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Photoinduced charge carriers in conjugated polymerfullerene composites studied
with light-induced electron-spin resonance
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Detailed studies on photoinduced spins in conjugated polymer/fullerene compositeg&usitight-induced
electron-spin-resonancg ESR) technique are reported. Two overlapping LESR lines are observed, from
positive polarons on the polymer chains and negative charges on the fullerene moieties. Microwave power
saturation studies show different relaxation times for these two spins, ruling out spin-exchange correlations,
giving clear evidence of independent spins. The unusually high relaxation rate of the fullerene monoanionic
spins is of intrinsic origin, and discussed in terms of a splitting offthelevel by a Jahn-Teller-type distortion
as proposed in the literature. Further, we observed two distinct contributions to LESR signals: a prompt one
and a persistent one. The excitation light intensity dependence of the prompt contributions iRtO &mel
Ceo~ ESR signals is of bimolecular typ¢%®), and implies mutual annihilation within the create®i(...Cqy")
pair. The persistent contribution is found to be excitation intensity independent, and is proposed to originate
from deep traps due to disord¢50163-182@09)0112-X]

INTRODUCTION to radical anions or radical cations requires a knowledgg of
factors. Dark ESR and LESR signals in undoped poly-
Photoinduced electron transfer in solid-state compositephenylene-vinylenéPP\V) were observed by Muratet al°
of semiconducting conjugated polymers and fullerenes ha$hey were attributed to positive polarons, which are trapped
recently attracted considerable scientific and technologicabn defect states and photogenerated, respectivelygTae-
attention:*2 The possibility of utilizing this effect for pho- tor was found to be anisotropic, and was larger tharg2 (
tovoltaic energy conversioh?'*~*as well as for nonlinear =2.004 and 2.0023for both signals. ESR studies on
Optical devices such as OptiCEl' limiters and transient h0|0fu||erene radical anion saffs3® revealed theg factor for
graphic systems, has been demonstrétetf. The photoin- ¢, - as 1.998, i.e., smaller as 2. We did not find dark ESR
duced forward electron transfer occurs within a picosecondy| ESR in the vacuum-sealed, pristine, conjugated polymer
time scalé®?® and the charge-separated state is long lived:omponents used in our work. A strong dark ESR signal
(milliseconds at 80 K"**Indeed, by doping the conjugated appears, however, in the presence of ambient atmosphere.
polymer matrix With.a few vvt°/g4fullerene_s, a strong quench-On the ,other har’1d, highly sensitive photoluminescence-
ing of the photoluminescent&**and an increase of photo- detected magnetic resonafcg&®’ and magnetic-field spin-

.. 1 R5,26
gzgﬂuggggv g (; nearly two orders of magnitu has effect experiment$ indicate the photoinduced formation of
' oppositely charged polarons in pairs in the conjugated poly-

Preliminary light-induced electron-spin-resonance ) o : :
(LESR) studies on conjugated polymer/fullerene compositeéﬁers even without the addition of fullerenes. With the addi-

have been reported, and revealed the appearance of ti9" Of Ceo into the conjugated polymer matrix, the primary
LESR signals:*?"~%These signals were attributed to radical Photoexcitation of the conjugated polymer undergoes an ul-
anions on the fullerene molecule and positive polarons on thafast electron transfer, and the resulting state may also be a
polymer chain. For composites of fullerenes and thiophendveakly bound charge-transfer pair which can be separated by
oligomers, similar results have been obtailféd@he LESR an external field. However, in previous studies on these con-
spectrum of conjugated polymer/fullerene composites, howjugated polymer/fullerene composites, the results were un-
ever, is not clearly understood. An exact analysis of the linelerstood as a complete separation of the photoinduced
shapes is difficult due to the strong spectral overlap of theharges without any further correlation effects. To attack
two LESR signals. Assignment of the particular LESR signalthese open questions and to reveal a closer look to photo-
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excitations in conjugated polymer/fullerene composites, we
performed systematic LESR studies.

The two LESR lines observed in conjugated polymer/
fullerene composites were found to have different relaxation
times, which allowed us to separate the two overlapping ESR
signals clearly by utilizing microwave power saturation. This
is clear evidence of completely independent photoinduced \
spins without detectable spin-exchange type correlation ef-
fects. The high-spin-lattice relaxation rate on the fullerene
anion moiety may result from a splitting of tig, level by (@)

u
a Jahn-Teller-type distortion, as proposed in the literattire.
Very low intensities of exciting light are enough to generate
LESR signals. Two contributions to the LESR spectrum are
observed: a prompt, reversible one and a persistent one. Ex-
citation light intensity dependence of the prompt contribution
to theP™ and G, ESR signals is of bimolecular typ&%®),
and implies the mutual annihilation within the created
(P*...GCs ) pair. The persistent contribution is found to be
excitation intensity independent, and is proposed to originate
from deep traps due to disorder on the polymer.

(b)

FIG. 1. Structural formula of thdéa) MDMO-PPV and (b)

EXPERIMENT PCBM.

We used a Bruker EMXX-Band) ESR spectrometer with  The ultrasonically treated PCBM solution was filtered before
Oxford variable temperature cryostats, allowing measuremixing with polymer through the 0.2 recycled cellulose
ments in the range 4-300 I&,a’-diphenylB-picrylhydrazyl  (RC) filter. The xylene solutions of the composites were
(DPPH has been used fag-factor calibration, utilizing a poured into quartz tubes, and dried by dynamic vacuum. To
NMR gaussmeter for obtaining the static magnetic-fieldayoid the diffusion of the ambient air into the samples, the
strength. An Af -ion laser was used for light excitation with- tybes were also pumped during the measurements.
out focusing through a 50% transmission grid on the cavity.

The LESR experimental procedure consisted of the fol-

lowing sequence(i) scan the ESR spectrum of the nonillu- RESULTS
minated sampleii) scan the ESR spectrum under light illu- o d PVIPCBM
mination (Pey between 1 and 100 mW/@n (i) turn off Pristine MDMO-PPV, PCBM, and MDMO-P

the illumination and scan the ESR spectrum; &iwd warm composite

the sample up to the room temperature, cool it down to Neither “dark” ESR signals nor LESR signals have been
working temperature, and scan the ESR spectrum agaifiound in films of pure MDMO-PPV in the temperature range
These ESR signals will be referred to as: “dark,” “light- of 77-300 K and at excitation power between 0.5 and 100
on,” “light-off,” and “annealed” signals, respectively. As  mwWi/cn?. No dark ESR signal can be found in the PCBM
discussed below, the switching off of the excitation light film either. Pure PCBM shows a weak LESR signal with two
does not lead to the disappearance of the ESR signal at lolines [Fig. 2(a)], as discussed previous!y.Even though
temperatures. To eliminate the ESR spectrum completelythese lines show a resemblance to the LESR features in con-
the sample had to be warmed up to room temperafame  jugated polymer/PCBM composites, they are much weaker
nealing. This step was performed every time while measur-in intensity (see the microwave power ugedhe origin of
ing the microwave power and excitation light intensity de-these LESR spectra in a pure PCBM film is unknown, as
pendencies. As default definition of the term LESR wediscussed below.
choose the light-on signal corrected for the dark signal. Fi- A dramatic enhancement of the LESR is observed when
nally, we distinguish between the prompt LESR signalmixing both substances together in a weight ratio of 1:3
(light-on minus light-off, and the persistent ong@ight-off (MDMO-PPV:PCBM [Figs. 4b) and Zc)]. Two overlap-
minus dark, or light-off minus annealed ping LESR lines with microwave-power-dependent intensi-
Previously we used a set of different conjugated polymersies are observed in qualitative agreement with the previous
and their composites with pure and functionalizeg i@ the  preliminary reportd:*2/:2
photoinduced spectroscopic studtedThe polymer reported Figure 3 shows the microwave power dependence of the
here was polj2-methoxy-5¢3',7’'-dimethyloctyloxy-1,4-  two LESR peaks in a MDMO-PPV/PCBM film measured at
phenylene vinylene(MDMO-PPV) which is soluble in xy- T=90K. Plotted is the double integral value of the LESR
lene at elevated temperatur@Sg. 1). The preparation and signal, which is proportional to the number of spins excited
characterization of 13-methoxycarbonylpropyl-1-phenyl- as a function of the microwave power. As noted above, an
(6,6Cs; [denoted as PCBM(Fig. 1)] was described annealing of the sample up to room temperature was per-
elsewheré® Cg, (99.5% was purchased from MER Corp. formed before each measurement. A four-decades variation
We studied films made of following composites: MDMO- of the microwave power allows one to distinguish the region
PPV/PCBM (1:3 weight rati9 and MDMO-PPV/G, (3:1).  where both LESR signals are not in saturation, i.e., at micro-
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FIG. 2. (8) LESR spectrum of pristine PCBM?,,, =200 mW, FIG. 4. LESR spectrum of MDMO-PPV/g composites at dif-

(b) LESR spectrum in a MDMO-PPV/PCBM compositeeight  ferent values of microwave powef.=100 K, \ o, =488 nm, and
ratio 1:3 at P,,=2uW. (¢) LESR spectrum of MDMO- p_ —20mwi/cn?.
PPV/PCBM, P, =200 MW,T=100 K, \ ¢, =488 M, andP, '

=20 mWicnt. wave power—200 mW, 20 mW, and 20uW,

respectively—afT=100K. At a microwave power of 200
mW one can almost suppress the low-field LESR line due to
microwave saturatiosee the upper curve in Fig).4n con-
trast, the intensity of the high-field LESR signal vanishes to
zero at 20uW. Thus the different saturation behavior en-
MDMO-PPV/C ¢, composites ables us to separate the two overlapping LESR lines from

' : . o different paramagnetic species, and to determine the indi-
The film of MDMO-PPV/G, compositgweight ratio 3:1 . =
does not show any dark ESR signal. Figure 4 shows LESF\!Idual g values ag=2.0025 and 1.9995.
spectra of MDMO-PPV/g, for three values of the micro-

wave powers below 3@W. One can clearly separate these
LESR lines by measuring them at different microwave pow-
ers.

Microwave saturation of LESR in MDMO-PPV/PCBM
i i B ASAL) R AL composites at different temperatures

u The microwave power dependence of the LESR signal
intensity (double integral of the measured signal as a mea-
sure of the number of spihst five temperatures from 90 to
200 K, for the two paramagnetic speci@ g=2.0025 and

1 (b) g=1.9995, is plotted in Fig. 5. The LESR signals show
/ — T different saturation behaviors. The low-field LESR signal
/ A ] [Fig. 5(a)] measured at 90 Ksquaresreaches its maximum

\

\A at microwave power around 0.2 m{Mote that the curves in
this figure are shifted along thg axis for clarity. At T
] =100 and 120 K(circles and up trianglesthe maximum is
1 reached at microwave powers of 0.3 and 0.7 mW, respec-
tively. At higher temperature§,= 150 and 200 K, the satu-
ration maximum cannot be reached with the microwave
e — power available[Fig. 5@); down triangles and diamonds,
0.01 0.1 1 10 100 respectively.
P [mw] The high-field LESR signdlFig. 5(b)] exhibits no satura-
. tion maximum even at the highest microwave power avail-
FIG. 3. Microwave power dependené log,, base of two  able. The shape of the saturation curve does not change with
LESR signals (double integral in MDMO-PPV/PCBM. T the temperature, but the LESR double integral decreases by a
=90 K, Agye =488 nm, andP,. =20 mWicnt. Squares are for the factor of 20 when warming up the sample from 90 to 200 K
high-field LESR line and triangles are for the low-field one. [at T=200K, only one poin{the diamondis showr.

LESR double Integral [arb. units]
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intensities and al“ (a~0.5) power dependence on the in-
(®) P..[mW] tensity of excitation light for both low- and high-field LESR
lines[see Fig. €a)]. These measurements were performed at
100 uW, when both magnetic resonance signals are in a
nonsaturated regime, to make the comparison of the amount

(down triangles, and 200 K (diamonds for two species:(@ g of spins possible. The persistent component, which is the

=2.0025 andb) g=1.9995. Spectra are placed arbitrary along thegg;rk?,négRbiw;iter:m Ilgrtl'zoéfR iEStﬁe Zﬁﬁgg?erg s‘:lr;r? Iteheis
Y axis. A gy =488 nm andP s, = 20 mWi/cnf. P ' P'e,

nearly independent on the intensity of the previously applied
. ) light within the light power range 1-50 mW/énfisee Fig.
Dependence of LESR in MDMO-PPV/PCBM composites 6(b)]. It is seen that the integrated low-field ESR signal
on the light excitation intensity (squares is much larger than the high-field ESR signal
When the excitation light is switched off, the intensity of (circles. We found no difference in the line shape and satu-
the ESR signals in conjugated polymer/fullerene compositegation behavior between the prompt and persistent compo-
decrease significantly, but does not disappear completelyients of each LESR line.
Therefore, we distinguish between the prompt component of
LESR, which disappears as the Iight is switched off, and the DISCUSSION
persistent component, which remains for hours at low tem-
peratures after the illumination is off. The persistent compo- Itis known from ESR studies on fullerene-based salts that
nent, however, can be eliminated by heating the films in théhe radical anion of g has ag factor below 2 both in solu-
dark up to room temperature for several minutsnealing.  tions and in the solid stafé—>>*°=**This is a distinct ESR
The prompt and persistent components of the two LESHeature of this molecule: the shift of thg factor toward
signals are plotted in Figs.(® and &b), respectively, as a values less than 2 is attributed to spin-orbit coupling. There-
function of the intensity of the excitation light. The prompt fore, the LESR signals &= 1.9995 observed in all compos-
LESR component, which is the difference between ESHRtes studied in this work were assigned to thg Cradical.
spectra with light on and light off, shows almost equal The two main difficulties in the calculation of tlgevalue of
amounts of spingi.e., almost equal doubly integrated ESR the fullerene anion aré) the asymmetric shape of the ESR

FIG. 5. Microwave power dependen@y log;, base of doubly
integrated LESR signals of a MDMO-PPV/PCBM compositeT at
=90K (squareg 120 K (circles, 150 K (up-triangle$, 180 K
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line, and(ii) the overlap with the low-field LESR signal. The charges. Taking the difference in the relaxation behavior into
LESR line withg=2.0025 is attributed to the positive po- account, one may only compare the number of photogener-
laronP™ on the conjugated polymer backbone. ated spins during which both systems are away from the
It is quite possible that in the radical pair of type saturation condition, as shown in Fig(af We observe
(P"...Cso) the two unpaired sping each are interacting. nearly equal amounts of prompt LESR spins for the two
If the radicals were related by a strong exchange interactiorfjifferent signals. Hence we may conclude that the two
the g factors of the coupled system should be affected. Thigphotoinduced charges annihilate each other with bimolecular
is apparently the case in a number of fullerene-containinglynamics. This is confirmed by tH&® variation of LESR
salts, such as tetrakis-dimethylamino-ethyl€MBAE)-Cgp, intensity with the excitation light powefsee Fig. 6a)].
where one ESR signal with a mean value of théactor is  However, a slightly larger amount of spins for the low-field
observed instead of two ESR signdlé>~*°In conjugated (g>2) signal is observed. This can have several origins.
polymer/fullerene composites, we did not find any difference (a) It is proposed from a photoluminescence-detected
in the line shapes anglfactors despite the large variation of ESR (PLDMR) study on pure PPV films that absorption of
the relative concentrations of conjugated polymers andight by the polymer is followed by the formation of inter-
fullerenes from 1:3 to 3:1. Also, a significant dipolar inter- chain polaron pairs oP*...P~ type. However, the PLDMR
action of the photoinduced spins such as triplet pair formaspectrum of such a state consists of a single slightly asym-
tion is not observet® metric line. One may speculate that the presence of the nega-
Our result of two decoupled spins is quite intriguing. tive polaron ESR is hidden by the* ESR signal due to
Since the electron transfer between donor and acceptor maireir overlap. Formation oP~ cannot be excluded in the
eties which are close to each other will occur much morecomposites. In this case the area undergke?.0025 LESR
likely (for orbital overlap as well as tunneling mechanigms signal consists also of photogenerated negative polarons on
the vast majority of the photoinduced spins are created athe polymer.
geminate pairs in close proximity which should interact with  (b) Furthermore, purg6,6) PCBM already shows two
each other, either by exchange or by dipolar mechanismsveak LESR linegsee Fig. 2a)] which contribute to the net
Assuming that the major part of the observed LESR signal isntensity of the LESR signal. The origin of these two LESR
related to these photoinduced spin pairs, and since we do neignals in pure PCBM remains unclear. A straightforward
see any of these interactions, it is safe to conclude that theuggestion would be an intramolecular charge transfer from
spins diffuse spatially away from each other on a time scal¢he side groups onto fullerene. However, no LESR was
much faster than spin-exchange times 340 M~1s™%).  found in glassy solutions of PCBM in MeTHF, which clearly
As discussed below, the diffusion of fullerene anion spins byshows that an intramolecular electron-transfer reaction is un-

a hopping mechanisms of the type likely, and the aforementioned effect probably arises from
B B the solid state effects of a pure PBCM film. Further studies
Ceo +Ce0—Cs0TCoo on this effect are underway.

is not the dominating relaxation channel for the high-spin- After switching off the exciting light, the intensities of
lattice relaxation raté?33 Therefore, we conclude thahe both LESR signals decrease dramatically but do not vanish
mobile polarons on the conjugated polymer backbone moveompletely. The line shapes agdactors of the “light-off”
away from the fullerene aniore a time scale faster than the Persistent LESR signals are similar to the prompt LESR.
above-mentioned exchange tim@ssuming an average con- Furthermore, the fullerene anion LESR line is much less per-
figuration of interacting spins like in aM solution, i.e.,t  SiStent compared to the conjugated polymer polaron LESR
<1078s). This rapid spatial separation of the photoinducecignal- The fraction of the persistent LESR components is
charges is proposed to be responsible for the unusual lorigmpPerature dependent, but is nearly independent on the in-

lifetime of the charge-separated state in these systams. (ensity of previous light excitatiofsee Fig. @)]. The per-

cannot rule out a very large polaron on the conjugated polySiStent spins can be completely removed from the sample

mer which does not move but is vastly spread out; this objecfter thermal annealing up to 300 K. This result puts up the
would not show any significant spin density close to theduestion of electr!ca! neutrallty, i.e., for every positive po-
fullerene anion(which may be approximated as a point laron (_:reated by |nC|d_ent Ilght there must be also a corre-
charge and localized spirand thus explain the undetectable ;pondmg fuI'Ierene anion radical observable. T_herefore, we
interaction of the spins. However, it is very unlikely that IMPly the existence of deeply trapped photoexcited polarons
there will be such a large polaron due to limitations of the_Of both signs on the polymer backbone. Exm_ton dissociation
conjugation lengths down to 5—10 unit cells due to disorderinduced by charged fullerenes creates negatively charged po-
Furthermore, the strongly enhanced photoconductivity iarons in the composite medium. Upon migration, the mobile
these conjugated polymer/fullerene composites suggest m&harged polarons on the polymer are more likely to become
bile polarong® trappe_:d on the disorder-induced deep traps compared to the
The LESR signals in conjugated polymer/fullerene com-Photoinduced electrons on the molecular fullerenes.
posites originate from a photoinduced electron-transfer reac-
tion, which creates equal amount of spihsles on the poly-
mer chain, electrons on the fullerene moleguléence one
can expect equal areas under the integrated LESR curves It is remarkable that the LESR line for the fullerene an-
(i.e., almost the same value of the doubly integrated LESRons does not saturate within the experimentally available
signa). In any case the sample should remain charge neutramicrowave power range. The absorbed microwave pdyer
with equal amounts of photoinduced positive and negativgper unit sample is given by

Unusually high relaxation of the fullerene anions
compared to polymer polarons
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H?2 CONCLUSION
1

Pa* 1+y2H3m 7, In this work we performed comparative studies of the

photoinduced charge transfer in conjugated polymer/
whereH is the excitation field amplitude at the sampje,  fullerene composites as well as in pure components by using
is the electronic magnetogyric ratio, amgdand 7, are spin-  the light-induced electron spin resonance. Light-induced
lattice and transverse relaxation times, respectively. As longharge transfer from the polymer into the fullerene in the
as yeH?r,m,<1, the saturation terms can be neglected.  composites results in the appearance of two LESR sigials
In Fig. 5 it is clearly demonstrated that the polymer po-g=2.0025 and(ii) g=1.9995, which are attributed to posi-
laron LESR can be saturated at around 0.2 8 K), tive polarons on the conjugated polymer backbdPé,and
whereas the fullerene anion signal does not saturate unde@illerene anions,  , respectively. The microwave satura-
same conditions up to powers which are 100 times highetion studies clearly demonstrate that the different paramag-
The field for saturation maximum is related to the spin-latticenetic species contributing to the LESR spectrum have differ-
relaxation times by ent spin-lattice relaxation times. From the absence of any
exchange and/or correlation effects between these two photo-
;o 1 induced spins, we conclude that the mobile polarons on the
1 27,y2H2 conjugated polymer backbone are moving away from the
fullerene anions on a time scale faster than the spin-exchange
whereHna is the excitation field amplitude at the sample times. We further distinguish between a fast decaying, re-
where the maximum in the saturation studies occur. We theQersiple, contribution toP* and Go  LESR signals
conclude that the fullerene anion radieglis approximately  (prompi, and a slowly decayingpersistent one. Excitation
ten times shorter than the for the positive polarorP ™. light intensity dependence of the prompt contributions into
This interesting issue already attracted attention in previp* gnd Go LESR signals is of bimolecular typ¢%®), and
ous studies’~**“°~*3t cannot originate from spin-exchange implies the mutual annihilation within the created
and/or electron-transfer mechanisritse hopping mecha- (p* . c.,") pairs. The persistent contribution is found to be
nism as denoted aboyeecause it was also observed in di- excitation intensity independent, and is related to deep trap
luted frozen solution& With the studies presented here we defect states due to disorder in the polymer backbone. The
can also rule out environmental as well as phonon effects fofinysually high relaxation rate of the fullerene anion spins is
this effect. Boltzmann distribution of phonons for the spin- gttriputed to an intrinsic property, possibly arising from a

lattice relaxation cannot be very different in these two photo-jahn-Teller type distortion on the fullerene ball splitting the
induced spins, since both moieties consist of unsaturated, |evel.

carbon-carbon backbone with similar vibrational energies.
Thus the lattice temperature for the two kinds of spins in
these conjugated polymer/fullerene solid-state composites is
expected to be quite similar. The environment in an homog-
enous composite is also expected to be similar for the two We thank H. Neugebauer, E. Frankevich, and E. Ehren-
spins. Therefore we conclude that thigh relaxation rate of freund for valuable discussions. This work was supported by
the fullerene anion spin is an intrinsic propertA Jahn- Fonds zu Faderung der wissenschaftlichen Forschung in
Teller-type distortion on the fullerene ball would split the Austria, FWF, Project No. P 12680-CHE. V.D. acknowl-
T4, level, and result in two closely spaced energy levelsedges support by the FWF Lise Meitner Foundation. Support
available for the anio®*® Thermal averaging over such by the Johannes Kepler University Stabstelle lfuternatio-
states would provide a dominant relaxation channel for thaale Kollaborationen for G.Z. and by the Russian Foundation
spin, and would account for the linewidth effeét®as well  for Basic Research, Grant No. 97-03-32164a are gratefully
as the nonsaturation in our studies. acknowledged.
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