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Carrier generation in photoconductive poly(N-vinylcarbazole) as revealed by multifrequency
time-resolved ESR
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Using the multifrequency time-resolved electron-spin-reson@AiR&ESR method, we have investigated the
carrier-generation dynamics in a photoconductive film sample of(Nelynylcarbazol¢. The TRESR spectra,
due to spin-polarized geminate electron-h@eh) pairs captured in deep-trap sites, were observed at several
fields that were achieved using microwaves with different frequencies. The spectra detected at room tempera-
ture were interpreted in terms of ti®l; polarization in trapped e-h pairs and t8&, polarization induced in
canonical e-h pairs. The spectral simulation clarified the distribution of e-h separation digtprace the
r-dependent recombination of the trapped pairs. The initial spatial distribution of the trapped e-h pairs expo-
nentially decreased with an increase rinThere is no large population of long-distant e-h pairs with
>1.5 nm. Based on the appearance of 8if polarization in the long-distant pairs that is generated in
middle-distant pairs and the initial exponential distribution of the trapped pairs, it was concluded that stepwise
hole hops rather than a long-range hole jump represent the proper dynamics of the geminate pair in the
charge-separation process. Thdependent recombination rate suggests a single-step tunneling recombination
of the trapped pairs.
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[. INTRODUCTION hancement in a conventional ESR method, however, time
resolution is not fast enough to detect transient paramagnetic
At least two processes can be distinguished in the photopairs with lifetimes of less than 1 ms. In principle, the direct

conduction in sensitized amorphous solids consisting of arodetection system in which field modulation is not employed
matic neutral molecules. In the first process, a geminate disnakes it possible to follow the transients from a subnanosec-
tant electron-hole(e-h) pair is somehow created after the ond region. Recently, by using this time-resolved ESR
light quantum absorption, and it produces carriers through &TRESR method, we succeeded in detecting the geminate
dissociation step, depending on an external electric field. The-h pair in a TCNB-doped PVCz fil#. The population
field dependence in this carrier generation is understood bymong the electron-spin states of the observed e-h pair dif-
the Onsager theofy? The second process is the transporta-fered from the Boltzmann distribution at ambient tempera-
tion of carriers generated from the geminate e-h pair, whichure. Such a nonthermalized population of the electron-spin
finally results in the conduction of the aromatic organic ma-states is called the electron-spin polarization. Generally,
terials. Polymeric solids of tertiary aromatic amines are theelectron-spin polarization is created by intramolecular relax-
most widely used as photoreceptors and hole transport laytion from electronically excited states and dynamic mag-
ers. An amorphous film of the pdl-vinylcarbazolg  netic interaction between paramagnetic species. Therefore, it
(PVC2 shown in Fig. 1 is one of the best hole- s closely related to the kinetics that the e-h pair has under-
photoconductive molecular solids that has been extensiveljone before becoming itself as well as the structure of the
investigated so faf* It is well known that doping an electron e-h pair?4-2° In this paper, we carried out detailed experi-
acceptor such as 2,4,7-trinitro-9-fluorenone or 1,2,4,5ments using the multifrequency TRESR method and could
tetracyanobenzen@ CNB) in the solids of carbazolfiCz)  make a reliable assignment of the spin-polarized e-h pair.
chromophers enhances the photoconductivity SUbStantia”Quantitative analysis of the spin-polarized spectrum using
Regarding the initial charge separation for the long-distanthe stochastic Liouville equatiofSLE) allowed us to rigor-
e-h pair in the carrier generation of the acceptor-doped PVCausly discuss the hole dynamics in the carrier generation and
film, two different kinds of hole dynamics are proposed. Onethe recombination of the trapped e-h pair.
is a long-range hole jump up to a few nanometers, assuming

thermalizatior?~1° autoionization'! tunneling!? or a coher-

ent motion of the surrounding molecufEsAnother one is

stepwise hole hops among the neighboring aromatic N NC CN

moleculest*~*® To clarify the initial hole dynamics on a

nanoscale, it is desired to observe the geminate e-h pair di-

rectly. NC CN
Electron spin resonancESR is a unique method that PVC 2 TCNB

can determine the nanoscale structure of the e-h pair
accurately:®-22if the pair has unpaired electrons. In the case FIG. 1. Molecular structures of polN-vinylcarbazolg (PVC2)
of a magnetic-field modulation technique for sensitivity en-and 1,2,4,5-tetracyanobenzeff€CNB).
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Il. EXPERIMENTAL SECTION '

PVCz with a mean unit number of around X10° (Al- PVCE*
drich) was purified before use by reprecipitation with toluene b2 a By =m TGNB
and ethanol. TCNBTokyo Kase) recrystallized from etha- e
nol was employed. For ESR measurements, TCNB-doped e
PVCz amorphous films with a thickness of less tharus0 :
were prepared in quartz tubes by casting a toluene solution in
which PVCz and TCNB were mixed at a monomer molar
ratio of 98:2. The amorphous films in the tubes were placed
under vacuum at-1072 Pa for 24 h to remove the remaining
toluene, oxygen, and other volatile substances. The TCNB-
doped film had a broad absorption band in the wavelength
region from 380 nm to 730 nm, due to the charge-transfer
(CT) complex between TCNB and contact Cz, in which the i ~ 7% Al e
charges are partly separated. The absorbance around the peak
position of the CT band of the prepared film samples was
about 0.05. The model compounds of electrons and holes in
the TCNB-doped PVCz were respectively prepared by the \/
contact reduction of the TCNB with sodium metal in a me-
thyltetrahydrofuran solvent under vacuum and by the oxida- 0325 0330 0335 0340
tion of PVCz dissolved in concentrated sulfuric acid. Magnetic field &, (T)

TRESR measurements were performed us{Agand(9.3 : .
GH2), Q-band (34.0 GH2, and W-band (94.1 GH2 spec- FIG. 2. X-band TRESR_spectra of the trapped geminate e-h pair
trometers(Varian E-109E, Bruker ESP300, Bruker ELEXES na TCNB-dOPed. PVCz film observed at 300 @ and 4ps .(C)
E600 without magnetic-field modulations. To excite the CT after pU|§e excitation of the CT band at 293(k) The broken “ne.s

. . schematically illustrate the spectral patterns for the multiplet
complex selectively, NU:YAG lasers (Quanta-Ray, GCR- A/E—and netE—polarizations. The gray-colored signals(a are
14, and GCR-150, 532 nmand an OPO Ia_se(lQuanta-Ray, steady-state ESR spectra of a PV@adical in conc. HSO, and a
MOPO-710, 590 nmwere used as the light sources. The tcNg- radical in 2-methyl tetrahydrofuran at 8 K.
power density and full width at half maximum of the pulse
lasers were less than 10 mJ pufsem™ and approximately this polymeric solid, which were respectively the TCNB an-
20 ns, respectively. To obtain random orientational ESRon and the PVCz cation in rigid glassy solvents. The spectra
spectra, the linearly polarized light from the laser was passetpr both free ions possessed a peak at a magnetic field cor-
through a quartz depolarizer located before the sample posiesponding tag=2.0028. Their spectral widths were nearly
tion. For the magnetophotoselection experiments, the plan@etermined by individual intramolecular hyperfine interac-
of the polarized light was controlled using\@4 plate and a tions. The central field of the transient ESR spectrum for the

Gran laser prism located before the sample position. Thd CNB-doped PVCz film was in agreement wig2.0028,

amorphous samples were irradiated in the microwave cavivhich indicated that the transient species were associated

ties of a rectangular Tfg, or cylindrical TEy,, mode. The with the TCNB and PVC? radicals. However, the spectral

ESR signals from a broadband preamplifier were fed intgVidth of the transient signal in the film sample was much

boxcar averagerEG&G 4121B and 16por fast digital os- broader than that of the component-free ions. The breadth of
cilloscopes(LeCroy 9450A, Tektroninx 2440, and Bruker the TRESR spectrum at 300 ns indicated that the transient

SpecJet Several hundred transients were recorded and aQs_ignaI was attributed to the e-h pair rather than to the free

eraged to improve the signal-to-noi€&/N) ratio. A helium ions, the so-called carriers, because the intermolecular mag-

flow system(Oxford ESR90Dwas used for measurements at netic interactions of the exchange and dipolar interactions
low temperatures. between the electron and hole could broaden the spectrum.

The spectrum of the e-h pair basically had a smooth struc-

ture, but there were two humps at 0.327 and 0.337 T.
IIl. RESULTS The spin-thermalized particles had net absorptive ESR
signals, but the spectrum due to the e-h pair observed at 300
ns showed an unusual phase of enhanced absorf#pim

Figure 2 shows the transieXtband TRESR spectra ob- the low-field half and emissiofE) in the high-field half. The

served when the CT complex in the TCNB-doped PVCzsignal intensity ofE polarization in the high field was stron-
solid was directly excited to form a contact e-h pair using theger than that ofA polarization in the low field, which is
pulse laser with a wavelength of 532 nm at 293 K. At 300 nscalled A/E" polarization. The observed/E" polarization
after the laser flash, spin-polarized signals were detectedlas interpreted in terms of multiplét/ E polarization having
over a relatively wide range from 0.326 to 0.338Fig.  a point symmetry about the center of the spectrum andEnet
2(a)]. To assign the observed transient paramagnetic specigsplarization having total emission over the whole spectral
we measured separately the conventional steady-state ESBnge [Fig. 2(b)].2° The multiplet A/E polarization was
spectra of model compounds for the electrons and holes isafely assigned to a spin polarization by a spin-correlated

-Ab:

Susceptibility (arb. units)

A. Transient ESR spectra
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02 04 06 08 10 the recombination within free e-h pairs should be accelerated
Incident light intensity (normalized) by an increase in laser power, no power dependence of the
signal decay shows that the observed e-h pairs decay through
FIG. 3. Incident laser-power dependence of the intensity of thegeminate recombination.
TRESR spectrum for trapped e-h pairs detected at 300 ns at 293 K. Irradiation with a linearly polarized light preferentially
, ) . , ) ._excited the CT complexes such that their transition moment
radical-pair mechanism in which a coherent spin conversiof, ye T pand was along the polarized direction of the light.
took place between the singléd) and middie triplet(To)  ence, the linearly polarized light enabled an angle-selection
sublevels. Such a multiplet polarization was mainly causedyperiment in the randomly oriented sample to be performed.
by the difference in mutual hyperfine interactions betweenrne ESr spectrum was broadened by anisotropy because of

the electron and hole. Multiplet polarization was hardly ex-ihe dipolar interaction, therefore, the shape of the spectrum
pected during the hole hops, because the sign of nuclear-spmight have been distorted by the angle-selection

sublevels of the hole may have changeq due to the hOppi”%xperimenﬁO—“'“' as long as the e-h pair retained the initial
We could say, therefore, that the e-h pairs detected at 300 Rgientation of the CT complex. However, excitation with the
were the pairs that were not undergoing hole hops anymoreyo|arized light did not have any influence on the spectral
It was reasonable that the hole had been captured in trap sitgfiape. No effect of the angle-selection experiments could be
in which the energy depth was deeper than the thermal engterpreted in terms of the loss of memory of the initial ori-

ergy of ~25 meV at room temperature. As far as the origingntation of the e-h pair due to hole migration by multistep
of the netE polarization was concerned, although there were, e hops or a long-range hole jump.

several possibilities at this stage, it was attributabl&sTo
polarization, based on the magnetic-field dependence of the
spin polarization described later.

The spin-polarized spectrum decreased in intensity with Figure 4 shows the TRESR spectra of the trapped e-h
the delay time. Also, it was noteworthy that the spectralpairs in the PVCz film observed at 300 ns using 9.3, 34, and
shape gradually changed with time. The signals separated 84 GHz microwaves, the measurements of which were car-
more than 6 mT in the spectrum disappeared ats4 as ried out around the fields of 0.33, 1.21, and 3.36 T, respec-
shown in Fig. 2c), while the signals in the central region that tively. The multipletA/E polarization due to th&T, mixing
were comparable to the linewidth of the free ions were stillwas observed in all fields, while clear rigjpolarization was
observed at a few tens ofs. At a later time, the contribution not seen at 1.21 T and 3.36 T. The field dependence of the
of the netE polarization became stronger in comparison withnetE polarization led to the conclusion that the spin dynam-
the multiplet A/E polarization. Hence, the observed spec-ics for the netE polarization of the trapped e-h pairs took
trum of the trapped e-h pairs seemed to be roughly dividegblace at a specific magnetic field. So far, several mechanisms
into two categories of a short-lived broad component withhave been established for dynamic spin polarizations giving
multiplet A/ E-plus weak neE-polarizations and a long-lived a netE polarization, for example, thAg effect, the triplet
sharp component witl/E-plus strongE-polarizations. The mechanism (TM), the spin-orbit coupling mechanism
different time dependence between these components su@SOCM), andST, mixing. The observed field dependence of
gested a single-step recombination process depending on tHee netE polarization excludes th&ag effect, because th&g
e-h separation distance rather than the multistep holgolarization increases with an increase in the field. Because
hops31-39 the e-h pairs arose from the singlet state under the experi-

The intensity of the TRESR signal increased with the in-mental conditions of the selective excitation of the CT com-
cident power of the laser excitation. A plot of the ESR inten-plex, the TM polarization that arises from the dynamics of
sity versus the laser power is given in Fig. 3. The linearlocal excited triplet states is not feasible. The SOCM polar-
laser-power dependence with the unit of slope indicates tharation that is due to the spin sublevel selective charge trans-
the observed e-h pair was created through a one-photon préer induced by heavy atorfis®°can also be neglected in the
cess. On the other hand, the decay behavior of the ESR spegase of the organic molecular system in which neither halo-
trum was not influenced by the incident laser power. Becausgens nor metals were included. The appearance of thE net

B. Magnetic-field dependence of spin polarization
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polarization at a specific field only is consistent with the spin 1g~--ht] 3E=--ht]
polarization, due to th&T, mixing within the e-h pair. The 1)
magnetic field where the Zeeman energy was comparable to
the exchange interaction within the e-h pair gave rise to the
energy proximity between th® state and either the tof,)

or bottom(T_) triplet sublevel, depending on the sign for the
exchange-interaction constad). This energy proximity 'L
provided an opportunity of the ndE polarization of ST,
mixing or the netA polarization of ST. mixing 33 The E
polarization of the trapped e-h pairs in the PVCz film ob-
served around 0.34 T indicat&l, mixing in the e-h pairs
with a positiveJ value near 0.17=0.34/2T, which may not

be the case when the e-h separation distance is long. FIG. 5. Energy scheme of the spin states for a singlet-born e-h
pair under a magnetic field and four allowed resonances with the

microwave. The circles and arrows denote populations and transi-
IV. DISCUSSION tions, respectively.

A. STy polarization
The trapped e-h pairs observed in the TCNB-doped PVC

film sample mainly had multiplet spin polarization due to the " )
ST, mixing within the pair. In order to obtain information on with the S state .due to the» difference, because of.the large
energy separation. Thus th&) and |4) states retained the

the structure of the trapped e-h pair, we performed simula :
tions of the spectrum. The spin Hamiltonian for the e-h paircharacter of thd, andT. states, respectively. In the case of

H..) can be written in angular frequency units, singlet-born pairs, the resonances from [B)eand |3) states
(Hep) can be wri ' gular frequency units to the|1) state(l;, andl,3) produced theA-phase ESR sig-

1 1 nals. TheE-phase signals arose from the resonances from the
Hen= weSezt 0nShz— J<Sesh - 5) + D<0052 0~ 5)(3Sezshz |2) and|3) states to thé4) state(l,, andl ).
The eigenvalues of the spin Hamiltonian that were re-
- SeSh), (1) duced to the resonance fields in the ESR spectrum of the e-h
pair are obtained by diagonalization with a basis set of
B o IS),|T.),[To), and|T.). It is also necessary to determine the
@i :gl%JrzA}M}’ i=eh. ) spin populations in theS and T, states to calculate the
' multiplet-polarized spectrum. Under the high-field approxi-
we and oy, in the first two terms are determined by the Zee-mation, the time evolution of the density operafpft)] in
man and hyperfine interactions of the electron and hole, rethe two-level system of th8 and T, states was analytically
spectively. Theg factor and Bohr magneton are representedderived by the SLE comprised of the above spin Hamiltonian
by g and ug, respectivelyB is the applied magnetic fieldy!  for a singlet-born radical patf. From the density-matrix el-
and Mj' are the hyperfine coupling constant and magnetieements, therefore, the ESR signal intensities are calculated as
quantum number of nucleus respectivelyS., and S,, are  follows:>®
the z components of the electron spin operat§gsand S, 1
respectively, with§=(Sy, Sy, S,), i=e,h'. J and.D in the last l15= — 4= ~[CZpss+ SZPTOTO +cSpst+ prolst,  (3)
two terms are the constants for the isotropic exchange and 2
anisotropic dipolar interactions between the electron and
hole. The dipolar interaction is assumed to be axial for sim- 1 5 )
plicity and depends on the orientation éfthat is the angle l13=~l4g= E[SZPSS“L Cpr,1, ~ CSlpsT proles,  (4)
between the vector connecting the two charged particles and
the magnetic fieldB. It is equivalent to the colatitude in a where
spherical polar coordinate. The e-h pair had four sublevels of
electron spins as shown in Fig25The triplet sublevels of
the e-h pair were split into thre@&, , Ty, andT_, by the Zee-
man and dipolar interactions. The energy location of $he Q We— @ . 1
state of the e-h pair relative to the triplet sublevels was tan2¢:T, Q=—"%—" J:J+§<C°S'9‘§>- (6)
nearly determined by the exchange interaction. In the case of
e-h pairs having a relatively long separation distance Jthe Here we define the resonance line-shape function of
value is much smaller than the splittings among the tripleff (Hen, 112, 113,142,143) given by the calculations, using the
sublevels. Because tigstate energetically existed near the equations mentioned above. The transient ESR spectrum at a
T, state, an effective interaction with tAg state resulted in time t for the STy-polarized e-h pairgS,,), which is ran-
the new mixed states denoted [ and|3). Consequently, domly oriented in the amorphous film under the external
the population transfer between these states occurred accomtagnetic field, is obtained by integratirigwith respect to
ing to the difference betwees, and w, which corresponds the spherical polar angles.

o the ESR frequency difference between the electron and
ole. On the other hand, thE. and T_ states did not mix

C=cosy, Ss=siny; (5)
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TABLE |. Magnetic interaction and kinetic constants used for the simulations and parameters obtained by simulations.

electron hole distance exchange recombination rate constants

O opi(MHZ) Qo oni(MHz)  ri(nm)  rg(nm@  Ji(MH2)?2  a(nm™)  ky(s™H2  Bnm ) ky(s™) ksl k(sH?
2.0028 21.2 2.0028 41.0 0.5 0.21 -200 10 x10 10 45x 10 7.0x10" 1x10

aThese parameters were optimized in simulations of the TRESR spectra and the separation-distance distribution of trapped e-h pairs.

2w ) Before discussing the simulated spectrum for the trapped
San(t, we, @, J,D) IJ f f(Hen 112,113,142, 1439)sin 6dode e-h pairs in the PVCz film sample, it is instructive to con-
0“0 sider what theSTy-polarized ESR spectrum looks like ih

m andD spaces using the individugland hyperfine constants
:wa f(Hepl12:113,142,149)SIN 6d6. (7) of the electron and hole in TCNB-doped PVCz. Figure 6
0 depicts two-dimensional plots of the simulated TRESR spec-
) ) ) ) trum att=300 ns, calculated using variodsor D values.
¢ is the azimuth around the direction Bf Assuming theD value to be zero, two lines with aA/E

The calculation of a CO”Cfe@To'pC)lariZEd SpeCtl’um with phase Separated by\]*lcan be seen in the negati\zapace
the S, function requires the magnetic variables«f, w,,J,  [Fig. 6(@)]. These two lines are attributed to the transitions of
andD in the spin Hamiltonian and the functions of the ESR1,; and|,3. In the case 0D=0 MHz, the absorptivé;, and
signal intensities. Thg and hyperfine tensors of the electron emissivel 4, transitions are located in the central field of the
and hole were not estimated precisely because of the struspectrum, and therefore almost cancel each other. Wheh the
tureless spectra of the TCNBanion and PVCZ cation. value approaches zero, the two outer lines,endl ;3 shift
However, the individual spectra for these radicals were welinto the center of the spectrum. Their signal intensity in-
fitted by the normalized Gaussian functions, havigg  creases due to the increase in the transition probability;of
=2.0028, Awyi=21.2 MHz and g,,=2.0028, Awy and | 43, originatin_g from the in_crease in the, character in
=41.0 MHz, respectivelyTable ). g,, corresponds to the the|3) level, but finally becoming zero because of complete
central position and w,; means the full width at half maxi- overlapping atJ=0 MHz. In the negativeD region withJ
mum in the Gaussian. These approximated constants in tie0 MHz[Fig. 6b)], the calculated spectrum shows a similar
individual interactions were employed for the simulationsA/E polarization, but it has a slightly broader shape than that
described later. On the other hand, thandD constants in in the case of the] space. The anisotropy of the dipolar
the interspin interaction between the electron and hole denteraction, which is different from the exchange interaction,
pend on the e-h separation distaiice Ther dependence for induces the broad shape and some structures around the cen-
the exchange interaction due to the direct overlap betweet@l field. The decrease in the signal intensity with the in-

the singly occupied orbitals is expressed by an exponentidirease in th¢D| value also arises mainly from the uniaxially
function of broadening of the line shape. The splitting between the outer

signals is equal tdD|. On the other hand, thé& andD de-
J(r;Jdy, @)= exd—alr —ry)]. (8) pendences of the spin-polarized spectrum become complex

when using a nonzerd or J value[Figs. §c) and &d)]. The
The contact distance between the electron and hatan be  splitting by |D| and 4J| can be seen at the zero position in
replaced by 0.5 nm, according to the molecular sizes of théheJ andD spaces, respectively. The signals not only shift to
TCNB and Cz monomer unit); and a are characteristic the outer sides, but also increase in intensity with an increase
parameters of the general exponential function. These parann the J or D variable. The constructive sharpening and over-
eters have substantial variations in many literaturdapping of the resonance lines give rise to the growth in
source$®-%1 Their variations may arise from the mechanismsignal intensity, which reaches a maximum at the position of
difference in the exchange interaction in ionic systéfn®  |D|=6|J|. In the region beyond the maximized position in the
Because the present photoconductive polymer is also aparameter space® <6J, J<D/6), the spectrum becomes
ionic system, it is reasonable to assumecaanalue of 1.0 broader and decreases in intensity again.
x 10t nm™* and letJ; be a parameter to be optimized in the  In real space, both thé& andD parameters should simul-
simulation. Within the point-dipole approximatiéhthe di-  taneously vary with the e-h separation distance. Figiag 7
polar interaction can be written as shows the distance dependence of drendD values calcu-
lated using Eq(8) with substituted); =-2.0X 10> MHz and
Eq. (9), respectively. Thd value rapidly diminishes with an
increase in the distance, while th® value is effective even
over a rather long distance. Based on thedependences of
whereg is the average factor of the pair. ThéD value as the interspin-interaction parameters, we calculated rthe
well as theJ value decreases monotonously with an increaseariation of theSTy-polarized spectrum for the singlet-born
in r. From the consideration above, consequently, it is cleae-h pair as shown in Fig.(B). In a distance shorter than 0.6
that onlyJ; andr among many variables ifi,, are simula- nm where both the exchange and dipolar interactions are
tion parameters. substantially large, we can see very weak broad signals split

3 (gre)?

D(r) =~ >,

9)
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FIG. 6. Exchange and dipolar interaction dependences oKihand spectrum calculated for the trapped e-h pair in the TCNB-doped
PVCz film. These simulation spectra were calculated using the SLE with the paramébsr dHz (a), J=0 MHz (b), D=-300 MHz(c),
and J=-50 MHz (d). The magnetic constants of TCNB(g,,=2.0028 andAwp;=21.2 MH2 and PVCZ (g,,=2.0028 andAwyy
=41.0 MH2 were used to calculate the simulation spectra.
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(&)

other constants used in the calcu-
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2.0 Fig. 6.
nm
ara1t|osn distanc® r
0.5 h SepP

195206-6



CARRIER GENERATION IN PHOTOCONDUCTIVE. PHYSICAL REVIEW B 71, 195206(2005

IR T T T N T T T T duces the strong\/E-polarized signals at the central part of
the observed one as shown in Figd8 while no clear sig-
nals are seen in the wings of the spectrum, which correspond
to the broad component in the observed spectrum. Conse-
quently, there is no simulated spectrum that satisfactorily re-
produced the overall shape and width of the observed one. A
reasonable agreement between simulation and experiment
was not obtained even in calculating with any other param-
eter combinations ad,,t, andr. In our previous papéet we
simulated only the sharp component in the observed spec-
trum using a single set of parameters. The lifetime broaden-
ing of each resonance litfedid not help in simulating the
observed spectrum. The inaccessibility of the simulation with
any single parameter sets relative to the observed spectrum
(¢) r=0.720nm indicates that the hole produced from a photoinduced elec-
tron transfer of the CT complex does not exist at a specific
distance separated from the electron-acceptor molecules in
the amorphous PVCz film. Generally, trap sites, which can
) r=1.500nm have irregular molecular structures, are scatteringly situated
in amorphous solids. Hence, we take into account the distri-
bution of e-h separation distances. Such considerations lead
to the conclusion that the e-h pairs having short and middle
LI L N L LN B L B L L B distances of less than 0.9 nm mainly provide the broad com-

0.325 0.330 0.335 0.340 ponent in the observed spectrum, and that the long distant

Magnetic field B (T) e-h pairs with separations of more than 0.9 nm give rise to
o the observed sharp component.

FIG. 8. X-band ESR spectra for the trapped e-h pair in the  are we introduce the distribution function ofr) repre-
.TCNB'dO.ped PVCz film Obse.rved at 300 (@ and calculated us- senting the probability density that a hole exists at a distance
ing a series of constants estimatedr &0.644 (b) and 0.720 and r from an electron. In order to simulate the observed spec-
1.500 nm(d). The parameters employed for the calculations are theirum theS, functi(.)n multiolied b has to be i d
same as those in Fig. 7. ’ an = iplie yg(r)_ astobe mtegrate

from r, to infinity, aboutr in the spherical polar coordinate,

by a wide-field separation. Over 0.6 nm, the calculated spec- "
trum drastically decreases in splitting because of the rapid - 2
reduction of thel value and dramatically enhances in inten- SenlV) frl Sen(t.N)G()rdr. (10
sity due to the constructive effect among the four resonance
lines. The signal intensity is the largest around 0.64 nmAlthough S, is a function oft, we, w,,J, andD in Eq. (7),
where the condition ofD|=6|J| is fulfilled. Beyond the Wwe now can rearrange it to a functiontoéndr because the
maximized distance, the spectrum decreases in intensity dukeandD values were approximated as a functiorr @nd the
to the destructive overlap between thghase andE phase other parameters were fixed or optimized in the discussion
lines due to the rapid reduction of tevalue. At more than above. Figure @) demonstrates a simulated spectrum that
0.90 nm where thd value is negligible but th® value is assumes a uniform distribution fa(r) as shown in Fig.
still effective, the splitting of theA/E-polarized spectrum 9(d). In this spectrum, we can see both sharp and broad com-
becomes even smaller gradually, which reflects the slow deponents. However, the sharp component due to the long-
cay of the dipolar interaction. The slow decrease beyondlistant e-h pairs is excessively strengthened, compared with
approximately 1.3 nm is interpreted in terms of the destructhe observed spectrum. This fact excludes a large population
tive overlapping of the resonance lines due to the decrease of the long-distant e-h pairs generated by long-range hole
the D value. transfer. On the other hand, the simulations using distribution
Figure 8 shows a comparison between the TRESR spedunctions of exponential, Poisson, Gaussian, and asymmetric
trum observed at 300 ns and the simulated spectra calculatédangle, which depress the population of the long-distant e-h
at severalr distances. The spectrum at the maximized dis{airs, as illustrated in Fig.(8), show fairly good agreement
tance of 0.644 nm has two main lines WAliE polarization,  with the spectrum observed at 300 ns. The simulations with
the splitting of which is 10 mT which coincides with that these monotone decreasing-distribution functions, however,
between the outer humps of the observed spectrum. Howhave a tendency for the relative intensity of the broad com-
ever, there is no strong signal in the central part of the spegonent, due to short-distant e-h pairs to be slightly larger
trum, which is different from the observed one. At than the observed one.
=0.720 nm, the simulated spectrum hAsE polarization In order to correct the misfit between simulation and ex-
with two humps at both wing sides of the spectrum, but doeperiment, we next introduce a separation-distance-dependent
not reproduce the observed one totally. On the other hand, irecombination of the trapped e-h pairs. If the recombination
the case of more than 1.0 nm, the simulated spectrum repr@ccurs by the escape of a hole from a trap site and the hole

(b) r=0.644nm

Susceptibility (arb. units)
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I pd(t,r e kl’B) = g(r ;I'E)EXF{— kre(:(r ) kl,,B)t]

on -1 exp{— r=h_ k, exd - B(r - rl)]t}.
(a)“AD. - le lo
- (12
YEM.

(d) Because the trapped e-h pairs with short distances have faster
recombination-rate constants, tpg function decreases se-
quentially from the shortest-distant e-h pairs with time. The

' ESR spectrum of the trapped e-h pairs at tinie redefined

(0)4 AP G using py,
YEm

Sen(tire ks, B) = f San(0.1)pg(t, 1T, ky, B)r2dr

o 2
r
(() ‘AD. :J S’an(oar)_
Fﬁ%’“ i oo r re
r—r
Em. Xexp{— r 1—klexp:—,B(r—rl)]t}dr.
e
(13)
0.325 0.330 0.335 0.340 ] ]
Magnetic field B (T) Here we may letB be a constant, because it has been esti-

mated to be about 10 nithin many cases of single-step

FIG. 9. X-band simulation spectra for the trapped e-h pair in thecharge transfei®-6® The k, value should be a fitting param-
TCNB-doped PVCz film(a), (b), and (c) taking into account the eter in the simulation of the spectrum observed=200 ns.
distributions of the separation distantw, (e), (), and(g). The  The initial distribution functiorpy can be directly determined
simulations of(a), (b), and(c) are obtained by using the distribution from the ESR measurements at less than 300 ns, but those
functions of(d) and (e), (f), and(g) in the inset, respectively. The \yere inaccessible due to the time-resolution limit of the
parameters employed for the calculation of the component spectr, ectrometers used and the zero-quantum oscillations in
at various distances are the same as those in Fig. 7. The paramet(éérly times. Therefore, the, distance that characterizes the
used in determining the exponential distribution are the fOHOWing:exponentiaI distribution was also set as a parameter to be
re=0.21 nm,k;=1x 10’ s71, and 8=1.0x 10* nm™%. The spectra ontimized in the simulation
denoted by the dotted lines i@), (b), and(c) are the spectra ob- pAs shown in Fig. &) thé ESR simulation according to
served at 0.3, 0.3, and 44, respectively. Eqg. (13) based on the-dependent recombination weakens

] ) ] the broad component and provides a much better fit than that
hops among the nearest-neighboring Cz ufiiusion), the ¢ 5 simple exponential distribution, except for the net emis-

detrapping assisted by thermal energy must be a rat&;ye ST, polarization. The optimize#t, andr, values are 1
determinant step, because the hopping rate is of the order ¢f 17 51 and 0.21 nm respectivelyy att=300 ns with the

a few ns. However, it is improper for the detrapping procesg,ptimized parameters clarified that a majority of the short-
to depend on the distance. Therefore, such a multistep pro-gistant e-h pairs has been significantly depopulated even at
cess in which the rate is determined by detrapping seems tgq ns, as illustrated in Fig(®. The calculation opy using

be unsuitable for the dependence, and it is quite reasonableine same parameters predicts that further depopulation of the
to assume a single-step recombination such as a tunneling grp, pairs withr <0.75 nm proceeds at=4 us. Only ap-

superexchange mechanism. The rate constant of this step CBRbximately 15% in the initial number of the e-h pairs, cor-

usually be expressed by the next exponential function, responding to long-distant pairs, has survived ais4Fig.
9(g)]. In the simulation spectrum of Fig(®, the broad com-
kodr:k B) =ky exd— B(r = rp)], (12) ponent due to short-distant pairs almost disappearsat.4

The spectrum observed atub is rather distorted from the

symmetric shape of pur8T, polarization by the relatively
wherek; and g8 are parameters. Taking a normalized expo-strong contribution of the ne& polarization, but the spectral
nential distribution with an exponent of d/as the initial ~ width agrees with that of the simulation spectrum, due to
distribution immediately after photoexcitation and the re-long-distant e-h pairs escaping from the single-step recombi-
combination rate constant represented by @), the time-  nation up to 4us. The observed sharpening of the ESR spec-
dependent distribution functigmy(t,r;re, ki, 8) is simply de-  trum at later times is basically understood by thdependent
rived as single-step recombination of the trapped e-h pairs.
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B. ST, polarization A S 29900

We detected not only the multipl&T, polarization, but
also the netkE polarization due to theéST, mixing on the
trapped e-h pairs in the PVCz film sample. Thealue of the '
e-h pair causing th&T, polarization was estimated to be '
approximately +4.8 GHz+0.17 T) from the field depen- '
dence of the nek polarization. On the other hand, tlig¢ !
value of the trapped e-h pair is -2QL0° MHz at r, canonical EqEr2)
=0.5 nm, which is estimated from simulations of tBd, e-h pair '
polarization. The sign and size of tevalue of the e-h pair '
providing theST, polarization are different from those of the '
trapped e-h pairs. The sign and size changes inJthielue Y
have been reported in many electron-transfer systems in ho hopping' hopping
mogeneous fluid solutiof$% and in heterogeneous T+| -T2 .@0000 T
media®>7%-"2 This phenomenon in homogeneous systems . T ey — - - - - s — - ~Q000
can be interpreted in terms of the CT interaction between the 7 bl - - - - - —— - -

e-h pair and the nearby charge-recombined st&té%Be- _ _
cause the spectral simulations of t8&, polarization clari- O rapping rapping
fied that direct recombination from the e-h pairs to the
ground-single(S,) state takes place in the present system, it
is reasonable to consider the CT interaction in the exchange virtual
interaction of the e-h pairs of TCNB-doped PVCz. The en- gg?autgd Spig——--
ergy difference between the interacting states at the mosi CT interaction
stable nuclear configuration for the e-h pair is a critical factor | ¥R T,
in determining the sign as well as the size of thealue due trapped ) T,
to the CT interaction. The energy of the e-h pair causing the [ e-npairy o

ST, polarization should be different from that of the trapped - s midde long
e-h pairs. The state energy of the trapped e-h pairs is ex- comac distant distant
pected to be lower than that of the canonical e-h pair that can 05 670 v
undergo the usual hole hops, because the trap site where th Separation distance r (nm)

hole is captured stabilizes the hole energy by a trap depth ot

more than 25 meV of thermal energy at room temperature FIG. 10. State-energy diagram of the canonical e-h pair, the
(Fig. 10. The e-h pair causing th®T, polarization belongs virtual S, state and the trapped e-h pair captured in a deep-trap site.
to the canonical e-h pair and should have a higher energgircles indicate populations originating from a singlet-born e-h pair.
than that of the trapped e-h pairs. Based on this energy diffhe solid and broken arrows denote the elementary hole dynamics
ference, it can be assumed that tfg state at the same and interactions, respectively.

nuclear configuration as the e-h pairs lies between the ca-

nonical and the trapped e-h pair states. If the CT interactiofve the canonical e-h pair at site 2. This is represented by the
between this virtuak, state and th& states of the canonical canonical e-h pair at a middle distance in Fig. 10. In this
and trapped pairs mainly gives rise to the singlet-triplet splitmiddle-distant canonical e-h pair of which tt&and T,

ting of the e-h pairs, such a spin-selective perturbation restates are nearly degenerate in energy, the spin conversion
sults in the positive and negativkevalues in the canonical can happen, because the period for a hole to hop toward the
and trapped pairs, respectively. next sites in PVCz is estimated to be approximately 2 ns,

The|J| value of +4.8 GHz estimated from tI&T, polar-  which is comparable to the time for population transfer be-
ization is obviously larger than that of the canonical e-h pairtween theS and T, states driven by hyperfine interaction.
with a long separation distance o 1.0 nm. Therefore, the Actually, a level-cross mechanism in the spin dynamics of
canonical e-h pair causing ti&T, polarization is assigned to the canonical e-h pair that is equivalent to 8. polariza-
the contact or middle-distant e-h pairs with<1.0 nm. tion has been observed, as noted in the previous papers.
These pairs correspond to site 1 and site 2 in the oneComparing the observed spectrum and 8Wg-polarization
dimensional lattice model proposed in the previous papersimulation for the trapped e-h pairs in Figlb® again, it is
(cf. a scheme in Fig. 2#6-18 The simple one-dimensional clear that theST, polarization appears more strongly in the
lattice model can well explain the spin dynamics of thesharp component of the long-distant pairs than in the broad
geminate, canonical e-h pair in the PVCz film. Although thecomponent of the short-distant pairs. The relative contribu-
PVCz film is an amorphous solid, the one-dimensionality intion of the ST, polarization to the long-distant trapped e-h
the model arises from the helically structured Cz ensembl@air became more significant at a later time in Fi¢c)9
along the methylene polymer chain that tightly binds them inintegration of these facts and the discussion of the
a nanoscale area. In this model, the contact e-h pair has SiT,-polarization mechanism leads to the conclusion that the
substantially large) value of more than +1.8 10" GHz at  long-distant trapped e-h pairs are generated through the
site 1. Hence, the e-h pair withJavalue of +4.8 GHz may middle-distant canonical e-h pair, as shown in Fig. 10. The

Energy

trap depth
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NS T S T | properly represents the dynamics of the geminate canonical

T k=a5x10%" 1 e-h pair. Furthermore, in this work, we modified this model
¥ k=45x10's" by introducing trap sites. For example, the scheme illustrates
? 4=10x10s” the case in which site 4 serves as a trap site from where the

k=10x10's" ¢ hole cannot return to the canonical sites, but can directly
recombine to the&s, state. The kinetic equations for the one-
dimensional lattice model with a trap site at sitean be

expressed using density operat¢p$ as follows:

Probability (arb. units)

[,
po= *Kipr + Ke(rdpy,

- i3 L2 20 22 3.0 (nm) p1 =~ Kup1 + Kupz — Kipa,
site-1 kHsiteZ site-3 ?i}g;% site5 sitef site7 site8 . =k e . .
ODFCFCOL @4OFFCFCD+ D P2= = Knpa = Kupa + Kupy ¥ Kups,
: .
k .
'l keelra) p' = = Kypio1 — Kipre1 + Kypi—o
-1 -1~ Kipy 2, e

Pt = *Kip-1 + Kepren — KMoy,

FIG. 11. Experimentally estimated initial spatial distribution of [ - +
the trapped e-h pairshaded graphand calculated populations in P KiPusa .ktptﬂ Kuprez:
trap sites(stick graphg The calculations are based on a uniform :
distribution of the trap site, the kinetics of the stepwise hole hops, pg = — kypg — kypg + kyp7,
and the single-step recombination from the trap sites in the one- R
dimensional lattice model. The sticks marked by triangles, squares, \ Po HPg:
and circles were calculated under an initial condition in which allkf andky, which are the rate constants of recombination from
holes exist at site 1 at zero time, while the rhomboid sticks werghe contact e-h pair at site 1 and of hole hopping, have al-
obtained by simulation of the kinetics beginning at site 8. The dis‘ready been estimated to be XA and 4.5< 108 s72, re-
tance between each neighboring Cz unit in the lattice is apprOXi'spectiver. However, the trapping-rate constantkofs an
mated 1o be 0.34 nm. unknown rate constant. The population in trap sietimet,

is obtained from they(t,y) of the kinetic equations. Thus we

dynamics from the short-distant pairs with<1 nm to the numerically solve the simultaneous differential equations
long-distant ones supports the presence of the stepwise had¢nploying variousk; values. Because the trap site can be
hops, rather than the long-range hole jump of 2-3 nm due tehought to uniformly exist in the amorphous film, we can
thermalization or autoionization, which is derived from aa|so set the probabilities of trap sites in the one-dimensional

premise in the Onsager theory. lattice model to be equal f, at any position. The population
in the trap site at site (P;) caused by the geminate pair
C. Distribution dynamics can be defined by
The STy-polarized spectra of the trapped e-h pairs, which 8 o 8
have more structures than tB4d,-polarized one, were fairly P.(t.) = LMt ) = 1m 15
well simulated by introducing the distributions of separation (o) z zl(pt) P (to) e t). (19

distance and the distance-dependent recombination rate. The
distribution functions were represented by the monotone deBecause the probability of trap sites is quite Igw<1), the
creasing functions such as the exponential, Poisson, Gaudsigher-order terms with= 2, which describe the case where
ian, and asymmetric triangle. The initial distribution of there is simultaneously more than one trap site in the same
trapped e-h pairs estimated from the simulation of the oblattice, can be ignored. Lé} be 30 ns for this system, be-
served spectra is illustrated in Fig. 11. The observation ofause the transient photocurrent measurements on the
ST. polarization on the long-distant e-h pairs elucidated thaff CNB-doped PVCz film indicate that the dynamics of the
the initial distribution of separation distance is associatedyeminate canonical e-h pair is almost completed at 38 ns.
with the stepwise hole hops in the geminate e-h pair, but The population distribution of the hole in trap sites at
does not reflect the hole-transfer distance distribution in th&zarious positions calculated with an initial condition of
first step. Ther distribution of the canonical e-h pair in p1(0)=1 andp;.1(0)=0 is shown in Fig. 11. In the case of
PVCz molecular solids has been calculated in the way irk;=ky, the population at site 2 is maximum, and relatively
which the hole hop is treated as a stochastic process by selarge populations are recognized at the long-distant sites.
eral authorg’~89 In this section, therefore, we discuss the These properties are different from the initial distribution of
tailing property in the obtained spatial distribution of the the trapped e-h pairs estimated from the experiments. When
trapped e-h pair by means of a deterministic simulation usinghe k; value is made smaller thak,, the population in the
rate equations based on the simple one-dimensional lattideng-distant sites decreases. The population distribution cal-
including trap sites. culated usind=1X% 10’ s'! satisfactorily reproduces the ex-

In the previous studies, we have clarified that the oneperimental distribution, having a rapid decay in the short-
dimensional lattice model with seven or eight siEig. 11)  distance region and a slow decrease in the long-distance
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region. The fact thaky is much greater thak;, which is a V. CONCLUSIONS
rate constant for exothermic trapping, suggests a contribution

of resonance intgractiop in the hole hops among the Cz unit%_h pairs captured in deep-trap sites. The trapped e-h pair had
Next, for comparison with the long-range jumping of a hole, , itipjet A/E-and netE-polarizations. Based on the muilti-

we calculated the population distributiop uqder thg Conditionfrequency ESR experiments, it was clarified that the multi-
of pg(0)=1 andp;.5(0)=0. The population is maximum at pet and net polarizations arise fro@T, mixing in the
site 8, and no Significant population is present in the Shorirapped pairs an&'ﬂ_ mixing in the canonical pairs' respec-
range, which is completely different from the experiments.tively. The phases of th8T, and ST, polarizations indicated
The kinetic simulation of the distribution also leads to thethat the canonical and trapped pairs have a positive and
conclusion that the stepwise hole hops are the dominant dyregativeJ value, respectively. The sign difference of the
namics in the photocarrier generation in the molecular solid/alue is interpreted in terms of the CT interaction with the
of PVCz. virtual §, state located in energy between the canonical and
Finally, the energetic distribution of the trap site should betrapped pairs. Th&T, polarization of the observed spectra
noted because the PVCz film is not a homogeneous molecgould not be simulated by any single magnetic-parameter set.
lar solid. The trap site should also be distributed in energyHowever, the simulation accounting for the distribution of
space. However, we could apparently understand the spitii€ e-h pair separation distance on a nanometer scale and the
polarizations and the spatial distribution of the trapped e-Hlistance-dependent recombination to Sestate reproduced
pairs by taking into account the trap sites with a single deer!"e” the observed spectra that were comprised of broad and

level which is uniformly distributed in real space. It seemsSharP components. Th&T, polarization and the initial-

unnatural that there are only two kinds of e-h pairs, the caSeparation-distance distribution of the trapped pairs indicate
’ at the initial charge separation in the PVCz film happens

nonical and deep-trapped sites. This is interpreted in terms 5E h stepwise hole h in th di ional latti
easy release of a hole from shallow traps at room tempera- rough stepwise nole nops n the one-dimensional lattice

ture. If the hole can quickly leave a trap site even though thénOdel’ rather than the single-step long-range hole jump. The

hole drops into the trap, such a trap site can be regarded to t?cilstant—dependent rate constant with respect to the recombi-

the same as the canonical sites. Hence, only deep-trap sitﬁg
from which the hole can barely escape after trapping func-Contrast to the charge-separation process.
tion as a trap site. This may be the reason why the one-
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