an excitation wavelength of 514 nm.
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singlet excited state of the DPP-oligomer. This process can either

be triplet sensitization by the MP-C60 part of the molecules, as

shown previously for mixtures of the oligomers and MP-C60, or

recombination of the charge separated state into the triplet state

of the oligomer. The latter is possible via intersystem crossing

(ISC) in the charge separated state, provided that the lifetime of

this state is long enough. The fact that triplet excited oligomers

are still observed in ODCB, with full quenching of the MP-C60

fluorescence, is in correspondence with the latter explanation. The

smaller amount of observed triplets, reflected in the weaker signal,

could be explained by the shorter lifetime of the charge separated

state that is expected in ODCB, compared to toluene. This is due

to the previous observation that charge recombination in this kind

of systems takes place in the Marcus-inverted regime, leading to

a shorter lifetime for the thermodynamically more stable charge

separated state in ODCB.48

To obtain more insight into the processes occurring after

excitation of the triads, the compounds were investigated by

femtosecond transient absorption spectroscopy (fs-TA). fs-TA

spectra of the oligomers in ODCB are shown in Fig. 6. For

both compounds, a negative band consisting of the ground state

bleaching and stimulated emission (SE) peaks (visible as the low-

energy shoulder), and positive bands at lower and higher energy

were observed. The latter bands can be attributed to the Sn←S1

absorptions of the oligomers. In both cases, the bands show a

monoexponential decay, with a time constant of 3–4 ns, close to

the fluorescence lifetimes of the oligomers determined by time-

correlated single photon counting (Table 1). Fig. 6a shows that

Fig. 6 fs-TA spectra of the oligomers DPP-T1 (a) and DPP-T2 (b) in

ODCB.

for DPP-T1 a low energy Sn←S1 transition is visible in the

spectral window (400–800 nm). For DPP-T2, for which the normal

absorption is at higher the wavelengths, the low energy Sn←S1

transition has shifted outside this region, while a high energy

Sn←S1 transition appears in the spectral window. Based on the

decay with time we attribute these bands to originate from the S1

state of DPP-T1 and DPP-T2 respectively.

fs-TA data for the triads in toluene and ODCB are shown

in Fig. 7. fs-TA spectra of DPP-T1-C60 in toluene could not

be recorded, due to the very low solubility of the triad in that

solvent. In all spectra shown in Fig. 7, the initially formed singlet

excited state of the DPP-oligomer has decayed within 2 ps, as

evidenced from the absence of the stimulated emission feature

in the negative band. Therefore, the observed bleaching band is

associated with the formation of the charge separated state (CSS),

in which an electron has been transferred from the oligomer to the

MP-C60 unit. In the next 20–140 ps, an increase of the bleaching

band is observed, combined with a concomitant rise of absorptions

in the regions where the cations of the oligomers absorb. This is

due to charge separation from the singlet excited state of the MP-

C60 unit, which has formed within the first ~0.5 picoseconds. The

formed charged separated state then recombines partially to the

ground state, and partially to the triplet excited state of the DPP

oligomer. This is evidenced by the clear signal observed after a

few ns at 690 nm (1.8 eV) for DPP-T2-C60 (most clearly visible in

toluene), which is at the same position as the triplet absorption of

the bare oligomer. For DPP-T1-C60, the triplet absorption itself is

not observed, as it is probably too weak, but the bleaching band of

the oligomer does not completely vanish, indicating the presence

of a long-lived excited state.

A schematic depiction of the charge separation and recombina-

tion process, following from the discussion above, is depicted in

Fig. 8. In summary, excitation of the DPP-oligomer leads to partial

charge transfer and partial energy transfer to the fullerene. The

excited C60 moiety then leads to electron transfer from the DPP-

oligomer to the fullerene, yielding the (singlet) charge separated

state (1CSS). This charge separated state then recombines to the

ground state, or intersystem crossing to the lower energy triplet

charge separated state (3CSS) occurs, which recombines into the

triplet excited state of the DPP oligomer. It has to be noted that the
3CSS is not detected as a separate species because its formation

(from 1CSS) is much slower than its decay (to the triplet state

localized on the DPP oligomer). Its intermediacy is assumed.

To access the rates for the different charge separation and

recombination processes, global analysis of the data using the

Glotaran55 software has been performed. In this procedure, the

time traces at all wavelengths are simultaneously fitted to a

triexponential model. In case of DPP-T2-C60 in toluene, only

3 time traces (shown in Fig. 7f), characteristic for the different

excited states, were fitted, because the global analysis did not con-

verge. This procedure yielded time constants for charge separation

(tCS
C60), charge recombination (tCR) and a very long component

for the decay of the long-living triplet state of the oligomer.

The time constants for charge separation and recombination are

summarized in Table 3. Time constants for energy transfer from the

initially formed singlet excited DPP unit to C60 (tET) and for charge

transfer from the same state (tCS
DPP) fall within the time resolution

of the fs-TA setup (0.2 ps), but their spectral characteristics were

obscured by the coherent artifact (pulse related phenomena).

This journal is © The Royal Society of Chemistry and Owner Societies 2010 Photochem. Photobiol. Sci., 2010, 9, 1055–1065 | 1059



Fig. 7 fs-TA data for DPP-T1-C60 in ODCB (a, b) and DPP-T2-C60 in toluene (c, d) and ODCB (e, f). Graphs a, c, e show the evolution of the spectra

with time, graphs b, d, f show time traces at selected wavelengths. The solid lines in the latter graphs are triexponential fits of the data, obtained by a

global analysis procedure.

Table 3 Time constants for charge separation in the triad from the excited
C60 unit (tCS

C60), and recombination of the charges to either the ground
state or the triplet excited state (tCR)

tCS
C60/ps tCR/ps

toluene ODCB toluene ODCB

DPP-T1-C60 47 110
DPP-T2-C60 41 18 1500 37

Fitting the time traces results in only one, overall time constant

(tCR) for charge recombination. From the scheme in Fig. 8

however, it is clear that this time constant is composed of the

time constants for two different processes: recombination into

the ground state (with tCR
S) and recombination into a triplet

state (with t ISC, provided that ISC is the rate limiting step for

charge recombination into the triplet). A rough estimate of the

quantum yield for charge recombination into the triplet state

from the charge separated state can be made, by looking at the

residual bleaching of the oligomer at long times. This bleaching,

divided by the maximum bleaching obtained, is approximately

equal to the fraction of the charge separated molecules that

recombines into the triplet state. For DPP-T1-C60 in ODCB, ap-

proximately 14% of the formed charge separated states recombines

into the triplet, meaning that tCR
S is about 6 times smaller than

t ISC (i.e. recombination into the ground state is 6 times faster than

ISC), resulting in t ISC of about 0.8 ns, using the relation:

(1)

1060 | Photochem. Photobiol. Sci., 2010, 9, 1055–1065 This journal is © The Royal Society of Chemistry and Owner Societies 2010



Table 4 Singlet (ES1) and triplet (ET1) energy levels, half-wave oxidation potentials (Eox, vs. Fc/Fc+ in ODCB), cation radius (r+), distance between
positive and negative charges (Rcc), energy of the charge separated state (ECSS) and free energies (DG) for the different charge separation and recombination
processes (using the same sub- and superscripts as in Fig. 8). Energies are calculated for toluene and ODCB when the center of the positive charge is
located on the center of the oligomer (“DPP”) or on the thiophene/bithiophene unit next to the fullerene (“T”)

ES1/eV ET1/eV Eox/V r+/Å Location charge Rcc/Å Solvent ECSS/eV DGCS
DPP/eV DGCS

C60/eV DGCR
S/eV DGCS

T/eV

DPP-T1-C60 2.15 1.1 0.46 4.3 DPP 9.7 toluene 1.79 -0.36 0.09 -1.79 -0.69
ODCB 1.51 -0.64 -0.19 -1.51 -0.41

T 6.9 toluene 1.62 -0.53 -0.08 -1.62 -0.52
ODCB 1.45 -0.70 -0.25 -1.45 -0.35

DPP-T2-C60 1.88 0.9 0.29 5.0 DPP 13.1 toluene 1.69 -0.19 -0.01 -1.69 -0.79
ODCB 1.38 -0.50 -0.32 -1.38 -0.48

T 8.5 toluene 1.52 -0.36 -0.18 -1.52 -0.62
ODCB 1.32 -0.56 -0.38 -1.32 -0.72

Fig. 8 Schematic depiction of the charge separation and recombination

processes occurring after excitation of the triads. We note that the actual

energy difference between 1CSS and 3CSS is not known and the difference

shown in the graph is for clarity only.

For DPP-T2-C60 in toluene, the fraction of charge separated

molecules that recombine into the triplet state is about 10%,

meaning that tCR
S is about 9 times smaller than t ISC, resulting

in t ISC of about 15 ns. For DPP-T2-C60 in ODCB, this analysis

could not be performed, as the fraction recombination into triplet

states is too small, due to the short lifetime of the charge separated

state.

The energy of the charge separated state (ECSS) in different

solvents can be calculated with the following equation, based on

a continuum model:56

(2)

In this equation, Eox(D) is the oxidation potential of the oligomer

and Ered(A) is the reduction potential of MP-C60 (-1.2 V vs.

Fc/Fc+ in ODCB). Rcc is the center-to-center distance of the

positive and negative charges, which was determined for the triads

using molecular modeling, assuming the positive charge to be

located either on the center of the oligomer (the DPP-unit) or

asymmetrically on the center of the thiopene/bithiophene unit

next to the fullerene, and the negative charge at the center of

the fullerene moiety. r+ and r- are the radii of the positive and

negative ions formed. r- is calculated in literature to be 5.6 Å

for C60, based on the density of C60.
15 r+ can be estimated using a

similar approach, using a density of 1.5, the value for unsubstituted

terthiophene.57
eref and es are the permittivities of the reference

solvent (used to measure oxidation and reduction potentials) and

the solvent in which electron transfer is studied. It is well known

that solvents like toluene, with a low dipole moment and a high

quadrupole moment, often show larger stabilization energies of

charge separated states than predicted from their “bulk” relative

permittivity. Because the relative permittivity does not describe the

solvent-molecule interactions in these solvents well, an apparent

permittivity can be used, such that the solvent behaves as a

hypothetical solvent of polarity eapp. For toluene, an apparent

permittivity of 3.5 was used.58,59 Values calculated for r+, Rcc, ECSS,

and DG for the different charge transfer processes are summarized

in Table 4.

Marcus theory estimates the activation barrier for photoinduced

charge separation based on the free energy for charge separation,

DGCS, and the reorganization energy, i.e. the energy needed to

deform the excited donor–acceptor system to the geometry of the

charge separated state. Assuming the same parabolic energy curves

for both the initial excited state and the charge separated state, this

leads to:60,61

(3)

where l is the sum of internal (li) and solvent (ls) contributions.

The internal reorganization energy is set to 0.3 eV in this case,

based on the reported value for the C60/diethylaniline couple.15

The solvent contribution can be calculated using the Born-Hush

approach:62

(4)

In this formula, n is the refractive index of the solvent, and the

other parameters are the same as defined before. Reaction rates

can be calculated using the non-adiabatic electron transfer theory

by Jortner et al.:63,64

(5)
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Table 5 Reorganization energy (l), activation barriers (DG‡) and calculated rate constants (k/V 2) for the different charge transfer processes (using the
same sub- and superscripts as in Fig. 8), in toluene and ODCB when the center of the positive charge is located on the center of the oligomer (“DPP”) or
on the thiophene/bithiophene unit next to the fullerene (“T”)

Location
charge Solvent l/eV DG‡

CS
DPP/eV DG‡

CS
C60/eV DG‡

CR
S/eV DG‡

CR
T/eV

kCS
DPP/V 2/

s-1 eV2

kCS
C60/V 2/

s-1 eV2

kCR
S/V 2/

s-1 eV2

kCR
T/V 2/

s-1 eV2

DPP-T1-C60 DPP toluene 0.54 0.015 0.18 0.73 0.011 1.0 ¥1016 2.0 ¥1011 1.0 ¥1013 1.1 ¥1016

ODCB 0.77 0.006 0.11 0.18 0.041 1.1 ¥1016 8.0 ¥1013 6.8 ¥1014 2.5 ¥1015

T toluene 0.44 0.005 0.073 0.79 0.003 1.3 ¥1016 2.3 ¥1014 1.6 ¥1013 1.3 ¥1016

ODCB 0.58 0.006 0.047 0.33 0.021 1.2 ¥1016 2.0 ¥1015 2.3 ¥1014 7.2 ¥1015

DPP-T2-C60 DPP toluene 0.56 0.060 0.13 0.56 0.022 9.5 ¥1014 8.9 ¥1012 3.2 ¥1013 8.5 ¥1015

ODCB 0.81 0.031 0.076 0.099 0.034 3.8 ¥1015 4.7 ¥1014 2.0 ¥1015 3.3 ¥1015

T toluene 0.47 0.006 0.043 0.59 0.012 1.5 ¥1016 2.5 ¥1015 5.2 ¥1013 1.1 ¥1016

ODCB 0.63 0.002 0.025 0.19 0.017 1.3 ¥1016 5.8 ¥1015 8.2 ¥1014 8.3 ¥1015

In this equation, V describes the electronic coupling between

donor and acceptor and S = li/©w, the effective mode vibrational

energy. ©w was set to 0.186 eV (1500 cm-1), a value characteristic

for the carbon-carbon double bond stretching frequency. Because

the value of V is not known in our case, rates are calculated as

k/V 2. Values calculated for l, DG‡, and k/V 2 for the different

charge transfer processes are summarized in Table 5.

From the values in Table 4 and Table 5, it is clear that for

charge separation from the initial excited state on the oligomer, l

is close to DGCS
DPP. This means that this charge separation takes

place close to the Marcus optimal region, leading to low activation

barriers and very fast charge separation, in line with experimental

observations. Charge separation when the excited state is located

on the fullerene unit, is clearly located in the Marcus normal

region (-DGCS
DPP

< l), reflected in higher activation barriers and

lower charge transfer rates. The fact that this charge separation

process takes place in the Marcus normal region also explains

the experimental observation that this process is faster in ODCB

(where the charge separated state is stabilized) than in toluene.

Charge recombination to the ground state clearly takes place in the

Marcus inverted region (-DGCR
S
> l) in agreement with previous

observations.15–43 Because this charge recombination is located

in the inverted region, charge recombination is faster in ODCB

than in toluene. In all cases the calculated DG‡
CR

S is larger than

DG‡
CS

C60, in line with experimental observations. Energetically,

charge recombination to the triplet state again takes place close to

the Marcus normal region, which would lead to very high reaction

rates. The experimental observation of slow triplet recombination

can however be explained by a rate-limiting ISC process, instead

of a rate-limiting charge transfer process.

For the general trends discussed above, the location of the

positive charge is not of great importance. When calculating rate

constants, however, using eqn (5), it does matter if the charge is

located on the center of the DPP-oligomer, or more asymmetrically

on the center of the thiophene/bithiophene unit next to the

fullerene. If rate constants are estimated using the value of Rcc

calculated for the positive charge being located on the oligomer

center, the general trends are not reproduced. Here, the calculated

values for kCR
S/V 2 are larger than kCS

C60/V 2, in contrast to the

experimental observation that charge recombination is slower

than charge separation. Furthermore, when calculating V , by

comparing the observed 1/tCS
C60 and the calculated kCS

C60/V 2,

values for V of 11 to 52 meV are obtained. These are unrealistically

large, as values of a few meV are generally obtained for donor–

acceptor dyads and triads.16,59,65 Recalculating the values with a

smaller Rcc, obtained by placing the positive charge on the center

of the thiophene/bithiophene unit next to the fullerene, accurately

reproduces the experimental trends. The calculation results in

very fast initial charge separation from the excited oligomer,

somewhat slower recombination from the excited fullerene, and

even slower charge recombination to the ground state. Moreover,

the obtained value for V is 3.2 ± 0.1 meV, which is completely

in line with commonly observed values.16,59,65 Therefore, we can

conclude that the positive charge is most probably located on the

thiophene/bithiophene unit next to the fullerene. This conclusion

is consistent with the idea that the DPP units are electron

deficient compared to the electron rich thiophene/bithiophenes

and that radical cations are preferentially formed on the lat-

ter units. Furthermore, similar cationic charge localization on an

oligomeric unit (influencing the center to center distance) has been

suggested before to occur in perylene-monoimide/oligothiophene

electron donor–acceptor systems.66

Conclusions

Triads consisting of DPP-containing oligomers, end capped with

fullerenes were prepared and photoinduced energy and electron

transfer reactions were investigated by photoluminescence, near

steady-state PIA and fs-TA techniques. After excitation of the

DPP oligomer, charge transfer takes place via two simultaneously

occurring routes. The first route is direct electron transfer, in the

Marcus optimal regime, from the excited DPP oligomer to the

fullerene. The second route is a two-step process consisting of

ultrafast energy transfer from the DPP-oligomer to the fullerene,

followed by charge separation from the formed excited state. In

the latter case, the charge transfer process occurs in the Marcus

normal regime, with time constants in the range of 18–47 ps. The

formed charge separated state subsequently recombines via two

distinct pathways. The first pathway is direct recombination to

the ground state, which occurs in the Marcus inverted region,

with time constants in the range of 37 ps to 1.5 ns. Because

the charge separated state has a lower energy in the more polar

ODCB, this process is much faster in ODCB than in toluene.

The other pathway consists of intersystem crossing in the charge

separated state, with time constants of 0.8 to 15 ns, and subsequent

recombination into the triplet excited state of the DPP oligomer.

ISC in the charge separated state is the rate-limiting step in this

process. Clear signals for the triplet absorption of the oligomer
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could be observed by near steady-state PIA and fs-TA. As the ISC

process is slow compared to direct recombination to the ground

state, triplet recombination was found to be of more importance in

toluene than in ODCB, because of the slower direct recombination

process in toluene. Analysis of the observed rates by Marcus-

Jortner theory leads to the conclusion that the positive charge

in the charge separated state is most likely not located on the

center of the DPP oligomer, but rather asymmetrically on the

thiophene/bithiophene unit next to the fullerene.

Experimental

General methods

1H-NMR and 13C-NMR spectra were recorded on a 500 MHz

NMR (Varian Unity Plus, 500 MHz for 1H-NMR and 125 MHz

for 13C-NMR) in CS2, using a D2O insert for locking and shim-

ming. Chemical shifts are reported in ppm downfield from tetram-

ethylsilane (TMS). IR spectra were recorded on a Perkin Elmer

1600 FT-IR. Matrix-assisted laser desorption ionization time-

of-flight (MALDI-TOF) mass spectrometry has been performed

on a PerSeptive Biosystems Voyager-DE PRO spectrometer.

Preparative HPLC was performed using a Cosmosil Buckyprep

Waters packed column (10 ¥ 250 mm), using toluene as the

eluent at a flow rate of 5 mL min-1. Analytical HPLC analysis

was performed on a Hewlett Packard HP LC-Chemstation 3D

(Agilent/HP1100 Series) using an analytical Cosmosil Buckyprep

column (4.6 ¥ 250 mm).

Cyclic voltammograms were recorded in an inert atmosphere

with 0.1 M tetrabutyl ammonium hexafluorophosphate (TBAPF6)

in ODCB as supporting electrolyte. The working electrode was

a platinum disc (0.2 cm2) and the counter electrode was a silver

electrode. The samples were measured using an Ag/AgCl reference

electrode with Fc/Fc+ as an internal standard using a mAutolab II

with a PGSTAT30 potentiostat.

UV/vis/nearIR absorption spectra were recorded using a

PerkinElmer Lambda 900 spectrophotometer. Fluorescence spec-

tra were recorded on an Edinburgh Instruments FS920 double-

monochromator spectrophotometer with a Peltier-cooled red-

sensitive photomultiplier. The emission spectra were corrected

for the wavelength dependence of the sensitivity of the detection

system. Time-correlated single photon counting fluorescence

studies were performed on an Edinburgh Instruments LifeSpec-PS

spectrometer by photoexcitation with a 400 nm picosecond laser

(PicoQuant PDL 800B) operated at 2.5 MHz and by detection with

a Peltier-cooled Hamamatsu microchannel plate photomultiplier

(R3809U-50). The data were deconvoluted with the instrument

response function of the instrument, recorded using dispersed

light, and fitted to a monoexponential function using the Fluofit

package (PicoQuant, Berlin).

Near-steady state PIA spectra were recorded by exciting with

a mechanically modulated cw Ar-ion laser (l = 351 and 364 nm

or 514 nm, 275 Hz) pump beam and monitoring the resulting

change in transmission of a tungsten-halogen probe light through

the sample (DT) 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 (DT/T) was corrected for the photoluminescence, which

was recorded in a separate experiment. Photoinduced absorption

spectra and photoluminescence spectra were recorded with the

pump beam in a direction almost parallel to the direction of the

probe beam. The solutions were studied in a 1 mm near-IR grade

quartz cell at room temperature.

Femtosecond transient absorption experiments were performed

with a Spectra-Physics Hurricane Titanium:Sapphire regenerative

amplifier system. The full spectrum setup was based on an optical

parametric amplifier (Spectra-Physics OPA 800C) as the pump.

The residual fundamental light, from the pump OPA, was used

for white/probe light generation, which was detected with a CCD

spectrograph (Ocean Optics) for Vis detection. The polarization

of the pump light was controlled by a Berek Polarization Com-

pensator (New Focus). The Berek-Polarizer was always included

in the setup to provide the Magic-Angle conditions. The probe

light was double-passed over a delay line (Physik Instrumente,

M-531DD) that provides an experimental time window of 3.6 ns

with a maximal resolution of 0.6 fs per step. The OPA was used to

generate excitation pulses at 530 nm. The laser output was typically

3.5–5 mJ pulse-1 (130 fs FWHM) with a repetition rate of 1 kHz.

The samples were placed into cells of 2 mm path length (Hellma)

and were stirred with a downward projected PTFE shaft, using a

direct drive spectro-stir (SPECTRO-CELL). This stir system was

also used for the white light generation in a 2 mm water cell. For

the optical layout see supporting information of reference 67. All

photophysical data reported here have a 5 to 10% error limit. All

experiments were performed at room temperature.

Materials

C60 and MP-C60 were obtained from Solenne, other chemicals were

purchased from Acros or Aldrich and used without purification.

Synthesis of compounds DPP-TA1 and DPP-TA2 has been

reported previously.68 Reactions were performed under a nitrogen

atmosphere.

2¢,2¢¢¢-[[2,5-Bis(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4(2H ,5H)-

dione-3,6-diyl]bis(4-octyl-5,2-thiophenediyl)]bis[1¢,5¢-dihydro-1¢-

methyl-2¢H-[5,6]fullereno-C60-I h-[1,9-c]pyrrole] (DPP-T1-C60).

Compound DPP-TA1 (50 mg, 0.086 mmol), C60 (0.63 g,

0.87 mmol) and N-methylglycine (77 mg, 0.87 mmol) were

dissolved in ODCB (125 mL). The mixture was stirred at 120 ◦C

for 5 h. The reaction mixture was concentrated in vacuo and

purified by column chromatography on silica, using CS2 as the

eluent to remove unreacted C60, the product was subsequently

eluted with toluene. Yield: 42 mg (40%). 14 mg of the product

was further purified by preparative HPLC. 1H-NMR (500 MHz,

CS2) d (ppm): 8.92 (s, 2H, Ar-H), 5.32 (s, 2H, MP-H), 4.97 (d,

J = 9.0 Hz, 2H, MP-H), 4.28 (d, J = 10.0 Hz, 2H, MP-H), 3.92

(m, 4H, -CH2CH(C4H9)(C2H5)), 2.95 (s, 6H, N–CH3). IR (cm-1):

2948, 2923, 2856, 2782, 1668, 1574, 1456, 1091, 746, 736, 706.

MALDI-TOF-MS m/z : 2074.39 (50%), 2075.36 (100), 2076.40

(90), 2077.37 (70), 2078.4 (40), 2079.38 (25). HPLC: 1 peak at

13.7 min.

2¢,2¢¢¢-[[2,5-Bis(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4(2H ,5H)-

dione - 3,6 - diyl]bis(3¢ - octyl - 5,5¢ - [2,2¢ - bithiophene]diyl)]bis[1¢,5¢ -

dihydro-1¢-methyl-2¢H-[5,6]fullereno-C60-I h-[1,9-c]pyrrole] (DPP-

T2-C60). Compound DPP-TA2 (59 mg, 0.05 mmol), C60 (0.45 g,

0.62 mmol) and N-methylglycine (58 mg, 0.65 mmol) were
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dissolved in ODCB (125 mL). The mixture was stirred at 120 ◦C

for 5 h. The reaction mixture was concentrated in vacuo and

purified by column chromatography on silica, using CS2 as the

eluent to remove unreacted C60, the product was subsequently

eluted with toluene–ethyl acetate. Yield: 95 mg (77%). 20 mg of

the product was further purified by preparative HPLC. 1H-NMR

(500 MHz, CS2) d (ppm): 8.98 (d, J = 4.1 Hz, 2H, Ar-H), 7.20

(s, 2H, Ar-H), 7.18 (d, J = 4.1 Hz, 2H, Ar-H), 5.14 (s, 2H,

MP-H), 4.93 (d, J = 9.5 Hz, 2H, MP-H), 4.23 (d, J = 9.5 Hz,

2H, MP-H), 3.92 (d, J = 7.5 Hz, 4H, –CH2CH(C4H9)(C2H5)),

2.93 (s, 6H, N–CH3), 2.80 (t, J = 7.3 Hz, 4H, –CH2C7H15), 1.84

(m, 2H, –CH2CH(C4H9)(C2H5)), 1.63 (m, 4H, –CH2CH2C6H13),

1.40–1.16 (m, 36H, –CH2–), 0.92–0.82 (m, 18H, –CH3).
13C-NMR

(125 MHz, CS2) d (ppm): 160.61, 155.82, 153.76, 153.01, 152.83,

147.49, 146.85, 146.55, 146.51, 146.41, 146.39, 146.34, 146.29,

146.15, 145.92, 145.88, 145.83, 145.62, 145.57, 145.47, 145.44,

145.38, 144.92, 144.85, 144.57, 144.54, 143.38, 143.24, 142.94,

142.84, 142.47, 142.38, 142.30, 142.28, 142.24, 142.16, 142.14,

142.07, 141.88, 141.82, 141.45, 141.44, 140.47, 140.45, 140.22,

140.20, 139.96, 138.87, 137.31, 136.88, 136.86, 136.11, 135.78,

131.45, 130.74, 129.55, 129.54, 127.76, 126.87, 126.85, 108.73,

104.99, 79.30, 77.17, 70.27, 68.80, 45.83, 40.69, 39.76, 32.62,

30.85, 30.63, 30.38, 30.29, 30.25, 30.07, 28.96, 24.14, 24.11, 23.65,

14.96, 11.10. IR (cm-1): 2951, 2922, 2851, 2781, 1663, 1543, 1456,

1429, 733. MALDI-TOF-MS m/z: 2462.50 (40%), 2463.50(80),

2464.49 (100), 2465.47 (80), 2466.46 (55), 2467.44 (30), 2468.43

(10). HPLC: 1 peak at 9.0 min.
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