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Fullerenes enhance the photoconductivity of photoconductive polymers. This paper studies the mechansim
of enhancement both experimentally and theoretically. The effects of fullerene doping on the spectroscopic,
charge generation, and charge transport properties of the polymer are reported. Electrical field effects and
magnetic field effects are examined. On the basis of these data a charge generation mechansim involving a
singlet of weak charge-transfer complex is proposed for fullerene-dblealy(vinylcarbazole). A new
theoretical model combining both the Onsager and Marcus theory is developed to quantitatively account for
the field-dependent charge generation efficiency in nonpolar medium.

Fullerenes, & and Go,! are known to be good electron each other, so even the short-lived singlet state can have time
acceptorgé:® They can form charge-transfer complekesr to react with the neighboring molecules before decaying to the
charge-transfer saftawith electron donors such as aromatic triplet state. This is the case with fullerene-doped PVK where
amines. Ferromagneti$nand enhanced second-order optical the carbazole moiety, an electron donor, exists in high concen-
nonlinearity have been observed from these charge transfer tration with an average separation distance-6t4 A28 Both
complexes. The direct optical excitation of fullerene can lead singlet and triplet state can in principle participate in the electron
to excited state electron transfer reactbhg;6 which is the transfer reactions in PVK film. In addition, the precursor for
basis of photoconductivity. the generation of charge carriers may be the excited states of

The first fullerene-based polymeric photoconductor was either PVK, fullerene, or the complexes of the two. These are
demonstrated by doping fullerenes into polymers containing the issues that will be addressed here.

electrolrl-gonating moieties such aépoly(vinylcarbazole) This paper also address a more general issue regarding the
(PVK).>% The enhancement effects of fullerenes on the gy angjtative treatment of charge generation processes in poly-
photocondupﬂvﬂy of polymers were also reported for phenyl- ers. The field-dependent charge separation theory of On-
methylpolysilane (PMPS}, poly(p-phenylenevinylene}? poly- sagef® has been the standard model to use for analyzing the

(3-alkylggiophenej€1 and poly(2,5-dialkoxyp-phenylenevi- — cpar0e generation efficiency of polymeric photoconductors for
nylene)?? The enhanced photoconductivity is attributed to the many years, in spite of its generally recognized deficiencies.

electron transfer reaction between fullerene and polymer. The 1,4 theory predicts the probability of an electrdole (eh)

quantum yields of charge generation at highgfields for fullerene- pair separating to infinity by solving the diffusion equation of
1 a

doped PVK and PMPS are close to unfify>* Recently, by hq relative motion of the-eh pair in the potential provided by

doping fullerenes into optically nonlinear polymers, photore- their Coulomb interaction and applied external field. The origin
fractive effects have been observéd! Because of all these o 0 pair and the pathway by which it is generated are
nove_l optoelectromc_: phenomena dlsplaye(_j by fuIIere_ne, 4 not considered in the model. An important boundary condition
detailed understanding of the photoconducting mechanism of (and an assumption) for this model is that if thete pair

fUIll?rzgneulrnopsoely(;??g?sIs;fe?riesitol?’[ﬂ?ﬂrtiﬂgeéffects of fullerene separation distance reaches zero, the pair annihilates (with an
purp pap y infinitively fast rate). For low dielectric constant solids, the

doping on the charge transport and charge generation propertie§heory predicts a strong field-dependent charge generation

g;g‘sshgﬁu?lzc;;%%ogguf;'vgr??#én;;:'e tlﬁam! boertShr%WQrtthi[ft?h% efficiency depending on the initiateh separation distance. The
ping bort property shorter the initial separation distance, the stronger the field

polymer are minimal. So the main focus of the paper will be
; h dependence.

on the charge generation mechanism of fullerene-doped poly- i .
meric photoconductors, in particular, fullerene-doped PVK. Over the past decades, the field-dependent charge generation

It is known that, upon photoexcitation, the singlet state of efficiency of many polymgrlc photoconductors have been fitted
Cso and Go undergoes efficient intersystem crossing to generate {0 the Onsager theory with apparent sucéés¥. However,
a long-lived triplet state (lifetime varies from micro- to fairly large initial e-h separation distances (2@0 A) have to
milliseconds depending on the conditions) with a quantum yield P& assumed for the Onsager theory to fit these data, as in the
of almost 125-27 |n solutions, where the diffusion of reactants cases of fullerene-doped polymerisstumeq RETE. As already
to close distance is required for reactions to occur, the long- reCOngEdS Sbsy previous workéfs® and discussed in details
lived triplet state is therefore expected to be the main precursor €lsewheré>*this is a puzzling result. In inorganic systems,
for charged carrier generation. In polymer, however, the large initial e-h separation distance is usually rationalized as

situation is very different. The reactants are already close to the distance required for the excess energy of electron and hole
to thermalize. However, this is less likely in molecular systems

€ Abstract published ilAdvance ACS Abstractguly 1, 1997. because the internal conversion process from higher excited
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states to the lowest excited state is very efficient due to the constant is related to the reorganization energy (or the vibrational
availability of high-frequency phonons and strong electron frequencies of the participating modes) and the free energy
phonon coupling. In fact, in many cases it was concluded change of the electron transfer reaction. The effect of electric
experimentally that the charge-transfer state is responsible forfield on the rate constant can be modeled through its effect on
the charge generation, which should lead to an initiehe  the free energy change. The well-known Marcus inverted region
separation distance of only a few angstrofn®. may provide a theoretical basis for understanding the origin of
This paradox indicates the inadequacy of the assumption usedhe slow recombination rate necessary to explain the field-
in the Onsager model that the-b pair annihilates instanten- ~ dependent charge generation efficiency in polymers. In spite
ously when their separation distance reaches zero. ThisOf the success of Marcus theory in treating electron transfer
assumption is unrealistic in the real system. For aih @air reactions in solutions and biological systems, it has not been
to recombine to the ground state, energy on the scale ofapplied to the field-dependent charge generation problem in
electronvolts has to be disposed of, usually dumped into the Photoconductive polymers, to the best of our knowledge. As
vibrational modes of the system. This is a process with finite Will be shown in this paper, the application of electron transfer
rate. Because of the assumption of an unrealistically large theory to low dielectric medium is not trivial and major
recombination rate, an unrealistically large value of the initial difficulties have to be solved.
e—h separation distance has to be used for the Onsager model There is another mechanism that can possibly account for
to fit the data. Furthermore, the creation and recombination the slow recombination rate of the-& pair. If the precursor
rate may depend on the field, separation distance, and energetic§or charge generation is a triplet state, then immediately after
None of these is considered by the Onsager model. the electron transfer, the geminatelepair still exists as the
The need for a finite recombination rate was recognized by {fiPlét state. The recombination of triplet& pair to the singlet
Braur?s and Noolandi and Hon& Braun proposed a kinetic ground state is sp_ln-forbldd_en and t_herefore slow._ The repha_smg
model which identifies the geminate-& pair with the excited  Tom the triplet pair to the singlet pair competes with the hopping
charge-transfer state, which typically has lifetime on the scale Motion of the carrier. If the hopping rate is competitive enough
of nanosecond® The lifetime of the charge transfer state, 2d@int the rephasing rate, by the time the singteh gair is
which corresponds to the charge recombination step, is assumed®Med. their separation is far enough to prevent fast recombina-
to be field-independent. The dissociation rate is assumed totion. This mechanism can provide a very attractive explanation

be field-dependent and follows the formula for either classical to the large initial &-h separation distance deriyed from Fhe
ion pair or Wannier exciton. Braun’s model is a special case Onsager model but apparently has not been discussed in the

of a more general model of Noolandi and HdfigThey give literature. It is a well-established mechansim operating in
the exact solution of the electron and hole escape probability C_IDlNP a_“d mag“eF'C |sot_ﬁpe separation egpeﬁm@rﬂé.Tms
corresponding to a partly absorbing sphere of finite radius at TIPI€t pair mechanism will be considered in this paper.

the origin. Indeed, by assuming a slow recombination rate 1he organization of this paper is as follows. After the
(taken to be the lifetime of either the charge transfer state or €XPerimentals are described, the spectroscopic properties of
the singlet state), the field-dependent charge generation datdullerene/PVK charge-transfer complexes are first presented
can be fitted by these modified Onsager models with small initial (S€ction 1A). This is followed by a detailed characterization
e—h separation distancé®3® The need for a slow recombina- of their photoconducting properties, including charge generation
tion rate was also recognized in studies on the charge generatiof?"d charge transport (sections IIB and IIC). In sections IID
processes in molecular crystiand on solig-liquid inter- and lIE, the magnetic and electric field effects on the charge
faces® The effect of an external field on the special case of ggneratmn efﬂuency,. the trlplet transient absorption, and the
diffusion-controlled ion recombination reaction has also been Singlet fluorescence intensity are presented. The mechanism
examined within the context of the Noolardilong modef? for charge generation, based on all the experimental data

. . . resented, is then proposed in section Ill. In sections IV and
There exists weakness in these modified Onsager models, a .
X ) , we present a theoretical model based on the Onsager and
already recognized by Noolandi and Hong themsele# o .
i : - L Marcus theory to quantitatively account for the field-dependent
major problem is that the creation and the recombination of charge generation efficiency
the e-h pairs and their field dependence are not described by ’
rigorous theory. Rather, a somewhat arbitrary form for the rate
constant was assumed. For example, in the Noolandi and Hong
model, the geminate-eh pair was assumed to return to the first Cso and Go were purchased commercially from MER Co.
excited state and then relaxes to the ground state with a field-(99.95+% purity). N-Poly(vinylcarbazole) (PVK) was pur-
independent rate. The field dependence of the creation ratechased from Aldrich (average molecular weight 124600
constant is simply assumed to be an increasing function of the 186000). Thin films of G- and Gg-doped PVK were deposited
field in such a way it is isotropic at zero field and becoming on aluminum or indium tin oxide (ITO) coated glasses by spin-
more peaked in the direction of the field as the field incred%es. coating from toluene solutions.
The assumption that the geminatekepair recombines to the Photoconductivity of the sample was measured by the
excited state may hold in a few special cases is certainly not standard photo-induced discharge method; the details of our
generally applicable. The arbitrarily chosen form of the rate experimental conditions have been described befor@he
constant and its field dependence are not justified, a weaknesssample film is deposited on an electrically grounded aluminum
already pointed out by the authors themseRfesn summary,  substrate and corona-charged positively or negatively in the dark.
in spite of the improvement made by these pioneering studies, Absorption of light generates electrons and holes which migrate
quantitative treatment of charge generation in polymers on the to the surface and discharge the surface potential, if the sample
molecular level is still an elusive goal, one which will be pursued s photoconductive. The electrical potential is detected by an
here. electrostatic voltmeter.
Modern electron transfer theorf@s*> have shown great The charge generation efficienay, is determined from the
sucess and can provide a rigorous basis for describing theinitial discharge rate of the potential, \(itit).=o, under the
creation and recombination of a geminatehepair. The rate condition of low light intensity and strong absorption (the

I. Experimental Section
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Figure 1. Schematics of the time-of-flight apparatus for the hole
mobility measurement. 0 T f T T f
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emission-limited conditions), using the following equation wavelength (nm)

c (d Figure 2. Absorption spectra of &in methylcyclohexane as a function
¢o=— (_\/) Q) of increasing concentration (indicated by the arrow)Nedthylcarbazole.
4rell\ dt =0 The insert shows a plot of (2 ODy/OD)/[carbazole] vs OBOD, where
OD is the optical density of & absorption at 500 nm in the presence
wheree is the dielectric constangthe electronic charge, the of N-ethylcarbazole and Qfin the absence dfl-ethylcarbazole. The
film thickness, and | the absorbed photon flux. The incident intercept of the best-fit straight line gives the negative equilibrium
light intensity was measured with a calibrated radiometer constant for G/N-ethylcarbazole charge-transfer complex.

(International Light IL700A). The pshoton flux at 340 nm used e 4qgition ofN-ethylcarbazole, a new absorption band appears
in the current experiments was10' photons/(crﬁ-g), which in the ~450-550 nm region (Figure 2), which is attributed to
was essentially all absorbed by the sample at this wavelength., o Golethylcarbazole complex. By plotting (2 ODy/OD)/

The exposure time is controlled by a Uniblitz shutter, generally [ethylcarbazole] vs OFOD, where OD is the optical density
limited _to 0.3 sorless. The diele_ctric constant of the fiIm_ is of Ceoin the presence df-ethylcarbazole and Qs the optical
determined to be 3.2 from capacitance measurement using Hensity in the absence bEethylcarbazole, one obtains a straight

HP Model 4194A impedance/gain-phase analyzer. __line. The intercept of the straight line yieldsK and the slope
The mobility of the sample was measured by the conventional yields ct/er)K whereK is the binding constant andr ander

time-of-flight method (Figure 1). Fullerene-doped PVK film are the extinction coefficients of the CT complex angh,C
was deposited onto an ITO glass substrate. A circular thin film respectively, at the monitoring wavelength.The insert of
gold electrode (in an area of 0.3 &was then deposited On  Figire 2 shows such a plot. The binding constant gfiG

top of the PVK film to form a sandwiched structure. Ek_ectnc_al ethylcarbazole charge-transfer complexes at room temperature
leads are attached to the gold and ITO electrodes using silverig .5 determined to be 1.5Mby this method. The binding

€poxy. 9N_1O ZS 30:? nm Iasle:c pU|Sﬁ from a.r(lj excirr]ne.r Ia}ger constant of GyN-ethylcarbazole is not determined here, but
was used to irradiate the sample from the ITO side. The inci entprevious work on other electron donors shows botg &@hd

laser energy was kept low364J for a 0.3 cspot, toensure . "7 complexes have similar binding constahts. The

that only a small fraction of the surface charges was injected. magnitude of the binding constant indicates these are weakly

Carriers were generated near the ITO side of the surface andy, nq cT complexes. Nevertheless, in a PVK film the effective
then drifted toward the gold side under the influence of the ,.h--01e concentration is very high, ab6uM assuming a

applied electric field. The current was detected by an external homogeneous distribution, and we estima#20% of the Go
circuit shown in Figure 1 and digitized by a Tektronix DSA exists as CT complexes. Of course, this value can be somewhat

601A digitizer for data analysis. , _different in a polymer thin film and may be affected by the
The triplet-triplet transient absorption was measured with .0 fiim preparation conditions.

the flash photolysis apparatus, described in detail béftrae The CT interaction between fullerene and PVK can also be

luminescence spectra were taken with a Spex Fluorolog probed by luminescence spectroscopy. Figure 3 shows the room

equipped with a cooled R928 photomultiplier tube (2830 temperature fluorescence spectrum @fi6 PVK in comparison
nm). All spectra are corrected for the photodetector response. ;i that of Go in methylcyclohexane. Also shown for

Low-temperature spectra were taken in either a nitrogen cryostat,otarence purpose is the 77 K fluorescence spectrum-gf C
(Oxford Instruments DN1704) or a continuous flow helium methylcyclohexane. The sharp vibronic structures af C
cryostat (Oxford Instruments CF1204). For the electrical field ,,qréscence in methylcyclohaxane merge into a featureless
experiments, the sample, fabricated the same way as that in thg,. 0.4 pand in PVK. with a concurrent red-shift of the
mobility experiment (Figure 1), is mounted on a sample holder ¢ 5rescence peak by about 420 cm(Figure 3). This is
vyith electri.cal feedthrough inside thg cryostat. The magentic ,urihuted to the CT interaction between,Gnd PVK and
field experiments were performed with permanent magets.  jyqicates also some structural distortion in the excited singlet
state of Go.

Figure 4 shows the phosphorescence spectra;®inPVK

IIA. Spectroscopic Properties. Fullerene forms charge- and methylcyclohexane at 77 K. From methylcyclohexane to
transfer (CT) complex with aromatic electron donb?sThe PVK the phosphorescence spectral peak shifts to higher energy
carbazole group in PVK is an electron donor and is therefore by 254 cnt! with a concurrent broadening of the vibronic
expected to form CT complex with fullerene. The binding structures. Again, this is attributed to the CT interaction
constant of the CT complex can be determffdxy monitoring between G and PVK. Because of the very weak luminescence
the absorption spectrum ofg€in the presence dN-ethylcar- from Cgo,* we did not perform these experiments witlgo@h
bazole (used as a model compound) as shown in Figure 2. UponPVK. However, we expect similar behavior betweep énd

Il. Results
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Figure 3. Fluorescence spectra ofJdn PVK at room temperature
(dashed line) and in methylcyclohexane at room temperature (dotted
line) and 77 K (solid line).
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Figure 4. Phosphorescence spectra gh @ PVK (dotted line) and
methylcyclohexane (solid line) at 77 K.

Cy0 because of their similar redox potentfaisand binding
contants with amines. All these spectroscopic data establish
firmly the existence of weakly bounded fullerene/carbazole CT
complexes in PVK film which is important for further discussion
of the charge generation mechansim.

IIB. Charge transport. Previous studies have established
that fullerene-doped PVK and polysilanes are hole-transporting
polymers!?1® What are the effects of fullerene doping on the
hole mobilities of these polymers? The hole mobility can be
measured by the time-of-flight method as discussed in the

Experimental Section (Figure 1). Electrons and holes are created®

by a short laser pulse near the surface of the polymer film.
Depending on the polarity of the electric field applied on the
electrodes, either electrons or holes traverse the bulk of the film.
This gives rise to a displacement current which is detected by
the external circuitry. Figure 5 shows typical time-of-flight
transient curves for fullerene-doped phenylmethylpolysilane and
PVK. In the ideal case (nondispersive transport), the current
stays constant and falls off to zero at timewhen the charge
carriers arrive at the other side of the film. Usually the fall-off
neart; is smeared out due to spreading of the charge carriers
packet, as shown in Figure 5a fofd phenylmethylpolysilane.
The carrier mobility,u, is determined from the equatign=
d/(z++E), whered is the film thickness ané is the applied field.
Carrier transport in polymers is characterized by a succession
of hops from site to site. The distances between various
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Figure 5. Time-of-flight transient curves for (a)&in PMPS at 2.5

x 107, 3.1 x 1, and 3.7x 1 V/cm and (b) PVK at 4.7 1, 5.5

x 10°, and 6.3x 1C° V/icm. The arrows indicate the approximate
location of the transit time:.
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Figure 6. Field-dependent mobility data of (a) 1.6 wt %®MPS
vs PMPS and (b) 2 wt % §/PVK vs PVK.

neighboring sites and the energetics of each site are different.
These distributions (dispersions) in energy and distance cause
different hopping rates between different sites. This is called
dispersive transport, which gives a transient current that deviates
from the ideal shap# 34 In the extreme case, no discernible
break at transit time; can be detected from the time-of-flight
curve. This problem was addressed by Scher 8t%l. Ac-
cording to the ScherMontroll model, the dispersive current
transient can be analyzed in a double log plot as shown in Figure
5b. The transit time is taken to be the break point in such a
log—log plot (Figure 5b).

We have measured the hole mobility of phenylmethylpol-
ysilane (PMPS) andN-poly(vinylcarbazole) (PVK) in the
absence and presence of fullerenes (Figure 6). PMPS is a
o-conjugated polymer. Extensive delocalizatiorvedlectrons
takes place along the silicon chain, giving rise to very efficient
hole transport along the silicon backbone. The hole mobility
of polysilanes,~10~* cm?#(V+s)55-58 is among the highest
observed for polymers. Figure 6a shows the field-dependent
hole mobility of PMPS and PMPS doped with 1.6 wt %,C
The presence of fgessentially has no effect on the hole mobility
f PMPS. This is presumably because the hole moves along
the silicon backbone and is not affected by the small amount
of Cyo present in the surroundings.

In the case of PVK, the polymer backbone does not participate
in hole transport directly. Instead, the hole moves by hopping
along the pendant groups (i.e. carbazoles). The hole mobilities
of this class of polymers are low, around $6107 cnv/
(V-s)3° Figure 6b shows the field-dependent hole mobility of
PVK and PVK doped with 2 wt % g. The presence of §
has only a small effect on the hole mobility of PVK. The
mobility is slightly lower at low field but has a relatively steeper

field dependence for §&/PVK. According to the disorder
formalism?3354the high field mobility follows the equation

1(©:2E) = uyex (|| explc@® ~9ET @
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Figure 7. (a) Field-dependent charge generation efficiency of 2.6 wt
% Cso/PVK at 340 nm, film thickness= 7.1 um, photon flux= 1.95

x 103 photons/cr (b) Field-dependent charge generation efficiency
of 1.3 wt % G¢/PVK at 340 nm, film thickness= 7.8 um, photon flux

= 1.84 x 103 photons/(crirs).

whered = o/kT (6 is the width of the Gaussian distribution

density of states}; is a parameter that characterizes the degree

of positional disorderE is the electric fielduo is a prefactor
mobility, andC is an empirical constant given as 29104
(cm/V)Y2, In the case of g/PVK, the smaller intercept and
larger slope for the field dependence of hole mobility (Figure
5b) suggest that the introduction ofdincreases the positional
disorder of PVK slightly, i.e., the distribution width of the
distances between carbazole groups becomes wider.
Overall, the effect of a small amount of fullerene dopant on
the hole mobility of the polymer is small. It should be noted

J. Phys. Chem. B, Vol. 101, No. 29, 19%631

fast rate. With this assumption, the charge generation efficiency,
¢(ro,E), in the presence of an electric fiel, is given by°:62

(roE) = ¢o{1 — (25)’2%(77)%(2&)} 3)
&
where
_ &
n= Tr, 4)
eEr,
=17 ()
and
171'+1 i

Aj+1(’7) = Aj(ﬂ) - i+ 1) (6)
A =1—¢e" (1)

Here ¢o is the quantum yield of the initially generated
electron-hole pair. The two parameters,and¢o, characterize
guantitatively the charge generation efficiency of a photocon-
ductor under applied field. For example, a largevalue
indicates the photoconductor has a large low-field charge

that this is only true for low concentrations of dopants discussed generation efficiency while th¢g value represents the ultimate
here. For very high concentration of dopants, especially when charge generation efficiency achievable at high field. Figure 7
the concentration is above the percolation threshold, the transportshows the fit to the Onsager model (solid lines). The ultimate

properties of the polymer can be greatly affecteds, IS a

charge generation efficiencies achievable at high figld are

known electron conductor. The potential exists for developing almost quantitative for § and Goin PVK, being 0.8 and 0.86,

electron-transporting polymers based on highly doped C
polymer.
[IC. Charge Generation. Photoconductivity is the convo-

respectively. A value of 19 A for the initial-eh separation
distance is required to fit the data (Figure 7). As discussed in
the introduction section, this large-&@ separation distance is

lution of photoinduced charge generation and charge transport.not consistent with the donelacceptor distance in a charge-
Since fullerenes have a very small effect on the transport transfer complex and is a result of the unrealistic assumption

properties of the polymer matrix, their main function is the

in the the Onsager model. We will present a new and improved

enhancement of charge generation efficiency. It is of funda- model later in section IV of the paper.

mental importance to understand the molecular mechanism by

which the charge generation efficiency of the polymer is
enhanced in the presence of fullerenes.

The charge generation efficiency of PVK containing a mixture
of fullerenes £85% of G and~15% of Gg) has been reported
by us beforé? 18 Essentially the same results are obtained with
pure Go and Godoped PVK. Figure 7 shows the field-
dependent charge generation efficiencies gf”V/K (Figure
7a) and GyPVK (Figure 7b) excited at 340 nm. Low light
intensity,~10'3 photons/(crirs), was used in these experiments
to ensure emission-limited conditions. For example, at TP

IID. Electric and Magnetic Field Effects. It is known that
the photoexcited singlet state ofdand Go undergoes efficient
intersystem crossing to generate a long-lived triplet state with
a quantum yield of almost 2727 In solutions, where the
diffusion of reactants to close distance is required, this long-
lived triplet state is therefore expected to be the main species
responsible for chemical reactions. In a polymer, however, the
reactants lie close to each other such that the short-lived singlet
state can react with the neighboring molecules before converting
to the triplet state. This is the case for fullerene-doped PVK;
both singlet and triplet states can in principle participate in the

V/cm about 1.5% of the surface charge is discharged by photonselectron transfer reactions.

within the 0.3 s exposure time. The charge generation efficiency

If the precursor for charge generation is a triplet state, then

was found to be independent of the sample thickness andimmediately after the electron transfer, the geminaté gair

strongly field-dependent, with a value of0.15 at 16 V/cm

still exists as the triplet state. The recombination of triplehe

(Figure 7)1 The efficiency is higher than that of undoped pair to the singlet ground state is spin-forbidden and therefore
PVK.6061 The ability of fullerene to enhance the photocon- slow. The rephasing from the triplet pair to the singlet pair
ductivity of polymers is quite general, as since been shown in competes with the hopping motion of the carrier. If the hopping

several other polymer§-22

rate is competitive against the rephasing rate, by the time the

The field dependence of the charge generation efficiency cansinglet e-h pair is formed, their separation is so far that their

be fitted by the Onsager mod&I2 The model solves the
diffusion equation of the relative motion of an electrdle

recombination rates become very slow. This mechanism can
provide a very attractive explanation to the large initialhe

pair, bounded by their Coulomb interaction, under an electric separation distance derived from the Onsager model and the

field. It predicts the probability that the pair separates into
infinity with a given initial separation distance, An important
boundary condition for this model is that if the pair separation

high charge generation efficiency.
Several experimental results, however, can eliminate this
triplet mechanism in the case of fullerene-doped PVK. With

distance reaches zero, the pair recombines with an infinitively the triplet e-h pair mechanism one expects to see a magnetic
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Figure 9. Lifetime and the magnitude (at the end of the laser pulse)
of the Gy triplet state plotted as a function of the applied fields (both

forward and reverse bias). The sample consists of af thick, 3.6

wt % Cso/PVK film sandwiched between an ITO and a gold electrode.

The excitation wavelength is 530 nm and the monitoring wavelength
is 720 nm.
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Ill. Proposed Charge Generation Mechanism

All the data presented in the previous section points to a
singlet-based mechanism. Furthermore, sin@0% of the
fullerene exists as weak CT complexes in PVK as estimated
from the known binding constant (section 11A), the photoexci-
tation of these CT complexes therefore has to contribute to the
photoconductivity in its absorption band region (it is possible

doped PVK was measured under magnetic fields up to 2600 G, for impurity contribution outside of the absorption band of
a region that such field effect was expected to occur for a triplet- fullerene CT complex). The direct excitation of a small
based mechanism. We did not observe any detectable magneti®ercentage of uncomplexed fullerene does not lead to charge

field effects (Figure 8).

We have also studied the effects of applied electric fields on

the yield and lifetime of the g triplet state. If the G triplet

state is the precursor for photogenerated carriers, then the

lifetime of the triplet state should depend on the applied field

and correlate with the field dependence of the charge generatio

efficiency. We monitor the gz triplet state with the laser flash
photolysis technique, discussed in detail befSrén Figure 9,
the lifetimes of the G triplet state are plotted as a function of

generation as shown by the laser flash photolysis data. The
excitation of uncomplexed carbazole moieties can lead to excited
state complex formation by energy transfer. The mechanism
of charge carrier generation in fullerene-doped PVK is therefore
proposed as shown in Scheme 1. In Scheme 1 A, D, &hd (

D) represent fullerene, donor (i.e., carbazole), and their charge-

Ntransfer complex, respectivelyKs, k., andky are the forward

electron transfer rate constant, the recombination rate constant,
and the hole-hopping rate constant, respectively. The hole-
hopping rate, X4, competes with the electrerhole recombina-

the applied fields. The absence of any detectable electric field {ion rate, 1k. All of the rate constants can be field- and

effect up to 5x 10° V/cm indicates that triplet state is not the

distance-dependent. In the rest of this paper, we will try to

precursor of charge carriers. Furthermore, the initial magnitude provide a quantitative solution to this model and compare to
(at the end of the laser pulse) of the triplet state is also the experimental data.

independent of the applied fields. This indicates that part of

As discussed before, fitting of the experimental data with the

the fullerene singlet population, which forms the triplet state Onsager model yields a large initial electremle separation
through the process of intersystem crossing, does not lead togjstance of 19-27 A for fullerene-doped PVK and polysilané%
charge carrier generation either. These are presumably fullerenegynich is in apparent contradiction with the fact that an electron

that do not exist as CT complexes.

The fluorescence intensity of fullerenes, on the other hand,

is quenched by the applied electric field. This is shown in
Figure 10 for Goin PVK. The field dependence of fluorescence

hole pair generated from a singlet charge-transfer complex
should be separated by only a few angstroms for contact CT
complex and<10 A for solvent-separated CT complex. This
paradox is a well-known problem of the Onsager m&dehen

guenching and charge generation efficiency correlate well with applied to polymeric photoconductotsrecognized for many
each other (Figure 10). Recall that the observed fluorescneceyears by Brau#? and Noolandi and Hong. Any succesful new

is attributed to the weak CT complexes betweep&@d PVK

(section IIA, Figure 3). This result clearly establishes the singlet

model has to be able to address this paradox.
The boundary condition used in the Onsager model corre-

state of the CT complex as the precursor for the generation of sponds to the assumption that when the separation distance of

charge carriers.

an electror-hole pair reaches zero, it recombines with an
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infinitely fast rate. This assumption is unrealistic in the real

system. For an electrerhole pair to recombine to the ground

state, several electronvolts of energy have to be disposed of,

usually dumped into the vibrational modes of the system. This = —D(Vp(r) + VW) p(r))

can be a slow~{nanoseconds) process because of the large ) o

amount of energy involved. Next, the creation and recombina- H€ré we have introduced the electric fiefr), assumed to

tion rate may depend on the field, separation distance, anddePend only on the electrethole separationr, and the

energetics. None of these is considered by the Onsager model@SS0ciated potentia(r), in dimensionless fori(r) = eMr)/
Both Braur® and Noolandi and Hor#§ have attempted to (kT). For the present problem

remedy the need for a finite recombination rate in the Onsager

= —D[Vp(r) + k%_VV(r) o(r) ®)

C e . e
model. Braun suggested a model which identifies the geminate V(r)=— i Ez 9
electron-hole with the excited charge-transfer state, which
typically has a lifetime on the scale of nanosecottdsloolandi wheree is the static dielectric constant of the medium, and the

and Hong® solves for the escape probability of an electron  z_direction has been chosen as pointing from the electron to
hole pair using a different boundary condition than the original the hole in the direction of the external field, of magnituie
Onsager model. Their boundary condition corresponds to a Conservation of particles leads to the following steady-state

finite surface recombination velocity on a partly absorbing transport equation for the pair distribution function
sphere of finite radius. Indeed, by assuming a slow recombina-

tion rate (taken to be the lifetime of either the charge transfer Vej(r) — B(r) p(r) = S(r) (10)
state or the singlet state), the field dependence data can be fitted

by these modified Onsager models with small initiatle ~ Here, 5(r) is the rate constant describing electrdiole an-
separation distancé&:3® However, in these models there was nihilation at a separation, while s(r) gives the rate of pair

no explanation for the origin of the slow recombination rate Ccreation at this separation and is proportionalddtise rate of
and the electric field dependence is not considered. Further-Production of singlet excited states by photons. These quantities
more, there is no theory for either the creation or the escape@re here presented as derived from the Marcus theory of
rate of the electronhole pair. Rather, a somewhat arbitrary €lectron-transfer reactions.

form for the escape rate was assumed, a weakness already After (10) is solved with appropriate boundary conditions,
recognized by Noolandi and Hor§. In summary, in spite of the photogeneration efficiency is obtained as the ratio of the
the improvement made by these pioneering studies, quantitativeflux escaping to infinity to the singlet production rate
treatment of charge generation in polymers on the molecular

level is still an elusive goal. In the next section, we attempt to efficiency= 1 Jsdrj(r)n (11)
address this problem. S

where the surface integrai {s the normal to the surface) is on
a surfaceS such that all creation and annihilation takes place
We have developed a model to analyze field-dependent chargeinside S.

generation in low dielectric medium. The model incorporates  |[VB. Marcus Electron Transfer Theory. The theory of

the Marcus electron transfer theéf'to describe the creation  Marcus as we apply it here gives the rate of a charge-transfer

and recombination of-eh pairs and an Onsager-like model to reaction in the forrff4:

treat charge diffusion under electrical field. In spite of the

success of the Marcus electron transfer theory in treating electron . ;{ (E, — E + A)°
=vexpg———r

IV. Theoretical Modeling

transfer reactions in polar media, to the best of our knowledge 47k T (12)
it has not been applied to study the photoconductivity of
polymers. The main difficulty is that in low dielectric constant
media, the Coulomb interaction betweerte pairs is not
negligible. As a result, the free energy chang&s) and the
electron transfer rate constant are distance-dependent. Thi
distance dependence A is usually ignored in treating electron
transfer reactions in polar medid#! To the best of our
knowledge, this is the first attemp to address the problem of
charge separation in polymers.
In the following we first discuss the formalism of the model v(r) = v, expl—a(r — ro)] (13)
and then a numerical solution to the problem.
IVA. Diffusion of Charge Pair. We describe the diffusion  The prefactong tends to be universally about %01 when
of a charge pair in a continuous, isotropic medium in terms of r, the minimum charge separation distance, has its lowest
the pair distribution functiop(r) giving the probability density  physically allowed value (i.e., without any external constraints).
for finding a hole within a volume elemenfr at a location Expression 12 is exact for the case of a single vibronic level
displaced from the position of an electron by the vecter (x, having the same vibrational frequency in the initial and final
Y, 2. The diffusion constanD is the sum of the diffusion  states. The reorganization energyis then the shift in the
constants of electron and hole. The electric mobjlitthe sum  vibrational energy resulting from the displacement of the energy
of electron and hole mobilities, is related@ovia the Einstein minimum between the initial and final vibronic states. This
relationD = kTul/e, wheree is the electronic charge. We use notion is illustrated in Figure 11, as we have applied it to
cgs units here. The current describing the separation of holedescribe the photogeneration and annihilation of charge pairs.
and electron is given by As indicated in Figure 11, we take the singlet excited state
as vertically displaced from the single parabolic vibronic ground
j(r)y=—D Vp(r) + u E(r) p(r) state, while the charge transfer state is both vertically and

Here,E; andE; are the energies of the initial and final states,
and/, called the reorganization energy, is a phenomenological

arameter describing the collective effects of the vibronic
nteractions in the initial and final states. The prefactor
involves wave function overlap integrals and is phenomenologi-
cally characterized as depending on the charge separation
distancer via
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We will solve for the general case of an electron transfer
reaction from the surrounding donors to the fullerene, where
the electron is assumed to be trapped somewhere on a spherical
surface representing the fullerene. Only the hole is mobile and
is created according to eq 16. The simpler case of charge
between two points in a uniform medium can be obtained from
this program simply by setting the fullerene radius to zero.

When the fullerene radius is not zero and the external field
is finite, one has to properly average over all positions of the
trapped electron. The way this was done was to assume that
donor molecules are uniformly distributed around the fullerene,

Energy

Vibronic coordinate at a distance, beyond the fullerene radiusg(is the minimum
Figure 11. Schematic of Marcus theory applied to pair creation and electron-hole separation in (13)); the trapped electrons, how-
annihilation (see text). ever, will not be uniformly distributed, since any given donor

molecule will tend to put an electron wherever the charge
transfer rateke(r) is greatest on the fullerene surfaceig the
elative donor-electron position vector).

The efficiency has to be calculated for each position of the

horizontally displaced. Thus if the dominant vibronic coordinate
is a bond length, we assume this bond length does not chang
substantially upon excitation to the singlet excited state but does
change when this state dissociates to form the charge tranSfe'irapped electron before averaging; i.e., the problem to be solved
state. Pair generation is viewed here as a transition from the o

singlet to the charge transfer state; annihilation occurs when contains a single trapped electron only. For any one such
9 9 : drgosition, except a polar one, the problem does not possess axial

the charge transfer state collapses back to the ground state. | ymmetry and one is confronted with a full-blown three-
the scheme shown, creation and annihilation are characterize imensional diffusion problem.

by the same reorganization energin the Marcus phenomenol-
ogy; only the initial and final energies in expression 12 are V. Numerical Solutions
different for these two processes.

A critical feature of our theory is that the electronic energy ~ VA. Virtual Lattice Approximation of Diffusion. ~ The

of the charge transfer state depends on both the electoie numerical solution of (10) over a three-dimensional grid,
separation and the external electric field including the boundary condition thatmust approach zero at
infinite distances, presents enormous difficulties. The grid must
w € be fine enough to contain details of the variation of the creation
=B - Bz (14) and annihilation rates and must expand at larger separations of

r. The number of points on this grid must, of course, be finite.

where B> is the energy of the charge transfer state in the Iflwe also wish to.mak.e the grid fing enough to permit finite
absence of an external field and with infinite separation of difference approximations to the differential operators, the
electron and hole. problem becomes intractable in practice.

We can now write down explicit expressions for the annihila- ~ We have appealed to physical reasoning to construct a rather

tion and creation parameteﬁr) and S(r) The annihilation coarse gr|d which satisfies the first two requirements Only, on
parameter is just the recombination rate: a finite-sized grid. In the absence of sources and sinks, eq 10

is solved by the equilibrium distribution

o, € 2
B(r) = vy ex —ot(r—r)—(_Ez +E+EOZ+/1) _e_z_EoZ
0 0 47ksT 15) pedl) = po €XP — —GLBT a7

The rate of creation of charge transfer pairs depends on theand the current is identically zero. The numerical model must
density of available donor moleculeg and is in competition correctly describe the tendency to approach this equilibrium
with the nonradiative decay of the singlet excited state directly distribution, as modified by sources and sinks.
to the ground state, at a rdte We assume a uniform density We imagine that the hole moves on a virtual lattice, each
for these donor molecules; i.e., there is no correlation between attice site representing a volume element located at a grid point.
the location of donor and acceptor molecules. The singlet decayLet p(r1) be the probability of occupation of the siteratand
competes with théotal rate of CT pair production, and the rate  k(ri1,r2) the rate constant describing the transition rate to the
of production of CT pairs per unit volume can be expressed as site atr ask(r,r2) p(r1). Letu(r1) be the volume of the volume
element ar;. Equation 17 then requires

o) = —2&0 (16) o)
K+ [ ror o ker) & (rur) = Krar) o expEWr) + Wl (18)
where where
e 2
(EZW—E—EOZ—E1+/1) ~ = —eRg
kct(r) =79 ex —O.(I’ - rO) - 4/1kBT W(r) = T

The singlet production ratg appearing in (16) cancels in the These transition rate constants completely characterize the
expression for the efficiency, eq 11. diffusion process, since creation and annihilation events involve
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only single grid points. The transition rate constak(is,r»)
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a similar limitation on the maximum electrethole separation,

must be chosen such that the correct transport equation isbut one that depends on the particular value of the field. The

reproduced in the limit of an infinitely fine mesh. It turns out
that this limit is reached most rapidly if the ratio of rate constants
in (18) is distributed symmetrically betwe&(r1,r2) andk(r,,r1),

and we obtain

D u(r) 1
0D =250 e 4~ 2009 ~ W] 9

Equation 10 now takes on the simple form of a set of linear
equations for the occupation probabilitig;) for the cell atr;

—p(r;) Zk(l’i,l’j) + zp(r,‘) k(rjory) = B(r)) p(ry) = S(ry) v(ry)
] J (20)

The boundary conditions on (10) appear in (20) as follows:

(a) There are no cells withi;| < ryin = rg + ro, whererg is
the fullerene radius.

(b) The condition at infinity means that the outermost cells
have additional rates of loss corresponding to flux of holes
escaping to infinity. The total such flux, relative to the total
source flux, determines the efficiency. Since we cannot
meaningfully set, equal to infinity in (19), this flux to infinity
was handled by postulating another layer of cells, just beyond

physics of the problem is correctly modeled provided the hole
is permitted to go sufficiently far so that the field of the electron
is negligible compared to the external field. The critical radius
r., where these two fields balance, is given by

re

e
s (22)

The maximum radius of the finite-mesh virtual lattice must be
greater tham, yet not be so large that eXgfro/(kT)] numerically
overwhelms exporo/(kT)]. The effect of this constraint is to
limit the maximum value of the external field for which the
photogeneration efficiency can be computed to a value which
depends on the computational accuracy.

A useful way of thinking about these limitations is in terms
of the characteristic dimension sometimes called the Onsager
radius,rons = €%(ekT), whose room-temperature value for=
3is 185 A. The minimum distance must not be so small
that the ratiorondro exceeds the logarithm of the largest
sustainable numerical ratio. The natural unit of field consists
of a voltage drop ofKT)/e (0.025 V at room temperature) across
one Onsager radius, about x510* V/cm. The applied field
must not exceed this unit by a factor equal to the same logarithm.
For example in a 14-digit (VAX double precision or CRAY

the outermost cells, whose occupation probability does not entersingle precision) calculation, it is difficult to maintain a final

into (20) but is assumed zero.

Unfortunately, it turns out that the numerical solution of (20)
is beset with great inherent difficulties for typical values of the
theoretical parameters.

VB. Numerical Difficulties. The basic source of numerical
difficulties in this problem is the fact that in the physical space
spanned by the problem electrostatic energies vary by many
times the thermal enerdgT. Thus, fore = 3 and a minimum
electron-hole separationy = 5 A the room-temperature value
of e%(erokgT) is 37.1; even in the absence of an external field,
equilibrium densities will vary by as much as a factor exp(37.1)
= 1.3 x 10 betweenrg and infinity. But efficiencies are
computed by calculating the flux at infinity resulting from
sources neary. For the linear problem (20), it would appear
that a numerical accuracy well in excess of 16 digits is required
for a meaningful solution.

accuracy much better than 10 digits, when this logarithm [ In-
(109 is about 23. Such an accuracy leads us to suspect
numerical results in this problem wheneveis less than about

8 A or when kg exceeds about & 10° V/icm. A CRAY double-
precision calculation (28 digits intrinsic) can extend these limits
to about 3.5 A and 10V/cm.

In practice we found that the calculation failsrifay the
maximum electrorrhole separation in our finite mesh, is such
thatEp rmay/(KT) is too large, and we found it necessary to restrict
this ratio to 10. With this restrictiomm.x becomes comparable
to r, eq 22, wherky is about 1.3x 10° V/icm (for € = 3).

The dilemma one now faces is the fact that the numerical
accuracy of the final result degrades as we try to improve its
physical accuracy by going to a finer mesh, and a compromise
must be struck. We have attempted to minimize the number
of numerical manipulations by technigues described below as

As a concrete illustration of this difficulty, consider the el as to introduce some error correction by appealing to a

following analytically solvable problem (the zero-field Onsager
case): We suppose that, with zero external field, creation takes
place at a distancg only, while annihilation takes place at an
infinite rate atr = ro. The solution forp(r) has the form

p(r) = (e D —1)  forr=r,

= ¢/(eT*D — KDy forr <r<r,

(21)
wherec'/c is determined from the continuity @f(r) atr = r.
Since the equilibrium distribution exgf(erkT)] has no current,
the current needed to compute the efficiency comes from the
constant term (independent of in (21). This constant term
must not be neglected numerically in the total density, even
though it may be extremely small compared to the equilibrium
term. In this example, exp}/(er1kT)] must not overwhelm 1
and in turn must not be overwhelmed by esdferokT)].

The difficulty just discussed leads to a lower limit on the
value of the minimum electronhole separatiomy, depending
on the numerical accuracy of the computation.
difficulty arises when finite fields are present. Then the
equilibrium distribution diverges darge distances, leading to

rigorous conservation law.

VC. Method of Solution. For N cells of the mesh, eq 20
represents alN by N matrix equation. The mesh was drawn
on a spherical coordinate system. We chose as a minimally
adequate angular mesh one consisting of 10 divisions of the
polar angled (representing equal divisions of cé3) and of 6
divisions of the azimuthal anglg spanningz (mirror symmetry
allows us to look at only half the range). With polar cells not
divided by thep mesh, this leads to a total bf, = 65 angular
mesh points. Then even a minimal radial meshNpf= 20
points would lead tdN = 1300; not only is such aN by N
matrix difficult to solve by standard routines, but the resultant
cumulative errors are expected to be entirely unacceptable in
view of the discussion in the previous section. Instead, we made
use of the fact that the matrix in question is rather sparse,
connecting only nearest neighbor cells, to turn (20) into a system
of Ny matrix equations involving matrices of degrdg by Na.

In this wayN; can be specified at run time and the r-mesh readily

varied to obtain an optimal value. Each equation represents
Another the interaction of cells within a given radial shell and the two

neighboring radial shells. The solution is propagated from shell

to shell between the largest and smallest radii; the boundary
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Figure 12. Intershell matrix elements. Radial shells are labeled in the
horizontal direction and angular cells in the vertical.

condition at the final extreme results in a sintllgby N, matrix
equation. The procedure is spelled out in detail in the following.
We work inN, dimensional space, using the convention that
capital letters denotid, by N, matrices, lower case letters vectors
of length N.. We label these quantities by a labglin
parantheses, whejenumbers the-shells, choosing = 1 at
the outermost shell. Thyxr;) of eq 20 becomep(j), ands(r;)
v(ri) will be written for short ass(j). The matrix connecting
the occupation probabilities in (20) will be denoted Afy) for
elements within the same shell, while intershell matrix elements,
which join identical angle cells between adjacent radial shells,
will be denoted byat(j) and a=(j), wherea*(j) represents a
transition into thgth shell from the j(£ 1)th shell (see Figure
12).
Let us define the vector whose components equal the net
radial current passing from a given angular cell of jmeshell
to the same angular cell in the€ 1)th cell

ci)=a, (+1pd)—-a (pli+l) (23
Equation 20 takes on the form
YA RGO+l -D)-ci=s0 @4

Wang and Suna

the remainder an arbitrarily selected set of mutually orthogonal
vectors orthogonal te;.

In the absence of annihilation or creation, the total current
must be the same for each radial shell. Knowledge of this fact
allowed us to perform at least a partial error correction at each
step of the iteration, avoiding cumulative round-off errors in at
least this, the most important component of the transformed
current vector. The efficacy of this trick could be demonstrated
by comparing single-precision CRAY (14 digit) evaluations, for
cases expected to be marginally accurate, with double-precision
CRAY (28 digit) calculations. In single precision, the system
of linear equations foc(1) was for such cases often found “ill-
conditioned” by the library routine employed and, in fact,
resulted in a solution which did not satisfy the original set of
equations, except for the one critical component of the current.
Nevertheless, the corresponding double-precision evaluation, for
which the solution of the system of equations was well-behaved,
gave essentially the same result for this component.

After c(1) is found, a self-consistency check can be performed
by repeating the iteration (25), now beginning with the known
c(1). This yields the occupation probabilitips(j) and lets us
evaluate the annihilation rate explicitly. The total rate of loss
via annihilation plus the total flux escaping to infinity must add
up to the total creation rate:

B.0) p,() — ) c(1)= (27)
2
Jit u

> s.0)

I

Any discrepancy between the calculated values of the left and
right hand sides of (27) gives an error estimate for the
calculation.

VI. Comparison with Experiments

We have performed the numerical calculation on a Cray C94/
4128 computer. As mentioned above, the program has to be
run in double precision and typically takegt x 10* s of CPU
time for a 10 point field-dependent calculation. For the case
of fullerene in PVK, all necessary parameters are known and

Equations 23 and 24 can be rewritten as recursion relations forthe only unknowns are the reorganization energyand the

p() andc(j)

, A , :
p(+1)= aT(j)[aﬂ (+p0) —c0]

7

c(+1=>A.0+Dpl+1)+c0)-si+1) (25)

These can be solved iteratively, beginning witfl) = 0
(outermost shell is unoccupied) aod) treated as an unknown
vector. The result is an expression fdlN,) as a function of
c(1). Settingc(N;) = 0 (there is no current flowing inward from
the innermost shell) yields an equation fgf), the unknown
inward current from the outermost shell, i.e., the negative of
the current flowing out to infinity. This current is needed in
expression 11 for the efficiency, now taking the form

1
efficiency= — — ZCﬂ(l) (26)
S %

In practice it was found that it was better to carry out the

minimum e-h separation distancey Parameters used in the
calculation are listed below. Fullerene radius is taken to be
3.6 A. Dielectric constant of the film is measured to be 3.2.
Hole diffusion constant in PVK was taken to be 0.0077%cm
s8 The Marcus prefactor is taken universally to be 19

s71 and thea parameter is taken to be 1*%. The average
separation distance of donors (i.e., carbazole) is calculated to
be 6.4 A2 The energy of the singlet statg, of Cgpis 1.9 eV

with a decay rate constant of 156 10° s1.5 The energy of

the charge transfer state in the absence of an external field and
with infinite separation of electron and holgy®, is 1.53 eV
based on the known redox potentials qf @nd PVK? Small
variation of these numbers (due to experimental uncertainties)
is not very important as the calculation is much more sensitive
to the values oft andrq. In all the calculations an-interval

of 20 is sufficient to achieve convergence.

Figure 13 shows the comparison of theory to the experimental
results of photoinduced charge generation efficiency gf C
doped PVK. The data can be fitted quite well using: 0.64
eV andro = 6.65 A. The minimal separation distance of 6.65
A is defined as from the edge of theddo the center of the

above procedure by transforming eqgs 25 to a basis such thatdonor, therefore a reasonable distance for a contact CT complex.

one of theN, components of the transformed current vector is
the total current. This is the only component needed in
expression 26 for the efficiency. This was done by essentially
selecting the vecto; = (1,1,1,1, ...) as one of the basis vectors,

The 0.64 eV reorganizational energy also falls in the commonly
observed range for electron transfer reactions. This demon-
strates that field-dependent electron transfer processes in non-
polar medium can now be described quantitatively on the
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10° p——rrrm— T rr—rr For this particular reaction, the initial increase of the
: separation distance results inianreaseof the charge separation

ma

efficiency. Further increase of the separation distance results

10" F E
3 in a flat field depencence and lower charge generation efficiency
1072 , y (Figure 14). These results are certainly not obvious and are

3 unique for low dielectric constant media. For high dielectric
10° L }2‘( ] constant media, the calculation shows a decrease of the charge

Charge generation efficiency

E- 1 generation efficiency with increasing distance, as expected
10 ; . ] intuitively. These results therefore suggest that better fullerene-
. based polymer photoconductors may be obtained by optimizing
105 ¢ S ] the separation distance between thg &d the donor. This
10° 10° 10° 10° 107 may be achieved by usinge&attached with a side chain of

) variable length or encapsulated in another molecule such as

Field (volt/cm) . . . . .

Ei 13 ) " ) tal values ) of the ch cyclodextrin. These interesting predictions remain to be
igure . omparison or experimental values ) o e charge confirmed experimentally in the future.

generation efficiency of /PVK with theoretical calculation®). The P y

best-fit parameters are given in the text. Acknowledgment. We wish to thank Dr. Jon Caspar for

10° | S T his assistance in taking the laser flash photolysis data and Ms.
k) H Ao R0=6.65 A Sarah Harvey for technical assistance.
8 1l ® Ro=8A A
£ 7 0 R0=10 A eed References and Notes
®
()] n 7
r [ A ] .
S 102+ ° 1 (1) Kratschmer, W.; Lamb, L. D.; Fostiropoulos, K.; Huffman, D. R.
2 i] g § 0 o ogoo il Nature199Q 347, 354—358.
g ‘: : (2) Haufler, R. E.; Conceicao, J.; Chibante, P. F.; Chai, Y.; Byrne, N.
S 10°+ 4 E.; Flanagan, S.; Haley, M. M.; O'Brien, S. C.; Pan, C.; Xiao, Z.; Billups,
o 4 E W. E.; Ciufolini, M. A.; Hauge, R. H.; Margrave, J. L.; Wilson, L. J.; Curl,
® [ : R. F.; Smalley, R. EJ. Phys. Chem199Q 94, 8634.
g 10"k 4 = (3) Allemand, P. M.; Koch, A.; Wudl, F.; Rubin, Y.; Diederich, F.;
5 F A E Alvarez, M. M.; Anz, S. J.; Whetten, R. L. Am. Chem. S0d.99], 113
L A A ] 1050.
1075 (4) Wang, Y.J. Phys. Chem1992 96, 1530.
10° 10* 10° 10° (5) Sension, R. J.; Szarka, A. Z.; Smith, G. R.; Hochstrasser, R. M.

: Chem. Phys. Lettl991, 185 179.
field (volt/cm) (6) Allemand, P.-M.; et alSciencel99], 253 301.
Figure 14. Calculated field dependence of the charge generation (7) Wang, Y.; Cheng, L.-TJ. Phys. Cheml992 96, 764.

efficiency as a function of the separation distance betwegraGd (8) Arbogast, J. W.; Foote, C. S.; Kao, M. Am. Chem. Sod 992
carbazole. The parameters used are the same as those used in Figuﬁ'em' 2277, .
13. (9) (a) Wang, Y.; Herron, N.; Caspar, J. Water. Sci. Eng.1993

B19 61. (b) Caspar, J. V.; Wang, YChem. Phys. Lettl994 218 221.

. . (10) Watanabe, A.; Ito, Ql. Chem. Soc., Chem. Comm@@894 1285.
molecular level within the framework of the theoretical model  (11) sun, Y. P.; Bunker, C. E.; Ma, B. Am. Chem. Sod994 116,

developed here. 96?12é) (a) Kamat, P. VJ. Am. Chem. Sod.991 113 9705. (b) S

ihiliti i 1 i i a amat, P. . AM. em. S0 . auve,
e e e e e e i 1K 13 oo Charisnt 8 1155

: J . s ! (13) Hwang, C. K.; Mauzerall, DNature 1993 361, 138.

transfer theory may be uséti*> These refined theories require (14) Sariciftci, N. S.; Smilowitz, L.; Heeger, A. J.; Wudl, Bcience
the inclusion of additional parameters such as an eleetron 1992 258 1474. _
phonon coupling parameter, phonon frequencies, etc. in thelgéf’)ggeg%e;fow‘ak' K.N.; Smimov, S. N.; Braun, C..L.Phys. Chem
model. Secondly, different reorganization energies for forward = (16) Williams, R. M.: Verhoeven, J. WChem. Phys. Lettl992 194,
and backward electron transfer reactions may be used. In the446.
present model, they are assumed to be the same. It is also 88 wgﬂg: i:NLigr%g?gﬁt?éégsg,?is, oot 5. 1993,
possible to determine the reorganization energies experimentally  g) (aywang, Y. West, R.; Yuan, C. 4. Am. Chem. S0d993 115
by studying a series of fullerene electron transfer reactions with 3844. (b) Kepler, R. G.; Cahill, P. Appl. Phys. Lett1993 63, 1552.
varying donor oxidation potentials and/or fullerene reduction 5 -(\?vo)dlsrgimlitz'ge_'; SBaiiggtciA;\l.lS?’g:\%/\S/u, R.; Gettinger, C.; Heeger, A.
potentials. This will eliminate one or two fitting parameters. "(21u) \?os'hin)cl)S,'K.inn, X.?—L; Morita, S.; Kawai, T.; Zakhidov, A. A.
In its present form, this model is useful as a predictive tool sgjid State Commuri993 85, 85.
for the design of better photoconductors. Because of the (22) Morita, S.; Kiyomatsu, S.; Yin, X. H.; Zakhidov, A. A.; Noguchi,
complex dependence of reaction rates on the distances and - Ohnishi, T.; Yoshino, KJ. Appl. Phys1993 74, 2860. .
energetics for electron transfer processes in nonpolar media, such: g?@;ﬁﬂfﬁa’Sc';'.\/lé_;s%fé‘g]" % it.agﬁgzj éﬁé’mgggnggwbgg. Moylan.
predictive ability has been lacking. Much insight can be gained  (24) zhang, Y.; Cui, Y.; Prasad, P. Rhys. Re. B 1992 46, 9900.
from these calculations, and the results are not always intuitively _ (25) Arbogast, J. W.; Darmanyan, A. P.; Foote, C. S.; Rubin, Y.;

obvious. One illustrative example is given below. ?é%ieggh'l';' N.. Alvarez, M. M.; Anz, S. J.; Whetten, R.1.Phys. Chem.
. We calculated the field-dependent charge generatlon 'ef- (26) (’a) Tanigaki, K.; Ebbesen, T. W.: KuroshimaChem. Phys. Lett.
ficiency between g and carbazole as a function of their 1991 185 189. (b) Terazima, M.; Hirota, N.; Shinohara, H.; Saito,JY.
separation distances in a medium with a dielectric constant of Phys. Chem1991. 98 9080, =~~~ 11992 96, 4811
3.2. _A” of the parameters are the S,ame as those used to fit t.he 2283 A\Ilrg;e;giv(ljc(;no.r di.étaﬁgzeaié c;alcul.atec}\/zg Wt?érev is thé mola.r
data in Figure 13. The computational results are shown in volume. The molar volume for PVK is 161 &mol, from: Bicerano, J.
Figure 14. Because of the use of the classical Marcus electronPrediction of Polymer Propertiedarcel Dekker: New York, 1993; p 69.
transfer theory which gives an unrealistically steep dependence ggg 3glszagsr,Jl:]Préyﬁénlfebﬁ?/gfggg, 5’75‘41'69 4

of the reaction rate on the energetics, the results should not be (37) Yoko'yama, M.: Endo, Y. Mikawa, HBull. Chem. Soc. Jpro76

used quantitatively but only as a tool for identifying trends. 49, 1538.



5638 J. Phys. Chem. B, Vol. 101, No. 29, 1997

(32) Yokoyama, M.; Endo, Y.; Matsubara, A.; Mikawa, Bl. Chem.
Phys.1981, 75, 3006.

(33) Yokoyama, M.; Shimokihara, S.; Matsubara, A.; Mikawa, H.
Chem. Phys1982 76, 724.

(34) Wang, Y Photoconductie Polymersin Kirk-Othmer Encyclopedia
of ChemicalTechnology, Fourth EditipiViley: New York, 1996; p 837.

(35) Braun, C. LJ. Chem. Phys1984 80, 4157.

(36) Noolandi, J.; Hong, K. MJ. Chem. Phys1979 70, 3230.

(37) Samoc, M.; Williams, D. FJ. Chem. Physl983 78, 1924.

(38) Willig, F. Chem. Phys. Lettl976 40, 331.

(39) Isoda, K.; Kouchi, N.; Hatano, Y.; Tachiya, M.Chem.Physl994
100 5874.

(40) Marcus, R. A.; Siders, B. Phys. Chem1982 86, 622.

(41) Marcus, R. AAnnu. Re. Phys. Chem1964 15, 155.

(42) Levich, V. G.Adv. Electrochem. Engl966 4, 249.

(43) Hush, N. STrans. Faraday Sacl961 57, 557.

(44) Jortner, JJ. Chem. Physl976 64, 4860.

(45) Ulstrup, J.; Jortner, J. Chem. Phys1975 63, 4358.

(46) Turro, N. J.Proc. Natl. Acad. Sci1983 80, 609.

(47) Kaptein, RAdv. Free Radical Cheml975 5, 381.

(48) Reference 48.

Wang and Suna

(49) Wang, Y.; Herron, NChem. Phys. Lettt992 71, 200.

(50) Connors, K. A. InBinding Constants. The Measurement of
Molecular Complex StabilityJohn Wiley & Sons: New York, 1987.

(51) Scher, H.; Lax, MPhys. Re. 1973 B7, 4491, 4502.

(52) Scher, H.; Montroll, E. WPhys. Re. 1975 B12 2455.

(53) B@ssler, H.Philos. Mag. B1984 50, 347.

(54) Borsenberger, P. M.; Pautmeier, L.;Btr, H.J. Chem. Phys.
1991 94, 5447.

(55) Kepler, R. G.; Zeigler, J. M.; Harrah, L. A.; Kurtz, S. Rhys.
Rev. B 1987 35, 2818.

(56) Abkowitz, M.; Knier, F. E.; Yuh, H.-J.; Weagley, R. J.; Stolka, M.
Solid State Commuri987, 62, 547.

(57) Stolka, M.; Yuh, H.-J.; McGrane, K.; Pai, D. M. Polym. Sci.:
Part A: Polym. Chem1987, 25, 823.

(58) Fujino, M.Chem. Phys. Lett1987 136 451.

(59) Gill, W. D. J. Appl. Phys1972 43, 5033.

(60) Pfister, G.; Williams, D. JJ. Chem. Physl1974 61, 2416.

(61) Melz, P. JJ. Chem. Physl972 57, 1694.

(62) Mozumder, AJ. Chem. Physl974 60, 4300.

(63) Reimer, B.; Bassler, HPhys. Status Solidi A979 51, 445.



