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Intermolecular donor-acceptor charge transfer complex �CTC� formed in the electronic ground
state between poly�2-methoxy-5-�2-ethylhexyloxy�-1,4-phenylenevinylene� �MEH-PPV� and
2,4,7-trinitrofluorenone �TNF� has been investigated by Raman and optical absorption
spectroscopies. Blending of MEH-PPV and TNF results in appearance of the CTC absorption band
in the optical gap of the both components and in changes in the characteristic MEH-PPV Raman
bands including shifts, change in bandwidth, and intensity. The experimental data are similar in
films and solutions indicating the CTC formation in both. We associate the low-frequency shift of
the strongest MEH-PPV Raman band at �1580 cm−1 reaching 5 cm−1 with partial electron transfer
from MEH-PPV to TNF amounting �0.2e−. We suggest that polymer conjugated segments can form
the CTC of variable composition MEH-PPV:TNF=1:X, where X�0.5 is per MEH-PPV monomer
unit. Our Raman data indicate that MEH-PPV conjugated segments involved in the CTC become
more planar; however, their conjugation length seemingly does not change. © 2007 American
Institute of Physics. �DOI: 10.1063/1.2767266�

INTRODUCTION

Conjugated polymers are promising materials for appli-
cation in various photonic and electronic devices. In recent
years much attention has been paid to synthesis of low-band-
gap polymers, i.e., with optical gap below 2 eV.1–3 On the
other hand, to extend absorption of conjugated polymer ma-
terials into the red and near-IR range, one could exploit the
properties of donor-acceptor charge transfer complexes
�CTCs�. As is well known for small �-conjugated molecules,
they can easily form donor-acceptor CTCs in the electronic
ground state.4,5 These CTCs usually have a characteristic ab-
sorption band in the optical gap of both the donor and the
acceptor. As was shown recently, relatively large
�-conjugated molecules such as fullerenes also from CTCs
with small molecules such as dimethylaniline,6 amines,7,8

and a relatively large molecule such as phthalocyanine.9

Nonconjugated polymers can form ground-state donor-
acceptor CTCs as well, e.g., CTC between polyvinylcarba-
zole and trinitrofluorenone �TNF� has been thoroughly stud-
ied since the 1970s as a photoconductor with sensitivity in
the visible spectral range.10,11 Intramolecular CTCs of a con-
jugated polymer have recently been reported for
polythiophene,12 where weak charge transfer occurs within
the polymer unit cell including a covalently bound acceptor
molecule.

Nevertheless, intermolecular CTCs of conjugated poly-
mers were far less studied. There were reports on CTCs of

oligthiophenes and oligoparaphenylenes with tetracyano-
quinodimethane �TCNQ�,13,14 and Abdou et al.15 reported on
a reversible CTC between poly�3-hexylthiophene� and mo-
lecular oxygen. We have recently demonstrated that a soluble
derivative of polyparaphenylenevinylene �MEH-PPV� can
form an intermolecular ground-state CTC with low-
molecular organic acceptors, specifically with TNF.16–18

MEH-PPV/TNF blend strongly absorbs in the red and
near-IR ranges resulting in generation of mobile charges.16

These studies suggest that the ground-state CTC is involved
in the photophysics, especially energy transfer and charge
generation. Moreover, the ground-state CTC influences the
donor-acceptor phase separation in the blend19 and therefore
the blend morphology. In turn, the latter has been recognized
to be of great importance for the photophysics and charge
transport.20 At the same time, blends of conjugated polymers
with fullerenes were intensively studied in the last 15 years,
and it was generally accepted that charge transfer occurs
only in the excited state of the blend but not in its ground
state. However, recent studies have shown evidence of a
weak ground-state CTC in blends of several conjugated
polymers with a soluble derivative of C60, phenyl-C61-
butyric-acid-methyl-ester �PCBM�.21–23 In fact, CTC absorp-
tion in polymer/fullerene blends is quite weak, and it was
difficult to identify it in the blend absorption spectrum.

Raman spectroscopy is a powerful tool for studying the
ground state of �-conjugated chains. It was determined that
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doping corresponding to complete electron transfer from/to
the conjugated chain changes essentially its vibrational spec-
tra. In particular, new Raman bands appear upon p-doping
PPV �Ref. 24� and its oligomers.25 In addition, vibrational
spectroscopy of donor-acceptor CTCs of conjugated mol-
ecules allows evaluation of the amount of charge transferred
in the electronic ground state. For example, typical trans-
ferred charge in CTC between tetrathiafulvalene �TTF� and
TCNQ is about 0.6e− that was determined from shifts in
Raman bands of TTF and TCNQ.26 Raman spectroscopy was
also used to identify weak charge transfer ��0.1e−� in
fullerene CTCs from 1 to 2 cm−1 downshifts of the most in-
tensive C60 Raman band at 1470 cm−1.8,9

In this work, extending our previous study,18 we inves-
tigate the ground state of polymer �-conjugated chains form-
ing a donor-acceptor CTC with a low-molecular organic ac-
ceptor. Using MEH-PPV as a donor and TNF as an acceptor
�Fig. 1�, we study changes in optical absorption and Raman
spectra of MEH-PPV/TNF blends relative to the spectra of
pristine components. We compare these changes in films and
solutions and show that the CTC is formed in solution as
well as in films. We monitor parameters of the MEH-PPV
characteristic Raman bands upon varying TNF content and
observe that even at low TNF concentration the majority of
Raman active MEH-PPV chains are involved in the CTC.
Possible stoichiometry of the MEH-PPV/TNF CTC is dis-
cussed. Our Raman data indicate that charge transfer can
result in planarization of polymer conjugated segments in-
volved in the CTC. We discuss how CTC could influence
their effective conjugation length.

SAMPLES AND EXPERIMENTAL DETAILS

MEH-PPV �Sigma-Aldrich� was dissolved in chloroben-
zene at concentration of 2.5–5 g/ l for 30–180 min at

60 °C. Blends were prepared by mixing chlorobenzene solu-
tions of MEH-PPV and TNF with their molar ratio from
1:0.1 to 1:1 per polymer monomer unit. Films prepared on
glass substrates by drop casting and spin casting were used
for recording their Raman and optical absorption spectra,
respectively.

Absorption spectra were measured in the visible range
by using a monochromator MSD-1 �LOMO� equipped with a
halogen lamp. The samples were placed right after the exit
slit of the monochromator, and the transmitted light was col-
lected by a wide-aperture Si photodetector within a solid
angle of � /5 sr. This was done in order to minimize a con-
tribution of the scattered light to the transmission spectra of
MEH-PPV/TNF films.19 The photodetector signal was pro-
cessed by using lock-in detection technique. Maximal contri-
bution to the measured optical density of pristine MEH-PPV
from its photoluminescence was estimated to be less than 1%
of the measured value. The maximum optical density of the
spin-cast films was about 0.5.

Raman spectra were recorded using a double monochro-
mator DFS52 �LOMO� equipped by a thermoelectrically
cooled photomultiplier �R2949, Hamamatsu�. The external
cavity diode laser emitting at 670 nm with 2 cm−1 full width
at half maximum �FWHM� was used as an excitation
source.27 To suppress the laser spontaneous emission, com-
bination of a diffraction grating and a slit diaphragm was
used. The laser power on the sample was 20 mW. The Ra-
man spectra were measured in the back reflection geometry,
normal to the sample surface, in the range of
900–1700 cm−1. They contained a background, which was
subtracted after its approximation by a straight line in the
range of 150 cm−1 around each Raman band.

The FWHM of the spectrometer response function was
6 cm−1. Band frequencies, bandwidths, and intensities were
obtained from the measured spectra using the least-squares
method. The experimental data within the 15 cm−1 band-
width around the Raman band center were fitted by a Gauss-
ian function in order to minimize influence of possible satel-
lites and background on the result. The approximation error
was much less than the experimental random error. Raman
bandwidths are presented without correction to the spectrom-
eter response function since we are interested only in their
change from one sample to another.

FIG. 2. Absorption spectra of pristine MEH-PPV and MEH-PPV/TNF blend in films �a� and solutions �b�. The concentration of MEH-PPV or TNF in
solutions was 2.5 g/ l.

FIG. 1. Chemical structure of MEH-PPV and TNF.

104905-2 Bruevich et al. J. Chem. Phys. 127, 104905 �2007�

Downloaded 17 Sep 2007 to 132.239.1.230. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



Since MEH-PPV/TNF blends absorb the Raman scat-
tered radiation differently in the range of 900–1700 cm−1,
the Raman band intensities were corrected to the blend ab-
sorption spectra. In the one-dimensional backward Raman
scattering geometry, the measured Sm��� and real S��� Ra-
man spectra are related as follows:

Sm��� � �
0

d

S���exp�− xOD��0�/d�exp�− xOD���/d�dx ,

�1�

where d is the sample thickness, OD is its optical density, �
is the Raman scattering wavelength �varying in the range of
705–760 nm�, and �0 is the excitation wavelength �670 nm�.
If the sample is optically thick �exp�−OD��1�, Eq. �1� gives

S��� � Sm����OD��0� + OD���� . �2�

Equation �2� was used for correction of the Raman spec-
tra in solutions as they were optically thick. Drop-cast MEH-
PPV/TNF films had OD�2 at 670 nm, and we use Eq. �2� to
get an upper estimate of the experimental error.

RESULTS

Optical absorption

Figure 2�a� shows absorption spectra of pristine MEH-
PPV and MEH-PPV/TNF films. The absorption edge of TNF
is about 3.1 eV. Upon addition of TNF, a wide absorption
band emerges in the MEH-PPV optical gap. This band was
attributed to a donor-acceptor CTC forming between MEH-
PPV and TNF.18 In addition, a redshift of the whole MEH-
PPV absorption band is observed, reaching 0.2 eV at its low-
frequency edge �Fig. 2�a��. The intragap absorption and the
redshift increased monotonically with TNF concentration
saturating at the MEH-PPV:TNF molar ratio of about 1:0.5.19

Figure 2�b� presents absorption spectra of pristine MEH-
PPV and MEH-PPV/TNF blend in chlorobenzene solution.
Analogously to the films, the blend in solution shows a long
low-frequency tail as compared with the pristine MEH-PPV.
However, there is no redshift of the MEH-PPV absorption
band in the blended solution �Fig. 2�b�� as compared with the
blended film �Fig. 2�a��. The redshift of MEH-PPV absorp-
tion in film might be related to change in polymer effective
conjugation length or/and in local dielectric environment of
the polymer chains in the blend �see the discussion section
below�.

Raman scattering

Films

Figure 3 demonstrates Raman spectra of pristine MEH-
PPV and equimolar MEH-PPV/TNF blend in films. These
spectra are very similar and include seven observed bands of
MEH-PPV; their frequencies are shown in Fig. 3. TNF Ra-
man bands are indistinguishable in the spectrum of the blend
�lower panel in Fig. 3� as the TNF Raman cross section is
much lower than that of MEH-PPV.

The most significant changes in the MEH-PPV Raman
spectrum upon TNF addition were observed for two bands
peaked approximately at 1580 and 966 cm−1. The strongest

Raman band of 1580 cm−1 is assigned to the symmetric
stretching vibration of the phenyl ring.28,29 The band at
966 cm−1 is assigned to the out-of-plane CH bending mode
of the vinylene group.30,31 This vibration is forbidden in the
Raman spectrum for the planar configuration of the polymer
chains,30 but it gives a strong band in their IR spectrum.32

However, a weak band at 966 cm−1 is observed in Raman
spectra of PPV �Refs. 24 and 30� and its soluble
derivatives,33,34 indicating distortion of the planar conforma-
tion of the conjugated polymer chains.

Figure 4�a� presents Raman spectra of MEH-PPV/TNF
films in the region of the band of 1580 cm−1 for different
MEH-PPV:TNF molar ratios. The 1580 cm−1 band frequency
downshifts with increasing TNF content, with a maximum
shift of 3.5 cm−1. At the same time, the narrowing of this
band is observed. Low-frequency shift of the 1580 cm−1

band in MEH-PPV/TNF films was observed earlier at an
excitation wavelength of 1064 nm, and it was attributed to
CTC formation between MEH-PPV and TNF in the elec-
tronic ground state.18

As seen in Fig. 4�a�, the Raman band at 1557 cm−1 ob-
served as a shoulder of the band of 1580 cm−1 �Fig. 4�a��
downshifts in the blends as well as the 1580 cm−1 band.
Similar shifts of the 1557 and 1580 cm−1 band frequencies
are quite expected since both are assigned mainly to the
stretching vibration of the polymer phenyl ring.31 As Fig.
4�a� also shows, the band at 1625 cm−1 shift noticeably less
than the shifts of 1580 and 1557 cm−1 bands. The 1625 cm−1

band is assigned mainly to the carbon-carbon �CC� stretching
vibration of the vinylene group.31 At the same time, as one
can see in Fig. 4�a�, the intensity ratio I1557/ I1625 monotoni-
cally grows with increasing the TNF content �see also Fig.
5�. This intensity ratio was suggested to correlate with the
conjugation length.29,35,36

Figure 4�b� shows evolution of the MEH-PPV Raman
band of 966 cm−1 upon addition of TNF. First, the band fre-
quency is upshifted by �7 cm−1. Second, its intensity is de-
creased in the blend relative to the other Raman bands �Fig.
3�. The intensity ratio I960/ I1580 drops twice in the blends
with the TNF molar ratio X�0.5 �MEH-PPV:TNF=1:X�
�Fig. 5�. Difference in optical absorption of the Raman wave-
lengths �700–760 nm� appearing in the MEH-PPV/TNF
blends �Fig. 2� gives a negligible contribution to decreasing
the band of 966 cm−1. Using Eq. �2�, we estimate this con-

FIG. 3. Raman spectra of pristine MEH-PPV �top� and equimolar MEH-
PPV/TNF blend �bottom� in films.
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tribution to be less than 10%. Note that a similar frequency
increase of the band of 966 cm−1 was also observed in the IR
spectra of MEH-PPV/TNF films.37 Simultaneously, the
966 cm−1 IR band intensity increased by approximately 50%
in the blend with molar ratio of 1:0.4. This behavior of the
vibrational mode of 966 cm−1 implies better planarity of the
polymer chains in the blends and will be discussed below.

Figure 5 summarizes the observed changes in the MEH-
PPV Raman spectrum of films as a function of MEH-
PPV:TNF ratio. The frequencies of the bands of 966 and
1580 cm−1, the bandwidth of the band of 1580 cm−1, and the
intensity ratio I966/ I1580 are shown. As seen in Fig. 5, these
parameters depend monotonically on MEH-PPV:TNF ratio
saturating at the ratio of �1:0.5.

Solutions

To measure intensity variation of MEH-PPV Raman
bands upon addition of TNF in solution, we used the stron-
gest chlorobenzene band at 1003 cm−1 as a reference. In-
deed, the small amount of MEH-PPV should not affect the
Raman spectra of chlorobenzene, and the 1003 cm−1 band
does not overlap with the MEH-PPV and TNF bands.

Figure 6 displays Raman spectra of MEH-PPV and
MEH-PPV/TNF solutions. Similar to the films, the TNF Ra-
man bands are much weaker than the MEH-PPV ones in the
blended solution. All the MEH-PPV Raman bands, except
the band of 966 cm−1, were a few times stronger in the blend

than in the pristine MEH-PPV. This intensity increase should
be assigned to the resonant Raman effect since the excitation
wavelength �670 nm� is within the absorption band of the
MEH-PPV/TNF blend but beyond that of the pristine MEH-
PPV �Fig. 2�a��.

Figure 7 demonstrates Raman spectra of MEH-PPV and
MEH-PPV/TNF solutions in the region of the bands of 1580
and 966 cm−1. Similar to the films, addition of TNF results in
a frequency downshift of the bands at 1557 and 1585 cm−1

�Table I�. Note that the downshift of the latter reaches 5 cm−1

in solution that is higher than in film. Contrary to the films,
the broadening of the band of 1580 cm−1 was observed upon
addition of TNF �cf. data in Table I and Fig. 5�. As in the
films, the frequency of band of 966 cm−1 is increased and its
relative intensity is decreased �Fig. 7�. However, the fre-
quency shift ��3.5 cm−1� in solution is approximately two
times less than in film, but the relative intensity decreases by
a factor of 3 that is noticeably higher than in film. One can
suppose that the behavior of the band of 966 cm−1 observed
both in solution and film is a characteristic feature of CTC
formation between MEH-PPV and TNF. Table I summarizes
characteristic changes in MEH-PPV Raman spectra upon ad-
dition of TNF.

Thus, we observed that the characteristic changes in the
Raman and absorption spectra of MEH-PPV/TNF blends
upon increasing the TNF content are common in solution and
film: appearance of the absorption band in the optical gap of
MEH-PPV; frequency downshift of the band of 1580 cm−1;

FIG. 4. Raman spectra of MEH-PPV/TNF films normalized to the peak intensity of the 1580 cm−1 band for different molar ratios of the components �a�
1580 cm−1 and �b� 966 cm−1. The lines in �b� are Gaussian fits.

FIG. 5. Parameters of the MEH-PPV Raman bands of 966 and 1580 cm−1 in
films as a function of TNF molar ratio.

FIG. 6. Raman spectra of MEH-PPV �2.5 g/ l� and MEH-PPV/TNF blend
�2.5 g/ l of MEH-PPV and TNF� in chlorobenzene. Spectra were normalized
to the 1003 cm−1 chlorobenzene band, and then the chlorobenzene spectrum
was subtracted. The MEH-PPV/TNF data were corrected using the absorp-
tion spectrum in Fig. 2�b� according to Eq. �2�.
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intensity decrease of the band of 966 cm−1 and its frequency
upshift. At the same time, essential difference was observed
between the films and solutions: the MEH-PPV absorption
band is redshifted only in the films.

DISCUSSION

CTC in solutions and films

MEH-PPV/TNF blends exhibit a new absorption band in
the optical gap of both components observed both in solution
and film. The intensity of this band normalized to the MEH-
PPV main absorption band was nearly the same in both. The
strongest Raman MEH-PPV band of 1580 cm−1 downshifts
in MEH-PPV/TNF blends up to 3.5 cm−1 in film and 5 cm−1

in solution. These changes in Raman and optical absorption
spectra of the blended films were attributed to a donor-
acceptor CTC formed in the electronic ground state between
MEH-PPV and TNF.17,18 Since these changes in the spectra
of the blends are very similar in film and solution, one can
conclude that the CTC between MEH-PPV and TNF is
formed in solution as well.

According to the simplest model of intermolecular CTC
by Mulliken,5 partial transfer of electron density occurs from
the highest occupied molecular orbital �HOMO� of the donor
�MEH-PPV� to the lowest unoccupied molecular orbital
�LUMO� of the acceptor �TNF� in the electronic ground
state. One can expect that decreasing the �-electron density
at the bonding HOMO of MEH-PPV results in a downshift
of its carbon-carbon stretching vibration frequencies. This
explains the observed low-frequency shift of the band of
1580 cm−1. On the other hand, this low-frequency shift
might be the result of increase in the conjugation length
and/or of variation in the interchain interactions since the

blended films demonstrate also the redshift of the MEH-PPV
absorption band �Fig. 2�a��. Indeed, a redshift of the main
absorption band of a conjugated chain is well known to be a
characteristic signature of increase in its effective conjuga-
tion length. In addition, the interchain interactions can also
result in a similar redshift.38 However, we did not observe
any redshift of the MEH-PPV absorption band in solution
�Fig. 2�b��. Since the frequency downshift of the Raman
band of 1580 cm−1 was observed both in film and solution,
one can conclude that neither variation in conjugation length
nor interchain interaction are the main reason of this shift.

Studies of doped PPV,24,25,31,39,40 in which the transferred
charge is multiple to the electron charge, have shown that the
stretching vibrations of the phenyl ring are quite sensitive to
change in �-electron density at the conjugated backbone.
Specifically, p doping changes the phenyl ring stretching fre-
quencies by about 20 cm−1.24,39,40 In low-molecular CTCs,26

the vibrational shifts are shown to be linearly dependent on
the amount of the transferred charge. Assuming that this also
holds for the MEH-PPV/TNF CTC, one can suggest that the
observed downshift of 3.5–5 cm−1 of the band of 1580 cm−1

corresponds to a decrease in the �-electron density at the
polymer conjugated backbone about 0.2e− per monomer unit.

Resonant Raman scattering in CTC

The Raman excitation wavelength of 670 nm corre-
sponds to the CTC absorption band �Fig. 2�, implying that
the Raman cross section can strongly increase as compared
with the pristine MEH-PPV. In fact, the Raman intensities in
the blend were about three times higher than in the pristine
polymer �Fig. 6�b�� that should be attributed to resonant Ra-
man scattering.

We suggest that the resonant enhancement of Raman in-
tensities in MEH-PPV/TNF film is similar to that in solution.
Although absolute Raman intensities were not measured in
films, strong resonant Raman enhancement could be ob-
served as a change in the shape and relative intensities of
MEH-PPV Raman bands. For example, if just a part of con-
jugated MEH-PPV chains is involved in the CTC, then only
these chains should be observed in Raman spectra as it is
usually observed in resonant Raman spectra of conjugated
polymers. Nevertheless, our Raman spectra in MEH-PPV/

FIG. 7. Raman spectra of MEH-PPV �2.5 g/ l� and MEH-PPV/TNF blend �2.5 g/ l of MEH-PPV and TNF� solutions of the bands of 1580 cm−1 �a� and
966 cm−1 �b�. Spectra are normalized to the peak intensity of the band of 1580 cm−1. The lines in �b� are Gaussian fits.

TABLE I. Parameters of Raman spectra from the data in Fig. 7.

Sample

Frequency �cm−1�

FWHM of
1580 �cm−1� I966/ I1580 �%�966 cm−1 1580 cm−1

MEH-PPV 966.6±0.3 1584.9±0.3 15.8±0.3 18.0±1.0
MEH-PPV/TNF 970.0±0.4 1579.8±0.3 18.7±0.4 5.6±1.0

aCalculated from the peak intensities and corrected using the corresponding
absorption spectra according to Eq. �2�.
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TNF films at 670 nm excitation are very similar to those
measured at 1064 nm excitation18 despite the fact that the
CTC absorption at 1064 nm is at least an order of magnitude
less than at 670 nm. Therefore, resonant Raman enhance-
ment at 670 nm should not essentially change the position
and the shape of the band of 1580 cm−1.

One can suppose that the observed resonant enhance-
ment in Raman intensity is not very strong because the tran-
sition dipole moment vector corresponding to the CTC ab-
sorption can be almost perpendicular to the polymer chain
direction corresponding to the maximal component of the
Raman polarizability tensor. Indeed, intermolecular CTCs of
planar conjugated molecules typically have face-to-face con-
figuration of the donor and the acceptor,41 in which the tran-
sition dipole moment corresponding to CTC absorption is
nearly perpendicular to both the donor and acceptor
planes.42,43

Peculiarities of partial charge transfer from a
conjugated chain

The Raman bands of 966 and 1580 cm−1 of MEH-PPV
shift as a whole upon addition of TNF �Fig. 4�. Moreover, the
band of 1580 cm−1 narrows in films �Fig. 5�. Note that the
observed monotonic frequency shifts of the MEH-PPV Ra-
man bands qualitatively differ from the behavior of Raman
spectra of PPVs upon p or n doping. In fact, variation of the
doping level results in redistribution of the Raman intensity
between doped and pristine conjugated chains but not in
shifts.39

Since both the shape and the frequency of the MEH-PPV
Raman bands do not noticeably change in the resonant Ra-
man conditions, shifts of the bands of 966 and 1580 cm−1

observed even at low TNF content �Fig. 5� indicate that the
most part of Raman active MEH-PPV chains interacts with
TNF. Otherwise, asymmetric broadening of the band of
1580 cm−1 resulting from superposition of bands correspond-
ing to the CTC and pristine MEH-PPV would be observed,
whereas the observed band narrows in film.

One can explain the observed peculiarities of partial
charge transfer from polymer conjugated chains observed in
the Raman spectra using a simple model. Owing to delocal-
ization of �-electron density along conjugated segments, we

suggest that the charge transfer to an acceptor molecule can
occur from the entire segment, and the latter can interact
with a number of acceptor molecules. Consider a set of con-
jugated segments of the same length including N monomer
units supposing the following: �i� the overlapping of the ac-
ceptor molecular orbitals with the polymer ones, i.e., donor-
acceptor contact, is essential only within one monomer unit;
�ii� the electronic charge at each monomer unit of the conju-
gated segment decreases by q /N, where q is the charge trans-
ferred from the entire conjugated segment to one acceptor
molecule; �iii� all the acceptor molecules form the CTC in-
dependently from each other; �iv� the maximum number of
acceptor molecules interacting with a conjugated segment is
N. As a result, the amount of transferred charge �n=nq /N per
monomer unit obeys the binomial probability distribution,

P��n� = CN
n Xn�1 − X�N−n, �3�

where CN
n is the binomial coefficient and X is the acceptor/

donor molar ratio corresponding to the probability of the
contact between an acceptor molecule and an arbitrary
monomer unit. According to our experimental data, the trans-
fer of electron density from MEH-PPV to TNF results in
decreasing both the frequency and the bandwidth of the band
of 1580 cm−1. Consequently, the Raman spectrum can be
presented as a superposition of N bands, with each of these
being associated with �n,

S��� = �
n=1

N

P��n�F��,�n� , �4�

where F�� ,�n� describes the Raman band shape correspond-
ing to a conjugated segment of length N interacting with n
acceptor molecules. We neglect the resonance Raman effect
suggesting 	F�� ,�n�d�=const and assume that both the fre-
quency and the bandwidth of the band of 1580 cm−1 depend
on �n linearly. Figure 8�a� shows Raman spectra of the band
of 1580 cm−1 calculated from Eq. �4� for X=0,0.5,1. Note
that there is no distribution of Raman frequencies for X=0
and 1 in our model as the number of acceptor molecules
in the contact with each monomer unit is 0��0=0� and
1��N=q�, respectively.

Figure 8�b� demonstrates bandwidths and frequencies of
the band of 1580 cm−1 calculated from Eq. �4� as a function

FIG. 8. �a� Calculated Raman spectra of the band of 1580 cm−1 for N=5 and different X according to Eq. �4�, each F�� ,�n� is a Gaussian function. The bars
depict frequencies and intensities of summands in Eq. �4� for X=0.5. �b� Bandwidth and frequency of the Raman band of 1580 cm−1 as a function of X
calculated using Eq. �4� for various N. The data for X=0 and 1 are taken from the experiment �Fig. 5�.
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of X for different conjugated segment lengths N. As seen in
Fig. 8�b�, the bandwidth increases for N=1 at low acceptor
content �X�0.2�. This is quite evident since the Raman band
in this case is a sum of two components corresponding to the
complexed and free species with different weights deter-
mined by X. However, for longer conjugated segments the
bandwidth decreases monotonically with X approaching a
straight line for N�5 despite the fact that the Raman band
for 0�X�1 is a sum of the partial bands of different fre-
quencies. Therefore, the model explains the experimentally
observed narrowing of the polymer Raman band observed at
low acceptor content �Fig. 5� as a peculiarity of charge trans-
fer from the entire conjugated chain. Note that the data in
Fig. 8�b� demonstrate very weak sensitivity to the conjugated
chain length for N	2.

Our model predicts the saturation of changes in the Ra-
man spectra with increasing the TNF content at X=1,
whereas the saturation was experimentally observed at X
�0.5 �Fig. 5�. This discrepancy stems from assumption �i�
and can be removed if we suggest that one TNF molecule
interacts with two monomer units of MEH-PPV. For ex-
ample, this can be realized if TNF molecules in the CTC are
oriented along the polymer chain since the TNF molecule is
longer than the MEH-PPV monomer unit.

We remark that in the blended solution, the band of
1580 cm−1 is broadened as compared with the pristine poly-
mer. From our spectroscopic data, we cannot distinguish
whether this broadening is associated with superposition of
the Raman bands from the CTC and the pristine MEH-PPV
or is due to the peculiarities of donor-acceptor charge trans-
fer from the conjugated chains. Because of this we have
applied the above model only to films.

Thus, we have considered a simple model explaining the
monotonic shift and narrowing of the MEH-PPV Raman
band of 1580 cm−1 observed upon addition of TNF. The
model assumes that an acceptor molecule can accept the
electron density from the entire segment, and the latter can
donate the electron density to a number of acceptor mol-
ecules. Our data suggest that the CTC stoichiometry per
MEH-PPV monomer unit could be MEH-PPV:TNF=1:X
with X�0.5. The minimum X should correspond to the long-
est conjugated segment in the sample interacting with a
single acceptor molecule.

Planarization of MEH-PPV chains in CTC

Both in MEH-PPV/TNF solution and film, the Raman
band of 966 cm−1 corresponding to the in-phase CH out-of-
plane wag of the MEH-PPV vinylene group is noticeably
changed �Fig. 5�: its intensity is decreased and its frequency
is increased upon TNF addition. As mentioned above, this
Raman band is indicative of distortion of the polymer con-
formation from the planar one. As reported in Ref. 30, the
higher the frequency of the band at �970 cm−1 and the lower
its Raman intensity, the more planar conformation of PPV
conjugated segments is achieved. A typical frequency shift of
the vibration mode at �970 cm−1 associated with planariza-
tion of PPV oligomers was 6–8 cm−1.30 This shift is similar
to that observed in the MEH-PPV/TNF blends amounting

3.5 cm−1 in solution and 7 cm−1 in film. Therefore, the ob-
served behavior of the band of 966 cm−1 suggests that the
MEH-PPV conjugated segments involved in the CTC be-
come more planar.

If a conjugated chain becomes more planar, one could
expect that its conjugation length increases. This conjugation
length increase should correspond to a redshift of the poly-
mer absorption band. In the MEH-PPV/TNF blends, such
redshift was observed only in film but not in solution �Fig.
2�. Therefore, planarization may not lead to increase in the
effective conjugation length. Consider possible types of pla-
narization in detail.

Symmetry breaking resulting in appearance of the band
of 966 cm−1 in Raman spectra of PPV-type polymers can be
associated with the following distortion of the planar confor-
mation of the conjugated segments: torsion deformation and
bending of their plane. The torsion deformation decreases
overlapping of the p electrons and consequently can consid-
erably influence the conjugation length. Accordingly, pla-
narization associated with weakening the torsion deforma-
tion should result in increasing the conjugation length of
MEH-PPV segments interacting with TNF. Nevertheless, we
did not observe any shift in the MEH-PPV absorption in
solution that could indicate a change in the conjugation
length. On the other hand, one can suppose that the bending
deformation of the conjugated chain plane influences over-
lapping of p orbitals noticeably weaker so that such a defor-
mation might explain planarization of conjugated chains
without variation of its effective conjugation length.

Conjugated length of polymer chains involved in CTC

The redshift of the MEH-PPV absorption band in the
blend with the CTC was observed only in film but not in
solution �Fig. 2�. Assume that this redshift is due to increase
in the effective conjugation length. This suggestion could be
supported by increase in Raman intensity ratio I1557/ I1625 ob-
served in the MEH-PPV/TNF films �Fig. 4�a��.29 In addition,
increase in the effective conjugation length is usually accom-
panied by a downshift of carbon-carbon stretching vibration
frequencies of the conjugated chain.44 It is commonly ac-
cepted that downshifts of the Raman frequencies and redshift
in absorption observed in conjugated polymers upon cooling
result mainly from increasing the effective conjugation
length.45 Our measurements of MEH-PPV Raman and ab-
sorption spectra in films upon cooling indicate that a 40 meV
redshift in absorption corresponds to the 2 cm−1 downshift in
the band of 1580 cm−1.46 Similar shifts upon cooling were
observed in BEH-PPV films,34 which is a symmetrically sub-
stituted analog of MEH-PPV.

Therefore, if the 0.2 eV redshift of MEH-PPV absorp-
tion edge in the MEH-PPV/TNF film results from increase of
the effective conjugation length, then this shift should be
accompanied by a frequency downshift of the Raman band
of 1580 cm−1 by at least a few wave numbers. It is reason-
able to expect this shift to be additive to the downshift re-
sulted from charge transfer between MEH-PPV and TNF.
Hence, the frequency downshift of the band of 1580 cm−1

should be noticeably higher in film than in solution, in which
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the effective conjugation length seemingly does not change.
However, the maximum observed downshift in film does not
exceed 4 cm−1, while it is even higher in solution reaching
5 cm−1. Accordingly, assuming that the transferred charge
between MEH-PPV and TNF is nearly the same both in film
and solution, one should conclude that increase in the effec-
tive conjugation length is not the main reason of the MEH-
PPV absorption redshift in film. Note that the latter could
still be explained by conjugation length increase if it is ac-
companied by decrease in the transferred charge between
MEH-PPV and TNF. Analysis of this possibility is beyond
the scope of the present work.

As the effective conjugation length seemingly does not
change upon CTC formation, the redshift in film could be
explained by a variation in the local dielectric environment
associated with the CTC. For example, as we have suggested
above, the polymer chains involved in the CTC become
more planar. This planarization could possibly result in more
close packing of the chains increasing their polarizability and
hence the effective dielectric constant of the film. As a result,
the stronger local-field effect in the blended film can induce
a redshift as compared with the pristine polymer film.

CONCLUSION

The ground electronic state of MEH-PPV conjugated
chains involved in a donor-acceptor CTC with TNF has been
studied by Raman and optical absorption spectroscopy in
blends in film and solution. We suggest that polymer conju-
gated segments can form the ground-state donor-acceptor
CTC of variable composition MEH-PPV:TNF=1:X, where
X�0.5 is per MEH-PPV monomer unit, with the maximal
electron density transferred from the donor to the acceptor
about 0.2e−. This charge transfer can result in planarization
of the polymer conjugated segments involved in the CTC.
Assuming that the amount of transferred charge is nearly the
same in film and solution, we conclude that the effective
conjugation length of polymer chains involved in the CTC
does not noticeably change in spite of their planarization.

Note added in proof. While the paper was under review,
other data on CTC absorption between various conjugated
polymers/oligomers and organic acceptors molecules in so-
lution were reported by Panda et al.47
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