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In an effort to develop new materials for organic solar cell applications, we have synthesized triads of
3,6-dithien-2-yl-2,5-dialkylpyrrolo[3,4-c]pyrrole-1,4-dione (DTDPP) covalently linked at the nitrogen
positions to two [6,6]-phenyl-Cg;-butyric acid ester (PCB) units via alkyl chains of different lengths. We
present here the excited-state properties of the compounds in solution, as investigated by (time-
resolved) spectroscopy. The absorption spectra of the triads are the composite of the ones recorded with
the separate fullerene and DTDPP parent molecules, indicating weak electronic coupling between the
sub-units. However, the fluorescence quantum yield drops from 74% in pure DTDPP to <1% in the
triads, in both polar o-dichlorobenzene (DCB) and non-polar toluene (TOL). According to the energy
levels determined by cyclic voltammetry for the parent compounds, charge separation (CS) or
excitation energy transfer (EET) could be responsible for the quenching. However, femtosecond-
resolved transient absorption (TA) measurements revealed the quenching mechanism to be highly
efficient EET from the DTDPP to the PCB moieties. Ultrafast fluorescence spectroscopy showed
multiphasic EET dynamics, due to different molecular conformations induced by the flexibility of the
alkyl linkers, with time constants ranging from the sub-picosecond to the 100-150 ps scale. The
DTDPP chromophore thus acts as a sensitizer (or light-absorbing antenna) to channel light towards the
fullerenes, which have low absorbance in the visible range. The ultrafast time scale of the EET leading
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to fast population of the PCB singlet excited state is particularly interesting for potential use of the
systems to increase light harvesting in photovoltaic devices containing fullerenes.

Introduction

In organic bulk heterojunction (BHJ) solar cells, charge carriers
are generated at the interface between two blended materials
within a solid-state thin film.’> One component acts as the light
absorber, electron donor and hole transporter, while the other
component (typically a fullerene derivative such as [6,6]-phenyl-
Cg;-butyric acid methyl ester (PCBM)) is the electron acceptor
and electron transporter. High power conversion efficiencies of
7-8% can nowadays be achieved in BHJ devices.*®

A challenge in the field is to increase light harvesting, especially
since PCBM contributes little due to low absorption in the visible
range. The situation is improved if PCBM is replaced by its Cy
analogue, [6,6]-phenyl-C-;-butyric acid methyl ester (PC7(BM).
Another strategy to excite fullerenes with visible light is to
covalently attach a sensitizer (antenna chromophore), which
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strongly absorbs and then transfers the excitation energy to
Co0.'*"* Noteworthy are also conjugates of heptamethine
cyanines with fullerenes, where light harvesting extends into the
near-infrared range and charges can be formed from higher
excited states of the cyanine, which thus acts as both antenna and
electron donating unit.'*'* There are a few examples of dye
molecules used as sensitizers in BHJ solar cells (the active spec-
tral range is increased due to dye absorption, followed by various
energy and charge transfer steps depending on the system).'¢
However, this typically involves adding the dye as a third
component to the donor—acceptor blend. A second challenge to
improve BHJ device efficiency is the control of the nanoscale
morphology for optimal charge formation and transport. There
have been several attempts to achieve this control through well-
defined aggregation in covalent single-component systems, where
the fullerene acceptor is linked to the donor, instead of having
a random blend.**=*

The diketopyrrolopyrrole (DPP) chromophore has been
primarily known in commercial high-performance pigments used
for example as an automotive finish (red car paint).3>*¢ More
recently, DPP-containing materials, often based on the 3,6-
dithien-2-yl-2,5-dialkylpyrrolo[3,4-c]pyrrole-1,4-dione (DTDPP)
segment, have also attracted attention in optoelectronic
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devices.*”! In particular, many conjugated copolymers with DPP
groups,’”-38:41:42:4651 345 well as DPP-based small molecules,*3-**-%%
have been used in BHJ solar cells. Some covalently linked systems
of DPP derivatives with PCBM have also been reported.3%-40-5-58
When charge separation (CS) occurs between the DPP donor and
PCBM acceptor, they are interesting candidates for single-
component photovoltaic devices.*** On the other hand, the
strongly absorbing DPP chromophore can sensitize the fullerene
by excitation energy transfer (EET). An attempt has been repor-
ted to blend a covalent DPP-sensitized PCBM derivative with
a conjugated polymer in a BHJ solar cell.*®

We report here the excited-state dynamics of two new triads of
DTDPP covalently linked at the nitrogen positions to a couple of
[6,6]-phenyl-Cg;-butyric acid ester (PCB) units through alkyl
chains of different lengths (n = 6, n = 11), as shown in Scheme 1
together with the abbreviated names of the compounds. The
photophysics of PCB-DTDPPH and PCB-DTDPPU was
investigated by steady-state and time-resolved absorption as well
as emission spectroscopy. The control compounds PCBM,
DTDPPHB and DTDPPU (also shown in Scheme 1) allowed
comparing the behavior of the triads to their separate parent
moieties. All studies presented here were carried out in solutions
of different polarities. They were aimed to determine whether the
excited state of the DTDPP moiety in the triads is quenched by
the attached PCB units, either by charge separation or by exci-
tation energy transfer. The CS mechanism would make the
compounds interesting single-component solar cell materials,
while the EET mechanism would provide a means to sensitize
PCBM in the visible range.

Experimental part
Materials

PCBM was synthesized and converted to 1-(3-carboxypropyl)-1-
phenyl[6,6]-Cs; (PCBA) according to a reported literature
procedure.” PCB-DTDPPH was synthesized by reacting PCBA
with DT-DPPHB using a modified literature procedure.®® PCB-

n=6: PCB-DTDPPH
n=11: PCB-DTDPPU

Scheme 1 Molecular structure and abbreviated names of the investi-
gated compounds.

DTDPPU was synthesized through an esterification reaction
between PCBA and DTDPPU-OH.*® The o-dichlorobenzene
(DCB) and toluene (TOL) solvents used for spectroscopy were
purchased from Sigma-Aldrich (99.8% anhydrous, sealed) and
were used without further purification.

Cyclic voltammetry

The electrochemical measurements were carried out with
a Princeton Applied Research Model 263 A Potentiostat/Gal-
vanostat employing Ag/AgCl as the reference electrode, a plat-
inum wire as the counter electrode, and an internal ferrocene/
ferrocenium standard.

Steady-state spectroscopy

Absorption spectra were recorded in a 1 cm cuvette on a Cary 5
UV-Vis-IR spectrophotometer. The typical maximum absor-
bance in the visible range was around 0.1. The same samples very
used to record the fluorescence emission spectra on a Fluorolog
(Horiba Jobin Yvon, FL 1065) and to determine the fluorescence
quantum yields (&p) against Rhodamine 6G in ethanol as
a reference (@ = 0.99),*' using:

P — J‘F(A).(VI)Zﬂ

- - . '@re
" [ Fur(2) 1—104

Nyef

Here, [F(2) represents the integral of the sample fluorescence
spectrum (in our case in the 513-800 nm range), n is the refractive
index of the solvent and A is the absorbance at the excitation
wavelength (500 nm for all DTDPP compounds). The quantities
indexed with ref concern the Rhodamine 6G solution. In order to
verify the absence of significant reabsorption effects, we also
recorded emission spectra in a highly diluted solution with
a 0.025 maximal absorbance and found the same shape. The
diluted solutions were also used to record fluorescence excitation
spectra, typically at an emission wavelength of 620 nm or
707 nm.

Fluorescence up-conversion spectroscopy

Emission dynamics on the femtosecond time scale were
obtained in solution (1 mm cell) using the fluorescence up-
conversion setup previously described.®*%* In brief, the 1000 nm
output of a tunable Mai Tai HP (Spectra-Physics) mode-locked
Ti:sapphire laser system (100 fs pulse duration, 80 MHz repe-
tition rate) was frequency doubled for sample excitation at 500
nm. The excitation energy was 10 uJ cm~> per pulse and the
typical absorbance at the excitation wavelength was 0.3-0.4.
The measured sample fluorescence was detected by sum-
frequency generation with a delayed gate pulse, then the up-
converted signal was dispersed in a monochromator and its
intensity measured with a photomultiplier tube. The polariza-
tion of the pump beam was at the magic angle (54.7°) relative to
that of the gate pulses. Measurements were done at room
temperature in ambient conditions. To minimize degradation,
the sample cell was constantly rotated during the measurement.
Up to 7 scans of the dynamics in the —5 ps to 1000 ps range
were averaged at each emission wavelength. The time-resolved
emission data were analyzed using the sum of exponential
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functions convoluted with a Gaussian-shaped instrument
response function (IRF).

Femtoseconds transient absorption spectroscopy

Transient absorption (TA) spectra were recorded using femto-
second pulsed laser pump-probe spectroscopy, for dissolved
samples in a 1 mm cell (0.5-0.6 absorbance at the excitation
wavelength, same solutions as in the time-resolved emission
measurements). The solutions were constantly bubbled with an
inert gas during the TA measurements to provide stirring and to
remove oxygen. The pump beam (530 nm or 560 nm) was gener-
ated with a commercial two-stage non-collinear optical para-
metric amplifier (NOPA-Clark, MXR) from the 778 nm output of
a Ti:sapphire laser system with a regenerative amplifier providing
150 fs pulses at a repetition rate of 1 kHz. The pump power at the
sample was at 0.8 mW (530 nm) or 1.2 mW (560 nm) with a spot
size diameter of 1-1.5 mm. The probe consisted of a white light
continuum (480-750 nm), generated by passing a portion of the
778 nm amplified Ti:sapphire output through a 1 mm thick
sapphire plate. The continuum was then intensified by non-
collinear optical parametric amplification. The probe intensity
was always less than the pump intensity and the spot size was
much smaller. The probe pulses were time delayed with respect to
the pump pulses using a computerized translation stage.

The probe beam was split before the sample into a signal beam
(transmitted through the sample and crossed with the pump
beam) and a reference beam. The signal and reference were
detected with a pair of 163 mm spectrographs (Andor Tech-
nology, SR163) equipped with a 512 x 58 pixels back-thinned
CCD (Hamamatsu S07030-0906) and assembled by Ent-
wicklungsbiiro Stresing, Berlin. To improve sensitivity, the pump
light was chopped at half the amplifier frequency, and the
transmitted signal intensity was recorded shot by shot. It was
corrected for intensity fluctuations using the reference beam. The
transient spectra were averaged until the desired signal-to-noise
ratio was achieved (typically 2000-3000 times). The polarization
of the probe pulses was at the magic angle relative to that of the
pump pulses. All spectra were corrected for the chirp of the
white-light probe pulses.

Nanosecond transient absorption spectroscopy

A solution of PCB-DTDPPU in DCB in a 1 cm quartz cell was
photoexcited by short light pulses (5 ns FWHM) generated by an
optical parametric oscillator pumped by a frequency-tripled Q-
switched Nd:YAG laser (Ekspla NT-340). The excitation wave-
length was tuned at A = 500 nm, where the sample had an
absorbance of about 0.3. The pump fluence was of the order of 20
wJ cm 2. The probe light from a Xe arc lamp was passed through
filters, various optical elements, the sample, and a grating
monochromator, before being detected by a fast photomultiplier
tube and recorded by a digital oscilloscope. The kinetic traces
were typically averaged over 3000-4000 consecutive laser shots.
Prior to the measurement, the solution was de-oxygenated by
bubbling argon gas for 20 minutes and the bubbling was main-
tained during the experiments. To investigate the effect of oxygen
on the excited-state behavior, the solution was opened to air for
5 minutes.
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Fig.1 Steady-state absorption spectra (thick lines, left) and fluorescence
emission spectra (thin lines, right) of PCB-DTDPPH (A) and of PCB-
DTDPPU (B) in DCB solution. The scaled spectra of the parent
compounds (DTDPPHB, DTDPPU and PCBM) in DCB are shown for
comparison.

Results and discussion
Steady-state spectra

The normalized absorption spectra of PCB-DTDPPH (hexyl
linker, n = 6) and PCB-DTDPPU (undecyl linker, n = 11) in
DCB solution are shown in Fig. 1A and B, respectively, together
with the scaled ones of the PCBM and DTDPP parent
compounds. Note that the DTDPPU parent compound of PCB—
DTDPPU bears pristine alkyl chains, while the DTDPPHB
parent compound of PCB-DTDPPH has terminal bromine
groups (Scheme 1, for synthetic reasons). The spectra of the two
triads are quite similar and they are clearly the sum of the PCBM
spectrum and the DTDPP chromophore spectrum, without
significant effect of the alkyl chain length. PCBM mainly absorbs
below 400 nm with a maximum at 330 nm, but there is a broad
absorption band of low oscillator strength around 500 nm, which
extends up to 700 nm. DTDPP has an intense, vibronically
structured absorption band peaking at 555 nm and a weaker
absorption in the 350 nm region. The absence of any shift or
change to the individual spectra when the two moieties are linked
together points to very weak electronic coupling in the triads, due
to the long and non-conjugated linkers.

The steady-state spectra of DTDPPU and PCB-DTDPPU
recorded in TOL are shown in Fig. S1 (ESI¥), and there is a very
slight blue shift of the DTDPP-related visible band (now at
551 nm) compared to DCB (an environment effect because TOL
has a lower dielectric constant and refractive index). We note
that the photophysics of chemically related triads has recently
been independently reported by Karsten et al.>” Those 6T-DPP-
PCBCr molecules bear six instead of two thiophene groups on
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the DPP (three on each side) and the oligothiophene segments are
terminated with an additional hexyl chain. Compared to the
DTDPP triads presented here, their visible absorption maximum
(around 660 nm in DCB solution) is over 100 nm red-shifted,
indicating significant differences in the electronic structure.

The fluorescence emission spectra of the DTDPP parent
molecules without fullerenes shown in Fig. 1 are similar for the
two alkyl chain lengths. With a pronounced vibronic structure,
they are close to the mirror image of the first absorption band.
The maximum is only very slightly Stokes-shifted, at 568 nm in
DCB (565 nm in TOL). The emission spectra of the PCB-
DTDPPH and PCB-DTDPPU triads, shown in Fig. 1A and B
respectively, were normalized for comparison (they have a much
weaker intensity, see below). They are identical to the ones of the
parent DTDPP chromophores in the <690 nm region, showing
that they are dominated by DTDPP emission. However, there is
an additional weak band around 707 nm, which we could assign
to emission of the PCB moiety, based on the comparison with the
fluorescence spectrum of pure PCBM in DCB (Fig. 1A). In
Fig. 2, the fluorescence excitation spectra of PCB-DTDPPH in
DCB at different emission wavelengths are shown. The one
recorded at 620 nm in the DTDPP emission strongly resembles
the absorption spectrum of pristine DTDPPHB, without
contribution from the fullerenes. It can be concluded that it stems
entirely from excitation of this moiety and that there is no EET in
the direction from PCB to DTDPP. On the other hand, the
excitation spectrum recorded at 707 nm, where PCB contributes
to the emission, matches the absorption spectrum of PCB-
DTDPPH with equal contributions from the fullerene and
DTDPP moieties. This shows that emission at 707 nm occurs no
matter which part of the molecule is excited. The result implies
that the PCB emitting at 707 nm is not only directly excited, but
also via EET from the DTDPP chromophore.

Steady-state and time-resolved fluorescence quenching

The fluorescence quantum yields of the investigated compounds
are summarized in Table 1. The DTDPP control compounds
both have a high emission yield of about 74% in solution. This
drops to <1% when the PCB units are attached in the triads. The

Excitation spectra T
—e— PCB-DTDPPH 620 nm :
—e— PCB-DTDPPH 707 nm
Absorption spectra
= PCB-DTDPPH
- DTDPPHB
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Fig. 2 Fluorescence excitation spectra of PCB-DTDPPH in DCB
recorded at 620 nm and 707 nm (lines with markers). The absorption

spectra of PCB-DTDPPH and of DTDPPHB in DCB are shown for
comparison (smooth lines).

Table 1 Fluorescence quantum yields of the investigated compounds

Sample Solvent D¢
DTDPPHB DCB 0.74
DTDPPU DCB 0.73
PCB-DTDPPH DCB 0.002
PCB-DTDPPH TOL 0.001
PCB-DTDPPU DCB 0.007
PCB-DTDPPU TOL 0.004

quenching is more efficient (lower @;) in PCB-DTDPPH
compared to PCB-DTDPPU, because of the shorter linker and
ensuing smaller distance between the quenching partners (even
through space as explained below). Both CS and EET can be
envisaged as a quenching mechanism. Since the strong quenching
occurs in both medium polar DCB and in weakly polar TOL,
EET appears to be more probable. Indeed, the lesser stabilization
of charges in a non-polar medium should reduce the efficiency of
CS. On the contrary, the fluorescence quantum yield is lower
(about half) in TOL compared to DCB.

The fluorescence time profiles recorded at the 568 nm emission
maximum following 500 nm excitation are compared in Fig. 3A
for the parent chromophores (DTDPPHB and DTDPPU) and
the triads (PCB-DTDPPH and PCB-DTDPPU) in DCB solu-
tion. In spite of the bromine groups attached only to DTDPPHB,
the two pristine DTDPP molecules show almost the same emis-
sion dynamics. This is characterized by a fast rise (0.5 ps with the
hexyl chain, 1.3 ps with the undecyl chain), which we assign to
vibrational relaxation, followed by a slow 5 ns decay in both
compounds. For DTDPPHB, we recorded the dynamics at
various emission wavelengths from 586 nm to 707 nm (Fig. S2,
ESIY) and found no significant differences. This confirms that,
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Fig. 3 (A) Femtosecond fluorescence time profiles of the molecules
shown in the legend dissolved in DCB, recorded at 568 nm following
excitation at 500 nm. (B) Femtosecond fluorescence time profiles of PCB-
DTDPPU in DCB at 568 nm (red triangles) and at 707 nm (black boxes),
as well as of PCB-DTDPPU in TOL at 568 nm (green circles). The solid
lines are the best biexponential fits (convoluted with a 140 fs IRF).
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apart from the fast vibrational relaxation, there is no significant
excited-state relaxation (geometrical, solvation) leading to any
spectral dynamics, in agreement with the small Stokes shift and
mirror-symmetry of the steady-state spectra (Fig. 1).

In the presence of the PCB moieties in the triads, the fluores-
cence of the DTDPP chromophore at 568 nm decays much faster
than 5 ns (Fig. 3A, in DCB). In accord with the lower fluores-
cence quantum yield, the quenching rate is increased in PCB—
DTDPPH (shorter linker) compared to PCB-DTDPPU. For
both triads, the quenching does not occur with a single time
constant, but shows biexponential decay (PCB-DTDPPH: 39%
6.3 ps, 61% 51.9 ps; PCB-DTDPPU: 40% 18.3 ps, 60% 161 ps). It
is probable that there are additional quenching components
faster than the 140 fs time resolution of the experiment. Although
this is not a quantitative measure due to small changes in
alignment, the initial (“time zero”) intensity of the fluorescence
up-conversion signal was indeed 3-4 times smaller in the triads
compared to the unlinked DTDPP compounds, although similar
chromophore concentrations (similar absorbances) were used.

The multiphasic quenching can be explained by the flexibility
of the alkyl chains linking the PCB and DTDPP moieties,
allowing for a variety of conformations and thus distances of the
quenching partners in solution. Quenching most probably occurs
through space when the linker folds and the PCB quencher
comes close to the chromophore, rather than through the bonds
of the non-conjugated alkyl chains. Nevertheless, the fullerenes
are on average restricted to a certain distance from the DTDPP
by the length of the alkyl chains. The flexibility of the linker
allows for them to diffuse within a range, which is smaller for
a shorter linker. Depending on the conformation at the moment
of excitation, it will take more or less time for the fullerene to
diffuse to a quenching distance, leading to the various time
constants. As the average through-space distance of the moieties
is longer in PCB-DTDPPU, the quenching is slower.

Finally, Fig. 3B compares the fluorescence decay of PCB—
DTDPPU in DCB and TOL at 568 nm. As expected from the
fluorescence quantum yields (Table 1), the quenching is slightly
faster in TOL (43% 15.2 ps, 57% 123 ps). The lower viscosity of
TOL, allowing faster diffusion of the fullerene moiety, explains
this result. In Fig. 3B, the emission dynamics of PCB-DTDPPU
in DCB is also compared at 568 nm and 707 nm, revealing no
significant difference. At the longer wavelength, we expected
a contribution of PCB emission (see Fig. 1), which might have
appeared as a slow component in the case of EET to the fullerene
moiety. The oscillator strength of the PCB emission is however
too low to make such an observation.

Determination of the quenching mechanism by femtosecond TA
spectroscopy

The HOMO and LUMO Ilevels of PCBM and of the DTDPP
chromophore are depicted in Fig. 4 (estimated from cyclic vol-
tammetry of PCBM and of DTDPPHB in solution, see Fig. S3 of
the ESIt). Energetically speaking, the excited DTDPP chromo-
phore can transfer either excitation energy (green dotted arrows)
or an electron (red smooth arrow) to PCBM. Given the small
electronic coupling between the two moieties, EET should
proceed via the Forster mechanism (FRET), which implies
a simultaneous relaxation of the photoexcited donor and

-3.0F
_I— LUMO

LUMO

Energy, eV

-5.0p

—l— HOMO
-5.5} Ao

DTDPPHB s

-6.5

Fig. 4 HOMO and LUMO levels of PCBM and DTDPPHB as esti-
mated from electrochemistry. The possible pathways of EET (green
dotted arrows) and CS (red smooth arrow) from the excited state of the
DTDPP chromophore are also indicated, as well as hole transfer (HT)
from PCBM to DTDPP (blue dashed arrow).

excitation of the acceptor due to Coulomb interactions of their
transition dipole moments. This mechanism requires an overlap
of the acceptor absorption spectrum with the emission spectrum
of the donor, which is the case for PCBM and DTDPP (Fig. 1).
EET is also favored by the high fluorescence quantum yield of
the DTDPP chromophore (Table 1). It should be noted that hole
transfer from the excited state of PCBM to DTDPP is also
possible (blue dashed arrow, Fig. 4).

In order to unambiguously determine the quenching mecha-
nism(s) occurring in the excited state of the triads, we carried out
TA spectroscopy. The femtosecond-resolved TA spectra
following 560 nm excitation of PCB-DTDPPU and its
DTDPPU parent compound in DCB are shown in Fig. 5. There
is a broad and structured negative band in the 480-660 nm range.
By comparison to the ground-state absorption spectrum and the
stimulated emission spectrum (steady-state emission multiplied
by A%) of the samples (shown in black), this TA band can be
assigned to a combination of DTDPP ground-state bleach (GSB)
and DTDPP stimulated emission (SE). We attribute the positive
TA band above 660 nm to singlet excited-state absorption (ESA)
from the DTDPP chromophore. For DTDPPU (Fig. 5A), there
is no significant evolution of the spectral features in the shown
temporal window, in agreement with the long-lived excited state
observed in the time-resolved emission measurements.

On the other hand, the GSB, SE and ESA bands decay in the
triads, because the excited state of the DTDPP moiety is
quenched by the attached fullerenes (Fig. 5B). A weak positive
signal extending throughout the TA spectrum (from 480 nm to
750 nm) appears at longer time delays due to the signature of the
quenching product. Its intensity stays constant up to the longest
measured 1 nanosecond time delay. In Fig. 5C, the 1 ns spectrum
of PCB-DTDPPU (quenching product and a weak contribution

This journal is © The Royal Society of Chemistry 2012
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10((A) DTDPPU in DCB
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(C) PCB-DTDPPU and PCBM in DCB

PCB-DTDPPU 0.5 ps
—— PCB-DTDPPU 1000 ps
-10 —— PCBM 100 ps
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Fig. 5 Femtosecond transient absorption spectra at various time delays
after 560 nm excitation of (A) DTDPPU in DCB, (B) PCB-DTDPPU in
DCB and (C) both PCB-DTDPPU and PCBM in DCB (520 nm exci-
tation). The negative steady-state absorption spectra (—Abs) and stim-
ulated emission spectra (—SE, steady-state emission multiplied by A*) are
shown for comparison as dotted and dashed black lines, respectively.

of DTDPP GSB) is compared to the singlet ESA of pure PCBM
(recorded at 100 ps for a pure PCBM solution in DCB excited at
520 nm). It is clear that the spectrum of the quenching product in
PCB-DTDPPU is due to the singlet excited state of the PCB
moieties. This allows us to definitely assign the quenching
mechanism in the triad to EET from the excited DTDPP chro-
mophore to the fullerenes. Assuming that the singlet excited state
of the chromophore is populated with a quantum yield of unity
following excitation, the quantum yield of the singlet EET
(®geT) can be estimated from the fluorescence quantum yields
of the DTDPPU parent molecule (not quenched) and the
PCB-DTDPPU triad (quenched):

@})CB-DTDPPU

Pger = 1 — DTDPPU
f

Thus, the singlet excited state of the PCB moiety in PCB-
DTDPPU is populated by EET with a quantum yield of 99.0% in
DCB and of 99.5% in TOL. The TA spectra for the compounds
with the shorter alkyl chains (DTDPPHB and PCB-DTDPPH in
DCB) are depicted in Fig. S4 of the ESI}. Essentially, the same
observations as with the longer linker can be made, evidencing
EET as the quenching mechanism. Here, the quantum yield of
the energy transfer process is 99.7% in DCB and 99.9% in TOL.
The only differences compared to PCB-DTDPPU are that the
quenching is faster (slightly more efficient due to the shorter
linker) and that the signature of the quenching product slightly
decays at long time delays, instead of remaining constant.

This is clearer in the time profiles of the TA bands shown for
DTDPPU, PCB-DTDPPU and PCB-DTDPPH in DCB in
Fig. 6. As expected, the dynamics of the GSB at 517 nm, of the

~=- TA 517 nm
—— TA 618 nm
—&— TA 720 nm
—— Emission at 568 nm
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Fig. 6 Femtosecond transient absorption dynamics at various spectral
positions after 560 nm excitation of (A) DTDPPU in DCB, (B) PCB-
DTDPPU in DCB and (C) PCB-DTDPPH in DCB. Solid lines represent
multiexponential global fits; the obtained parameters are shown in the
inset tables. The smooth black lines in (B) and (C) are the scaled 568 nm
emission dynamics recorded for the corresponding samples by fluores-
cence up-conversion spectroscopy. In (D), the dynamics of the two triads
in DCB at 618 nm are compared for 530 nm and 560 nm excitation.

SE at 618 nm and of the ESA at 720 nm are long-lived for
DTDPPU (Fig. 6A). In the triads (Fig. 6B and C), the negative
GSB signal decays and is replaced by the weakly positive signal
of the PCB singlet excited state (EET quenching product). The
scaled emission time profiles from the fluorescence up-conversion
measurements at 568 nm are also shown in Fig. 6 for comparison
and match well the GSB dynamics (if the offset due to the
quenching product is discarded). This indicates that the
quenching of the DTDPP excited state is concomitant with
ground state recovery in the chromophore, which is further
evidence for the EET mechanism. In the triads, the dynamics at
720 nm (mainly ESA of DTDPP at early times) mirrors the GSB
dynamics and ends in a plateau due to ESA from the fullerenes.
The decay of the negative SE signature at 618 nm appears
however faster than the one of the GSB, although a similar
dynamics is expected in the case of EET without a reactional
intermediate. The effect is probably due to the strong overlap at
this wavelength of the negative (decaying) SE signal and the
positive (growing) PCBM ESA signal. We also note that there is
a slow decay (116 ps time constant) of the quenching product at
618 nm only in PCB-DTDPPH (Fig. 6C and D). This could
again be a consequence of overlapping TA bands, since a similar
decay is observed at 720 nm. It could also be an indication that
the singlet excited PCB moieties live less long in the compound
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with the shorter alkyl chain, due to intersystem crossing (ISC) to
the triplet state or some back-quenching mechanism with the
DTDPP unit.

For PCB-DTDPPH and PCB-DTDPPU in DCB, the TA
dynamics at the three wavelengths shown in Fig. 6 were globally
analyzed with the sum of three exponential functions (because
the quenching is multiphasic as discussed before) and an offset
(due to the long-lived excited state of the fullerenes populated by
EET). The time constants and amplitudes at the different
wavelengths are shown in the inset tables of Fig. 6. For PCB-
DTDPPU (Fig. 6B), the same two time constants as in the
emission decay (Fig. 3) were found, together with an additional
fast 0.7 ps component. The fast component (0.6 ps) is also
present in PCB-DTDPPH; it could be due to quenching or to an
artifact such as cross-phase modulation in the TA experiments.
In PCB-DTDPPH, the third time constant (116 ps) was found to
be longer than the 52 ps time constant from the fluorescence up-
conversion data, possibly due to overlapping decay of the excited
fullerene quenching product. Finally, we also repeated the TA
experiments with excitation at 530 nm (the 618 nm dynamics is
compared for 530 nm and 560 nm excitation in Fig. 6D for both
triads). There is no observable effect of the excitation wavelength
and the data simply confirm that quenching is faster with the
shorter hexyl linker, no matter where the sample is excited.

Population of the triplet state at long time delays (nanosecond
TA spectroscopy)

An interesting observation in Fig. 5B is that there remains some
GSB of the DTDPP moiety after 1 ns for the PCB-DTDPPU
triad in DCB, although the time-resolved emission data (Fig. 3C)
show that the excited state of the DTDPP unit is completely
quenched for this sample at this time delay. This unexpected
behavior at long times means that a small fraction of the DTDPP
population is neither in the ground state (where it should be
following EET to the fullerenes) nor the excited state. It could for
example be in the triplet or charge separated state instead. In
principle, some CS from the excited state of DTDPP can occur in
parallel to EET, or the CS state can be populated after EET to
the PCB moiety, by hole transfer from the excited state of the
fullerene (Fig. 4). Such a behavior has previously been observed
in a triad where two fullerene units were attached to a DTDPP
chromophore via the thiophenes (not via the nitrogen atoms as
here).’® However, the absorption of the DTDPP radical cation
(around 610 nm and 855 nm in DCB) could in this case clearly
be evidenced in the femtosecond TA spectra. For the triads
presented here, there is no sign of any significant DTDPP cation
absorption above 600 nm in the TA spectra after the initial
quenching (Fig. 5 and S47%). The positive TA signature at 1 ns
seems to arise predominantly from singlet ESA of the PCB
moieties, so that the remaining DTDPP GSB at this time delay
is more probably due to population of its triplet state, rather
than to CS.

The triplet state of DTDPP in DCB solution absorbs mainly
above 750 nm (maximum at 861 nm),* so that it is outside the
spectral window of our femtosecond TA experiments (Fig. 5). In
order to verify that the DTDPP triplet state is populated at long
time delays in the triads, we recorded nanosecond TA dynamics
of PCB-DTDPPH in DCB solution. We found indeed a negative

AA (+10%)

—=- 880 nm -0.5

—_— 02
: . . 5 10, 15
0 5 10 15
Time delay, us

Fig. 7 Nanosecond TA dynamics recorded at different wavelengths for
PCB-DTDPPH in DCB solution following excitation at 500 nm. Unless
stated otherwise, oxygen was removed from the solution.

signature due to the DTDPP GSB at 560 nm and a positive
signature due to the triplet absorption at 880 nm, which extend
into the microsecond regime (Fig. 7). The GSB decayed faster in
the presence of oxygen, confirming the assignment to the triplet
state (inset of Fig. 7). The presence of fullerene is necessary to
populate the triplet state of the DTDPP chromophore, since
direct intersystem crossing from the singlet excited state occurs in
negligible yield.***” In the previously reported triad with fuller-
enes attached to the thiophene groups of DTDPP, the triplet
state was formed upon charge recombination.>® This mechanism
can be excluded here due to the absence of charges. For other
6T-DPP-PCBCr triads recently reported by Karsten et al. and
related to our systems,’” a shuttling mechanism in the excited
state was suggested. Following EET from the 6T-DPP to the
PCB units, there is near-quantitative ISC to the fullerene triplet
state and then back-EET to the triplet state of 6T-DPP. We
conclude that a similar mechanism probably occurs here for
PCB-DTDPPH and PCB-DTDPPU in solution.

Summary and conclusions

We reported here the synthesis and solution-state photophysical
characterization of two triads consisting of the DTDPP chro-
mophore covalently linked to two fullerene (PCB) units via hexyl
(n = 6) or undecyl (n = 11) chains. Although there is very weak
electronic coupling between the two moieties, the excited state of
the chromophore is very efficiently quenched by the fullerenes
and the fluorescence quantum yield drops from 74% in pristine
DTDPP to <1% in the triads, in both polar DCB and non-polar
TOL solution. Ultrafast fluorescence up-conversion spectros-
copy showed multiphasic quenching dynamics, which can be
explained by the flexibility of the alkyl chains linking the PCB
and DTDPP moieties. Depending on the conformation at the
moment of excitation, it will take more or less time for the
fullerene to diffuse to a through-space quenching distance,
leading to the various time constants. As the average distance of
the partners is longer in PCB-DTDPPU, the quenching was
found to be slower. It is on the other hand faster in less viscous
TOL compared to DCB (faster diffusion). In principle, PCB can
act as an electron or energy acceptor in the investigated systems
(judging from the frontier molecular orbital levels). Our femto-
second TA experiments revealed however that highly efficient
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singlet EET (quantum yield =99%) is the predominant quench-
ing mechanism in solution. On the long time scale, the excitation
energy is transferred back to the triplet state of the DTDPP
chromophore, following quantitative intersystem crossing in the
PCB units. We could not evidence any formation of charges for
the two triads in solution.

Concerning potential applications of the investigated triads in
organic solar cells, the compounds seem a priori not suitable for
use as a single-component BHJ material, because of the absence
of charges. It should however be noted that the quenching
mechanism in covalently linked PCBM systems tends to switch
from EET in solution to CS in the solid state (thin films).?**® This
behavior was observed for related 6T-DPP-PCBCr triads,
which were used as linked electron donor—acceptor materials in
single component BHJ devices.*® We are currently investigating
the solid-state properties of PCB-DTDPPH and PCB-
DTDPPU, but preliminary measurements showed negligible
photocurrent for those materials. Nevertheless, the results pre-
sented here indicate that the triads have potential use as antenna
systems in which the PCB units are sensitized for high absorption
in the visible range by the attached DTDPP chromophore. The
multiphasic EET is ultrafast, with time constants ranging from
the sub-picosecond to the 100-150 ps scale. This means that the
fullerene excited state is populated quickly after initial photo-
excitation of the DTDPP moiety. By adding an appropriate
electron donor, CS from the excited PCBM can then in principle
lead to the charge formation necessary in photovoltaic devices.
From our measurements it is clear that the singlet excited state of
the PCB units survives at least for one nanosecond. Since CS in
BHI solar cells is typically much faster than this,***¢ the pop-
ulation of the PCB triplet state and subsequently DTDPP triplet
state at long time delays should not be in competition with charge
formation. Since low light harvesting by the fullerene in BHJ
solar cells reduces photovoltaic efficiency, the use of a DTDPP
sensitizer is a strategy definitely worth exploring.
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