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We report time-resolved excited state absorption measurements which demonstrate subpicosecond
photoinduced electron transfer using soluble derivatives of(pgbhenylene vinyleneas donors
blended with a functionalized fullerenémethanofullerene as acceptor. The subpicosecond
photoinduced absorption spectra of the polymer/methanofullerene blends show that electron transfer
from the donor to the acceptor occurs within a picosecond of photoexcitation of the conjugated
polymer. Precise determination of the electron transfer dynamics was obtained by monitoring the
dichroic ratio. The charge separated state is metastable and persists into the millisecond time
domain, yielding an asymmetry of 10 orders of magnitude between the forward and reverse electron
transfer times. The increased miscibility of the functionalized methanofullerene with the conjugated
polymer is important for preparation of films with sufficiently high acceptor concentrations for
practical devices based on photoinduced charge separatiotP9® American Institute of Physics.
[S0021-960696)51210-9

I. INTRODUCTION Cgo-derivatives, one can make homogeneous, stable, optical
quality films containing up to 1:1 mole fraction methano-
Recently, photoinduced electron transfer from conju-fullerenes in conjugated polymer matrices.
gated polymers to g has been reportedThe forward elec- Since the functionalization of & via addition across a
tron transfer from the excited state of the conjugated polyme6,6 ring junction reduces the number sfelectrons in the
to the G, occurs in the subpicosecond time domaiBince  molecule to 58 and causes a splitting of the LUMO energy
the charge transfer is faster than any competing process lgvels, it is necessary to verify whether the photoinduced
several orders of magnitude, the quantum efficiency forlectron transfer from conjugated polymer to methano-
charge transfer and charge separation is nearly unity. Thiillerene occurs on a time scale comparable to the subpico-
charge separated state is metastable, with the electron on teecond electron transfer time found earlier in conjugated
Cgo and the positively charged hole remaining on the poly-polymer/G, blends. We report here the subpicosecond
mer chain. The photoinduced electron transfer improves thphotoinduced absorption spectra of the polymer/methano-
guantum efficiency for photogeneration of charge carriersfullerene blends which show that electron transfer from the
the photoconductivity increases over that of the polymemonor to the acceptor occurs within a picosecond of photo-
host. With addition of only 1% g, the peak transient pho- excitation of the conjugated polymer. Precise determination
tocurrent and the time constant for the decay of the photoef the electron transfer dynamics was obtained by monitor-
current are enhanced by over an order of magnitude, resuling the dichroic ratio. The charge separated state is meta-
ing in several orders of magnitude increase of the steadgtable and persists into the millisecond time domain, yielding
state photoconductivity compared to the pristine polymeran asymmetry of 10 orders of magnitude between the for-
host® The high quantum efficiency and metastability of theward and reverse electron transfer time. The photophysical
photoinduced charge separation have been utilized for thproperties of conjugated polymer/methanofullerene compos-
conversion of the photon energy into electricity in conju-ites are essentially identical to those of conjugated
gated polymer/g, photovoltaic cell$. polymer/G, composites. Because of the improved miscibil-
Because of the tendency forg£to phase separate and ity of the methanofullerenes in conjugated polymers, the
crystallize, there is limited solubility of £ in conjugated functionalization of G, provides a promising approach to-
polymers. To achieve a high concentration of metastable exward improvement of the optoelectronic performance of the
cited states and efficient charge separation following photodevices made from these blends.
excitation, as required for applications, one needs to extend
the_solublllty range. Fur_the_rmore, unlfor_m, optical quallty”_ EXPERIMENT
conjugated polymer/gg thin films are required for optoelec-
tronic device applications. To accomplish this, a series of The two conjugated polymers used in this study were
soluble functionalized g derivatives has been synthesiZed. poly [2-methoxy-5- (2'-ethyl-hexyloxy p-phenylene vi-
The molecular structure of one of these, denoted asylene], (MEH-PPV) and poly2,5-bigcholestanoxjl,4-
(6,6)PCBCa(phenyl-G-butyric acid cholesteryl ester; MW phenylene vinylene(BCHA-PPV). Both polymers were ob-
=1164 is shown in Fig. 1. With these soluble tained from UNIAX Corporation and used as received. The
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synthesis and characterization of the methanofulleref® 1- G 2. Li bsoroi { MEH-PPV and MEH-HB\SIPCEC
. 2. Linear absorption spectra o - an - a
cholestanoxycarbonjpropyl-1-phenyl[6,6]Ce,, henceforth 1) and of BCHA-PPV and BCHA-PPYB,6IPCBCa(b). The sold
denoted a$6,6]PCBCa, has been described elsewhidFi- lines represent the pristine polymer, the dotted line represents the 2% blend
ure 1 shows the molecular structure of these ponmers anef polymer and 6,6]PCBCa, and the dashed line represents the 50% blend.
the structure of the methanofullerene. Samples were prepared
by dissoIving[6,§]PCBCa with one of the PPV de:rivaFives iN I RESULTS AND DISCUSSION
xylene at a desired mole fraction, and then casting films onto )
sapphire substrates. The samples were optically uniform arf -inear absorption and the absence of the ground
. - . state charge transfer
showed no signs of crystallinity when viewed between
crossed polarizers under an optical microscope. The linear absorption spe_ctra of the pristine PPV’s_and
The pump-and-probe instrumentation for the time-Of the blends of the PPV's with6,6|PCBCa are shown in
resolved photoinduced absorptiéRIA) measurements has Fi9- 2. The addition OZ up to 50%6,6]PCBCa to the PPV's
been described in detdilThe sample was photoexcited with ?gﬁsatngt7a5|t2:/th:;;:oct_zgzmo,rt‘r'] Ir?: éh;é;az(ﬁc:nezbfgﬁs',
, [ . i i Wi i -allow: i-
a 2.01 eV pump pulsépulse width 100 fs and was then . o :
pump pulsép 5 tions of[6,6]PCBCa; the weak tail in the absorption extend-

probed after a given delay time using a broad band whltei-ng into the gap results from the weak absorption of

light co'ntmuum. For measurement of the dichroic ratio, a 4 6,6PCBCa in this region. Thus, the spectrum is essentially
meV slice of the continuum centered at 1.38 eV was used 19 gsimple superposition of the absorption spectra of the con-
probe the sample. A polarizer, which was rotated by a stepstituents. We conclude that there is no significant charge
ping motor, was placed in the probe beam prior to the samplgansfer in the ground state. This conclusion is supported by
to select parallel or perpendicular polarization. The pulsghe fact that no increase in the dark conductivity was ob-
width of the probe pulse at the sample was measured to bserved in blends of MEH-PPV andgz§; as would be ex-
150 fs using two-photon absorption in ZnS€or all mea- pected in the case of ground state doping. On the contrary,
surements except the dichroic ratio, the polarization of théiowever, the photoconductivity increased by several orders
probe was parallel to that of the pump. The experiments weréf magnitude’

carried out with the sample at 300 K in a dynamic vacuum of
10°° Torr. B. Subpicosecond photoinduced absorption

For the millisecond PIA experiments, the 514.5 mm line  1p¢ picosecond time regime PIA spectra for the two
of an argon ion laser was used to photoex¢gemp the  composites, each with 2¢6,6]PCBCa, are shown in Fig. 3
sample; the change in absorption was detected by monitoringlong with the millisecond time regime PIA spectra of the
a white light probe beam using a single grating monochrosame samples. The small oscillations on the picosecond
mator and phase sensitive detection. A more detailed descrigpectra are due to fluctuations in the intensity of the con-
tion of this apparatus has been publisfied. tinuum, and should be considered as artifacts. At early times
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FIG. 3. The PIA spectra of a 2% mole fraction blend of MEH-PPV/ (,See EIgS. 4 an(_j)SThe thin solid lines in Figs. 4 and 5 are
[6,6lPCBCa (8 and of a 2% mole fraction blend of BCHA-PPv/ fitS USing equatioft
[6,6]PCBCa(b). The solid line is the 1.2 ps spectra, the dotted line is the 10
e e e e 100 % sesta, T sold Wnls (7 [ dlyt=1) [ at o=ttt @
In this expressiorn is the relative time delay between the

) o ) pump and the probe pulsek,, represents the pump pulse
(approximately 1 psafter photoexcitation, the picosecond jniensity profile, and ob fepresents the probe pulse intensity
PIA spectra of both composites display a peak in the regiomyofile. q(t—t') is a step function, an®(t—t') is the re-
near 1.4 eM1.35 eV and 1.45 eV for MEH-PPV and BCHA-
PPV composites, respectivelglong with a shoulder extend-
ing to the low energy side. The latter is no longer apparent in
the 10 ps spectra. The significance of this rapidly-decaying |
shoulder will be discussed in more detail below. The rapid
formation of the PIA bands has been observed in blends of
MEH-PPV and BCHA-PPV with g, and is a distinct signa-
ture of the charge separated stafé Furthermore, the strong
increase in the lifetime of these photoinduced bands enables
the correlation of the millisecond PIA studies with the sub-
picosecond PIA response, as shown in Fig. 3. The curves in
Fig. 3 with the solid triangles show the millisecond PIA

Aad [arb. units]

spectra, which peak at 1.35 eV in MEH-PP&§,6]PCBCa I
and at 1.46 eV in BCHA-PPY®,6|PCBCa. The similarity 2 H T )
between the picosecond PIA spectrum and the ms PIA spec- § T
trum implies that the photoexcitations observed in these two a 7o _
time regimes are the same. T
0.1 AL .....l.zlmqw.wy.m.z{..ul .
0.1 1 10 100
C. Decay of the subpicosecond photoinduced Time [ps}

absorption

The enhanced lifetime of the charge separated state iRIG. 5. The time dependence of the PIA at 1.45 eV of BCHA-RBbid
both polymer6,6]PCBCa blends is also evident from the iangles and of BCHA-PPV6,6lPCBCa(2%) (open circles The fits are
. ’ . . to power laws with exponents given in the text. The inset shows the fre-
dynamics of the PIA at 1.45 eV in comparison to the dynam'quency dependence of BCHA-PRE/6]PCBCa(2%) fitted to a bimolecular

ics of the PIA in pure polymer host at the same probe energyecombination equation with a bimolecular coefficient of 1 ms.
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sponse function which describes the dynamics of the system AR LA L R ALY RASA LR RALL
with R(t)=At" %, where «=0.2 for pure BCHA-PPV and
a=0.08 for BCHA-PPW6,6|PCBCa. The data clearly show
the longer lifetime of the photoexcitations in the blend com-
pared to the pristine polymer.

In the MEH-PPV casdFig. 4), the relaxation is com-
plex. In both pure MEH-PPV and MEH-PPV mixed with 2%
M [6,6]PCBCa an initial sharp decrease of the photoinduced
absorption is observeet times less than 700)fsAt approxi-
mately 700 fs, however, a slower decay becomes dominant;
this slower component is enhanced in the charge transfer
blend compared to pristine polymer. The slow component
can be well described witR(t)=At"“, where a=0.2 for
pure MEH-PPV andv=0.07 for MEH-PPVJ6,6]PCBCa. We
propose that the initial decay corresponds to the geminate
recombination of the initial photoexcitations. For the 2% M _
blend, his intial decay is observed even in the presence df &, Tie e SBerieree of UG P o e PR CECa A
deep traps in form of6,6]PCBCa. This implies that the ini- 5 5pcpca (509 at 1.45 eV(closed circles and at 1.2 eV(closed tri-
tial photoexcitations have to migrate over significant dis-angles.
tances on the polymer chains in order to encounter the
[6,6]PCBCa molecules as acceptors.

For the 2 M% mixture, the average separation betvveer(]encounter an acceptor prior to geminate recombination. Thus
[6,6]PCBCa molecules is approximately 50 monomer units porp 9 X

Thus, assuming the excitation is localized on one unit ceIIthe quantum efficiency for charge transfer is even greater in

. L - e 50% blend than in the 2% blend. Once charge transfer
the average distance the initial photoexcitation has to trav :
. . . . has occurred, the decay of the PIA follows decay dynamics
before encountering an acceptor is 100 A. Using the relation

. e which are similar to the decay in the 2% blend.
| ~(Dt)*2 wherel is the diffusion lengt{~100 A), D the .
diffusion constant and the travel time(=700 f9, one esti- In BCHA-PPVI6,6]PCBCa, however, neither the rap-

mates the diffusion constant to be on the orderDofl idly decaylng _shoulde_zr at 1.2 eV nor t_he slower peak at 1.45
. ) . . o : eV are sensitive to higher concentrationd ®6]PCBCa ac-
cn¥/s. Using Einstein’s relation for mobilityu) in a nonde- : - - e
. ceptors(Fig. 7). The origin of this insensitivity is not clear.
generate electron gag,~eD/kgT, wherekg is the Boltz- AP .
One possibility is that there is a greater tendency for the
mann constanfl the temperature, arglthe electron charge, .
. . o 6,6]PCBCa acceptors to phase separate in BCHA-PPV so
one can estimate the mobility of the photoexcitations to b . . .
) hat higher concentrations do not lead to stronger D/A inter-
on the order ofu~10 cnf/V s, far too large for conjugated

polymers. We conclude, therefore, that the spatial extent OzflcUon. This would be surprising, however, for the molecular
the initial photoexcitations is much greater than the mono-
mer repeat unit; the excited state wave function is delocal-
ized over many repeat units.

Assuming that the electron is transferred immediately at 1k
the first encounter of a photoexcitation with an acceptor, in- ";
creasing the acceptor concentration should eliminate the ini- 7+

6
5

Aad [arb. units]

tial fast decay component of the PIA. The large concentra-
tion of acceptors within the sample would make migration
effects which occur prior to encountering an acceptor unob-
servable.

To check this assumption, we plotted the relaxation de-
cay of the blends with 2% and 5006,6]PCBCa concentra-
tion in Figs. 6 and 7. Concentrating first on MEH-PPV/ r
[6,6]PCBCa, we find that the fast component evident in the
decay of the PIA at 1.45 eV and 1.2 eV in the 2% blend is
not apparent in the 50% blend; compare Fig. 6 open circles
vs solid circles. This fast component has a 200 fs lifetime
(single exponential approximatipin the 2% blend, and is
attributed to the fraction of the photoexcitations which re-

combine geminately prior to encounter with[&,6]PCBCa
FIG. 7. The time dependence of the PIA of BCHA-PP8/6]PCBCa(2%)

acceptor(as dISCUSS.ed abo)zchhe complete quenChmg _Of at 1.45 eV(open circlesand at 1.2 eMopen triangles and of BCHA-PPV/
the fast component in the 5.0/0 plend results from the' h'gheﬂ‘G,G]PCBCa(SO%) at 1.45 eV(closed circles and at 1.2 eV(closed tri-
concentration of acceptors in this blend; all photoexcitationangles.

Aad {arb. units)

01 ket
0.1

Time [ps]
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30F Baa T photoexcitations over relatively long distances. If charge
transfer from the polymer tf5,6]PCBCa is more rapid, and
. if the photoinduced absorption in the polyniéf6]PCBCa
‘. mixtures results from an intermolecular transition, the charge
LRI ICL I transfer process will quickly destroy any memory of the po-
o * larization of the original transition dipole. In this case, the
B dichroic ratio is expected to approach the isotropic value
ool more rapidly than in the pristine polymer.
01 2 ' Zs'é‘é‘i ] 31'0 3 4‘6‘5100 . anseq_ueptly, measurements of the time depay of the
) Time [ps] dichroic ratio in MEH-PPV, BCHA-PPV, and their blends
with [6,6]PCBCa provide insight into the dynamics of pho-
30w . I toexcitations. As shown in Fig. 8, the initial value of the
ke photoinduced dichroic ratio is close to 3 in both pristine
25 o polymers, confirming that intrachain excitations are photoge-
<’ . nerated by the pump radiation. For the pure materials, the
20l . ‘s"‘,.- ] decay of the dichroism occurs over a relatively long time
" o scale, withAq/A«;, dropping from 3 to 2 in approximately
151 N N S 10 ps. With the addition of 2%6,6]PCBCa, the dichroic
: ratio in both the MEH-PP\/6,6]PCBCa blend and the
1.0 R . R BCHA-PPV/[6,6]PCBCa blend decreases much more rap-
0.1 1 10 100 idly, implying that the polarization memory of the photoex-
Time [ps] citations is being destroyed much faster in these composites.
This rapid decay is interpreted as due to subpicosecond
FIG. 8. () shows the dichroic ratio of MEH-PP¥golid circles and of a 2%  photoinduced electron transfer from the conjugated polymer
blend of MEH-PPV{6,6]PCBCa(open squargsThe solid line is a fit using  to the[6,6]PCBCa acceptor, and is consistent with previous

a single exponential with a 200 fs time constdhj.shows the dichroic ratio measurements made on blends of the same PPV derivatives
of BCHA-PPV (solid circles and of a 2% blend of BCHA-PPY8,6]PCBCa

(open squargs The decay time for BCHA-PPY8,6]PCBCa is approxi- and Geo.” We nOIe. that the decay of the dIC.hI’OIC ratio is left
mately 1 ps. The probe energy is 1.38 eV for b@hand (b). unchanged after increasing the concentratiof6gf]PCBCa

from 2% to 50%.

) ) To fit the decay of the dichroic ratio a single exponential
structures of the side chains on BCHA-PPV 486JPCBCa a5 ysed to estimate a lifetime of 35 ps for pure MEH-PPV
are similar. and 200 fs for MEH-PP\[6,6]PCBCa[Fig. 8@a)]. Although
D. Photoinduced dichroism a single exponential does not provide a precise description of

The decay time of the photoinduced dichroism shown in?svdl{zt;],;g%gzc[zsé.tlgt(;:-)]l's_rer\]p;p;cl)g\;vn;?tg z;;ypos% Iﬁ; IZI((::EA

Fig. 8 sets an upper limit on the time scale of the forward oic ratio in BCHA-PPV[6,6]PCBCa compared to the decay
electron transfer. The dichroic ratio is defined as the ratio ofn MEH-PPV[6,6]PCBCa is similar to earlier results ob-

the photoinduced absorption with the pump and probe polart-

o . L ained from composites of the same polymers wity.@Ve
ization vectors parallel, to that with the polarization vectorsSuggest that the slower decay results from the influence of
perpendiculat

the bulky, symmetric side groups in BCHA-PBWhich re-

Say 3fetfplay+iy a) duce the overlap of the excited state wave functions. Thus,
= (2 the forward electron transfer process occurs more rapidly in

the MEH-PPVJ6,6]PCBCa blend than in the BCHA-PPV/

In this expression the subscripgisp,, andp, refer to neutral  [6,6JPCBCa blend. The bulky asymmetric side groups on

bipolaron excitons, intrachain and interchain polarons, reBCHA-PPV prevent optimum overlap of the excited state

spectively, and; is defined byf;= 7,A a;(w), wherenisthe ~ wave function, thereby causing a bottleneck for the forward

quantum efficiency for generating excitations of typend  €lectron transfer. Nevertheless, the results indicate forward

Ag;(w), is the change in absorption due to these excitationdransfer in less than a picosecond.

Because of the delocalization of the-7* electrons on an

individual chain and the weak interchain coupling, the opti-

cal absorption matrix elements are strongest when the lightis ) o

polarized along the chains. Highly oriented MEH-PPV, for E- Millisecond photoinduced absorption in MEH-PPV

example, showsy/a, ~1001° Thus, since the initially ex- based composites

cited electron-hole pairs are created predominantly on indi- The millisecond PIA spectra of pure MEH-PPV, MEH-

vidual chains, the dichroic ratio should be approximately 3 aPPV/[6,6]PCBCa(2%) and(50%) are compared in Fig. 9. In

the earliest times. In the pure material, the dichroic ratio willthe MEH-PPVJ6,6]PCBCa blends, the peak in the millisec-

approach the isotropic value\gy/Aa; =1, after sufficient ond PIA spectrum is red-shifted by approximately 60 meV

time has elapsed for interchain transfer or diffusion of thecompared to the peak in the picosecond regime. In addition,

Aoy/Aoy

2 e
® DG P5%n o 4a

Aoy/Aoy

Sa, (fetfp)ay+3f, a; '
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The dichroic ratio decay in blends of BCHA-PPV/
[6,6]PCBCa shows a charge transfer time of order 1 ps. In
this case, increasing the concentratiofi@6]PCBCa has no
effect on the charge transfer time, as shown by the time
dependence of the PIA. We attribute the slower charge trans-
fer rate to the effect of the large symmetric side groups of
BCHA-PPV which prevent optimum overlap of the excited
state wave functions with [6,6]PCBCa acceptor and act as
an effective bottleneck for the electron transfer. However, the
charge transfer is still more than two orders of magnitude
faster than competing recombination processes, so that the

quantum efficiency for charge transfer is very high in the
) 1‘0 1.2 14 1.6 1.8 2.0 BCHA-PPV{6,6]PCBC& as well.

Finally, we compare the two systems studied here. The

common features are the following:

-AT/T [arb. units]

Energy [eV]

FIG. 9. The millisecond PIA spectra of MEH-PRW@pen squargsMEH- (i) Similar linear spectra, i.e., no significant charge trans-
PP\O/[G,G]PCBQa (2%) (solid triangleg, and of MEH-PP\{6,6]PCBCa fer in the ground statésee Fig. 2

(50% (open circlex (i)  The addition of the methanofullerene has a similar
effect on the time dependence of the PIA spectra
when going from the pristine polymers to the blends
(see Figs. 4 and)5

Qualitatively similar dynamics and concentration de-
pendences of the dichroic ratisee Fig. 8.

in the millisecond PIA spectrum, there is a significant asym-
metry on the high energy side of the peak that extends beﬁii)
yond 2 eV and a small shoulder at 1.2 &£e Fig. 9, solid
triangles.

By measuring the dependence of the millisecond PIA oriThe last two observations represent the signature of subpico-
the chopping frequency, we were able to measure the lifetimeecond charge transfer in the blends.
of the charge separated state. The chopping frequency depen- Although direct evidence of ultrafast charge transfer is
dence(see insets to Figs. 4 and bf the charge separated observed in both systems, the concentration dependence of
state is best fit using a bimolecular recombination equatiomhe dynamics of the PIA spectra is different in the two sys-
with a lifetime of 1.6 ms for the MEH-PPV composites com- tems (see Figs. 6 and)7 Qualitatively, we attribute these
pared to 1 ms for the BCHA-PPV mixtures. Thus, the asym-somewhat complex differences to the very different side
metry (ten orders of magnituden the forward and reverse groups on MEH-PPV and BCHA-PPV. The somewhat
electron transfer rates is remarkable, with the forward elecsjower time scale for photoinduced electron transfer in
tron transfer occurring in the subpicosecond time scale angCHA-PPV blends is reasonable based on the more bulky
the reverse transfer OCCUrring in the millisecond regime. BCHA Side-groups; however’ the insensitivity to concentra-

The PIA features for the pristine polymer films are domi- tion of [6,6]PCBCa in the BCHA-PPV blends is not under-
nated by the neutral triplet excitations in the millisecond timestgod. One possibilitas noted aboveis that there is a
domain.®314 The small shoulder at 1.2 eV, and the large greater tendency for th§6,6]PCBCa acceptors to phase
plateau extending beyond 2 eV in the MEH-PPV/geparate in BCHA-PPV so that higher concentrations would
[6,6]PCBCa spectra are similar to the spectral features of thgqt increase the D/A interaction.
MEH-PPV blends using pureqg"® their exact origin, how- These studies show that functionalization qf @ads to
ever, is not known. enhanced solubility and processability and thereby provides

a promising route to improving the efficiency of optoelec-
tronic devices based on the photoinduced electron transfer

IV. CONCLUSIONS from conjugated polymers onto buckminsterfullerérighis

We have demonstrated that subpicosecond photoinduced8 evident from the fact that high concentration blends of
charge transfer occurs from both MEH-PPV and BCHA-PPVMEH-PPV (50%, see Fig. show no initial decay of the
to a methanofullerene. photoinduced absorption; such early time decay of the ex-

For MEH-PPV[6,6]PCBCa blends, measurements of thecited state prior to charge transfer reduces the quantum effi-
decay of the dichroic ratio show that charge transfer occursiency of photoinduced charge separation. Thus, this study
within 200 fs with a correspondingly high quantum effi- demonstrates that blends with high concentrations of accep-
ciency for charge transfer. Increasing the concentration ofors and with high optical quality can be obtained by using
[6,6]PCBCa from 2% mole fraction to 50% mole fraction functionalized derivatives of &. In this respect, however,
results in a further increase in the quantum efficiency ofthe MEH-PPV blend appears to be superior to the BCHA-
charge transfer by eliminating photoexcitation decay during®PV blend. This tentative conclusion remains to be proven
the initial diffusion of the photoexcitations prior to the elec- by tests currently underway using photonic devices based on
tron transfer. these PPV-derivative8,6]PCBCa composites.
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