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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 (C=O0) 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 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 photocurreff.

The mobility of charge carriers in organic solar cells is low
because the organic semiconductors on which the cells are based
are molecular in natur¥. That molecular nature causes the
semiconductors to be excitonic materigdsTherefore, room
temperature thermal energy is not sufficient to separate the
gi)hotoexcitations into free electrons and holes. Rather, pairs of
positive and negative charge carriers, called polaron painsist
encounter interfaces between electron donating and accepting
materials to be efficiently separated. Therefore, organic solar

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 defls.
Significant advancements in the efficiency of organic solar cells
have been achieved through the development of the bulk
heterojunctiofr” and the hybrid planar-mixed heterojunction
concepts.89Both approaches attempt to maximize the surface
area contact between electron donating and electron acceptin
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 L7 ) :
IR, . . . cells must possess a high interfacial den%ifyOnce separated,
mobility,*° which causes the cells to have high series resistance. - .
charge carriers migrate to the electrodes of a solar cell to

Device developers compensate for the high series resistance by . :
generate photocurrent. Because organic semiconductors are

(1) Brabec, C. JSol. Energy Mater. Sol. Cel004 83, 273-292. molecular in nature, charge transport occurs primarily through
(2) ggaﬂ)e_e&& E.; Ginley, D. S.; Jabbour, GMater. Res. Soc. Bul2005 a hopping mechanisit,which depends strongly on the degree
] . 5 i
(3) Dennler, G.; C., L.; Neugebauer, H.; Sariciftci, N.JSMater. Res2005 of molgcular ordet To_nawgate the tenuous balance _of
20, 3224-3233. competing needs for high molecular order and for high

4) Xue, J.; Rand, B. P.; Uchida, S.; Forrest, SARv. Mater.2005 17, 66— . . R . -
@ 7f_ ' 3 interfacial density, it is necessary to know the origin of the low

(5) Brabec, C.; Sariciftci, N. S.; Hummelen, J. 8&dv. Funct. Mater.2001,

11, 15-26. (11) Halls, J. J. M.; Friend, R. H. Organic Photovoltaic Device<lgan Energy
(6) Hoppe, H.; Niggemann, M.; Winder, C.; Kraut, J.; Hiesgen, R.; Hinsch, from Photaoltaics Archer, M. D., Hill, R., Eds.; Imperial College Press:

A.; Meissner, D.; Sariciftci, N. SAdv. Funct. Mater.2004 14, 1005— London, 2001; Vol. 1, pp 377445.

1011. (12) Gregg, B. AMat. Res. Soc. Bulk005 30, 20—22.
(7) Hoppe, H.; Sariciftci, N. SJ. Mater. Chem2006 16, 45-61. (13) Eklund, P. C.; Rao, A. MFullerene Polymers and Fullerene Polymer
(8) Rand, B. P.; Xue, J.; Uchida, S.; Forrest, S.JRAppl. Phys2005 98, CompositesSpringer: New York, 1999; Vol. 38, p 394.

124902(7). (14) Coropceanu, V.; Cornil, J.; da Silva Filho, D. A.; Olivier, Y.; Silbey, R.;
(9) Xue, J.; Rand, B. P.; Uchida, S.; Forrest, S.JRAppl. Phys2005 98, Bredas, J.-LChem. Re. 2007, 107, 926—952.

124903(9). (15) Hutchison, G. R.; Ratner, M. A.; Marks, T. J. Am. Chem. So005
(10) Forrest, S. RMater. Res. Soc. Bulk005 30, 28—32. 127, 2339-2350.
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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.

A )_/_/ roughly spherical fullerene domains. The radial velocity 21

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@m8with 6 4J pulse energy

and 100 fs duration for the 2D IR and polarization resolved IR pamp
| carbonyl mode . . .
|V (1740 cm) probe experiments and as the probe for the Vis-IR experiment. A second
fi ‘ OPA generates pump pulses for the Vis-IR experiment at 550 nm with

nm  100nm

' ~ 1 uJ pulse energy and 100 fs duration at the sample. The 2D IR

v |\f }u‘ 'L | experiments are performed with the two pulse self-heterodyned pump
! —J s £ — probe approacf:?! 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 2@@n diameter spot size. The more
intense pump pulse passes through a FaBwrot interferometer to
create a continuously adjustable pump spectrum with a full width at
half-maximum of~5 cnr? that is stabilized to withint1 cnr™. The
spot size at the sample is 250n. Polarization resolved IR pump

mobility—does the high density of interfaces cause disorder at ProPe studies are carried out by passing the probe beam through a
the molecular level which reduces the intrinsic mobility of the polarizer that is held by a computer controlled optical rotator (Newport
materials? Or, do interfacial boundaries in the charge migration Corp.) that toggles between paralel and perpendicular polarizations

. . . relative to the pump beam. The time delay for the Vis-IR experiment
pathways primarily inhibit the transport of charge carriers as s agjusted with a computer controlled 0.6 m linear translation stage.

they migrate to the electrodes? All experiments utilize a 64-element mercury cadmium telluride dual
We used a combination of two-dimensional infrared (2D IR)  array detector (Infrared Systems/Infrared Associates) to capture 32 probe
and visible pumprinfrared probe (Vis-IR) spectroscopy to frequencies simultaneously through a spectrograph (JY Horiba) while
examine an organic PV material at the molecular level as a facilitating single shot normalization.
means to identify the principal reason for the low carrier  The polymer blend sample is mounted on a two-dimensional
mobility in organic solar cells. A polymer blend was examined computer-controlled translation stage to allow for automated raster
that was composed of the conjugated polymer, CN-MEH-PPV, scanning during '_[he experiment which ensures that a fresh spot on the
and the electron accepting functionalized fullerene, PCBM Sample is examined for each data point collected. For 2D IR and
(Figure 1A). The SEM micrograph in Figure 1B depicts a cross Polarization resolved IR pumiprobe experiments, areflective sample
section of the polymer blend. The morphology is dominated geometry is used in which the organic PV material is coated on the

hl herical . f the full | I h surface of a silver mirrot® The mirror reflects the IR beams so that
by roughly spherical domains of the fullerene molecules that they do not encounter window materials in their overlap region. This

are surrounded by the polymef.!*The carbonyl (€=O) stretch procedure virtually eliminates any nonresonant signal and allows us to
of the fullerene molecules, which appears at a frequency of 1740analyze the polarization resolved purmrobe data near the time origin
cm 1, was examined as the reporting group to measure the of the experiment. We utilize a transmissive sample geometry for the
structure and dynamics of the system. The linear infrared Vis-IR experiments. Charge transfer in the polymer blend creates a
absorption spectrum of the sample is represented in Figure 1C .high density of electrons that significantly changes the refractive index.
The frequency of the Carbony| group has been found to be This Change modulates the reflectivity of the Sample, which in turn

sensitive to the local molecular electric field acting on the affects the signal level in the reflective geometry. The transmissive
C=0 bond in a variety of chemical environmenfs1® geometry is dramatically less sensitive to this effect and allows us to

The sensitivity of the carbonyl group to its supramolecular measure purely absorptive contributions to the spectra. The entire beam

. ... path and sample area in the experiment are encompassed by a nitrogen-
environment enables us to compare structural and reactivity purged enclosure to remove ambierCHand most of the CO All

information from the 2D IR and Vis-IR methods. We find a experiments are conducted at room temperature.

correlation between the frequency of the carbonyl groups and  the polymer blend is prepared by combining the fullerene (PCBM,
the radial position of their host fullerene molecules and use the american Dye Source) and the polymer (CN-MEH-PPV, H.W. Sands)
correlation to estimate the average radial velocity of electrons in chlorobenzene (1.2% and 1.1% by mass, respectively). The solution
as they move from the interfaces toward the centers of the containing both polymer and fullerene species is drop cast onto a silver
mirror or a Cak window and is spun at 80 RPM to ensure that the

(16) Hoppe, H.; Glatzel, T.; Niggemann, M.; Schwinger, W.; Schaeffler, F.; film dries uniformly. The mass ratio of CN-MEH-PPV to PCBM in
Hinsch, A.; Lux-Steiner, M. C.; Sariciftci, N. SThin Solid Films2006

absorbance ©

1100 2150 3200
frequency (cm')
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.

511, 587-592.
(17) la Cour Jansen, T.; Knoester,JJ.Chem. Phys2006 124, 044502(11). (20) Barbour, L. W.; Hegadorn, M.; Asbury, J. B.Phys. Chem. BR00§ 110,
(18) Hayashi, T.; Zhuang, W.; Mukamel, &.Phys. Chem. 2005 109, 9747 24281-24286.

9759. (21) Hamm, P.; Lim, M.; DeGrado, W. F.; Hochstrasser, RIJMChem. Phys.
(19) Suydam, I. T.; Boxer, S. @iochemistry2003 42, 12050-12055. 200Q 112 19071916.
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Figure 2. (A) Vis-IR spectra of the 6-1 transition of PCBM molecules
that accept electrons following optical excitation at 400 nm. (B) 2D IR
spectrum of the ©-1 transition of all PCBM molecules in the polymer blend.

the film is 1:1.1 which we refer to as a 1:1 mixture throughout the
text. The film thickness is @m for all experiments that are presented
below. The morphology of the film is uniform throughout its thickness
and is characterized by 5000 nm domains of PCBM that are
surrounded by the polymer (see Figure 1B).

I1l. 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 puipmbe
approach to measure 2D IR speé¥rdin 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 o
~5 cnr! 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
transmission at the ground to first excited state-{Q and first

to second excited state {12) vibrational transitions of the
molecules that were excited. The 2D IR spectrum (Figure 2B)

is created by combining many probe spectra that are recordedE

with different pump pulse frequencies into a single two-
dimensional surface. The horizontal axis,, represents the
center frequency of the pump pulse. The vertical axig,

displays the probe frequency at which a change in transmission(2g)

of the sample is measured for a giver frequency. The
contours in the spectrum correspond to 10% intervals of the
maximum positive signal. The shapes of theDand *-2

dashed line, Figure 2B) because the distribution of environments
in the material creates a spatially varying molecular electric field
which inhomogeneously broadens the carbonyl midd¥.In
protein environments, the frequency of the carbonyl stretch of
the polypeptide backbone, known as the amide | band, is
sensitive to the structure of its local environmé&hg® 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
regiorf’-28that 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 molecule3®32 The charge-transfer process decreases
the absorption and increases the transmission of the probe pulse
at the G—1 transition of the carbonyl mode of neutral ground
state fullerene molecules. The increased transmission attfie O
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
01 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
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
fuse the bleach in the 1 ms transient spectrum as an internal
frequency standard to verify the 6 cindifference between the
bleach in the Vis-IR spectra and the-Q transition in the 2D

I&2) Krummel, A. T.; Zanni, M. TJ. Phys. Chem. B006 110, 13991-14000.

(23) Mukherjee, P.; Krummel, A. T.; Fulmer, E. C.; Kass, I.; Arkin, I. T.; Zanni,
M. T. J. Chem. Phys2004 120, 10215-10224.

(24) Bredenbeck, J.; Helbing, J.; Kumita, J. R.; Woolley, G. A.; HamnRrBc.
Nat. Acad. Sci. U.S.2005 102 2379-2384.

25) Woutersen, S.; Hamm, B. Chem. Phys2001, 115 7737-7743.

26) Gnanakaran, S.; Hochstrasser, R. M.; Garcia, A2rec. Nat. Acad. Sci.
U.S.A.2004 101, 9229-9234.

(27) Anderson, N. A.; Hao, E.; Ai, X.; Hastings, G.; Lian,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. ¥dv. Funct. Mater.2002 12, 587—597.

Kraabel, B.; Hummelen, J. C.; Vacar, D.; Moses, D.; Sariciftci, N. S.;

Heeger, A. J.; Wudl, FJ. Chem. Phys1996 104, 4267-4273.

(30) Brabec, C. J.; Zerza, G.; Cerullo, G.; De Silvestri, S.; Luzzati, S.;
Hummelen, J. C.; Sariciftci, N. £hem. Phys. LetR001, 340, 232-236.

(31) Zerza, G.; Brabec, C. J.; Cerullo, G.; De Silvestri, S.; Sariciftci, NEy®ith.
Met. 2001, 119 637-638.

vibrational features are elongated along the diagonal (slanted(32) Xu, Q.-H.; Moses, D.; Heeger, A. BPhys. Re. B 2003 67, 245417(5).
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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 1730
C=0 stretch bleach. See text for details. 0.1 1.0 10 100 1000

IR Inf he bl h 1 h h time delay (ps)
spectrum. In fact, the bleach spectrum at 1 ms matches t eFigure 4. Two-dimensional surface plot of the carbonyl bleach spectrum

linear IR spectrum in both center frequency and line shape which yers s the corresponding time delay.

indicates that the anionic ground state of PCBM does not absorb ) )
in the spectral window examined here. layer is low enough that the photon flux can be considered to

Although excitation of the polymer blend at 400 nm be constant throughout each layer. The transmission of each
conveniently provides an internal frequency standard, the layer was calculated, and the fraction of.photons gbsorbed .by
absorption of PCBM at this wavelength compared to the €ach component was computed according to their respective
polymer absorption is not well suited to studying directional ©Ptical densities in the 3-nm thick layer. By summing the
charge transfer from the polymer to PCBM. Out of a total optical contributions from all 1000 layers, the fraction of photons
density of ~4, the PCBM component contributes an optical absorbed by the PCBM component could be estimated to be
density of~1 at 400 nm. This relatively large absorption results about 10%. )
in approximately 33% of the pump photons being absorbed by ~ The bleach spectra were extracted from the Vis-IR data
PCBM. The fraction of photons absorbed by PCBM can be collected with the 550 nm excitation wavelength using a least-
reduced to about 10% by utilizing an excitation wavelength of Squares fitting procedure. The absorption offset was modeled
550 nm. The 550 nm wavelength falls in a local minimum with a third-order polynomial, and the bleach was characterized
between two forbidden optical transitions of the fuller@rand with a Gaussian line shape. Unique Gaussian and polynomial
overlaps the rising edge of the polymer absorption. Transient functlons were .generated for each tlm_e Qelay that is recorded
vibrational spectra following 550 nm excitation are displayed N the data starting from 50 fs. Before this time delay, the bleach
at several time delays in Figure 3. The transient spectra arefeatures in the spectra are too small to obtain an accurate fit.
similar to the spectra collected with a 400-nm excitation The sum of the Gaussian and polynomial functions are overlaid
wavelength with the exception that the long-lived bleach is not On the Vis-IR spectra for comparison in Figure 3. The
observed in the 1 ms spectrum. It is possible that the long- polynomials with the Gaussian functions omitted are visible as
lived bleach in the 400-nm data results from having excited the lines under the bleach features in each spectrum. The
the fullerene directly or from wavelength dependence of the COmparison demonstrates that the fitting procedure provides a
charge recombination dynamics or another photochemical Nigh-fidelity description of both the absorption offset and the
process. We are currently measuring the time scale for back bleach spectrum. We will refer to the best fit Gaussian function
electron transfer following excitation at 355 and 532 nm in the Of @ particular Vis-IR spectrum as the carbonyl bleach of neutral
polymer blend (using the second and third harmonics of a YAG ground state PCBM molecules in the subsequent discussion.
laser) to determine whether a wavelength dependence existsFigure 4 displays the carbonyl bleach spectra at each time delay
In the subsequent discussion, we analyze the 550 nm excitationf€corded in the experiment plotted versus their corresponding
wavelength data because of the smaller contribution of PCBM {ime delay as a two-dimensional surface plot. The dashed curve
molecules that are directly excited by the pump pulse. The N Figure 4 is a guide for the eye that highlights the shift of the
spectra are presented on a wider frequency scale compared wittpléach toward the equilibrium spectrum whose center is
Figure 2 to emphasize that the bleach can be easily separatedndicated by the horizontal dotted line.
from the absorption offset. To gain information about the subset of PCBM molecules

The contribution of PCBM to the sample absorption at 400 that absorbs at frequencies higher than the center of the
and 550 nm was determined by matching the absorption transition, we examined the frequency shift of the carponyl
spectrum of a film of pure PCBM to the long wavelength tail 9roup of PCBM as a function of the polymer content. Linear
of the sample spectrum where the polymer has negligible IR absorption spectra of four films are represented in Figure 5.
absorption. Out of a total optical density of 2.8 at 550 nm, the 1he Spectra were collected at room temperature and have been
PCBM component of the blend contributes about 0.3 to the Normalized for comparison. The spectrum of a film of pure
absorbance. We calculated the fraction of photons that were PCBM (labeled PCBM) appears with a peak at 1735 €rihe
absorbed by PCBM as the pump beam propagated through theaddition of a-small amount of polymer to the f|llm corresponding
polymer blend by numerically dividing thean thick film into to 3% relative to the mass of PCBM shifts the carbonyl

one thousand 3-nm thick layers. The optical density of each @bsorption to 1738 cnt (see spectrum labeled 0.03:1). The
spectrum corresponding to the film with a mass ratio of 1:1 for

(33) Harigaya, K.; Abe, SPhys. Re. B 1994 49, 16746-16752. CN-MEH-PPV to PCBM exhibits a carbonyl peak at 1740¢m
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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 labelsPCBM, 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.
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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 spectr

from the Vis-IR data have been included for comparison.

(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

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. The small variations in the spectra
that appear at 1718 crhand 1773 cm! 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 spectroscop$#*3 Figure 7A displays 2D IR spectra
collected at 1 and 10 ps time delays between the infrared pump
and probe pulsé®.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 diffdéion
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 €100 due to
vibrational relaxatiort® The corresponding decrease in the
signal-to-noise ratio is exhibited by small distortions in tkelD
and -2 peak shapes in the 10 ps spectrum.

To examine the time dependence of the line shapes more
guantitatively, one-dimensional (1D) horizontal slices were
extracted from the center of the carbonyl transition in the 2D
IR spectra at am frequency of 1740 cmt. The 1D slices
%xtracted from the 1 and 10 ps 2D IR spectra are plotted versus
the wp 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 steps across the, frequency
axis.

(34) Asbury, J. B.; Steinel, T.; Stromberg, C.; Corcelli, S. A.; Lawrence, C. P;

Skinner, J. L.; Fayer, M. DJ. Phys. Chem. 2004 108 1107-1119.

data using the fitting procedure described above is included for (35) Asbury, J. B.; Steinel, T.; Stromberg, C.; Corcelli, S. A.; Lawrence, C. P.;

comparison. The comparison shows that the component of the(zg
carbonyl bleach spectrum that arises from the addition of (37

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

Skinner, J. L.; Fayer, M. DJ. Chem. Phys2004 121, 12431-12446.
) Zheng, J.; Kwak, K.; Fayer, M. DAcc. Chem. Re006 40, 75-83.
) Piletic, I. R.; Moilanen, D. E.; Levinger, N. E.; Fayer, M. D.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.2006 103 167406-16745.
(39) Kim, Y. S.; Hochstrasser, R. M. Phys. Chem. B00§ 110, 8531-8534.
(40) Loparo, J. J.; Roberts, S. T.; Tokmakoff, A. Chem. Phys2006 125,
194521(13).
(41) Khalil, M.; Demirdoven, N.; Tokmakoff, AJ. Phys. Chem. 2003 107,
5258-5279.
(42) Mukherjee, P.; Kass, I.; Arkin, I.; Zanni, M. Proc. Nat. Acad. Sci. U.S.A.
2006 103 3528-3533.

pulse. Figure 6 displays linear IR spectra of the carbonyl stretch (43) zanni, M. T.; Asplund, M. C.; Hochstrasser, R. M.Chem. Phys2001,

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
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114, 4579-4590.
(44) Tokmakoff, A.; Urdahl, R. S.; Zimdars, D.; Francis, R. S.; Kwok, A. S.;
Fayer, M. D.J. Chem. Phys1995 102 3919-3931.
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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 C

10-ps 2D IR spectra along the, frequency axis at awn frequency of

1740 cn™. 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.

Orientational relaxation dynamics in condensed phase systems
can provide information about local environmeffts'” 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

r () anisotropy

spectral diffusion in the carbonyl stretch on the 10-ps time scale o Ly
suggests that orientational relaxation of the carbonyl group may 0 1 2 3 4 5
not occur on this time scale. We examined the time dependent time delay (ps)

anisotropy of the carbonyl group of PCBM in the 1:1 polymer  rig,e g (a) Dispersed IR pumpprobe spectra plotted versus time delay.
blend using polarization resolved IR pumprobe spectroscopy  (B) Kinetics traces at 1740 crh measured with parallel and perpendicular

to determine whether orientational motion occurs on the 10 ps g??;i:gt?nfﬁ mihcz Eﬁmfai{fé’ g:%l:ﬁalifolﬁgls-n(lgt)i snnisfg]%pg zﬂ%f)?my m)%e:lsdured
Flme scale. Th(_e experiments d'ﬁe_r frorr_l the _2D IR experiments Fast orientational motgi]on occurs on the 10-ps time scale, but tl)w/is moti'on
in that the full infrared spectrum is utilized in the pump pulse does not cause spectral diffusion.

with a corresponding pulse duration of 120 fs. Pufppobe

spectra that were collected with parallel pump and probe around 1740 cmt and the +2 transition on the left side around
polarizations are displayed as changes in transmission in Fig-1720 cn1?.

ure 8A. The horizontal axiswm, represents the probe fre- Kinetics traces which report the time evolution of the pump
quency, and the vertical axis is the time delay plotted on a probe signal at 1740 criare depicted in Figure 8B for parallel,
logarithmic scale at which a probe spectrum was recorded. Thegt) and also for perpendicula;(t), polarizations of the pump
contours represent 7% intervals of the maximum positive signal. ang probe pulses. The anisotropy decay of the carbonyl mode,
The data show the-91 transition on the right side of the panel () was calculated from the traces using) = (S (t) —

SIS (1) + 25(t)). The anisotropy decay trace that is

(45) Piletic, I. R.; Moilanen, D. E.; Spry, D. B.; Levinger, N. E.; Fayer, M. D.

J. Phys. Chem. A2006 110, 4985-4999. obtained from the data in Figure 8B is represented in Figure
(46) Tan, H.-S.; Piletic, I. R.; Fayer, M. . Chem. Phy2005 122, 174501. B [T
(47) Rezus, Y. L. A.; Madsen, D.; Bakker, H. J. Chem. Phys2004 121, 8C. The decay of the anisotropy indicates that the carbonyl bond
10599-10604. undergoes significant orientational motion on the 5-ps time
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scale?’ yet this motion does not result in spectral diffusion (cross
reference Figure 7).

PCEM
domain

higher
IV. Discussion freq.

4
@
b
3
=

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 lower
the underlying morphology of the material. Excitation of the freq.
polymer blend at 550 nm results in ultrafast electron transfer Figure 9. Schematic of the interface of a PCBM domain where charge
from the polymer to PCBM. The formation of the PCBM anion  ansfer occurs.

reduces the population of neutral ground state PCBM molecules,
which results in a bleach of the carbonyl mode at 1746%m

carbonyl bleach in the 1-ps Vis-IR spectrum which is reproduced
in Figure 5 for comparison. PCBM molecules must reside near

(see Figure 3). The maximum area of the bleach spectrum that olymer segments in order to accept electrons because electron
occurs at 5 ps indicates that 0.3% of the PCBM molecules in polymer seg . p549
. . transfer is highly distance dependéht>#°The bleach spectrum
the sample either accept an electron or are excited by the pump L .
that primarily results from electron transfer overlaps the side

pulse at this time delay. Direct optical excitation of PCBM . .
appears with a pulse limited rise. Electron transfer from polymer of the carbonyl transition that appears when the polymer is
X blended into the PCBM film.

segments to PCBM occurs on multiple time scales ranging from . .
45 f30t0 1 ps?8 The area of the bleach spectrum at 150 fs (the Consideration of the phase-separated morphology of the
polymer blend that is depicted in Figure 1B strongly suggests

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 th_at the freq_uency _O_f the carbonyl mode O.f PCBM s c_orrelate_:d
with the radial position of the molecules in the domains. This

ultrafast electron transfer and direct excitation of PCBM. At e . :
gorrelatlon is illustrated in Figure 9. Blends of PPV-based

present, we are unable to separate these contributions on th aated pol d PCBM K o oh 1
basis of their time dependence because the processes occur to phjugated polymers an are known 1o phase separate

quickly to be resolved in our experiment. However, we are able into roughly spherical d;){gal'ns of PCBM that are §urr0unded
to separate the contributions on the basis of their correspondingby layers of the pOIVWéF' ~“Given the roughly spherical shape
bleach spectra. The center frequency of the bleach that appear%: the PCBM domains, we assert that PCBM molecules near
at 150 s is essentially the same as at 5 ps (see Figure 4). Wet e interfaces of the domains have carbonyl modes that appear
have directly excited a film of pure PCBM and found that the around 1746 cm’ because these mplecules are CIOS.?S'[ to Fhe
resulting bleach is not shifted 6 cito higher frequency relative polymer layers. The fact that.the entire carbonyl transition shifts
to the center of the carbonyl transition of the film. The to higher frequency in the 1:1 polymer blend suggests that the

observation that the bleach center in Figure 4 is shifted to higherpresence of the polymer perturbs all O.f the PCBM molecules,
frequency by 6 cm! from the earliest time that it can be even those at the centers of the domains. Therefore, we assert

observed indicates that the bleach has the same origin at 150 f hat PCBM molecules at the centers of the domains are perturbed

and at 5 ps, namely electron transferot direct excitation of y the polymer but to a lesser extent compared to molecules at
PCBM Con,sequently we interpret the bleach of the carbonyl the interfaces because of their increased separation from the
mode in the Vis-IR aata following 550 nm excitation as polymer layers. Correspondingly, we assign the lower frequency

occurring exclusively from electron transfer from CN-MEH- portion of the carbonyl transition to PCBM molecules at the
PPV to PCBM 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 | mode=O stretch)
in proteinst’~19the G=0 ligand bound to myoglobiff~52 and
the hydroxyl stretch in wate¥.5355 PCBM molecules near

Figure 5 displays the results of a linear IR investigation of
the nature of PCBM molecules whose carbonyl modes appear
above 1740 cmt. The carbonyl absorption of a film of pure
PCBM is centered at 1735 crh (spectrum labeled PCBM).
With increasing polymer content, the carbonyl group exhibits
a progressive shift of 5 cm 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 (49) Barbara, P. F.; Meyer, T. J.; Ratner, M. &. Phys. Chem1996 100,

of the transition is assigned to PCBM molecules that reside near  13148-13168. _ . _
(50) Massari, A. M.; Finkelstein, I. J.; McClain, B. L.; Goj, A.; Wen, X.; Bren,

polymer domains_in the film. The side of the transition be_Iow K. L. Loring, R. F.; Fayer, M. DJ. Am. Chem. S0@005 127, 14279
1740 cni! is assigned to PCBM molecules that have little - 1'\;128% KA Noid. W. G Ak R Finkelstein. 1. 3. Goun. A
interaction with the polymer and by extension are far from the (51) McClain B. L.- Loring, R. F.. Fayer M. 0. Am. Chem. 508003 125
polymer layers. This interpretation is consistent with the 13804-13818.

(52) Merchant, K. A.; Thompson, D. E.; Xu, Q.-H.; Williams, R. B.; Loring,
R. F.; Fayer, M. DBiophys. J2002 82, 3277-3288.

(48) Barbour, L. W.; Hegadorn, M.; Arzhantsev, S.; Asbury, J.B2hys. Chem. (53) Kwac, K.; Lee, C.; Jung, Y.; Had, J.; Kwak, K.; Zheng, J.; Fayer, M. D.;
B 2007, submitted. Cho, M.J. Chem. Phys2006 125 144508(16).

15890 J. AM. CHEM. SOC. = VOL. 129, NO. 51, 2007



Watching Electrons Move in Real Time ARTICLES

interfaces experience electric fields with contributions from the estimated. The temperature rise in the high-temperature islands
polymer and other PCBM molecules, while molecules in the before thermal diffusion will likely be much higher than 9 K.

centers of the domains experience electric fields that originate  To determine whether the formation and cooling of high-
exclusively from other PCBM molecules. TherEfore, we ascribe temperature islands m|ght exp|ain the Spectra| shift observed
the correlation of the carbonyl frequencies with the radial in Figure 4, we collected linear IR spectra of the 1:1 polymer
pOSitionS of their host PCBM molecules to the variation of the blend at a Variety of temperatures_ Figure 6 represents linear
electric field in the domains that arises from mixing the materials |R spectra collected at 296, 313, 333, 353, 373, and 393 K.
in the spherical morphology of the polymer blend (see Figure The 1-ps and 3-ns carbonyl bleach spectra that were obtained
1B). from the Vis-IR data are also included for comparison. The
B. Time Dependence of the Carbonyl BleachHaving maximum temperature change examined in the linear IR spectra,
assigned the higher frequency side of the carbonyl transition to 97 K, exceeds the equilibrated temperature change in the laser
molecules residing near the interfaces of PCBM domains and spot by an order of magnitude. This large change was examined
the lower frequency side to the centers of the domains, we aretg estimate the spectral shift that occurs as the high-temperature
in a position to consider the origin of the spectral shift of the jsjands reach thermal equilibrium. Over a 97-K temperature rise,
bleach to lower frequency with increasing time delay (cross the carbonyl transition shifts to higher frequency by less than
reference Figure 4). The physical model pictured in Figure 9 .5 cnt? and exhibits negligible change in width. In contrast,
would suggest that the time dependent shift of the bleach arisesye gbsere a 4 cnt? shift in center frequency and a significant
from the drift and/or diffusion of electrons from the interfaces change in width from 11.5 cnd to 16.5 cnt? full width at
to the centers of the domains. This model, appealing as it is, half-maximum (fwhm) between the 1-ps and 3-ns spectra,
has numerous competing models which must be considered. Werespectively. The comparison of the spectra represented in Figure
will explore alternate explanations in the following paragraphs 6 demonstrates that the weak temperature dependence of the
before returning to this model. carbonyl mode cannot explain the time dependent spectral shift
Thermal Equilibration Model. Perhaps the most obvious  opserved in Figure 4. The lack of sensitivity of the carbonyl
alternate explanation for the time dependent spectral shift to stretch to temperature likely results from the absence of
lower frequency would be a temperature dependence of thehydrogen bonds in this system. Without strong coupling of the
Cal’bonyl frequency. Relaxation within the excited-state vibra- Carbonyi group to a Weakiy bound moiety such as a hydrogen
tional manifolds of the polymer, electronic excited-state relax- pond donor, even a 33% increase in the absolute temperature
ation to form a hot ground electronic state, or charge recom- (97 K) apparently has little effect on the vibrational occupation
bination will deposit significant thermal energy into the polymer ¢ potential landscape of the carbony! group.

blend. This energy will be dgposited initially in local environ- Local Electron Redistribution Model. An alternate explana-
ments creating islands of high-temperature that are Se‘)"’“""teqion for the time dependent spectral shift is that electrons

by 3-4 nm (based on the laser spot size and photon flux). oferentially transfer to PCBM molecules having carbonyl
Thermal energy will then diffuse between these high-temperature modes that absorb at 1746 chand subsequently diffuse or
islands to attain an equilibrated temperature within the laser drift to neighboring molecules. If the molecules neighboring
spotin th.e sgmple. Assumllng a speed of spund of 2000 m/s'the transfer sites possess in the ensemble the equilibrium
thermal diffusion betwee_n h|gh-temperature islands can ta!<e distribution of carbonyl frequencies, then the local redistribution
little as 2 ps. Thermal diffusion will occur after the relaxation of electrons can explain the shift of the bleach toward the
processes. Therefore, the spectral shift that is represented irEquilibrium spectrum. The interfaces of the PCBM domains are
Figure 4 might resylt from the superposition of §evera| relaxation very likely disordered because the blends were not annealed
processes occurring on different timescales in th_e l?'e“d- prior to the ultrafast infrared experiments. The disorder will
Wwe havg estimated a t.empera}tu.re charig@ & within the create a distribution of environments surrounding the carbonyl
!aser spot in the sample n the limit that the hllghjter.nperat.ure groups. If the structures of the local environments are primarily
islands reach_ thermal gthbnum and no h?at IS _d|SS|pa_1ted Into responsible for determining the carbonyl frequencies, then the
the surrounc_zh_ng material or su_bstrate. This estimate IS basec’lequilibrium distribution of frequencies will be randomly dis-
on ih(ilspecmc heat ?nd density ofemost poly_mers beitg persed in the domains. Assuming that electrons initially transfer
Jg° K and~1 gem =, respectively” 1Thi specific heat a;nd to higher frequency carbonyl sites, they would need to redis-
density of crystalline & are 0.8 Jg'K™ and 1.6 gem, tribute only within the local disordered interfacial regions in

. . - .

:ﬁzfﬁgg;:}f;a:(:i];h;aﬁjugi?;i?ﬁgfﬁgz ;ilgléls::;g ;V:czi;zijaril]iieorder to sample the equilibrium frequency distribution. However,
- . if the carbonyl frequencies are not primarily determined by the

Cso. The specific heat and density of the 1:1 blend of CN-MEH- yireq P y y

. structures of the local environments, then they must be
PPV and PCBM are takeri as the _Welghted ziverage of thedetermined by another influence that extends over length scales
properties of the two materials that is 0.9 Jg!K~1 and 1.3

3 tively. With tsi £ di ; that are greater than the sizes of PCBM molecules plus their
genm =, respectively. With a spot size o ‘Eﬂm (diameter local environments. This latter case would suggest that electron
containing 99% of the photons), a sample thickness of3

d I £ 4 the t ‘ h b redistribution over greater distances is necessary to explain the
and a pulse energy of iJ, the temperature change can be shift of the carbonyl bleach to the equilibrium spectrum.

(54) Corcelli, S. A.; Lawrence, C. P.; Skinner, J.1..Chem. Phys2004 120, The validity of this model can be tested by determining
8107-8117. ; -
(55) Fecko, C. J.: Eaves, J. D.: Loparo, J. J.: Tokmakoff, A Geissler, P. L. whether the carbonyl stretch frequency of PCBM is sensitive

Science2003 301, 1698-1702. to the structure of the local environment. To test the model, the
(56) Wunderlich, B.Thermochim. Actd 997, 300, 43—65. ; i ;
(57) Miyazaki, Y.; Sorai, M.; Lin, R.; Dworkin, A.; Scwarc, H.; Godard, J. spectral dlfoSIO.n of th_e Carponyl stretch .Can be compared with

Chem. Phys. Lett1999 305, 293-297. the corresponding orientational relaxation dynamics. As the
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carbonyl group undergoes orientational motion, the bond is A
forced to sample different regions of the local environment. If

the local environment strongly influences the carbonyl fre- i
guency, then orientational motion of the bond will be associated

fullerene
domain

with spectral diffusion of the carbonyl frequency. The anisotropy B 748 \, \ \

decay of the carbonyl stretch of neutral ground state PCBM is ‘E‘ \

represented in Figure 8C. The fast decay component which = 17441

decays on the 100-fs time scale was previously assigned to E [ electron drift/

wobbling-in-a-cone orientational motidA&>° Following this 1740

motion, orientational diffusion of the molecules occurs on the 0:1| 00| a0 || 400 1000

~20 ps time scal& Fullerenes are known to undergo rapid tnecelay (s)

orientational diffusion on the 10-ps time sc&%e® Our Figure 10. (A) Qualitative snapshots of the radial distributions of electrons

t | lightl | d . b th as they move from the interfaces to the centers of PCBM domains. (B)
measurement reveals shgntly slower dynamics because epq; of the carbonyl bleach center frequency versus corresponding time

pendant butyric acid methyl ester group may slow the rotational delay. The arrows point to the approximate bleach center frequencies that
diffusion of the molecul@® The anisotropy decay demonstrates correspond to the extent of movement.

that significant reorientation of the PCBM molecules occurs on ) o ) ) N ]
the 5 ps time scale. orientational diffusion of the anions might facilitate hopping

The 2D IR spectra represented in Figure 7A display the of electrons between neighboring molecules. At present, we are

2-dimensional line shapes of the carbonyl stretch of neutral Unable to test this hypothesis directly. o

ground state PCBM at 1- and 10-ps time delays. The line shapes The experimental results presentgd in .Flgurgs 7 and 8 indicate
are elongated along the diagonal because the transition isth_at PC_BM molecules und_ergo rapid erentatlongl motion, yet
inhomogeneously broadened. The degree of diagonal elongatioﬁh's motion does not result in spectral dlﬁuglon. This observathn
appears to change very little between 1 and 10 ps. The time 'eveals that the structures of the local environments surrounding

dependence of the line shape is displayed quantitatively in Figure?©BM molecules are not the dominant influence determining
7B. where 1D horizontal slices that were extracted from the the frequency of the carbonyl mode. Rather, structural variations
2D IR spectra are presented. The locations in the 2D IR Spectrathat extend over length scales greater than the size of PCBM

where the slices were extracted are indicated by the horizontaiMel€cules plus their local environments appear to determine
dotted lines in Figure 7A. Horizontal slic¥s5 are presented ~ the frequency. We have observed that the carbonyl mode of

because they enable us to examine the dynamic width of the?CBM shifts to higher frequency when the molecules interact
0—1 transition without significant interference from the-2 W'th CN'MEH'PPV (c.ross referepcg Figure 5). We established
transition. The 1D slices from the 1- and 10-ps 2D IR spectra In sgctlon IV.A that it is the proximity Of, PCBM molecgles to
were fit with Gaussian functions yielding 6.9 and 7.0 ¢rfull the interfaces with the polymer that primarily determines the
widths at half-maximum, respectively. These widths are identical feauency of the carbonyl mode. Therefore, we conclude that
within experimental precision. By comparison, the linear IR the correlation of the carbonyl frequency of PCBM molecules
absorption spectrum of the carbonyl stretch has a fwhm of 16.7 With tlhe|r radial posmon.(see Figure 9) is necessary to explalln
cmtindicating that extensive broadening of the 1D line shapes the t|me-depgndept shift of the garbonyl frequency that is
could be observed if spectral diffusitfroccurred on the 10-ps repres_ented in Figure 4. W_e wish _to point out _that th?
time scale. The IR pump pulse frequency is determined by a experimental results are consistent with structural disorder in
piezo controlled actuator that results in a frequency precision € PCBM domains, but the disorder is not the dominant factor
of £1 cm L. Slight variations in the pump pulse frequency that determines the carbonyl frequency. Although it is very likely
during the experiment give rise to the 1 chalifference in center that local redistribution of electrons within the local environ-
frequency that appears in the 1D slices in Figure 7B. Although ments oceurs, this process is not the cause of the time dependent
the center frequency of the pump pulse varies slightly in the fféduency shift of the carbonyl mode.

experiment, the spectral width is constant to within much less Radial Drift and/or Diffusion Model. The correlation
than 1 cntt. We have verified the lack of spectral diffusion between the vibrational frequency of the carbonyl stretch of
within 10 ps by collecting multiple sets of 2D IR spectra at PCBM and the radial position of the molecules in the PCBM

several time delays between 1 and 10 ps. We consistently find domains indicates that the time dependent shift of the bleach

that 1D slices extracted from the 2D line shapes do not broadenfrequency_results from the drift and/or diffusion of e!ectrons
with increasing time delay. We should note that we have not T0M the interfaces into the centers of the domains. The
measured the orientational motion or spectral diffusion of distribution of carbonyl frequencies that appear in the bleach
anionic ground state PCBM. The time scale for the fastest at a given time delay is therefore related to the average radial
frequency shift in the carbonyl stretch (see Figure 4) comparesd'smb“t'o” of electrons at that time. Figure 10B displays the

with the orientational diffusion time of PCBM, suggesting that center frequencies of the bleach spectra that are depicted in
Figure 4 plotted relative to the corresponding time delay

(58) Lipari, G.: Szabo, ABiophys. J.198Q 30, 489-506. measured in the Vis-IR experiment. The time axis is represented

(59) Wang, C. C.; Pecora, R. Chem. Phys198Q 72, 5333-5340. i i i i

(60) Nichols, K. B.; Rodriguez, A. AJ. Phys. Chem. A2005 109 3009- ona IoQarlthmIC scale. Flgure 10A illustrates the moyemgnt of
3014. electrons with three heuristic snapshots of the distribution of

(61) Martin, N, H.; Issa, M. Fi.; Mclntyre, R. A.; Rodriguez, A. A. Phys. glectrons within the domains as a function of increasing time

Chem. A200Q 104, 11278-11281. o .
(62) Johnson, R. D.; Yannoni, C. S.; Dorn, H. C.; Salem, J. R.; Bethune, D. S. delay. The arrows pointing from the snapshots to the curve in

Sciencel992 255 1235-1238. : : P -
(63) Hughes, E.. Jordan. J. L.- Guilion, T. Phys. Chem. E200Q 104 691 Figure 10B provide a qualitative association between the extent
694. of electron motion and the corresponding carbonyl center
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frequency. As electrons move toward the centers of the domains, electron drift~__
their average radial distribution changes, which causes the I

carbonyl bleach to approach the equilibrium spectrum which b
has a center at 1740 crh 6 nm thick

Hole Diffusion Model. A final alternative explanation which i
is related to the radial drift and/or diffusion model must be s]sgzgr”zhree?fs
considered. Might the time dependence of the bleach center 15 nm thick
frequency be explained by the diffusion of holes in the polymer . ) ) .

. . . . Figure 11. Schematic representation of a sectioned sphere showing shell
rather then the motion of electrons in the PCBM domains? Since i . nesses at which 50% and 88% of the volume of the sphere is
holes are created in the polymer phase by electron transfer antkncompassed.
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.

wu g ~

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-5000 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 grodpOn 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-12 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

However, the diffusion of holes away from the interfaces . . ;
miaht cause the bleach of the carbonvl mode to partially recover contained in a 15 nm thick outer shell. Consequently, electrons
9 Y P y that move 15 nm toward the center encounter on average 88%

because the PCBM molecules that are perturbed by the holes . . -
- . of the environments present in the PCBM domains. We assume
will no longer be perturbed after the holes diffuse away. As we . -
. L that the bleach spectrum is not very sensitive to electrons
report in a separate publicatiéfthe area of the bleach decreases .. . . .
: diffusing into the remaining 12% of the volume. We should
by 12% from 5 to 100 ps. This recovery could result from back . . o
e note that it is reasonable for the influence of the electric field
electron transfer or from the diffusion of holes away from the

. . 2 on the carbonyl frequency to extend 10s of nanometers into
interfaces. We are currently searching for characteristic absorp- . L .

. . . - " the PCBM domains. In a recent molecular dynamics simulation
tions of the anion of PCBM and the cation of the polymer in

. . ) . . . of vibrational echo studies of carbonmonoxymyoglobin, the
order to identify which process is responsible for the partial . g
. researchers found it necessary to calculate the electric field from
recovery of the bleach. For now, we note that under certain

. . - . the entire protein and the surrounding solvent in order to
circumstances, organic solar cells can achieve near unit photon

to electron conversion efficiené4which suggests that ultrafast correlate the frequency fluctuations of the=O ligand measured

. ._in the experiment with the molecular dynamics simulafibn.
back electron transfer may not occur on ultrafast timescales in ., . N Lo -
this system. This fact indicates that vibrational probes are sensitive to

. _ . molecular electric fields originating from species that are tens
C. Electron Radial Velocity in PCBM Domains. From the g g P

time d q f the bleach tor f of nanometers away. We should also note that the spectral
tlr:ne epen erlcefo | et eac cden etr. re?uet?]cy, we can rne"jlg'.'“'rlgvolution of the carbonyl bleach does not result from interfer-

€ movement of electrons and estimate Ineir average radialy .o from the anionic form of PCBM. The bleach spectrum
velocity in the PCBM domains. To quantify the time depen-

d fit the t fth ter f f the bleach converges to the linear absorption spectrum, which is only
ence, we it the trace of the center frequency of the bleac possible if the anion absorbs in a separate spectral window or
versus the corresponding time delay in Figure 10B with a

. . . L is so broad that it cannot be distinguished from the absorption
multiexponential function which is forced to reach the asymp-

totic limit of the equilibrium center frequency. We have pointed offset. Th? +2 mis velom.t)./ Serves as a Iowgr limit because

e L _~_our experiments are sensitive only to the radial component of
ou_t that _hole d|ffus_|on onthe 5-to 100-ps time scale and pos_S|bIe electron motion and because we have intentionally excluded
orlentat!ona_l motion O.f the PCBM anions on the _20-ps ““_“e the faster frequency shift dynamics from the calculation of the
scale might interfere with the observed frequency shift dynamics. velocity.
In recognition of these possible processes, we intentionally avoid

int tina th b-100 * of the ti d dent Our measured radial velocity is at least one order of
interpreting the sub-2U0 ps component of the ime dependen magnitude higher than the velocity of charge carriers in poly-
center frequency trace in terms of electron movement. The

mer blend solar cells that are composed of similar ma-
i 65,66 ili i i
(64) Janssen, R. A. J.; Hummelen, J. A.; Sariciftci, NMater. Res. Soc. Bull. terials: Recently’ the mOblllty of charge carriers in a solar
2005 30, 33-36. cell composed of MDMG-PPV and PCBM was measured to
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be~4 x 104 cm?V-s. Photogenerated charges were extracted recombination in organic solar cells can be understood by
from the cell which had a 250-nm thick active layer in about treating electrons as immobile and considering only the diffusion
2.5us. From the thickness and time scale, we estimate that theof holes which would suggest that electrons may be less mobile
average velocityy, of charge carriers in the cell wasd.1 m/s. than previously believed. On the basis of our results, we
If we treat charge carrier motion as resulting solely from drift, speculate that the mobility of electrons may be significantly
then the drift velocity of the carriers can be related to the reduced by the presence of interfacial boundaries between the
mobility, u, and the electric fieldg, by v = uE. From the PCBM domains. These interfacial boundaries may be polymeric
mobility and the drift velocity, we estimate the static electric layers. We are in the process of using the covalent ring stretch
field in the cell to be~25 000 V/cm which corresponds tel mode around 1600 cm as a vibrational probe of holes in the
V potential difference across the active la§eér. polymer in order to compare the velocities of electrons and holes
We are in the process of estimating the electric field across in the same system to determine which carrier has higher
the interfaces of the fullerene domains using vibrational Stark mobility.
spectroscopy>® By characterizing the external electric field v/ concluding Remarks
that is required to shift the carbonyl frequency of PCBM by 6

cm! (the frequency difference between the interfacial and center .
pump-infrared probe spectroscopy were employed to study

environments), we will experimentally determine the electric h .
L : ) : charge separation and the movement of the resulting electrons
field in the domains. Assuming that the motion of the electrons .

L . . in a polymer blend PV material. Charge transfer is directly
results primarily from drift, we will be able to convert the .
" - . . observed through the carbonyl©) stretch of the function-
velocity into a mobility. If, for the time being, we speculate

. ) . . alized fullerene, PCBM, that is blended with a conjugated
that the electric fields in the fullerene domains are not quite as olvmer. CN-MEH-PPV. Analvsis of the vibrational line shapes
large as the field across the solar cell, then the mobility Polymet, ) y P

- - of the carbonyl spectra in the Vis-IR and 2D IR data in
suggested by our experiments is comparable to the electron__ . : . )
-~ : L . conjunction with other complementary experiments reveal that
mobility measured in thin films of pure g and its soluble

. : . here i rrelation n the fr n f rbonyl m
variants?®70 The pure fullerene materials do not contain there is a correlation between the frequency of a carbonyl mode

interfaces between electron donating and accepting domains and the position of its host fullerene molecule. Only fullerene
9 Ping ‘molecules at the interfaces of PCBM domains are involved in

We therefore speculate that the low mobility of organic solar -
. . charge transfer. These molecules possess higher frequency
cells fabricated from polymer blends of conjugated polymers : .
- : .~ carbonyl modes while PCBM molecules in the centers of
and fullerenes principally results from the presence of interfacial .
fdomalns have lower frequency modes.

boundaries in the charge migration paths, and not because o .
) S The correlation between the frequency of a carbonyl mode
disorder at the molecular level that reduces the intrinsic rate of . o . .
and the radial position of its host fullerene molecule provides

electron trans_por.t. . . a means to observe the movement of electrons within individual
. The. qramatlc difference n the measured veloc.lty of elgctrpns domains through the spectral evolution of the carbonyl bleach.
n |nd!V|duaI PCBM d"m"?"”s compgred o their veIputy N From the spectral evolution, we find that the radial velocity of
organic solar_ cel!s calls |_nto question the popular idea that electrons is +2 m/s, which suggests an intrinsic mobility that
PCBM domains in organic solar c_eIIs are close e_nough 10 is at least an order of magnitude greater than the mobility in
transfer electrqns from one domain to another without the polymer blend PV materials. The study reveals that organic solar
glectrc_ms .needlng to tunnel throughnploly.mer layers. Recent cells with dramatically higher mobility and thus efficiency might
investigations by Durrant and Nelstn™ indicate that charge be developed if the geometries of the interpenetrating networks
of electron donating and accepting materials can be controlled

The results of ultrafast two-dimensional infrared and visible
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(67) Lunkenschmied, C.; Dennler, G.; Neugebauer, H.; Sariciftci, M. infrared spectroscopy to study organic PV materials at the
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