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Abstract: The dynamics of photoinduced charge separation and the motion of the resulting electrons are
examined in an organic photovoltaic material with a combination of ultrafast two-dimensional infrared (2D
IR) and visible pump-infrared probe (Vis-IR) spectroscopy. The carbonyl (CdO) stretch of the butyric acid
methyl ester group of a functionalized fullerene, PCBM, is probed as a local vibrational reporter of the
dynamics in a blend of the fullerene with a conjugated polymer, CN-MEH-PPV. Charge transfer occurs
preferentially at the interfaces between the roughly spherical domains of fullerene molecules and the polymer.
Comparison of the Vis-IR and 2D IR spectra reveals that the fullerene molecules at the interfaces of the
domains possess higher frequency carbonyl vibrational modes, while molecules in the centers of the domains
have lower frequency modes relative to the center of the transition. The correlation between the frequency
of a carbonyl mode and the spatial position of its host fullerene molecule provides a means to observe the
motion of electrons within individual domains through the spectral evolution of the carbonyl bleach. From
the spectral evolution, we find that the average radial velocity of electrons is 1-2 m/s, which suggests an
intrinsic mobility that is at least one order of magnitude greater than the mobility in the polymer blend. The
results indicate that organic solar cells with higher mobility and thus efficiency may be realized by controlling
the morphology of the polymer and fullerene materials.

I. Introduction

Organic solar cells promise solar energy at dramatically lower
cost per watt of generated electrical power compared with
traditional inorganic technologies such as silicon solar cells.1-4

Significant advancements in the efficiency of organic solar cells
have been achieved through the development of the bulk
heterojunction5-7 and the hybrid planar-mixed heterojunction
concepts.4,8,9Both approaches attempt to maximize the surface
area contact between electron donating and electron accepting
materials while optimizing the charge carrier mobility in the
photovoltaic (PV) active layer. Despite significant progress, the
efficiencies of organic solar cells remain low, in large part
because charge carriers in the PV active layers have low
mobility,10 which causes the cells to have high series resistance.
Device developers compensate for the high series resistance by

making the active layers very thin, but this practice limits the
efficiency of solar cells by reducing the optical absorption
probability so that not all of the incident photons can be used
to generate photocurrent.10

The mobility of charge carriers in organic solar cells is low
because the organic semiconductors on which the cells are based
are molecular in nature.11 That molecular nature causes the
semiconductors to be excitonic materials.12 Therefore, room
temperature thermal energy is not sufficient to separate the
photoexcitations into free electrons and holes. Rather, pairs of
positive and negative charge carriers, called polaron pairs,13 must
encounter interfaces between electron donating and accepting
materials to be efficiently separated. Therefore, organic solar
cells must possess a high interfacial density.3-5 Once separated,
charge carriers migrate to the electrodes of a solar cell to
generate photocurrent. Because organic semiconductors are
molecular in nature, charge transport occurs primarily through
a hopping mechanism,14 which depends strongly on the degree
of molecular order.15 To navigate the tenuous balance of
competing needs for high molecular order and for high
interfacial density, it is necessary to know the origin of the low
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mobilitysdoes the high density of interfaces cause disorder at
the molecular level which reduces the intrinsic mobility of the
materials? Or, do interfacial boundaries in the charge migration
pathways primarily inhibit the transport of charge carriers as
they migrate to the electrodes?

We used a combination of two-dimensional infrared (2D IR)
and visible pump-infrared probe (Vis-IR) spectroscopy to
examine an organic PV material at the molecular level as a
means to identify the principal reason for the low carrier
mobility in organic solar cells. A polymer blend was examined
that was composed of the conjugated polymer, CN-MEH-PPV,
and the electron accepting functionalized fullerene, PCBM
(Figure 1A). The SEM micrograph in Figure 1B depicts a cross
section of the polymer blend. The morphology is dominated
by roughly spherical domains of the fullerene molecules that
are surrounded by the polymer.6,7,16The carbonyl (CdO) stretch
of the fullerene molecules, which appears at a frequency of 1740
cm-1, was examined as the reporting group to measure the
structure and dynamics of the system. The linear infrared
absorption spectrum of the sample is represented in Figure 1C.
The frequency of the carbonyl group has been found to be
sensitive to the local molecular electric field acting on the
CdO bond in a variety of chemical environments.17-19

The sensitivity of the carbonyl group to its supramolecular
environment enables us to compare structural and reactivity
information from the 2D IR and Vis-IR methods. We find a
correlation between the frequency of the carbonyl groups and
the radial position of their host fullerene molecules and use the
correlation to estimate the average radial velocity of electrons
as they move from the interfaces toward the centers of the

roughly spherical fullerene domains. The radial velocity of 1-2
m/s suggests that the intrinsic mobility of electrons in individual
fullerene domains is at least one order of magnitude higher than
their mobility in the composite polymer blend material. This
finding further suggests that the efficiency of organic solar cells
may be markedly increased if the phase-separation of the
electron donor and acceptor materials can be controlled to
eliminate interfacial boundaries along the charge migration
paths.

II. Experimental Section

An ultrafast Ti:sapphire laser is used to pump two optical parametric
amplifiers (OPAs) in order to carry out three distinct experiments. One
OPA is used to generate mid-IR pulses at 5.8µm with 6µJ pulse energy
and 100 fs duration for the 2D IR and polarization resolved IR pump-
probe experiments and as the probe for the Vis-IR experiment. A second
OPA generates pump pulses for the Vis-IR experiment at 550 nm with
∼ 1 µJ pulse energy and 100 fs duration at the sample. The 2D IR
experiments are performed with the two pulse self-heterodyned pump
- probe approach.20,21 The IR pulses from the first OPA are split into
two pulses with a 30:1 intensity ratio. The less intense probe pulse is
focused at the sample with a 200µm diameter spot size. The more
intense pump pulse passes through a Fabry-Perot interferometer to
create a continuously adjustable pump spectrum with a full width at
half-maximum of∼5 cm-1 that is stabilized to within(1 cm-1. The
spot size at the sample is 250µm. Polarization resolved IR pump-
probe studies are carried out by passing the probe beam through a
polarizer that is held by a computer controlled optical rotator (Newport
Corp.) that toggles between parallel and perpendicular polarizations
relative to the pump beam. The time delay for the Vis-IR experiment
is adjusted with a computer controlled 0.6 m linear translation stage.
All experiments utilize a 64-element mercury cadmium telluride dual
array detector (Infrared Systems/Infrared Associates) to capture 32 probe
frequencies simultaneously through a spectrograph (JY Horiba) while
facilitating single shot normalization.

The polymer blend sample is mounted on a two-dimensional
computer-controlled translation stage to allow for automated raster
scanning during the experiment which ensures that a fresh spot on the
sample is examined for each data point collected. For 2D IR and
polarization resolved IR pump-probe experiments, a reflective sample
geometry is used in which the organic PV material is coated on the
surface of a silver mirror.20 The mirror reflects the IR beams so that
they do not encounter window materials in their overlap region. This
procedure virtually eliminates any nonresonant signal and allows us to
analyze the polarization resolved pump-probe data near the time origin
of the experiment. We utilize a transmissive sample geometry for the
Vis-IR experiments. Charge transfer in the polymer blend creates a
high density of electrons that significantly changes the refractive index.
This change modulates the reflectivity of the sample, which in turn
affects the signal level in the reflective geometry. The transmissive
geometry is dramatically less sensitive to this effect and allows us to
measure purely absorptive contributions to the spectra. The entire beam
path and sample area in the experiment are encompassed by a nitrogen-
purged enclosure to remove ambient H2O and most of the CO2. All
experiments are conducted at room temperature.

The polymer blend is prepared by combining the fullerene (PCBM,
American Dye Source) and the polymer (CN-MEH-PPV, H.W. Sands)
in chlorobenzene (1.2% and 1.1% by mass, respectively). The solution
containing both polymer and fullerene species is drop cast onto a silver
mirror or a CaF2 window and is spun at 80 RPM to ensure that the
film dries uniformly. The mass ratio of CN-MEH-PPV to PCBM in(16) Hoppe, H.; Glatzel, T.; Niggemann, M.; Schwinger, W.; Schaeffler, F.;

Hinsch, A.; Lux-Steiner, M. C.; Sariciftci, N. S.Thin Solid Films2006,
511, 587-592.
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(18) Hayashi, T.; Zhuang, W.; Mukamel, S.J. Phys. Chem. A2005, 109, 9747-

9759.
(19) Suydam, I. T.; Boxer, S. G.Biochemistry2003, 42, 12050-12055.

(20) Barbour, L. W.; Hegadorn, M.; Asbury, J. B.J. Phys. Chem. B2006, 110,
24281-24286.

(21) Hamm, P.; Lim, M.; DeGrado, W. F.; Hochstrasser, R. M.J. Chem. Phys.
2000, 112, 1907-1916.

Figure 1. (A) Structures of CN-MEH-PPV and PCBM. (B) SEM image
of the morphology of the polymer blend. (C) Linear infrared absorption
spectrum of the polymer blend.
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the film is 1:1.1 which we refer to as a 1:1 mixture throughout the
text. The film thickness is 3µm for all experiments that are presented
below. The morphology of the film is uniform throughout its thickness
and is characterized by 50-100 nm domains of PCBM that are
surrounded by the polymer (see Figure 1B).

III. Results

2D IR spectroscopy provides information about the distribu-
tion of environments that exist in the fullerene domains of the
polymer blend. We use the self-heterodyned pump-probe
approach to measure 2D IR spectra20,21in which two IR pulses,
whose relative time delay can be adjusted, are focused into the
material. One of the pulses, the pump pulse, has a spectrum of
∼5 cm-1 and is used to mark a subset of fullerene molecules
by populating the vibrational excited-state of their carbonyl
modes. A second pulse measures the corresponding changes in
transmission at the ground to first excited state (0r1) and first
to second excited state (1r2) vibrational transitions of the
molecules that were excited. The 2D IR spectrum (Figure 2B)
is created by combining many probe spectra that are recorded
with different pump pulse frequencies into a single two-
dimensional surface. The horizontal axis,ωp, represents the
center frequency of the pump pulse. The vertical axis,ωm,
displays the probe frequency at which a change in transmission
of the sample is measured for a givenωp frequency. The
contours in the spectrum correspond to 10% intervals of the
maximum positive signal. The shapes of the 0r1 and 1r2
vibrational features are elongated along the diagonal (slanted

dashed line, Figure 2B) because the distribution of environments
in the material creates a spatially varying molecular electric field
which inhomogeneously broadens the carbonyl mode.17-19 In
protein environments, the frequency of the carbonyl stretch of
the polypeptide backbone, known as the amide I band, is
sensitive to the structure of its local environment.22-26 The
carbonyl mode of PCBM molecules in the polymer blend
exhibits a similar sensitivity.

Vis-IR spectroscopy provides information about the environ-
ments in the fullerene domains that are involved in charge
transfer and the subsequent evolution of the electrons in the
domains. An ultrafast 400 nm optical pump pulse is used to
excite an electronic transition of the polymer. The excited-state
in the polymer results in a broad absorption in the mid-infrared
region27,28 that is detected with an infrared probe pulse whose
time delay can be varied relative to the optical pump pulse.
The broad absorption gives rise to the time dependent offset in
the Vis-IR spectra (Figure 2A). Excited states in polymer chains
that are near fullerene domains can transfer electrons to the
fullerene molecules.29-32 The charge-transfer process decreases
the absorption and increases the transmission of the probe pulse
at the 0r1 transition of the carbonyl mode of neutral ground
state fullerene molecules. The increased transmission at the 0r1
transition, termed a bleach here and throughout the text, appears
superimposed on the broad absorption offset of the polymer
and is highlighted by the horizontal dotted line (2 ps spectrum,
Figure 2A).

Because we primarily excite the polymer but probe the
carbonyl mode of PCBM, the center frequency and shape of
the bleach in the Vis-IR spectra provides information about the
neutral ground state fullerene molecules that accept electrons
from the polymer. Comparison of the center frequencies of the
0r1 transition in the 2D IR spectrum (Figure 2B) and the bleach
in the Vis-IR spectra (Figure 2A) indicates that not all fullerene
molecules in the polymer blend participate in charge transfer.
The active set of molecules resides in particular environments
that cause their carbonyl modes to have higher frequencies
compared with the center of the equilibrium transition. The
dotted and dashed vertical lines (Figure 2) highlight the 6 cm-1

difference in the center frequencies of the active set of molecules
versus the equilibrium distribution. The 1-ms transient spectrum
presented in Figure 2A displays a long-lived bleach of the
carbonyl mode with a center frequency that matches the
equilibrium absorption spectrum of the sample. We are able to
use the bleach in the 1 ms transient spectrum as an internal
frequency standard to verify the 6 cm-1 difference between the
bleach in the Vis-IR spectra and the 0r1 transition in the 2D

(22) Krummel, A. T.; Zanni, M. T.J. Phys. Chem. B.2006, 110, 13991-14000.
(23) Mukherjee, P.; Krummel, A. T.; Fulmer, E. C.; Kass, I.; Arkin, I. T.; Zanni,

M. T. J. Chem. Phys.2004, 120, 10215-10224.
(24) Bredenbeck, J.; Helbing, J.; Kumita, J. R.; Woolley, G. A.; Hamm, P.Proc.

Nat. Acad. Sci. U.S.A.2005, 102, 2379-2384.
(25) Woutersen, S.; Hamm, P.J. Chem. Phys.2001, 115, 7737-7743.
(26) Gnanakaran, S.; Hochstrasser, R. M.; Garcia, A. E.Proc. Nat. Acad. Sci.

U.S.A.2004, 101, 9229-9234.
(27) Anderson, N. A.; Hao, E.; Ai, X.; Hastings, G.; Lian, T.Chem. Phys. Lett.

2001, 347, 304-310.
(28) Jiang, X.-M.; Osterbacka, R.; Korovyanko, O.; An, C. P.; Horovitz, B.;

Janssen, R. A. J.; Vardeny, Z. V.AdV. Funct. Mater.2002, 12, 587-597.
(29) Kraabel, B.; Hummelen, J. C.; Vacar, D.; Moses, D.; Sariciftci, N. S.;

Heeger, A. J.; Wudl, F.J. Chem. Phys.1996, 104, 4267-4273.
(30) Brabec, C. J.; Zerza, G.; Cerullo, G.; De Silvestri, S.; Luzzati, S.;

Hummelen, J. C.; Sariciftci, N. S.Chem. Phys. Lett.2001, 340, 232-236.
(31) Zerza, G.; Brabec, C. J.; Cerullo, G.; De Silvestri, S.; Sariciftci, N. S.Synth.

Met. 2001, 119, 637-638.
(32) Xu, Q.-H.; Moses, D.; Heeger, A. J.Phys. ReV. B 2003, 67, 245417(5).

Figure 2. (A) Vis-IR spectra of the 0r1 transition of PCBM molecules
that accept electrons following optical excitation at 400 nm. (B) 2D IR
spectrum of the 0r1 transition of all PCBM molecules in the polymer blend.
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IR spectrum. In fact, the bleach spectrum at 1 ms matches the
linear IR spectrum in both center frequency and line shape which
indicates that the anionic ground state of PCBM does not absorb
in the spectral window examined here.

Although excitation of the polymer blend at 400 nm
conveniently provides an internal frequency standard, the
absorption of PCBM at this wavelength compared to the
polymer absorption is not well suited to studying directional
charge transfer from the polymer to PCBM. Out of a total optical
density of∼4, the PCBM component contributes an optical
density of∼1 at 400 nm. This relatively large absorption results
in approximately 33% of the pump photons being absorbed by
PCBM. The fraction of photons absorbed by PCBM can be
reduced to about 10% by utilizing an excitation wavelength of
550 nm. The 550 nm wavelength falls in a local minimum
between two forbidden optical transitions of the fullerene33 and
overlaps the rising edge of the polymer absorption. Transient
vibrational spectra following 550 nm excitation are displayed
at several time delays in Figure 3. The transient spectra are
similar to the spectra collected with a 400-nm excitation
wavelength with the exception that the long-lived bleach is not
observed in the 1 ms spectrum. It is possible that the long-
lived bleach in the 400-nm data results from having excited
the fullerene directly or from wavelength dependence of the
charge recombination dynamics or another photochemical
process. We are currently measuring the time scale for back
electron transfer following excitation at 355 and 532 nm in the
polymer blend (using the second and third harmonics of a YAG
laser) to determine whether a wavelength dependence exists.
In the subsequent discussion, we analyze the 550 nm excitation
wavelength data because of the smaller contribution of PCBM
molecules that are directly excited by the pump pulse. The
spectra are presented on a wider frequency scale compared with
Figure 2 to emphasize that the bleach can be easily separated
from the absorption offset.

The contribution of PCBM to the sample absorption at 400
and 550 nm was determined by matching the absorption
spectrum of a film of pure PCBM to the long wavelength tail
of the sample spectrum where the polymer has negligible
absorption. Out of a total optical density of 2.8 at 550 nm, the
PCBM component of the blend contributes about 0.3 to the
absorbance. We calculated the fraction of photons that were
absorbed by PCBM as the pump beam propagated through the
polymer blend by numerically dividing the 3-µm thick film into
one thousand 3-nm thick layers. The optical density of each

layer is low enough that the photon flux can be considered to
be constant throughout each layer. The transmission of each
layer was calculated, and the fraction of photons absorbed by
each component was computed according to their respective
optical densities in the 3-nm thick layer. By summing the
contributions from all 1000 layers, the fraction of photons
absorbed by the PCBM component could be estimated to be
about 10%.

The bleach spectra were extracted from the Vis-IR data
collected with the 550 nm excitation wavelength using a least-
squares fitting procedure. The absorption offset was modeled
with a third-order polynomial, and the bleach was characterized
with a Gaussian line shape. Unique Gaussian and polynomial
functions were generated for each time delay that is recorded
in the data starting from 50 fs. Before this time delay, the bleach
features in the spectra are too small to obtain an accurate fit.
The sum of the Gaussian and polynomial functions are overlaid
on the Vis-IR spectra for comparison in Figure 3. The
polynomials with the Gaussian functions omitted are visible as
the lines under the bleach features in each spectrum. The
comparison demonstrates that the fitting procedure provides a
high-fidelity description of both the absorption offset and the
bleach spectrum. We will refer to the best fit Gaussian function
of a particular Vis-IR spectrum as the carbonyl bleach of neutral
ground state PCBM molecules in the subsequent discussion.
Figure 4 displays the carbonyl bleach spectra at each time delay
recorded in the experiment plotted versus their corresponding
time delay as a two-dimensional surface plot. The dashed curve
in Figure 4 is a guide for the eye that highlights the shift of the
bleach toward the equilibrium spectrum whose center is
indicated by the horizontal dotted line.

To gain information about the subset of PCBM molecules
that absorbs at frequencies higher than the center of the
transition, we examined the frequency shift of the carbonyl
group of PCBM as a function of the polymer content. Linear
IR absorption spectra of four films are represented in Figure 5.
The spectra were collected at room temperature and have been
normalized for comparison. The spectrum of a film of pure
PCBM (labeled PCBM) appears with a peak at 1735 cm-1. The
addition of a small amount of polymer to the film corresponding
to 3% relative to the mass of PCBM shifts the carbonyl
absorption to 1738 cm-1 (see spectrum labeled 0.03:1). The
spectrum corresponding to the film with a mass ratio of 1:1 for
CN-MEH-PPV to PCBM exhibits a carbonyl peak at 1740 cm-1(33) Harigaya, K.; Abe, S.Phys. ReV. B 1994, 49, 16746-16752.

Figure 3. Vis-IR spectra following optical excitation of the polymer blend
at 550 nm. Overlaid on the data are best fit spectra used to extract the
CdO stretch bleach. See text for details.

Figure 4. Two-dimensional surface plot of the carbonyl bleach spectrum
versus the corresponding time delay.
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(labeled 1:1). Films of this composition were examined with
the 2D IR and Vis-IR methods that are described above. A
spectrum of a film of pure CN-MEH-PPV (labeled PPV) is
included to demonstrate that the spectral shift to higher
frequency with increasing polymer content does not result from
spectral contributions from the polymer itself. Rather, the
spectral shift results from the influence of the polymer on the
absorption spectrum of PCBM. The spectrum of the carbonyl
bleach at 1-ps time delay that was obtained from the Vis-IR
data using the fitting procedure described above is included for
comparison. The comparison shows that the component of the
carbonyl bleach spectrum that arises from the addition of
polymer to the PCBM film is also the component that is
preferentially involved in charge transfer.

We explored the possibility that the time dependent spectral
shift of the carbonyl group of PCBM toward the equilibrium
frequency (see Figure 4) might result from heating effects caused
by deposition of energy in the polymer blend by the excitation
pulse. Figure 6 displays linear IR spectra of the carbonyl stretch
of PCBM in the 1:1 polymer blend with CN-MEH-PPV that
were collected at 296, 313, 333, 353, 373, and 393 K. The 1-ps

and 3-ns carbonyl bleach spectra that were obtained from the
Vis-IR data are also included for comparison. The linear IR
spectra were collected by first heating the polymer blend to the
maximum temperature sampled to allow any morphological
changes to occur that might result from annealing the blend at
elevated temperature. Linear IR spectra were then recorded at
20 K intervals until the sample cooled to room temperature.
The comparison indicates that the spectra undergo less than 0.5
cm-1 shift and negligible change in width across the 97 K
temperature change. In fact, the precaution of allowing the film
to anneal prior to collecting the temperature-dependent spectra
was unnecessary because the carbonyl peak frequency measured
at room temperature before and after the heating cycle differed
by much less than 1 cm-1. The small variations in the spectra
that appear at 1718 cm-1 and 1773 cm-1 result from variations
in the ambient water content in the air during the experiment.

The examination of inhomogeneously broadened line shapes
with ultrafast 2D IR spectroscopy can provide information about
the underlying vibrational dynamics that is not available from
linear IR spectroscopy.34-43 Figure 7A displays 2D IR spectra
collected at 1 and 10 ps time delays between the infrared pump
and probe pulses.20 The 1 ps spectrum is reproduced from Figure
2B for comparison to the spectrum at the longer delay time.
The spectra have been normalized to their maximum positive
signal, and the contours represent 10% intervals. By inspection,
it is apparent that the line shapes do not undergo significant
change within 10 ps, which suggests that spectral diffusion44

occurs very slowly. Although the line shapes are largely
unchanged over the time period recorded in the spectra, the
amplitude of the signal decays by a factor of∼100 due to
vibrational relaxation.20 The corresponding decrease in the
signal-to-noise ratio is exhibited by small distortions in the 0r1
and 1r2 peak shapes in the 10 ps spectrum.

To examine the time dependence of the line shapes more
quantitatively, one-dimensional (1D) horizontal slices were
extracted from the center of the carbonyl transition in the 2D
IR spectra at anωm frequency of 1740 cm-1. The 1D slices
extracted from the 1 and 10 ps 2D IR spectra are plotted versus
the ωp frequency axis in Figure 7B. The locations within the
2D IR spectra from which the slices were extracted are indicated
by the horizontal dotted lines in Figure 7A. The slices have
been normalized, and the linear IR absorption spectrum of the
sample has been included to facilitate comparison. The 1D slices
contain a limited number of frequency points because the pump
frequency was varied in 3 cm-1 steps across theωp frequency
axis.

(34) Asbury, J. B.; Steinel, T.; Stromberg, C.; Corcelli, S. A.; Lawrence, C. P.;
Skinner, J. L.; Fayer, M. D.J. Phys. Chem. A2004, 108, 1107-1119.

(35) Asbury, J. B.; Steinel, T.; Stromberg, C.; Corcelli, S. A.; Lawrence, C. P.;
Skinner, J. L.; Fayer, M. D.J. Chem. Phys.2004, 121, 12431-12446.

(36) Zheng, J.; Kwak, K.; Fayer, M. D.Acc. Chem. Res.2006, 40, 75-83.
(37) Piletic, I. R.; Moilanen, D. E.; Levinger, N. E.; Fayer, M. D.J. Am. Chem.

Soc.2006, 128, 10366-10367.
(38) Fang, C.; Senes, A.; Cristian, L.; DeGrado, W. F.; Hochstrasser, R. M.

Proc. Nat. Acad. Sci. U.S.A.2006, 103, 16740-16745.
(39) Kim, Y. S.; Hochstrasser, R. M.J. Phys. Chem. B2006, 110, 8531-8534.
(40) Loparo, J. J.; Roberts, S. T.; Tokmakoff, A.J. Chem. Phys.2006, 125,

194521(13).
(41) Khalil, M.; Demirdoven, N.; Tokmakoff, A.J. Phys. Chem. A2003, 107,

5258-5279.
(42) Mukherjee, P.; Kass, I.; Arkin, I.; Zanni, M. T.Proc. Nat. Acad. Sci. U.S.A.

2006, 103, 3528-3533.
(43) Zanni, M. T.; Asplund, M. C.; Hochstrasser, R. M.J. Chem. Phys.2001,

114, 4579-4590.
(44) Tokmakoff, A.; Urdahl, R. S.; Zimdars, D.; Francis, R. S.; Kwok, A. S.;

Fayer, M. D.J. Chem. Phys.1995, 102, 3919-3931.

Figure 5. Comparison of linear IR spectra of polymer blend films with
various polymer and PCBM content in the region of the carbonyl stretch.
Spectrum labels:PCBM, spectrum of pure PCBM film with no polymer
content;0.03:1and1:1, spectra of films with indicated mass ratios of CN-
MEH-PPV to PCBM;PPV, spectrum of pure CN-MEH-PPV film with no
PCBM content. The spectrum of the 1-ps bleach from the Vis-IR data has
been plotted for comparison.

Figure 6. Comparison of linear IR spectra of films of the 1:1 polymer
blend of CN-MEH-PPV and PCBM in the region of the carbonyl stretch
collected at the indicated temperatures. The 1-ps and 3-ns bleach spectra
from the Vis-IR data have been included for comparison.
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Orientational relaxation dynamics in condensed phase systems
can provide information about local environments.45-47 If the
local environments surrounding carbonyl groups of PCBM
molecules cause the vibrational transition of the molecules to
be inhomogeneously broadened, then the orientational motion
will be associated with spectral diffusion. The absence of
spectral diffusion in the carbonyl stretch on the 10-ps time scale
suggests that orientational relaxation of the carbonyl group may
not occur on this time scale. We examined the time dependent
anisotropy of the carbonyl group of PCBM in the 1:1 polymer
blend using polarization resolved IR pump-probe spectroscopy
to determine whether orientational motion occurs on the 10 ps
time scale. The experiments differ from the 2D IR experiments
in that the full infrared spectrum is utilized in the pump pulse
with a corresponding pulse duration of 120 fs. Pump-probe
spectra that were collected with parallel pump and probe
polarizations are displayed as changes in transmission in Fig-
ure 8A. The horizontal axis,ωm, represents the probe fre-
quency, and the vertical axis is the time delay plotted on a
logarithmic scale at which a probe spectrum was recorded. The
contours represent 7% intervals of the maximum positive signal.
The data show the 0r1 transition on the right side of the panel

around 1740 cm-1 and the 1r2 transition on the left side around
1720 cm-1.

Kinetics traces which report the time evolution of the pump-
probe signal at 1740 cm-1 are depicted in Figure 8B for parallel,
S|(t), and also for perpendicular,S⊥(t), polarizations of the pump
and probe pulses. The anisotropy decay of the carbonyl mode,
r(t), was calculated from the traces usingr(t) ) (S| (t) -
S⊥(t))/(S| (t) + 2S⊥(t)). The anisotropy decay trace that is
obtained from the data in Figure 8B is represented in Figure
8C. The decay of the anisotropy indicates that the carbonyl bond
undergoes significant orientational motion on the 5-ps time

(45) Piletic, I. R.; Moilanen, D. E.; Spry, D. B.; Levinger, N. E.; Fayer, M. D.
J. Phys. Chem. A.2006, 110, 4985-4999.

(46) Tan, H.-S.; Piletic, I. R.; Fayer, M. D.J. Chem. Phys.2005, 122, 174501.
(47) Rezus, Y. L. A.; Madsen, D.; Bakker, H. J.J. Chem. Phys.2004, 121,

10599-10604.

Figure 7. (A) 2D IR spectra of the carbonyl stretch of PCBM measured
at 1 and 10 ps time delays. (B) one-dimensional slices taken from 1- and
10-ps 2D IR spectra along theωp frequency axis at anωm frequency of
1740 cm-1. The linear IR spectrum of the sample is included for comparison.
The spectra demonstrate that spectral diffusion does not occur on the 10 ps
time scale.

Figure 8. (A) Dispersed IR pump-probe spectra plotted versus time delay.
(B) Kinetics traces at 1740 cm-1 measured with parallel and perpendicular
polarizations of the pump and probe pulses. (C) Anisotropy decay measured
at 1740 cm-1 indicating facile orientational motion of the carbonyl bond.
Fast orientational motion occurs on the 10-ps time scale, but this motion
does not cause spectral diffusion.
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scale,20 yet this motion does not result in spectral diffusion (cross
reference Figure 7).

IV. Discussion

A. Spectral Assignments and Correlation to Morphology.
In this section, the assignment of transient vibrational features
observed in the Vis-IR spectra is discussed and correlated with
the underlying morphology of the material. Excitation of the
polymer blend at 550 nm results in ultrafast electron transfer
from the polymer to PCBM. The formation of the PCBM anion
reduces the population of neutral ground state PCBM molecules,
which results in a bleach of the carbonyl mode at 1746 cm-1

(see Figure 3). The maximum area of the bleach spectrum that
occurs at 5 ps indicates that 0.3% of the PCBM molecules in
the sample either accept an electron or are excited by the pump
pulse at this time delay. Direct optical excitation of PCBM
appears with a pulse limited rise. Electron transfer from polymer
segments to PCBM occurs on multiple time scales ranging from
45 fs30 to 1 ps.48 The area of the bleach spectrum at 150 fs (the
end of the pulse overlap region) is about 25% of the area at 5
ps. The bleach area at 150 fs includes both contributions from
ultrafast electron transfer and direct excitation of PCBM. At
present, we are unable to separate these contributions on the
basis of their time dependence because the processes occur too
quickly to be resolved in our experiment. However, we are able
to separate the contributions on the basis of their corresponding
bleach spectra. The center frequency of the bleach that appears
at 150 fs is essentially the same as at 5 ps (see Figure 4). We
have directly excited a film of pure PCBM and found that the
resulting bleach is not shifted 6 cm-1 to higher frequency relative
to the center of the carbonyl transition of the film. The
observation that the bleach center in Figure 4 is shifted to higher
frequency by 6 cm-1 from the earliest time that it can be
observed indicates that the bleach has the same origin at 150 fs
and at 5 ps, namely electron transfersnot direct excitation of
PCBM. Consequently, we interpret the bleach of the carbonyl
mode in the Vis-IR data following 550 nm excitation as
occurring exclusively from electron transfer from CN-MEH-
PPV to PCBM.

Figure 5 displays the results of a linear IR investigation of
the nature of PCBM molecules whose carbonyl modes appear
above 1740 cm-1. The carbonyl absorption of a film of pure
PCBM is centered at 1735 cm-1 (spectrum labeled PCBM).
With increasing polymer content, the carbonyl group exhibits
a progressive shift of 5 cm-1 to higher frequency. The polymer
itself contributes only a broad tail in this spectral region. Simple
addition of the broad tail to the pure PCBM carbonyl peak
cannot explain the direction of the observed shift with increasing
polymer content because the summation of the spectra would
result in a peak that is shifted slightly to lower frequency relative
to the spectrum of pure PCBM. The shift of the carbonyl mode
to higher frequency results from the interaction of the polymer
with the PCBM molecules. Therefore, the higher frequency side
of the transition is assigned to PCBM molecules that reside near
polymer domains in the film. The side of the transition below
1740 cm-1 is assigned to PCBM molecules that have little
interaction with the polymer and by extension are far from the
polymer layers. This interpretation is consistent with the

carbonyl bleach in the 1-ps Vis-IR spectrum which is reproduced
in Figure 5 for comparison. PCBM molecules must reside near
polymer segments in order to accept electrons because electron
transfer is highly distance dependent.14,15,49The bleach spectrum
that primarily results from electron transfer overlaps the side
of the carbonyl transition that appears when the polymer is
blended into the PCBM film.

Consideration of the phase-separated morphology of the
polymer blend that is depicted in Figure 1B strongly suggests
that the frequency of the carbonyl mode of PCBM is correlated
with the radial position of the molecules in the domains. This
correlation is illustrated in Figure 9. Blends of PPV-based
conjugated polymers and PCBM are known to phase separate
into roughly spherical domains of PCBM that are surrounded
by layers of the polymer.6,7,16Given the roughly spherical shape
of the PCBM domains, we assert that PCBM molecules near
the interfaces of the domains have carbonyl modes that appear
around 1746 cm-1 because these molecules are closest to the
polymer layers. The fact that the entire carbonyl transition shifts
to higher frequency in the 1:1 polymer blend suggests that the
presence of the polymer perturbs all of the PCBM molecules,
even those at the centers of the domains. Therefore, we assert
that PCBM molecules at the centers of the domains are perturbed
by the polymer but to a lesser extent compared to molecules at
the interfaces because of their increased separation from the
polymer layers. Correspondingly, we assign the lower frequency
portion of the carbonyl transition to PCBM molecules at the
centers of the domains. These molecules are also not available
to accept electrons because of their large separation from the
polymer layers.

The dependence of the carbonyl frequency of PCBM on the
proximity to the interfaces in the domains is an empirical
observation that does not depend on the exact nature of the
interaction that causes the frequency shift. However, the
frequency shift can be understood by considering that the
frequency is most likely coupled to its environment through
the electric field that is generated by the surrounding molecules.
A similar coupling mechanism has been found for a variety of
vibrational modes including the amide I mode (CdO stretch)
in proteins,17-19 the CtO ligand bound to myoglobin,50-52 and
the hydroxyl stretch in water.34,53-55 PCBM molecules near

(48) Barbour, L. W.; Hegadorn, M.; Arzhantsev, S.; Asbury, J. B.J. Phys. Chem.
B 2007, submitted.

(49) Barbara, P. F.; Meyer, T. J.; Ratner, M. A.J. Phys. Chem.1996, 100,
13148-13168.

(50) Massari, A. M.; Finkelstein, I. J.; McClain, B. L.; Goj, A.; Wen, X.; Bren,
K. L.; Loring, R. F.; Fayer, M. D.J. Am. Chem. Soc.2005, 127, 14279-
14289.

(51) Merchant, K. A.; Noid, W. G.; Akiyama, R.; Finkelstein, I. J.; Goun, A.;
McClain, B. L.; Loring, R. F.; Fayer, M. D.J. Am. Chem. Soc.2003, 125,
13804-13818.

(52) Merchant, K. A.; Thompson, D. E.; Xu, Q.-H.; Williams, R. B.; Loring,
R. F.; Fayer, M. D.Biophys. J.2002, 82, 3277-3288.

(53) Kwac, K.; Lee, C.; Jung, Y.; Had, J.; Kwak, K.; Zheng, J.; Fayer, M. D.;
Cho, M. J. Chem. Phys.2006, 125, 144508(16).

Figure 9. Schematic of the interface of a PCBM domain where charge
transfer occurs.
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interfaces experience electric fields with contributions from the
polymer and other PCBM molecules, while molecules in the
centers of the domains experience electric fields that originate
exclusively from other PCBM molecules. Therefore, we ascribe
the correlation of the carbonyl frequencies with the radial
positions of their host PCBM molecules to the variation of the
electric field in the domains that arises from mixing the materials
in the spherical morphology of the polymer blend (see Figure
1B).

B. Time Dependence of the Carbonyl Bleach.Having
assigned the higher frequency side of the carbonyl transition to
molecules residing near the interfaces of PCBM domains and
the lower frequency side to the centers of the domains, we are
in a position to consider the origin of the spectral shift of the
bleach to lower frequency with increasing time delay (cross
reference Figure 4). The physical model pictured in Figure 9
would suggest that the time dependent shift of the bleach arises
from the drift and/or diffusion of electrons from the interfaces
to the centers of the domains. This model, appealing as it is,
has numerous competing models which must be considered. We
will explore alternate explanations in the following paragraphs
before returning to this model.

Thermal Equilibration Model. Perhaps the most obvious
alternate explanation for the time dependent spectral shift to
lower frequency would be a temperature dependence of the
carbonyl frequency. Relaxation within the excited-state vibra-
tional manifolds of the polymer, electronic excited-state relax-
ation to form a hot ground electronic state, or charge recom-
bination will deposit significant thermal energy into the polymer
blend. This energy will be deposited initially in local environ-
ments creating islands of high-temperature that are separated
by 3-4 nm (based on the laser spot size and photon flux).
Thermal energy will then diffuse between these high-temperature
islands to attain an equilibrated temperature within the laser
spot in the sample. Assuming a speed of sound of 2000 m/s,
thermal diffusion between high-temperature islands can take as
little as 2 ps. Thermal diffusion will occur after the relaxation
processes. Therefore, the spectral shift that is represented in
Figure 4 might result from the superposition of several relaxation
processes occurring on different timescales in the blend.

We have estimated a temperature change of 9 K within the
laser spot in the sample in the limit that the high-temperature
islands reach thermal equilibrium and no heat is dissipated into
the surrounding material or substrate. This estimate is based
on the specific heat and density of most polymers being∼1
Jg-1K-1 and∼1 gcm-3, respectively.56 The specific heat and
density of crystalline C60 are 0.8 Jg-1K-1 and 1.6 gcm-3,
respectively.57 For the purposes of this calculation, we assume
that PCBM has the same specific heat and density as crystalline
C60. The specific heat and density of the 1:1 blend of CN-MEH-
PPV and PCBM are taken as the weighted average of the
properties of the two materials- that is 0.9 Jg-1K-1 and 1.3
gcm-3, respectively. With a spot size of 250µm (diameter
containing 99% of the photons), a sample thickness of 3µm,
and a pulse energy of 1µJ, the temperature change can be

estimated. The temperature rise in the high-temperature islands
before thermal diffusion will likely be much higher than 9 K.

To determine whether the formation and cooling of high-
temperature islands might explain the spectral shift observed
in Figure 4, we collected linear IR spectra of the 1:1 polymer
blend at a variety of temperatures. Figure 6 represents linear
IR spectra collected at 296, 313, 333, 353, 373, and 393 K.
The 1-ps and 3-ns carbonyl bleach spectra that were obtained
from the Vis-IR data are also included for comparison. The
maximum temperature change examined in the linear IR spectra,
97 K, exceeds the equilibrated temperature change in the laser
spot by an order of magnitude. This large change was examined
to estimate the spectral shift that occurs as the high-temperature
islands reach thermal equilibrium. Over a 97-K temperature rise,
the carbonyl transition shifts to higher frequency by less than
0.5 cm-1 and exhibits negligible change in width. In contrast,
we observe a 4 cm-1 shift in center frequency and a significant
change in width from 11.5 cm-1 to 16.5 cm-1 full width at
half-maximum (fwhm) between the 1-ps and 3-ns spectra,
respectively. The comparison of the spectra represented in Figure
6 demonstrates that the weak temperature dependence of the
carbonyl mode cannot explain the time dependent spectral shift
observed in Figure 4. The lack of sensitivity of the carbonyl
stretch to temperature likely results from the absence of
hydrogen bonds in this system. Without strong coupling of the
carbonyl group to a weakly bound moiety such as a hydrogen
bond donor, even a 33% increase in the absolute temperature
(97 K) apparently has little effect on the vibrational occupation
or potential landscape of the carbonyl group.

Local Electron Redistribution Model. An alternate explana-
tion for the time dependent spectral shift is that electrons
preferentially transfer to PCBM molecules having carbonyl
modes that absorb at 1746 cm-1 and subsequently diffuse or
drift to neighboring molecules. If the molecules neighboring
the transfer sites possess in the ensemble the equilibrium
distribution of carbonyl frequencies, then the local redistribution
of electrons can explain the shift of the bleach toward the
equilibrium spectrum. The interfaces of the PCBM domains are
very likely disordered because the blends were not annealed
prior to the ultrafast infrared experiments. The disorder will
create a distribution of environments surrounding the carbonyl
groups. If the structures of the local environments are primarily
responsible for determining the carbonyl frequencies, then the
equilibrium distribution of frequencies will be randomly dis-
persed in the domains. Assuming that electrons initially transfer
to higher frequency carbonyl sites, they would need to redis-
tribute only within the local disordered interfacial regions in
order to sample the equilibrium frequency distribution. However,
if the carbonyl frequencies are not primarily determined by the
structures of the local environments, then they must be
determined by another influence that extends over length scales
that are greater than the sizes of PCBM molecules plus their
local environments. This latter case would suggest that electron
redistribution over greater distances is necessary to explain the
shift of the carbonyl bleach to the equilibrium spectrum.

The validity of this model can be tested by determining
whether the carbonyl stretch frequency of PCBM is sensitive
to the structure of the local environment. To test the model, the
spectral diffusion of the carbonyl stretch can be compared with
the corresponding orientational relaxation dynamics. As the

(54) Corcelli, S. A.; Lawrence, C. P.; Skinner, J. L.J. Chem. Phys.2004, 120,
8107-8117.

(55) Fecko, C. J.; Eaves, J. D.; Loparo, J. J.; Tokmakoff, A.; Geissler, P. L.
Science2003, 301, 1698-1702.

(56) Wunderlich, B.Thermochim. Acta1997, 300, 43-65.
(57) Miyazaki, Y.; Sorai, M.; Lin, R.; Dworkin, A.; Scwarc, H.; Godard, J.

Chem. Phys. Lett.1999, 305, 293-297.
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carbonyl group undergoes orientational motion, the bond is
forced to sample different regions of the local environment. If
the local environment strongly influences the carbonyl fre-
quency, then orientational motion of the bond will be associated
with spectral diffusion of the carbonyl frequency. The anisotropy
decay of the carbonyl stretch of neutral ground state PCBM is
represented in Figure 8C. The fast decay component which
decays on the 100-fs time scale was previously assigned to
wobbling-in-a-cone orientational motion.58,59 Following this
motion, orientational diffusion of the molecules occurs on the
∼20 ps time scale.20 Fullerenes are known to undergo rapid
orientational diffusion on the 10-ps time scale.60-63 Our
measurement reveals slightly slower dynamics because the
pendant butyric acid methyl ester group may slow the rotational
diffusion of the molecule.20 The anisotropy decay demonstrates
that significant reorientation of the PCBM molecules occurs on
the 5 ps time scale.

The 2D IR spectra represented in Figure 7A display the
2-dimensional line shapes of the carbonyl stretch of neutral
ground state PCBM at 1- and 10-ps time delays. The line shapes
are elongated along the diagonal because the transition is
inhomogeneously broadened. The degree of diagonal elongation
appears to change very little between 1 and 10 ps. The time
dependence of the line shape is displayed quantitatively in Figure
7B, where 1D horizontal slices that were extracted from the
2D IR spectra are presented. The locations in the 2D IR spectra
where the slices were extracted are indicated by the horizontal
dotted lines in Figure 7A. Horizontal slices34,35 are presented
because they enable us to examine the dynamic width of the
0r1 transition without significant interference from the 1r2
transition. The 1D slices from the 1- and 10-ps 2D IR spectra
were fit with Gaussian functions yielding 6.9 and 7.0 cm-1 full
widths at half-maximum, respectively. These widths are identical
within experimental precision. By comparison, the linear IR
absorption spectrum of the carbonyl stretch has a fwhm of 16.7
cm-1 indicating that extensive broadening of the 1D line shapes
could be observed if spectral diffusion44 occurred on the 10-ps
time scale. The IR pump pulse frequency is determined by a
piezo controlled actuator that results in a frequency precision
of (1 cm-1. Slight variations in the pump pulse frequency
during the experiment give rise to the 1 cm-1 difference in center
frequency that appears in the 1D slices in Figure 7B. Although
the center frequency of the pump pulse varies slightly in the
experiment, the spectral width is constant to within much less
than 1 cm-1. We have verified the lack of spectral diffusion
within 10 ps by collecting multiple sets of 2D IR spectra at
several time delays between 1 and 10 ps. We consistently find
that 1D slices extracted from the 2D line shapes do not broaden
with increasing time delay. We should note that we have not
measured the orientational motion or spectral diffusion of
anionic ground state PCBM. The time scale for the fastest
frequency shift in the carbonyl stretch (see Figure 4) compares
with the orientational diffusion time of PCBM, suggesting that

orientational diffusion of the anions might facilitate hopping
of electrons between neighboring molecules. At present, we are
unable to test this hypothesis directly.

The experimental results presented in Figures 7 and 8 indicate
that PCBM molecules undergo rapid orientational motion, yet
this motion does not result in spectral diffusion. This observation
reveals that the structures of the local environments surrounding
PCBM molecules are not the dominant influence determining
the frequency of the carbonyl mode. Rather, structural variations
that extend over length scales greater than the size of PCBM
molecules plus their local environments appear to determine
the frequency. We have observed that the carbonyl mode of
PCBM shifts to higher frequency when the molecules interact
with CN-MEH-PPV (cross reference Figure 5). We established
in section IV.A that it is the proximity of PCBM molecules to
the interfaces with the polymer that primarily determines the
frequency of the carbonyl mode. Therefore, we conclude that
the correlation of the carbonyl frequency of PCBM molecules
with their radial position (see Figure 9) is necessary to explain
the time-dependent shift of the carbonyl frequency that is
represented in Figure 4. We wish to point out that the
experimental results are consistent with structural disorder in
the PCBM domains, but the disorder is not the dominant factor
that determines the carbonyl frequency. Although it is very likely
that local redistribution of electrons within the local environ-
ments occurs, this process is not the cause of the time dependent
frequency shift of the carbonyl mode.

Radial Drift and/or Diffusion Model. The correlation
between the vibrational frequency of the carbonyl stretch of
PCBM and the radial position of the molecules in the PCBM
domains indicates that the time dependent shift of the bleach
frequency results from the drift and/or diffusion of electrons
from the interfaces into the centers of the domains. The
distribution of carbonyl frequencies that appear in the bleach
at a given time delay is therefore related to the average radial
distribution of electrons at that time. Figure 10B displays the
center frequencies of the bleach spectra that are depicted in
Figure 4 plotted relative to the corresponding time delay
measured in the Vis-IR experiment. The time axis is represented
on a logarithmic scale. Figure 10A illustrates the movement of
electrons with three heuristic snapshots of the distribution of
electrons within the domains as a function of increasing time
delay. The arrows pointing from the snapshots to the curve in
Figure 10B provide a qualitative association between the extent
of electron motion and the corresponding carbonyl center
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Chem. A.2000, 104, 11278-11281.
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Figure 10. (A) Qualitative snapshots of the radial distributions of electrons
as they move from the interfaces to the centers of PCBM domains. (B)
Plot of the carbonyl bleach center frequency versus corresponding time
delay. The arrows point to the approximate bleach center frequencies that
correspond to the extent of movement.

A R T I C L E S Barbour et al.

15892 J. AM. CHEM. SOC. 9 VOL. 129, NO. 51, 2007



frequency. As electrons move toward the centers of the domains,
their average radial distribution changes, which causes the
carbonyl bleach to approach the equilibrium spectrum which
has a center at 1740 cm-1.

Hole Diffusion Model. A final alternative explanation which
is related to the radial drift and/or diffusion model must be
considered. Might the time dependence of the bleach center
frequency be explained by the diffusion of holes in the polymer
rather then the motion of electrons in the PCBM domains? Since
holes are created in the polymer phase by electron transfer and
their charge influences the electric field experienced by the
PCBM molecules, their motion can affect the bleach.

In consideration of this model, we first note that it is the
bleach of neutral ground state PCBM molecules that appears
in the Vis-IR spectra. Second, the influence of the holes on the
neutral ground state PCBM molecules will be concentrated at
the interfaces of the domains. The bleach that might result from
the perturbation by the holes in the polymer would therefore
appear on the higher frequency side of the transition. The
penetration depth of the electric field caused by the holes into
the PCBM domains will be greater for holes that are closer to
the interfaces. A greater penetration depth will perturb PCBM
molecules with lower frequency carbonyl modes. As the holes
diffuse away from the interfaces into the polymer phase, the
penetration depth of the electric field will decrease, resulting
in a shift of the bleach to higher frequency. Since we observe
a shift of the bleach to lower frequency, this process cannot
explain the time dependence of the bleach frequency that is
represented in Figure 4.

However, the diffusion of holes away from the interfaces
might cause the bleach of the carbonyl mode to partially recover
because the PCBM molecules that are perturbed by the holes
will no longer be perturbed after the holes diffuse away. As we
report in a separate publication,48 the area of the bleach decreases
by 12% from 5 to 100 ps. This recovery could result from back
electron transfer or from the diffusion of holes away from the
interfaces. We are currently searching for characteristic absorp-
tions of the anion of PCBM and the cation of the polymer in
order to identify which process is responsible for the partial
recovery of the bleach. For now, we note that under certain
circumstances, organic solar cells can achieve near unit photon
to electron conversion efficiency64 which suggests that ultrafast
back electron transfer may not occur on ultrafast timescales in
this system.

C. Electron Radial Velocity in PCBM Domains. From the
time dependence of the bleach center frequency, we can measure
the movement of electrons and estimate their average radial
velocity in the PCBM domains. To quantify the time depen-
dence, we fit the trace of the center frequency of the bleach
versus the corresponding time delay in Figure 10B with a
multiexponential function which is forced to reach the asymp-
totic limit of the equilibrium center frequency. We have pointed
out that hole diffusion on the 5- to 100-ps time scale and possible
orientational motion of the PCBM anions on the 20-ps time
scale might interfere with the observed frequency shift dynamics.
In recognition of these possible processes, we intentionally avoid
interpreting the sub-100 ps component of the time dependent
center frequency trace in terms of electron movement. The

contribution of these processes to the frequency shift kinetics,
if any, will be elucidated in a future publication. For now, we
note that the longest component of the multiexponential fit
through the data has a 10-ns time constant. In the interest of
establishing a lower limit to the radial velocity of electrons, we
interpret this longest time constant as a metric that indicates
the movement of electrons toward the centers of the PCBM
domains. The polymer blend contains 50-100 nm diameter
fullerene domains as determined by SEM imaging (see Figure
1B) and is very similar in microstructure to materials that were
recently reported by the Sariciftci group.16 On the basis of a
60-nm average diameter, we estimate that electrons must traverse
a radial distance of 15 nm for the bleach to converge to the
equilibrium spectrum. Combining the estimated distance and
time scale, we find the average radial velocity of electrons to
be 15 nm/10 ns or 1-2 m/s.

The estimated 15 nm length scale is based on the volume
distribution of a sphere. Figure 11 depicts a sectioned sphere
showing that 88% of the volume of a 60 nm diameter sphere is
contained in a 15 nm thick outer shell. Consequently, electrons
that move 15 nm toward the center encounter on average 88%
of the environments present in the PCBM domains. We assume
that the bleach spectrum is not very sensitive to electrons
diffusing into the remaining 12% of the volume. We should
note that it is reasonable for the influence of the electric field
on the carbonyl frequency to extend 10s of nanometers into
the PCBM domains. In a recent molecular dynamics simulation
of vibrational echo studies of carbonmonoxymyoglobin, the
researchers found it necessary to calculate the electric field from
the entire protein and the surrounding solvent in order to
correlate the frequency fluctuations of the CtO ligand measured
in the experiment with the molecular dynamics simulation.51

This fact indicates that vibrational probes are sensitive to
molecular electric fields originating from species that are tens
of nanometers away. We should also note that the spectral
evolution of the carbonyl bleach does not result from interfer-
ence from the anionic form of PCBM. The bleach spectrum
converges to the linear absorption spectrum, which is only
possible if the anion absorbs in a separate spectral window or
is so broad that it cannot be distinguished from the absorption
offset. The 1-2 m/s velocity serves as a lower limit because
our experiments are sensitive only to the radial component of
electron motion and because we have intentionally excluded
the faster frequency shift dynamics from the calculation of the
velocity.

Our measured radial velocity is at least one order of
magnitude higher than the velocity of charge carriers in poly-
mer blend solar cells that are composed of similar ma-
terials.65,66 Recently, the mobility of charge carriers in a solar
cell composed of MDMO-PPV and PCBM was measured to

(64) Janssen, R. A. J.; Hummelen, J. A.; Sariciftci, N. S.Mater. Res. Soc. Bull.
2005, 30, 33-36.

Figure 11. Schematic representation of a sectioned sphere showing shell
thicknesses at which 50% and 88% of the volume of the sphere is
encompassed.
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be∼4 × 10-4 cm2/V-s. Photogenerated charges were extracted
from the cell which had a 250-nm thick active layer in about
2.5 µs. From the thickness and time scale, we estimate that the
average velocity,V, of charge carriers in the cell was∼0.1 m/s.
If we treat charge carrier motion as resulting solely from drift,
then the drift velocity of the carriers can be related to the
mobility, µ, and the electric field,E, by V ) µE. From the
mobility and the drift velocity, we estimate the static electric
field in the cell to be∼25 000 V/cm which corresponds to∼1
V potential difference across the active layer.67

We are in the process of estimating the electric field across
the interfaces of the fullerene domains using vibrational Stark
spectroscopy.19,68 By characterizing the external electric field
that is required to shift the carbonyl frequency of PCBM by 6
cm-1 (the frequency difference between the interfacial and center
environments), we will experimentally determine the electric
field in the domains. Assuming that the motion of the electrons
results primarily from drift, we will be able to convert the
velocity into a mobility. If, for the time being, we speculate
that the electric fields in the fullerene domains are not quite as
large as the field across the solar cell, then the mobility
suggested by our experiments is comparable to the electron
mobility measured in thin films of pure C60 and its soluble
variants.69,70 The pure fullerene materials do not contain
interfaces between electron donating and accepting domains.
We therefore speculate that the low mobility of organic solar
cells fabricated from polymer blends of conjugated polymers
and fullerenes principally results from the presence of interfacial
boundaries in the charge migration paths, and not because of
disorder at the molecular level that reduces the intrinsic rate of
electron transport.

The dramatic difference in the measured velocity of electrons
in individual PCBM domains compared to their velocity in
organic solar cells calls into question the popular idea that
PCBM domains in organic solar cells are close enough to
transfer electrons from one domain to another without the
electrons needing to tunnel through polymer layers. Recent
investigations by Durrant and Nelson71-73 indicate that charge

recombination in organic solar cells can be understood by
treating electrons as immobile and considering only the diffusion
of holes which would suggest that electrons may be less mobile
than previously believed. On the basis of our results, we
speculate that the mobility of electrons may be significantly
reduced by the presence of interfacial boundaries between the
PCBM domains. These interfacial boundaries may be polymeric
layers. We are in the process of using the covalent ring stretch
mode around 1600 cm-1 as a vibrational probe of holes in the
polymer in order to compare the velocities of electrons and holes
in the same system to determine which carrier has higher
mobility.

V. Concluding Remarks

The results of ultrafast two-dimensional infrared and visible
pump-infrared probe spectroscopy were employed to study
charge separation and the movement of the resulting electrons
in a polymer blend PV material. Charge transfer is directly
observed through the carbonyl (CdO) stretch of the function-
alized fullerene, PCBM, that is blended with a conjugated
polymer, CN-MEH-PPV. Analysis of the vibrational line shapes
of the carbonyl spectra in the Vis-IR and 2D IR data in
conjunction with other complementary experiments reveal that
there is a correlation between the frequency of a carbonyl mode
and the position of its host fullerene molecule. Only fullerene
molecules at the interfaces of PCBM domains are involved in
charge transfer. These molecules possess higher frequency
carbonyl modes while PCBM molecules in the centers of
domains have lower frequency modes.

The correlation between the frequency of a carbonyl mode
and the radial position of its host fullerene molecule provides
a means to observe the movement of electrons within individual
domains through the spectral evolution of the carbonyl bleach.
From the spectral evolution, we find that the radial velocity of
electrons is 1-2 m/s, which suggests an intrinsic mobility that
is at least an order of magnitude greater than the mobility in
polymer blend PV materials. The study reveals that organic solar
cells with dramatically higher mobility and thus efficiency might
be developed if the geometries of the interpenetrating networks
of electron donating and accepting materials can be controlled
to eliminate interfacial boundaries along the charge migration
pathways. We also demonstrate that the application of ultrafast
infrared spectroscopy to study organic PV materials at the
molecular level is useful to provide insight into the fundamental
dynamics that determine the efficiency of organic solar cells.

Acknowledgment. We would like to thank the Camille and
Henry Dreyfus New Faculty Awards Program, the Donors of
the American Chemical Society Petroleum Research Fund, and
the Pennsylvania State University for support of this research.

JA074657X

(65) Mozer, A. J.; Dennler, G.; Sariciftci, N. S.; Westerling, M.; Pevrikas, A.;
Osterbacka, R.; Juska, G.Phys. ReV. B 2005, 72, 035217(10).

(66) Nakamura, J.-I.; Murata, K.; Takahashi, K.Appl. Phys. Lett.2005, 87,
132105(3).

(67) Lunkenschmied, C.; Dennler, G.; Neugebauer, H.; Sariciftci, N. S.Appl.
Phys. Lett.2006, 89, 223519(3).

(68) Bublitz, G., U.; Boxer, S. G.Ann. ReV. Phys. Chem.1997, 48, 213-242.
(69) Chikamatsu, M.; Nagamatsu, S.; Yoshida, Y.; Saito, K.; Yase, K.; Kikuchi,

K. Appl. Phys. Lett.2005, 87, 203504(3).
(70) Dzwilewski, A.; Wagberg, T.; Edman, L.Phys. ReV. B 2007, 75, 075203-

(9).
(71) Montanari, A.; Nogueira, A. F.; Nelson, J.; Durrant, J. R.; Winder, C.;

Loi, M. A.; Sariciftci, N. S.; Brabec, C. J.Appl. Phys. Lett.2002, 81, 3001-
3003.

(72) Nogueira, A. F.; Montanari, I.; Nelson, J.; Durrant, J. R.; Winder, C.;
Sariciftci, N. S.; Brabec, C. J.J. Phys. Chem. B2003, 107, 1567-1573.

(73) Nelson, J.Phys. ReV. B 2003, 67, 155209.

A R T I C L E S Barbour et al.

15894 J. AM. CHEM. SOC. 9 VOL. 129, NO. 51, 2007


