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Solvent Effect of the Hole Migration along a Poly(-vinylcarbazole) Chain as Revealed by
Picosecond Transient Absorption and Dichroism Measurements
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Photoinduced electron-transfer dynamics (charge separation, charge recombination, and hole transfer reactions)
in poly(N-vinylcarbazole) (PVCz) and solvent effects on the reaction profiles were studied by means of
picosecond transient absorption spectroscopy and transient dichroism measurements. Electron-transfer dynamics
in PVCz in rather polar solutions was well-described by the simple scheme that the cation state of the carbazolyl
(Cz") moiety continuously migrates along pendant Cz moieties in the polymer chain with the charge
recombination at the initial position of the charge separation. The rate constant of the hole transfer (HT) from
the CZ to neighboring ones was (230 p&)n pyridine. With a decrease in the solvent polarity, the HT rate
constant drastically decreased, and it wad)’ st in chloroform solution. This solvent polarity effect was
accounted for not only by the increase in the attractive Coulombic interaction with decreasing solvent polarity
but also by the delocalization of the cationic state over Cz units. By integrating the present results with those
in other aromatic vinyl polymers, the factors regulating the hole-transfer process in aromatic vinyl polymers
were discussed.

Introduction Although a number of investigations have been reported as

Photonduced clecron tanster (ET) and s subsequent LN e, eE deeetn e s beon bl

processes play fundamental and important roles in a number of S 9 U
between the aromatic side groups and the factors regulating it.

photochemical reactions in the condensed pha@ransport One of the obstacles for the direct measurement of the charge
of electrons initiated by photoexcitation is one of the phenomena ~ . S SN )
y P P shift reaction is related to the fact that the discrimination of the

losely rel he photoin ET and ubiqui in natur . - S
closely related to the photoinduced ET and ubiqitous in natu echarge-shlft process in electron-transfer dynamics is rather

as well as in artificial systems. In the natural system, the difficult by the usual transient absorotion Spectroscopy because
photosynthetic reaction center in plants is a most representative icutt by usu : p p Py u

system in which the electron transport takes place efficiently tr:enz;\bzorptlron speictrl:]mrglf tr}(naﬂanlgn c(;r tI:e Sﬁt'onhOfrth? ilffjte
in three-dimensional arrangementm the artificial system, a aromatic groups 1S hardly uenced by the charge-s

great deal of effort has been devoted to the construction of reactions. . . .
organic photoconductive molecular systetdhe vinyl poly- Recently, we pointed out that the dichroism measurement of

mer with large aromatic groups is one of the most well-known th€ transient absorption of ionic species directly probes the
artificial materials in which the transport of the electron or the charge-shift reactions in these polymer systems and applied this

hole or both takes place and has been attracting much attentioﬁeCh_nique to the detection of the_ hole-migration Process in poI_y-
for a long time from various viewpoinfs23 (N-vinylcarbazole) (PVCz) and its related systems in the solid

—19 i i
In most of these polymers, the interaction among the pendant@Morphous phasé, t9as well as PVCz and other aromatic vinyl

: . > :
aromatic groups is rather small and band structures in the POlYMers in solution phas€.2* From these results, it was
electronic states are not plausible in general. Hence the demonstrated that rapid hole migration with a time constant of

photoconduction in these polymers may be regarded as the,o'z ns to a few nanoseconds take_s place in solution as well as
It should be mentioned that the hole-escape

integrated phenomena of “intermolecular” ET processes such !l solid films.

as charge separation, charge recombination, and charge-shiffeaCtion is endothermic because the increase in the interionic
reactions from the viéwpoint of the photoind,uced ET in the distance reduces the Coulombic attractive interaction in the ion

condensed phasde® The direct information on the whole pair. The activation energy predicted for the model reaction of
¢ i | o R s A 1

mechanism of the electron-transfer dynamics and, especially, € '3'“‘3' i;]ole es?ape reaqtgl)qn, Bo™Dy = A”DoDy ,hby thle

on the charge-shift reaction among the aromatic side groupsSta}n ar tf eor;:j_o hIIET rear(]:tl '$>>1ngT iver; n aLatl er poiar

provides important principles not only for the comprehensive solution of 1,2-dichloroethane, and such a large hole-migration

1
understanding of the photoconduction in these polymers but also'&t€ constant on the order of 19 could not be accounted for
for the molecular design of artificial photoconductors. within the framework of usual ET theories assuming very weak

interaction in the reactants.
t Part of the special issue “Noboru Mataga Festschrift”. To more clearly elucidate factors regulating rapid hole-transfer
* To whom correspondence should be addressed. Tel: (81:Japan)-(0)6-processes among pendant groups in aromatic vinyl polymers,
Sﬁggsezs‘lols-asz"d‘gc j(lfl5Japa”)'(0)6'6850‘6244- E-mail:  miyasaka@ the solvent effects on the hole-migration process have been
<ak ity investigated in present work. The solvent polarity affects the

* Osaka University.
8 Kyoto Institute of Technology. Coulombic attractive force in the initial ion pair and the energy

10.1021/jp0125101 CCC: $22.00 © 2002 American Chemical Society
Published on Web 12/15/2001



Hole Migration along Poly{-vinylcarbazole) J. Phys. Chem. A, Vol. 106, No. 10, 2002193

c|:2H5 T 10" Ty
N NCD:CN - t ]
‘g ‘ NC N L [
EtCz =
TCNB A
CH—CH <L o
f 2l t st 2107
N ~ ©
cl o
ef 2
PVCz § L q
Figure 1. Molecular structures of the compounds used. <[
ar s L
. . L R 10°F
gap of the hole-escape reaction. In the following, we will discuss [ A b ]
the photoprimary processes in PVCz, as well as the correspond- 42)6 5'2)'0 ébo'}gé .éz).(; .52)‘6.1.0100 “(')-“1-(')'0“2-60 3(‘)0 00 5(')'0
ing monomer model system, by integrating the present results Wavelength / nm Time / ps

with _those accu_mulated fpr the general transient ion pairs i_n Figure 2. Time-resolved transient absorption spectra of EtCz (0.05
solutions anq Wl.th the primary eleCtrqn'tranSfer Processes in M)—TCNB (0.11 M) in pyridine solution excited with a picosecoﬁd
other aromatic vinyl polymers and their related systems. 532 nm laser pulse (a) and time profile of the transient absorbance at
465 nm (b).
Experimental Section
absorption spectra di-ethylcarbazole (EtCz)1,2,4,5-tetracy-
anobenzene (TCNB) in pyridine solution excited with a
picosecond 532 nm laser pulse. A sharp absorption at 465 nm
in each of the spectra is safely assigned to the anion radical of
TCNB (TCNB™) on the basis of the coincidence of the
absorption maximum and its spectral band shape to those
Ireported previously?260n the other hand, the absorption bands
at 800 and 720 nm are ascribable to the cation radical of EtCz
n(EtCz+).14v16 The time evolution of the spectra in Figure 2a

A microcomputer-controlled picosecond laser photolvsis indicates that the excitation of the CT absorption band results
P P P y in the ion pair formation (charge separation, CS) in the excited

system with a custom-built repetitive mode-locke ®NYAG state
laser was used for measurements. The optical alignments were ;- . . . o
; With an increase in the delay time after the excitation, the
almost the same as those developed previolisRThe second . . .
absorbance due to the ion pair gradually decreases as shown in

harmonic pulse at 532 nm with a 15 ps fwhm and ca. 0.5 mJ _. > h lati o b he ab .
output power was used for exciting the samples. To avoid the Figure 2a. Because the relative ratio between the absorption
: intensity of the cation and that of the anion keeps a constant

Kerr signal around the time origin, the excitation intensity was . ;
. h . value during the decay process and no absorption was observed
attenuated tox1/10 for the dichroism measurements in the : o
at and after ca. 1 ns following the excitation, almost all of the

background-free condition. Monitoring white light was generated deactivation of the ion pair was ascribed to the charae
by focusing the fundamental light into a 10 cm@@-H,0 S on p ) 9

] . recombination (CR). Figure 2b shows the time dependence of
(3:2) cell. Two sets of the multichannel photodetector (Hamamat- . - )

- . the absorbance due to the ion pair monitored at 465 nm. The
su, S4874) combined with a polychromator were used for the d file | Id ibed f der Kineti ith th
detection of the monitoring light in the usual transient absorption )ecay proliie IS well described as a Irst-order kinetics W".[ the

time constant of 65 ps. The time constant of the CR in the

spectroscopy. For the measurements of the dichroism signal Wlthpresent system was quantitatively in agreement with the global

the background-free condition, we employed the multichannel enerav-aap dependence of the CR rate obtained for the ion pairs
detector with an image intensifier (Hamamatsu, C4560) to detect gy-gap dep o pe
produced via the excitation of the ground-state CT complex in

e s ey e Varius envionment.
P P Py yp For the dynamic behaviors of transient ion pair states formed

one was employed for the dichroism measurements. Thevia the photoinduced electron-transfer (ET) process in solu-
repetition rate of the excitation light was kept low@.5 Hz). ) . . : . .
tions®27.29it has been established that the geminate ion pair

Most of the data were accumulateq over four'measurements. roduced in strongly polar solutions undergoes, in competition
The experimental errors for the transient absorption spectroscopy’ . P, - . .
0 ; : . with the charge recombination, ionic dissociation with the aid
are less thas=10%, while those for the dichroism are less than e . .
o o e . of the thermal diffusive motion. For the present system in
£20%. Chirping of the monitoring white light continuum was - - SN -
X . pyridine solution, the ionic dissociation rate constant was
corrected. For all of the systems examined in the present study,’ ” .. 1 . .
. o . -~ ~Yestimated to bec10° s1 by carefully observing the absorption
the irradiation at 532 nm corresponds to the selective excitation _ - - S
signal that remained after the initial charge recombination decay.
of the ground-state charge-transfer (CT) complexes formed

. This value is much smaller than that in acetonittfi@”-2°This
between TCNB and carbazolyl moieties. All of the measure- C A . ;
" N small rate constant of the ionic dissociation is mainly ascribable
ments were performed undep@ee conditions at 2% 2 °C.

to the dielectric constant of pyridine € 12.4 at 25°C), which
is much smaller than that of acetonitrile.
Figure 3a shows the time-resolved transient absorption spectra
Photoinduced Electron-Transfer Dynamics in Pyridine of poly(N-vinylcarbazole) (PVCz)TCNB in pyridine solution
Solution. Prior to the discussion on polymer systems, we present excited with a picosecond 532 nm laser pulse. Each of the
photoinduced electron-transfer dynamics of the monomer modelspectra shows two absorption maxima at 465 and ca. 790 nm.
systems as references. Figure 2a exhibits time-resolved transienThe former band at 465 nm is safely ascribed to TCNBs

Poly(N-vinylcarbazole) (PVCz) of narrow molecular weight
distribution M, = 6.55 x 10°, My/M, = 1.74) was prepared
by radical polymerization method® and then purified by
repeated precipitation from benzene solution with methanol.
1,2,4,5-Tetracyanobenzene (TCNB, Wako GR grade) was
recrystallized from ethanol and sublimated before use. All of
the solvents (spectral grade) were used as received. Molecula
structures of the compounds used in the present work are show!
in Figure 1.

Results and Discussion
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0 T experimental results on the dynamic behaviors fairly well not
Time / ns only for the nonexponential decay profile in the subnanosecond
Figure 3. Time-resolved transient absorption spectra of PVCz ([Cz] time region but also for the residual absorption signals in the
= 0.36 M)-TCNB (0.25 M) in pyridine solution excited with a  several nanosecond time region. The above results strongly
picosecond 532 nm laser pulse (a) e_md_time profile of the transient suggest that the ET dynamic behaviors of PVCz in pyridine
ﬁgigg?nsccig;?i Cvrirt‘hgt:)';:_% Sxogcégl':ﬁ Entglfciicﬂgtidl%fg\gion thesolution are ngl descrjbed by Scheme 1, as was confirmed for
the dynamics in 1,2-dichloroethane solutfnz3

(see text). h _ : .
To elucidate the hole-migration process more directly, we
was mentioned in the interpretation of Figure 2a. On the other Measured the transient dichroism of the absorption due to Cz
hand, the latter absorption at ca. 790 nm is attributed to the @ Well as that of TCNB. For the usual solute molecules in
cation radical of the carbazolyl (Cz) moiety in PVCz on the fluid solutions, the rotational diffusion process diminishes the
basis of the coincidence of the spectral band shape and itsmemory of the polarized excitation. Although such rotational
maximum to referenc&2°When this spectrum is compared to  motion is restricted in the polymer system, local motions in the
the spectrum of EtCzin Figure 2a, one can find that the spectral Main chain take place and diminish the memory of the polarized
shape of Cz in PVCz is broader. According to the detailed €Xcitation. In addition, for the dichroism signal of the cation in
investigations on the band shape of the cation in aromatic vinyl PVCz. the hole migration in the polymer chain also seems to
polymers and their related compouri@&it was demonstrated ~ decrease the memory of the polarized excitation. Hence, the
that the interaction of the aromatic cation and the neighboring Comparison of the dichroism signals between the cation and
neutral moiety affected the band shape of the cation radical. the anion seems to provide the direct information on the hole-

Figure 3b shows the time profile of the charge-separated stateMigration processes in the present system.
monitored at 465 nm, indicating that the rather fast decay in  For the dichroism measurements in the polymer system, we

the subnanosecond time region is followed by the long-lived have adopted a background-free optical systéfbecause a -
ionic species in the several nanosecond region. The singleWider dynamic range in the time profiles was obtained by this
exponential process did not reproduce the fast decay process ifh€thod. In this measurement, the polarization angle between
the subnanosecond region. In addition, the residual signal didthe excitation (pump) and the monitoring (probe) light pulses
not appreciably decrease in the nanosecond region. It shouldiS Sét at 45. The analyzer polarizer perpendicular to the
be noticed here that such residual absorption signal was notPolarization of the probe light is placed before the detector.
detected for the monomer model system as shown in Figure 2 Because the excitation of the ground-state CT complex by the
To analyze this time profile, we have employed Scheme 1, polarized light induces the difference in the transient absorbance
which well reproduced the primary process of electron-transfer Of the charge-separated state betweenxiuedy axes (transient
dynamics in PVCzelectron acceptor systems and other aro- dichroism), the polarlzgno.n an_gle of the probelllght is modified
matic vinyl polymers in 1,2-dichloroethane soluti®h?3 and a part of the monitoring light can transmit the analyzer.
Here, kqri is the hole-transfer rate constant between the two [N the case in which the dephasing process of the memory of
neighboring Cz moieties. For simplicity, all of thgr; constants  the polarized excitation is regarded as an exponential process,
were assumed to be identickif) in the calculation. In addition, the transmitted light intensity+(t), in the homodyned detection

the charge recombination was assumed to take place onlyS given byo=%

between TCNB and Dy* (at the initial position of the charge

separation). The rate constant of the charge recombinadgh ( 1(t) O {At) exp(—trpp)}? 1)

was set to be equal to that of the monomer model system

(EtCz—TCNB) in pyridine solution. Hence, the parameter in whereA(t) is the time dependence of the population of the ionic
the calculation was only théyr value. The result of the  species andpp is the time constant for the dephasing process
calculation withkyt = 4.3 x 10° s"1 was presented as the solid of the memory of the polarized excitation. In the actual
line in Figure 3b, in which the calculated curve reproduces the measurement, we employed the heterodyned detection method

o R
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Figure 4. Time profiles of transient dichroism signals of the Pv€z ~ Figure 5. Time-resolved transient absorption spectra of EtCz (0.05
TCNB system in pyridine solution excited with a picosecond 532 nm M)—TCNB (0.41 M) in THF solution excited with a picosecond 532
laser pulse monitored at 790 nm (Gzlosed circles) and at 465 nm ~ nm laser pulse (a) and time profile of the transient absorbance at 465
(TCNB-, open circles). Solid lines are the results calculated on the nm (b).
basis of eq 2 and Scheme 1 (see text).

. . 23 . ) . Hence, it is strongly suggested that the present time constant
as performed in previous work&.2*In this optical configura- o1 the dichroism decay of TCNBattached to the Cz moiety

tion, the analyzer polarizer was uncrossed slightly (less than aj, pycz may be attributable to these local motions in the main
few degrees) and the electric fiel.o, is present in the absence  chain of the polymer.

of the pump pulsel o, which is in proportion withE o?, is
adjusted to make the heterodyne tefdEs(t)) much greater
thanls (JEs(t)?). In this case, the transmitted light intensity is
given by the following equatiof?33

On the other hand, the solid line for the dichroism decay of
the CZ is the result calculated for the time profile ofDin
Scheme 1. Namely, the population decay of the ,Grhich is
directly connected to TCNB(Cz which formed the CT complex
(1) — | ~ O A(t) exp(—t/t 2 with TCNB in the ground state before the photoexcitation), is
1 ~ o DAD exp(Uroe) ) exhibited. Because the hole-shift reaction to neighboring Cz

Here, Lo is the intensity transmitted in the absence of the pump moieties existing in the polymer chain seems to diminish this

pulse. The o signal is removed by subtracting the transmitted Memory, we examined the time profile obD In the calcula-
intensity at delay time< 0 ps from the observed signgl. In tion, the time constants of both the charge recombination and

the heterodyned detection, much larger intensity of the signal the hole migration were set to be the same as those used for
can be obtained and the observed time profile arising from the the analysis of Figure 3b. In addition, the local rotational

dichroism is proportional to the signal electric fielk, while relaxation time constant of 950 ps was also included. As shown
the signal intensity|s, scales quadratically witlEs in the in this figure, the calculated curve reproduces the experimental
homodyned detection. result for Cz fairly well as for that in TCNB'. By integrating

Figure 4 shows the time profiles of the transient dichroism the present result on the dichroism decay with that of the
monitored around 790 nm (G and 465 nm (TCNB). This transient absorption _tlr_n_e profile in Flgure 3b, _|t can be
figure clearly demonstrates that the memory of the polarized concluded that the Czinitially produced via the excitation of
excitation in Cz decreases much faster than that of TC\B ~ the ground-state CT complex actually undergoes the hole
although the time constants for the dephasing process of themMigration to the neighboring neutral Cz moieties V\_nth the time
polarized excitation (rotational relaxation) of the cation and Cconstantof 230 psr = 4.3 x 10°s7) as assumed in Scheme
anion in the ion pair were identical with each other in the 1. and its memory of the polarized excitation decreases mainly
monomer model systefS:23 This result clearly indicates that via the ho_Ie-sh|ft _reactlon. Compared_ to the ho!e-tran_sfer process
the dephasing process of the polarized excitation in the cation©f PVCz in 1,2-dichloroethene solution (the dielectric constant
includes some additional channels in the polymer system. 1S 10.36), thekyr value in more polar pyridine solution was 2.2

To quantitatively interpret the time evolution of the dichroism  times larger than that that in 1,2-dichloroethane solution. The
signals in the polymer system, the observed time profiles were solvent effect on the hole transfer process will be discussed in
analyzed on the basis of Scheme 1. In this calculation, the time ater.
profile of the population decay of the anioi(t), was set to be Photoinduced Electron-Transfer Dynamics in THF Solu-
identical with that used for Figure 3b; the time constants of the tion. The dynamic behaviors in less polar THF solutien=
charge recombination and the hole transfer were the same ag/-58 at 25°C) are shown in this section. Figure 5a shows the
those used in the analysis of Figure 3b. The solid line for the time-resolved transient absorption spectra of the monomer model
time profile of the anion in Figure 4 is the calculated result on system (EtCz TCNB) in THF excited with a picosecond 532
the basis of eq 2 withpp = 950 ps. The calculated result shown nm laser pulse. As was shown in Figure 2 in pyridine solution,
in Figure 4 reproduces the experimental results fairly well and the selective excitation of the ground-state CT complex between
indicates that the anion attached to the Cz moiety in PVCz EtCz and TCNB produces the ion pair also in THF, followed
rotates with a much longer time constant than that in the by the deactivation via the charge recombination with first-order
monomer model system. On the motions of the aromatic vinyl kinetics (Figure 5b). The charge recombination time constant
polymer in fluid solutions, it has been reported that the local was obtained to be 92 ps.
motions such as three bond motion and crankshaft motion to  Transient absorption spectra of PVC€ECNB in THF solu-
result in the conformational change of the pendant aromatic tion excited with a picosecond 532 nm laser pulse are shown
groups were on the order of subnanoseconds to nanoseéoffds. in Figure 6a. The sharp absorption at 465 nm and broad
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long-lived ionic species in the several nanosecond region
ascribable to the ion pair with longer interionic distance via Figure 8. Time-resolved transient absorption spectra of EtCz (0.09
hole transfer. As for the dynamic behaviors in pyridine solution, M) ~TCNB (0.008 M) in chloroform solution excited with a picosecond
the single-exponential decay function did not reproduce the fastigg Em I("’Ser pulse (a) and time profile of the transient absorbance at
decay process in the subnanosecond region. '

As performed for pyridine solution, we analyzed the time The CR and HT rate constants were set to be identical with
profile of Figure 6b by applying Scheme 1 wikdr identical  those used in Figure 6b. The time constam, was smaller
to that of the monomer model system. However, the calculated than that in pyridine solution (950 ps). This may be attributed
curves withkcr identical to that of the monomer model system  to smaller viscosity in THF solution. On the other hand, the
did not reproduce the experimental result. The solid line in gqlid line for the dichroism behavior of Gzwas the curve
Figure 6b is the result calculated by changing the CR time cajculated for @". Also for the calculation of the cation, the
constant also as a parameter. To fit the time profile in Figure time constants of both the charge recombination and the hole
6D, the dynamic behaviors of the dichroism signals that will be ‘migration were set to be the same as those used for the analysis
shown in Figure 7 were taken in into account. The CR and HT of Figure 6b. In addition, the local rotational relaxation time
rate constants thus obtained in Figure 6b were>3.00° and constant of 700 ps was also included. As shown in this figure,
1.8 x 10° s7*, respectively. The CR time constant was almost the calculated curve reproduces the experimental result for Cz
one-third of that of the monomer model system. In addition, fajrly well as for that in TCNB. By summarizing the above
the HT rate constant in THF was more than 1 order of magnitude resylts and discussion, it is concluded that the ET dynamic
smaller than those in pyridine and 1,2-dichloroethane solutions. hehaviors of PVCz TCNB in THE in the early stage after the

The time profiles of dichroism signals of PVEZCNB in excitation is reproduced by Scheme 1 as in pyridine system
THF solutions are shown in Figure 7. The same optical setup although the CR time constant in the PMEECNB system is
was employed as in Figure 4. The dynamics of the cation almost three times smaller than that of the monomer model
monitored at ca. 780 nm and that of the anion monitored at system.
465 nm are, respectively, exhibited as closed circles and open Photoinduced Electron-Transfer Dynamics in Chloroform
circles. Compared to the dichroism behaviors in pyridine Solution. Figure 8a shows the time-resolved transient absorption
solution, the difference in the dynamic behaviors between the spectra of the monomer model system (EtGZNB) in
cation and the anion was smaller than that in pyridine solution, chloroform solution § = 4.81 at 20°C) excited with a
indicating that the hole transfer process is actually suppressedpicosecond 532 nm laser pulse. As was shown in Figures 2 and
in THF solution. 4, the selective excitation of the ground-state CT complex

The solid line for the time profile of the anion in Figure 7 is between EtCz and TCNB produces the ion pair also in
the calculated result on the basis of eq 2 wigp = 700 ps. chloroform, followed by the deactivation via the charge
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= 0.24 M)}=TCNB (0.01 M) in chloroform solution excited with a s 10°F 9
picosecond 532 nm laser pulse (a) and time profile of the transient g
absorbance at 465 nm (b). The solid line is the calculated curve on the o L ° 4
basis of monoexponential decay with the time constant ofx1 10° 2 10tk 4
s 1 (see text). o« E
recombination with first-order kinetics with the CR time constant 10'F E
H TS B USSR SRR A TR
of 260 ps (Figure 8b). _ 0.05 010 015 020 025
Transient absorption spectra of PVE€ECNB in chloroform 1/¢

solution excited with a picosecond 532 nm laser pulse are shownrigure 11. Solvent polarity dependence of the HT (closed circles)
in Figure 9a. The sharp absorption at 465 nm and broad and the CR (open circles) rate constants as a function of the reciprocal
absorption at 790 nm are, respectively, assigned to TCalil dielectric constants of solvents. PY is in pyridine, DCE is in 1,2-
Cz". The time profile of the charge-separated state monitored _dichloroethane, DCM is in dichloromethane, THF is in THF, and CLF

at 465 nm is exhibited in Figure 9b. The residual absorption in is in chloroform. The dielectric constaftsvere determined at 25C
the several nanosecond time regioh is very small in chloroform for dichloromethane and chloroform. Those for the other three solvents

. . . . - - are at 20°C. The results in 1,2-dichloroethane solution were taken from
solution, while the dynamic behaviors in pyridine and THF (¢ 20, Solid lines are to guide the eye.

solutions showed the long-living charge-separated species due

to the HT process in this time region. In addition, the decay process does not take place in chloroform solution and the ion

profile was reproduced by a single-exponential function with pair produced by the photoexcitation undergoes first-order decay

the time constant of 730 ps as the solid line in Figure 9b. Thesedue to the CR process at the initial position of the charge

results suggest that the effective HT process does not take placgeparation. In addition, the CR time constant between TCNB

in chloroform solution in the present time window. and CZ of PVCz in chloroform solution is about 3 times longer
The time profiles of the dichroism signals are shown in Figure than that of the monomer system in the same solvent.

10. The experimental setup was same as that used for pyridine Solvent Dependence of the HT and CR Processeshe

and THF solutions. The decay of the signal due to the Cz cation dynamic behaviors of PVCZTCNB in dichloromethane solu-

is identical with that of the anion within the experimental error. tion (¢ = 8.93 at 25°C) were also investigated by means of

This result directly indicates that the effective HT process does transient absorption spectroscopy and dichroism measurements.

not take place in chloroform solution and the cation stays at As in pyridine and 1,2-dichloroethane solutions, the electron-

the initial position of the charge separation. In addition, mutual transfer dynamics was well reproduced by Scheme 1 with the

geometry between the anion and the cation is maintained as incharge recombination rate constant identical with that of the

the ion pair prepared by the ground-state CT complex betweenmonomer model systenkdg = 6.7 x 10° s71). The HT rate

EtCz and TCNB23The solid line is the result calculated with  constant in dichloromethane solution was %11(° s™%. The

the single-exponential decay process with the CR time constantHT and CR rate constants of PVEZCNB system in various

of 730 ps and thepp of 600 ps. As stated in previous sections, solutions are plotted in Figure 11 as a function of the reciprocal

the latter process corresponds to the local conformational value of the dielectric constant)(of the solven®? In this figure,

reorientation time in the polymer main chain leading to the the result in 1,2-dichloroethane solutf8ris also plotted. As

dephasing of the polarized excitation and related to the solventshown in this figure, both CR and HT rate constants monotoni-

viscosity. The slow time constant ofp may be ascribed to the  cally decrease with a decrease in solvent polarity.

small viscosity of chloroform. By summarizing the above results  Prior to the discussion on the solvent polarity dependence of

and discussion, we can safely conclude that the effective HT the electron-transfer rate constants, it is worth mentioning that
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the spatial configuration of the polymer (the extent of the interaction between the cation and the neutral group plays an
coiling) is generally dependent on the solvent. In good solvents, important role in the hole-transfer process.
the radius of gyration increases, and it decreases in poor solvents. It should be pointed out here that the stable dimer cation
The solvent parameters affecting the coiling size of PVCz in resulting from large interaction, however, is usually regarded
1,2-dichloroethane, tetrahydrofuran, and chloroform were re- as the trapping site of the holé? In relation to this, it is
ported to be almost the same as one ancthéithough the noteworthy to mention that the effective dimer cation formation
solvent parameters for pyridine and dichloromethane were notdoes not take place via the intermolecular interaction in
reported, the solubility of PVCz in these two solvents strongly 7-ethylbenzafjcarbazole, 5-ethylbenziofcarbazole, oN-eth-
suggests that the solvent parameters on the coiling size in thesgylcarbazole (monomer model systems of the polymers with large
two solvents may be also similar to the other three solvents. In kyt constants) under usual conditions, while rather small
addition, the present time window of the measurements (6 ns)aromatics such as 1-ethylnaphthalene, 2-ethylnaphthalene, and
can only cover the hole-transfer dynamics in a small area of benzenes (monomer model systems of the polymers with small
the polymer chain (at most less than a few tens of Cz units). kyt constants) form the intermolecular dimer radical cations
Hence, we may conclude that the effect of the coiling size of easily in solutiong’-*8These results indicate that large aromatic
PVCz depending on the solvent does not seriously affect the side groups such as carbazolyl and benzocarbazolyl moieties
electron-transfer (ET) rate constants. intrinsically have small stabilization energy in the dimer cation
First, we discuss the solvent polarity dependence of the CR formation acting as deep trap sites of the cation. In addition,
process. For the energy-gapH) dependence of CR rate the hole-transfer process in PVCz in polar solutions was faster
constants Kcr) of the geminate ion pair produced by the than the conformational rearrangement of the local structures

photoexcitation of ground-state charge transfer (CT) complexes N the polymer chain as was indicated by the dichroism decay
in solutions with different polarities, Asahi, Mataga, and co- of the anion. Because the stable dimer cation formation requires

workers reported the following resufé:(a) no or very little the conformational rearrangement, it may be deduced that the

solvent polarity effect on thiecr vs AE (the energy gap for the hole can migrate prior to the stable dimer cation formation in

CR reaction) relations and (b) a kag) vs AE linear relation, ~ e Present case. By summarizing the above results and
In(ker)) = o. — BIAE|, with a gentle slope and: and discussion, it may be concluded that rather large interaction

petween neighboring aromatics under the confined condition
in the polymer has an effective role in the hole-migration

may be interpreted in a similar way. Although the donor and process, while the increase in the interaction leading to the stable

acceptor pair is same, the energy g#E) between the ion dimer cation formation actually reduces the hole-migration
pair level (TCNB—Cz" in PVCz) and the ground state process. . . . .

increases with a decrease of the solvent polarity. The energy T_hg Interaction between aromatic radical cation and neutral
level of the ion pair scales with dbn the assumption that the moieties is estimated from the charge resonance band of the

Born equation can be applied for the energy level estimation in a_bsorption spectrum in the—2 um near-IR region. For thc_a
the solvents. The energy gap of the CR process of TCNB dimer system such as (DD)the charge resonance band shifts

Cz" in chloroform solution was estimated to be ca. 0.26 eV Foward.thes blue wavelength region with an increase in the
larger than that in pyridine solution and on the basis of the Born interaction® On the other hand, the charge resonance band shifts

equation with the ion radius of 3.5 A toward the red wavelength region under the charge resonance
h | I' L f th interaction of more than two chromophorég2Tsuchida et al.
Compared to the solvent polarity depend(_ance of the CR reported systematic investigatid43on the charge resonance
process, the hole-transfer (HT) rate constant is more intenselyineraction of more than two chromophores in aromatic vinyl
erendent on th_e solvent polarity. As br|e+fly ment|oned+|n the polymers. They measured the charge resonance band'ghCz
introductory sec_tlon, the model re_acnon—,le Dl_’A Do, . N-vinylcarbazole (VCz) oligomers as well as PVCz in DMF
takes place against the Coulombic attraction and is endothermic.qq tion by means of nanosecond laser spectrostofgcord-
Because the decrease of the solvent polarity increases thgng 1o their results, the absorption maximum of the charge
attractive Coulombic energy in the initial ion pair, the decrease (ggonance band of Cawas dependent on the degree of the
in thg hole-transfer (!—|T_) rate constant with decreasing solvent polymerization (DP); the charge resonance band red-shifted
polarity may be qualltat_lvel_y rea:_sonable. However, the energy markedly from DP= 2 to DP= 10 and then was saturated at
gap for the model reaction is estimated to be endothermic with pp — 20 From these results and discussion on the thermal

the energy of-0.2—0.3 eV even in rather polar solvents such  fjyctuation of the main chain conformation, they concluded that
as pyridine and 1,2-dichloroethane solutidhs® The activation the cation state was delocalized over several Cz units. In

energy and @he rate constant for the initial hole-escape reactiongqgition, they suggested the temporal fluctuation of the degree
are, respectively, estimated to belOkgT and on the order of ¢ the charge resonance interactfgn.
10°—10° s~ even in these rather polar solutions by the standard By integrating the present results on the HT processes with

theory of the ET reaction assuming very weak interaction those on the relation between the charge resonance band and
between the reactamThat is, some other factors should be pp it is strongly suggested that the delocalization of Gxer

taken into account for the rational interpretation of the large several Cz units plays an important role in the effective HT

independent of the solvents. The present result on the solven
dependence of the CR rate constant in the PVO2ZNB system

HT rate constants in polar solution. process. The experimental redtithat the HT process was not
From the direct investigation on the HT processes of various detected for the carbazolyl dimer model systems such as 1,2-
aromatic vinyl polymers in 1,2-dichloroethane solutféne it dicarbazolycyclobutane and 1,3-dicarbazolypropane supports the

was revealed that thkyr increases with an increase in the importance of the hole delocalization over several Cz units. The
overlap between the neighboring two aromatic groups. Namely, delocalization of the cation state over several Cz moieties
the vinyl polymers with large aromatic groups such as benzo- increases the effective interionic distance leading to the decrease
carbazolyl and carbazolyl moieties undergo the HT process with in the effective Coulombic attractive force. In addition, the
large HT constants on the order of%1€%. On the other hand,  solvent reorganization energy for the HT reaction decreases with
the HT rate constant in the polystyrene system wag’ s-1.23 an increase in the size of the cation, which is also favorable for
These results strongly suggest that the rather large electronicthe HT reaction to take place quickly.
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However, it should be mentioned here that a CR rate constant (11) On the charge-transfer emission and its relation to the photocurrent,

i i i i e.g.: (a) Yokoyama, M.; Endo, N.; Mikawa, Bull. Chem. Soc. Jpri976

identical with that of the monomer model system was estlma_ted 49, 1538. (b) Okamoto, K.; Oda, N.; ltaya, A.; KusabayashCBem. Phys.

for the PVCz-TCNB system in polar solutions by the analysis | ¢t 1975 35, 483.

based on SCheme 1. In add|t|0n, the d|Chr0|Sm Of the Cat|0n (12) On the excimer fluorescence, eg. (a) Johnson, G. Ehem.

absorption was observed for all of the solvents examined here.Phys.1975 62, 4697. (b) ltaya, A.; Okamoto, K.; Kusabayashi, Bill.

Under the condition that the Czs delocalized over several Ch(el”;)- %Oc-ﬂfpzlwﬁ ‘_‘9'b2?]82-_ e excited stat (@) Sakai. H

H : H H S n the dynamic benaviors In the excited state, e.g.: (a, akal, H.;
Cz units, the d|th0|sm signal may bg very small or diminished. ltaya, A.. Masuhara, HI. Phys. Cherm 989 93, 5351. (b) ltaya. A.- Egawa,
These results imply that the localized cation state and the a; Umehara, Y.; Sakai, H.; Masuhara, Rolymer1994 35, 3149. (c)

delocalized states may be in rapid equilibrium as suggested bySakai, H.; Itaya, A.; Masuhara, H.; Sasaki, K.; KawataP8lymer1996
31

Tsuchida et at? 37'(14) On the model systems of the polymer transient absorpti t
. . n the model systems O € polymer transient absorption spectra
The decrease of the HT rate constants in less polar solution excited, cationic, and anionic species, e... (a) De Schryver, F. C..

may also be interpretable from the viewpoint of the charge vandendriessche, J.; Toppet, S.; Demeyer, K.; Boensjatromolecules
resonance delocalization. Even if the degree of the charge1982 15, 406. (b) Vandendriessche, J.; Palmans, P.; Toppet, S.; Boens,
resonance delocalization is independent of the solvent polarity, N-: Dé Schryver, F. C.; Masuhara, Bl. Am. Chem. Sod.984 106, 8057.

the increase of the effective attractive force with decreasing Spé(l:?gsoe” éh_e E;"’)‘”,f‘,l'aeglﬂﬁgfgrﬂ'f)r};ﬁfgrﬁQf,\i};ggg’ T\lat.'ogéc’sac?#y%'gfn;c

solvent polarity suppresses the HT reaction. In addition, the c; vandendriessche, J. Am. Chem. Sod983 105, 7256. (b) Masuhara,

degree of the charge resonance delocalization itself seems td1. Makromol. Chem. Suppl985 13, 75.

be dependent on the solvent polarity because the charge
resonance delocalization energy relative to the Coulombic
attractive energy affects the rapid equilibrium between the

(16) Dynamics in short time regions, e.g.: (a) Masuhara, H.; ltaya, A.
In Macromolecular Complexes: Dynamic Interactions and Electronic
ProcessesTsuchida, E., Ed.; VCH: New York, 1991; pp 692. (b)
Watanabe, K.; Asahi, T.; Masuhara, Bhem. Phys. Lett1994 233, 69.

localized and delocalized states. From investigation on electron-(c) Watanabe, K.; Asahi, T.; Masuhara, HPhys. Chenl996 100, 18436.

transfer processes of TCNBoly(1-vinylpyrene) (PVPy) in

which the stable localized dimer cation is effectively produced,

(17) Miyasaka, H.; Moriyama, T.; Kotani, S.; Muneyasu, R.; Itaya, A.
Chem. Phys. Lettl994 225 315.
(18) Miyasaka, H.; Moriyama, T.; Ide, T.; Itaya, £&hem. Phys. Lett.

the ion pair states in less polar solutions showed biexponential ; ggg 592 "339.

decay?® On the basis of the spectral evolution of the cation,

(19) ltaya, A.; Kitagawa, T.; Moriyama, T.; Matsushita, T.; Miyasaka,

the faster and the slower decay components were, respectivelyH. J. Phys. Chem. B997, 101, 524.

assigned to the CR process of the ion pair between the anion
and monomer cation and that between the anion and localize

(20) Miyasaka, H.; Moriyama, T.; Itaya, Al. Phys. Cheml996 100,

d12609.

(21) Moriyama, T.; Monobe, K.; Miyasaka, H.; Itaya, 8&hem. Phys.

dimer cation. The CR time constant of the ion pair between the | ot 7997 275 291.

anion and localized dimer cation was several times longer than

(22) Miyasaka, H.; Moriyama, T.; Itaya, Al. Phys. Chem. B997,

that between the anion and monomer cation. Smaller CR rate101, 10726.

constants of the PVCZTCNB system in less polar solutions

than those of the monomer model system suggest that the catio
state is localized in a few Cz units in less polar solution. For a

(23) Miyasaka, H.; Moriyama, T.; Khan, S. R.; Itaya, A.Femtochem-

ﬁ'stry; De Schryver, F. C., Ed.; Wiley-VCH: Weinheim, Germany, in press.

(24) ltaya, A.; Okamoto, K.; Kusabayashi, Bolym. J.1985 17, 557.
(25) Masuhara, H.; Mataga, NChem. Phys. Lettl97Q 6, 608.

quantitative estimation of the degree of the charge resonance (26) Miyasaka, H.; Ojima, S.; Mataga, BL. Phys. Chen.989 93, 3380.

delocalization, we are now persuing the investigation with higher

time resolution, the results of which will be published shortly.
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