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High-frequency (95 GHz) electron paramagnetic resonance study of the photoinduced charge
transfer in conjugated polymer-fullerene composites
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Light-induced electron paramagnetic resonafidePR) measurements are reported in composites of(gely
methoxy-5¢3-,7-dimethyloctyloxy-1,4-phenylenevinylene(MDMO-PPV) and [6,6]-phenyl-G;-butyric acid
methyl este(PCBM), a soluble derivative of §5. Under illumination of the sample, two paramagnetic species
are formed due to photoinduced charge transfer between conjugated polymer and fullerene. One is the positive
polaron P on the polymer backbone and the other is the radical anion on the methanofullerene. Using
high-frequency95 GHz LEPR it was possible to separate these two contributions to the spectrum on the basis
of their g factors, and moreover to resolve theanisotropy for both radicals. The positive polaron on the
conjugated polymer chain possesses axial symmetrygwitluesg = 2.0034(1) andy, =2.00241). EPR on
low doped polymer gave extra proof for the assignment to the positive polaron. The negatively charged
methanofullerene has a lower, rhombic symmetry vgih-2.00031), g,=2.000X1), andg,=1.99821).
Different spin-lattice relaxation of both species gives rise to a rapid passage effect for the positive polaron
spectrum.
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[. INTRODUCTION photoinduced electron transfer. The other one is the nega-
tively charged fullerene ion, created at the same time. A re-
During the last decade, interest in devices on the basis gfent study of the dependence of the LEPR intensity on the
conjugated polymers and molecules has shown an enormo@¥citing light intensity® revealed a bimolecular annihilation
increasé- Experimental investigation of their photophysical Process. On the other hand, the presence of a persistent,

properties, in particular of the photogeneration of charge carJ-Or?g'l'V'ng contribution to the EPR spectrum, points to the
. . ) . . . existence of electron traps in the composite. However, it was
riers, yields important information that can clarify the

: . . .._ hard to resolve both contributions to the spectrum and to
mechanism of formation and the fate of the primary excitay,qy the line shape of these two contributions to be able to
tions as well as provide a basis for photovoltaic applicationsgeqice the symmetry properties of the paramagnetic mol-
In this perspective, the existence of the photogenerated p@cule and the ionized conjugated segment with respect to the
larons, correlated polaron pairs as well as polafiplet)  order within the composites. For the latter, thenatrix of
excitons, has been proven by means of photoinduced absorphotogenerated paramagnetic species is of importance. The
tion (PA),2° optically detected magnetic resonancesymmetry and principal values of tigamatrix are considered
(ODMR),®*~ and magnetic-field effect measuremelitén- as one of the informatiye characteristics of parar_nagnetic
trinsic (nonphotogeneratgdpolarons have also been ob- centers localized/delocalized along the polymer chain and on

served in undoped conjugated systems with conventiond/'® isolated/percolated molecules.
electron parama%netic rejsgnar(EeP)lée).B W-band EPR operates at a microwave frequeii@y

Photogenerated charge carriers can be effectivel stabC-;HZ) by a factor of ten higher compared Xrband (9.5
. otogener arg _ ) y b-Hz) microwaves, and at correspondingly higher resonance
lized in organic materials by doping them with electron ac-

fields. Therefore it can more effectively separate signals on
ceptor molecules. Fullerenes act as strong electron acceptgsis of theirg values. It will also better resolve the eventual
in combination with conjugated polymers, as their lowestq anisotropy. Furthermore it has a higher absolute sensitivity
unoccupied molecular orbitdLUMO) lies below the exci- as compared t&-band setup since the minimum number of
tonic state of conjugated polymers. Therefore photoinducedetectable spin®,,<v ¢, wherev is the microwave fre-
charge transfer occurs between them. This process occurs guency andr= 1.5 or even highe?® depending on spectrom-
the femtosecond time domain, as revealed by time-resolveeter characteristics and sample size.

spectroscopy*~*°In composites of conjugated polymers and Here we report on a high-frequency LEPR study of a
fullerenes, the existence of stable, long-living paramagneticomposite of polg2-methoxy-5¢3-,7-dimethyloctyloxy-
species can be studied by meangmf) light-induced elec- 1,4-phenylenevinylene (MDMO-PPV) and [6,6]-phenyl-
tron paramagnetic resonan¢eEPR). X-band (9.5 GH2  Cg-butyric acid methyl este(PCBM), a soluble derivative
LEPR measuremerits'® already revealed the existence of of Cgy.We demonstrate that the higher resolution of this
two radicals. Both overlapping contributions to the spectrummethod provides additional information to th¥-band
could be distinguished by different line shapes and saturatiomeasurements;*° which helps to unambiguously answer
properties. One feature in the spectrum was assigned to tliee questions about the photogeneration of independent
positive polaron formed on the polymer backbone during thespins.
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FIG. 1. Photoluminescence at room temperat(R&) (open Energy [eV]

circles and optical absorption spectra of MDMO-PPV at Rifie
with squaresand T=77 K (solid ling). Inset shows the chemical
structure.

FIG. 2. Optical absorption spectrum of PCBM at RT. The
chemical structure is shown in the inset.

whereafter the solutions were mixed together in a 1:1 weight
Il. EXPERIMENT ratio. Then, the composite solution was sucked in a EPR
glass tube by capillary force. These tubes have an inner di-
ameter of 0.5 mm and an outer diameter of 0.9 mm. After the
solution was dried, a dense accumulation of the composite
aterial remained close to the end of the sample tube.
Samples of either pure polymer or fullerene were made for
reference measurements, too.

The chemical doping of the conjugated polymer was ob-
tained by sublimation of molecular iodine for three distinct
exposure times, 10 sec, 5 min, and 4 h. The high-frequency
95 GHz (W-band EPR setup consists of Bruker spectrom-
eter (E600 with a frequency mixing bridg€9.5+84 GH2,
and a Bruker cylindrical cavity, combined with an Oxford 6T
- - - : superconducting magnet. For the measurements described
Cerbutyric acid methyl ester, shortly PCBM, is adderiva- . here, the spectrometer operated with 100 kHz and 0.1 mT

tive with a side chain that significantly improves the mo dulation f d litud tively. Tihal
ecule solubility. Figure 2 shows the optical absorption spec[no ulation frequency and amplitude respectively. Ghel-

trum of PCBM at room temperature and the molecular€S_Were calibrated against a powder sample of M

32
structure of the molecule. The film forming properties of the_CaO' The low-temperature measurements were performed

PCBM are quite poor which makes absorption studies diffi—'t?] an r?);l;]ord ﬂOWI cryogtfilt(4d—3(ig K. A_rt1 t‘?P“CI"?" hftibefr
cult due to the scattered light resulting in a strong back- rgug € sampie rod leads the excitation light of an
ground. The absorption across the highest occupied-loweér -ion laser to the sample tube. For optical excitation, the

: : 488 nm (=2.5 eV) laser line was used. Note that this is at
unoccupied molecular orbital gap, from the groundstate -
to the lowest excited statg, at 1.6—1.7 eV is parity forbid- e Peak of the absorption band of MDMO-PPV, whereas the

den, hence poorly observable. Around 2.4 eV, a shallo CBM optical absorption at this wavelength is considered to
broad absorption is visible. According to Diek al.?? who e weak. For optical absorption measurements, we used the
studied optical absorption in pureg; this feature can be Var_lan Cary 5E spgctrophotometer equipped with a liquid-N
attributed to the formation of intramolecular Frenkel exci- optical cryostat. Simulations of the EPR spectra were done

tons. Similar to pure g, the UV absorption peak at around with the softwas(r)e prograngPR-NMR developed by Mom-
3.7 eV is clearly visible in the PCBM. This peak may be bourquettest al.
attributed to the parity allowed transition from thg to the
upper excited 4 state.

The solid films of composites were prepared as follows. The EPR powder spectrum in Fig(a demonstrates the
First, 1 wt % solutions of both the MDMO-PPV and PCBM observation of two signals in a MDMO-PPV/PCBM sample
were prepared separately in dimethyl-benzepglene), under 488 nm illumination al =100 K. These signals are

The conjugated polymer used in this investigation
is poly(2-methoxy-5¢3-,7-dimethyloctyloxy-1,4-phenylene-
vinylene, (MDMO-PPV). It emits in the yellow-orange re-
gion of the visible spectrum. Figure 1 shows the absorptio
spectrum at room temperature and 77 K and the photolumi
nescencePL) spectrum, also at room temperature, of the
MDMO-PPV film. In the inset to Fig. 1, the molecular struc-
ture of MDMO-PPV is given. Note the smal0.1 eV) red-
shift in absorption when cooling down from room tempera-
ture to 77 K, which is due to “freezing” of the molecular
rotations leading to a higher degree of conjugatibn.

The fullerene under investigation, [6,6]-phenyl-

Ill. RESULTS AND DISCUSSION
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denoted by P and PCBM ". The first one originates from  According to the spectrum shown in Figag the P~ has

the positively charged polaron with spB=1/2 formed on axial symmetry with g values gj=2.0034(1) andg,

the polymer backbone and the latter originates from the=2.00241). Thebest fit of the P signal was achieved us-
negatively charged methanofullerefaso withS=1/2). We ing a Gaussian line shape, which means that the transitions
did not observe any EPR signals in pure MDMO-PPV with-are inhomogeneously broadened, most likely due to unre-
out optical excitation, and this indicates a high purity of thesolved hyperfine interaction of unpaired spin with protons.
polymer with only few chain defects. This is different from There are two effects to be discussed here. The deviation
the situation described in Ref. 13 where “dark” EPR signalsfrom g, of the g factor of such aromatic radicals in conju-
from positive polarons in conjugated polymer were detect-gated-electron systems is due to noncompensated orbital
able. In pure MDMO-PPV, however, we were able to detectmomentum, which induces an additional magnetic field. In
a weak signal under illumination. This is an indication of Ref. 25 this is explained as the consequence-ef m— o™
interchain charge transfer, which was also demonstrated iaxcitations. The deviatioAg of the g factor from the free-
ODMR studies of pure conjugated polymé?stin contrast, electron value, depends on the spin-orbit couplingnd the
there is a weak dark signal gt=2.0022(1) found in pure energy differences between tle and 7 levels, AE;, and
PCBM at very low microwave poweinot shown. The ori-  between ther and o™ levels,AE,:

gin of this signal is ambiguous. It could point to the presence

of impurities, chemical residuals, or a radical formed on the N1 1

phenyl side group. The ground-state intramolecular charge - AE, AE,

transfer between the methanofullerene and the side chain is

less likely to occur, otherwise it would result in at least one  The orbital moment due to a direet-7* excitation is
EPR signal with theg value below the free electron value negligible and shows up on the neighboring C atoms only.
00=2.002319 as it is found in other & based On the other hand, thg anisotropy is induced by additional
compoundg®24 fields alongx andy directions within the plane of skeleton
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TABLE I. Summary ofg values and linewidths as obtained from conclude that spin exchange, which would equallzeof

simulations. both types of photogenerated spins, is not a dominant relax-
ation process.

g value Linewidth(mT) In our W-band measurements, performed in high magnetic

- fields, an additional effect was observed compared to
X-band. Upon increasing microwave power the line shape of

9)=2.0034(1) 0.8 the P'—initially Gaussian—appears to be more complicated

9, =2.0024(1) 0.5 and in the end takes the shape of the absorption spectrum
[see Fig. 8)] instead of its first derivative. In contrast to

|, doped MDMO-PPV what one expects under saturation conditions, the resonance

g)=2.0033(1) 0.8 does not decrease in amplitude, due to a fast passage effect.

g, =2.0023(1) 0.6 The reader is referred to Ref. 31 for examples and general
conditions in which the effect can occur. One of them is

PCBM"* inhomogeneous broadening of the transition, which is con-

_ sistent with our best fit of the PEPR line shape using a

g,=2.0003(1) 0.23 VI .

g,=2.0001(1) 013 Gausswrl]n Ilnedsrapése_e above The phase difference be-

g, 1.9982(1) 0.88 tween the modulated signal and the reference has to be zero

to avoid the effect but in practice this is hard to maintain.
The effect was not observed with EPR spectrometers that
) o ] _ operate at lower microwave frequenc¢gee, for example,
and not along the perpendiculardirection. An anisotropic  Ref. 19 since the relaxation timénd hence the saturatipn
axial g matrix (g andg, ) of P* on the conjugated segment increases with the operating frequency. Caused by the con-

is therefore expected and is seen in LEPR. ditions of experiment, the fast passage effect may be useful
The negatively chargedgghas rhombic symmetry with for comparative analysis of the relaxation times.
0x=2.00031), g,=2.00011), andg,=1.99871). Again, Atemperature dependence of the EPR intensity was mea-

the deviation of theg factor value from the free-electron sured, however, only in a small temperature interval from
value is due to the fact that the orbital angular moment is nof.00 to 160 K. AtT=100 K, the concentrations of both radi-
completely quenched. Suchvalues below the free-electron cals were found to be of the same order of magnitude, as
value form a distinct feature of theg@molecule as observed derived from comparison of their double-integrated intensi-
in solution and in solid stat&?*?~?®Due to a dynamical ties in nonsaturated conditions. The decrease of the intensi-
Jahn-Teller effect accompanying the structural molecular deties at increasing temperatures is in general agreement with
formation, the isotropic nature of the icosahedrgh @ol-  the findings from theX-band EPR study® a bimolecular
ecule is distorted after formation of the singly negativelyannihilation process is involved, but a net signal of the P
charged G, ion, resulting in an axial or even lower radicals remains at high temperatures. The latter points to the
symmetry?® Our measurements show that this is also thePresence of EPR silent trapping sites for the negative polaron
case for the PCBM' ion of PCBM, where, however, the in the composite materiaf.
high symmetry of the molecule is already decreased by the To corroborate the assignment of the low-field transition
bond to the phenyl side chain prior to electron trapping. Furto P*, another experiment was performed on the MDMO-
thermore, it was established that the line shape of th&PV. One can deliberately create positive polarons on the
PCBM signal can be best simulated with rhombic and notpolymer by doping it with an acceptor. In this particular case
with axial symmetry. A Lorentzian line shape was used in themolecular iodine 4 was used. After the polymer was dried
fit. For both contributions to the LEPR spectrum, the linefrom solution in the EPR sample tube, it was subjected to
widths and appropriatg values are given in Table I. sublimated §. The sample was measured at 100 K. At a low
From our experiments, it is not possible to determine thelegree of dopindgthe sample was exposed approximately 10
distance between the positive and negative polarons. Howsec to } vapol, the axial symmetry is again clearly visible
ever, they are sufficiently apart from each other that no spintFig. 4). Also the g values agree, within the experimental
spin interactions, such as triplet formation or exchange intererror, to the one found for the'Pspectrum in the composite.
actions, were observed. Spin-spin exchange interactions majt higher doping levels, reached after exposure time to the
influence the line shape and the linewidth. In this perspectiveloping agent of 5 min and 4 h, only a single EPR line is
the investigation of the doped polymer described later in thisgletected. Moreover, the linewidth is about 1.05 and 1.33 mT,
paper brings more insight. respectively, much broader than that obtained in the case of
Both EPR-active species, i.e., spins localized on the polyeomposite€0.5 and 0.8 mT, see Tablgwhere theg; andg,
mer backbone and on the methanofullerene, have stronglyansitions could be resolvddee Fig. 8)]. Using the same
different spin lattice relaxation tim€;, which shows up ina g parametergTable ) and increasing the linewidth to 1 mT
different microwave power saturation behavior. Saturation ior more in the simulation, we obtain a single EPR line as is
easily reached for the "Psignals, while for the PCBM' seen in this experiment. The broadening of the EPR transi-
spectrum it was still absent at the highest available powetions is most likely due to dipole-dipole interaction between
This difference was shown already to be a helpful tool tocharged polarons. The dipole-dipole linewidth can be esti-
distinguish between the species in théand, where thgg  mated byAde:,uB/RS=4/37r,uBnp, where pg is Bohr
factor resolution of signals is insufficiettt. Therefore we —magnetonR, is distance between dipoles and is proportional
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FIG. 4. EPR spectrum of,ddoped MDMO-PPV T=100 K
P.w=5X 10"® mWw). The thin line is the simulation.

to the polaron concentratiams on the polymer chain. If one
calculates the dipolar distance in the case\&g =1 mT,
one obtainR,~10 A.

IV. CONCLUSIONS

Our high-frequency LEPR experiments on the MDMO-
PPV/PCBM composite lead to the following conclusions.

PHYSICAL REVIEW B64 195206

After excitation of the composite in the absorption band of
the conjugated polymer, two paramagnetic species are
formed and can be clearly resolved in the LEPR spectrum:
the positive polaron on the polymer backboné&,with axial
symmetry, and the negatively charged methanofullerene with
rhombic symmetry. Thg values are determined as follows:
(i) 9,=2.0034(1) andg,=2.0024(1) for the positive
polaron—chemical doping of MDMO-PPV by molecular io-
dine resulted in spectra with identiogivalues, giving extra
proof for this assignment—andii) g,=2.00031), g,
=2.00011), andg,=1.9982(1) for the PCBM radical an-
ion. Both radicals have strongly different spin-lattice relax-
ation behavior which is in accordance with previous obser-
vations inX-band EPR and seems to be an intrinsic feature of
the radicals in these composites. For thetRis gives rise to

a rapid passage effect at higher microwave power.
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