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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 ps)-1 in pyridine. With a decrease in the solvent polarity, the HT rate
constant drastically decreased, and it wase107 s-1 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

Photoinduced electron transfer (ET) and its subsequent
processes play fundamental and important roles in a number of
photochemical reactions in the condensed phase.1-6 Transport
of electrons initiated by photoexcitation is one of the phenomena
closely related to the photoinduced ET and ubiquitous in nature
as well as in artificial systems. In the natural system, the
photosynthetic reaction center in plants is a most representative
system in which the electron transport takes place efficiently
in three-dimensional arrangements.5 In the artificial system, a
great deal of effort has been devoted to the construction of
organic photoconductive molecular systems.7,8 The vinyl poly-
mer with large aromatic groups is one of the most well-known
artificial materials in which the transport of the electron or the
hole or both takes place and has been attracting much attention
for a long time from various viewpoints.7-23

In most of these polymers, the interaction among the pendant
aromatic groups is rather small and band structures in the
electronic states are not plausible in general. Hence, the
photoconduction in these polymers may be regarded as the
integrated phenomena of “intermolecular” ET processes such
as charge separation, charge recombination, and charge-shift
reactions from the viewpoint of the photoinduced ET in the
condensed phase.1-6 The direct information on the whole
mechanism of the electron-transfer dynamics and, especially,
on the charge-shift reaction among the aromatic side groups
provides important principles not only for the comprehensive
understanding of the photoconduction in these polymers but also
for the molecular design of artificial photoconductors.

Although a number of investigations have been reported as
mentioned above, direct detection has scarcely been applied to
the elucidation of the rate constant of the charge-shift reaction
between the aromatic side groups and the factors regulating it.
One of the obstacles for the direct measurement of the charge-
shift reaction is related to the fact that the discrimination of the
charge-shift process in electron-transfer dynamics is rather
difficult by the usual transient absorption spectroscopy because
the absorption spectrum of the anion or the cation of the side
aromatic groups is hardly influenced by the charge-shift
reactions.

Recently, we pointed out that the dichroism measurement of
the transient absorption of ionic species directly probes the
charge-shift reactions in these polymer systems and applied this
technique to the detection of the hole-migration process in poly-
(N-vinylcarbazole) (PVCz) and its related systems in the solid
amorphous phase,17-19 as well as PVCz and other aromatic vinyl
polymers in solution phase.20-23 From these results, it was
demonstrated that rapid hole migration with a time constant of
0.2 ns to a few nanoseconds takes place in solution as well as
in solid films. It should be mentioned that the hole-escape
reaction is endothermic because the increase in the interionic
distance reduces the Coulombic attractive interaction in the ion
pair. The activation energy predicted for the model reaction of
the initial hole-escape reaction, A-D0

+D1 f A-D0D1
+, by the

standard theory of ET reaction2 is .10kBT even in a rather polar
solution of 1,2-dichloroethane, and such a large hole-migration
rate constant on the order of 109 s-1 could not be accounted for
within the framework of usual ET theories assuming very weak
interaction in the reactants.

To more clearly elucidate factors regulating rapid hole-transfer
processes among pendant groups in aromatic vinyl polymers,
the solvent effects on the hole-migration process have been
investigated in present work. The solvent polarity affects the
Coulombic attractive force in the initial ion pair and the energy
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gap of the hole-escape reaction. In the following, we will discuss
the photoprimary processes in PVCz, as well as the correspond-
ing monomer model system, by integrating the present results
with those accumulated for the general transient ion pairs in
solutions and with the primary electron-transfer processes in
other aromatic vinyl polymers and their related systems.

Experimental Section

Poly(N-vinylcarbazole) (PVCz) of narrow molecular weight
distribution (Mn ) 6.55 × 105, Mw/Mn ) 1.74) was prepared
by radical polymerization methods24 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. Molecular
structures of the compounds used in the present work are shown
in Figure 1.

A microcomputer-controlled picosecond laser photolysis
system with a custom-built repetitive mode-locked Nd3+:YAG
laser was used for measurements. The optical alignments were
almost the same as those developed previously.17,20The second
harmonic pulse at 532 nm with a 15 ps fwhm and ca. 0.5 mJ
output power was used for exciting the samples. To avoid the
Kerr signal around the time origin, the excitation intensity was
attenuated to,1/10 for the dichroism measurements in the
background-free condition. Monitoring white light was generated
by focusing the fundamental light into a 10 cm D2O-H2O
(3:1) cell. Two sets of the multichannel photodetector (Hamamat-
su, S4874) combined with a polychromator were used for the
detection of the monitoring light in the usual transient absorption
spectroscopy. For the measurements of the dichroism signal with
the background-free condition, we employed the multichannel
detector with an image intensifier (Hamamatsu, C4560) to detect
the weak transmitted light. Circular polarized probe light was
used for the absorption spectroscopy, while a linearly polarized
one was employed for the dichroism measurements. The
repetition rate of the excitation light was kept low (<0.5 Hz).
Most of the data were accumulated over four measurements.
The experimental errors for the transient absorption spectroscopy
are less than(10%, while those for the dichroism are less than
(20%. Chirping of the monitoring white light continuum was
corrected. For all of the systems examined in the present study,
the irradiation at 532 nm corresponds to the selective excitation
of the ground-state charge-transfer (CT) complexes formed
between TCNB and carbazolyl moieties. All of the measure-
ments were performed under O2-free conditions at 21( 2 °C.

Results and Discussion

Photoinduced Electron-Transfer Dynamics in Pyridine
Solution. Prior to the discussion on polymer systems, we present
photoinduced electron-transfer dynamics of the monomer model
systems as references. Figure 2a exhibits time-resolved transient

absorption spectra ofN-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
reported previously.25,26On the other hand, the absorption bands
at 800 and 720 nm are ascribable to the cation radical of EtCz
(EtCz+).14,16 The time evolution of the spectra in Figure 2a
indicates that the excitation of the CT absorption band results
in the ion pair formation (charge separation, CS) in the excited
state.

With an increase in the delay time after the excitation, the
absorbance due to the ion pair gradually decreases as shown in
Figure 2a. Because the relative ratio between the absorption
intensity of the cation and that of the anion keeps a constant
value during the decay process and no absorption was observed
at and after ca. 1 ns following the excitation, almost all of the
deactivation of the ion pair was ascribed to the charge
recombination (CR). Figure 2b shows the time dependence of
the absorbance due to the ion pair monitored at 465 nm. The
decay profile is well described as a first-order kinetics with the
time constant of 65 ps. The time constant of the CR in the
present system was quantitatively in agreement with the global
energy-gap dependence of the CR rate obtained for the ion pairs
produced via the excitation of the ground-state CT complex in
various environments.27,28

For the dynamic behaviors of transient ion pair states formed
via the photoinduced electron-transfer (ET) process in solu-
tions,6,27,29 it has been established that the geminate ion pair
produced in strongly polar solutions undergoes, in competition
with the charge recombination, ionic dissociation with the aid
of the thermal diffusive motion. For the present system in
pyridine solution, the ionic dissociation rate constant was
estimated to bee108 s-1 by carefully observing the absorption
signal that remained after the initial charge recombination decay.
This value is much smaller than that in acetonitrile.16,27,29This
small rate constant of the ionic dissociation is mainly ascribable
to the dielectric constant of pyridine (ε ) 12.4 at 25°C), which
is much smaller than that of acetonitrile.

Figure 3a shows the time-resolved transient absorption spectra
of poly(N-vinylcarbazole) (PVCz)-TCNB in pyridine solution
excited with a picosecond 532 nm laser pulse. Each of the
spectra shows two absorption maxima at 465 and ca. 790 nm.
The former band at 465 nm is safely ascribed to TCNB-, as

Figure 1. Molecular structures of the compounds used.

Figure 2. Time-resolved transient absorption spectra of EtCz (0.05
M)-TCNB (0.11 M) in pyridine solution excited with a picosecond
532 nm laser pulse (a) and time profile of the transient absorbance at
465 nm (b).
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was mentioned in the interpretation of Figure 2a. On the other
hand, the latter absorption at ca. 790 nm is attributed to the
cation radical of the carbazolyl (Cz) moiety in PVCz on the
basis of the coincidence of the spectral band shape and its
maximum to reference.15,20When this spectrum is compared to
the spectrum of EtCz+ in Figure 2a, one can find that the spectral
shape of Cz+ in PVCz is broader. According to the detailed
investigations on the band shape of the cation in aromatic vinyl
polymers and their related compounds,16a it was demonstrated
that the interaction of the aromatic cation and the neighboring
neutral moiety affected the band shape of the cation radical.

Figure 3b shows the time profile of the charge-separated state
monitored at 465 nm, indicating that the rather fast decay in
the subnanosecond time region is followed by the long-lived
ionic species in the several nanosecond region. The single
exponential process did not reproduce the fast decay process in
the subnanosecond region. In addition, the residual signal did
not appreciably decrease in the nanosecond region. It should
be noticed here that such residual absorption signal was not
detected for the monomer model system as shown in Figure 2.

To analyze this time profile, we have employed Scheme 1,
which well reproduced the primary process of electron-transfer
dynamics in PVCz-electron acceptor systems and other aro-
matic vinyl polymers in 1,2-dichloroethane solution.20-23

Here,kHTi is the hole-transfer rate constant between the two
neighboring Cz moieties. For simplicity, all of thekHTi constants
were assumed to be identical (kHT) in the calculation. In addition,
the charge recombination was assumed to take place only
between TCNB- and D0

+ (at the initial position of the charge
separation). The rate constant of the charge recombination (kCR)
was set to be equal to that of the monomer model system
(EtCz-TCNB) in pyridine solution. Hence, the parameter in
the calculation was only thekHT value. The result of the
calculation withkHT ) 4.3× 109 s-1 was presented as the solid
line in Figure 3b, in which the calculated curve reproduces the

experimental results on the dynamic behaviors fairly well not
only for the nonexponential decay profile in the subnanosecond
time region but also for the residual absorption signals in the
several nanosecond time region. The above results strongly
suggest that the ET dynamic behaviors of PVCz in pyridine
solution are well described by Scheme 1, as was confirmed for
the dynamics in 1,2-dichloroethane solution.20-23

To elucidate the hole-migration process more directly, we
measured the transient dichroism of the absorption due to Cz+,
as well as that of TCNB-. For the usual solute molecules in
fluid solutions, the rotational diffusion process diminishes the
memory of the polarized excitation. Although such rotational
motion is restricted in the polymer system, local motions in the
main chain take place and diminish the memory of the polarized
excitation. In addition, for the dichroism signal of the cation in
PVCz, the hole migration in the polymer chain also seems to
decrease the memory of the polarized excitation. Hence, the
comparison of the dichroism signals between the cation and
the anion seems to provide the direct information on the hole-
migration processes in the present system.

For the dichroism measurements in the polymer system, we
have adopted a background-free optical system30,31 because a
wider dynamic range in the time profiles was obtained by this
method. In this measurement, the polarization angle between
the excitation (pump) and the monitoring (probe) light pulses
is set at 45°. The analyzer polarizer perpendicular to the
polarization of the probe light is placed before the detector.
Because the excitation of the ground-state CT complex by the
polarized light induces the difference in the transient absorbance
of the charge-separated state between thex andy axes (transient
dichroism), the polarization angle of the probe light is modified
and a part of the monitoring light can transmit the analyzer.

In the case in which the dephasing process of the memory of
the polarized excitation is regarded as an exponential process,
the transmitted light intensity,IT(t), in the homodyned detection
is given by30-32

whereA(t) is the time dependence of the population of the ionic
species andτDP is the time constant for the dephasing process
of the memory of the polarized excitation. In the actual
measurement, we employed the heterodyned detection method

Figure 3. Time-resolved transient absorption spectra of PVCz ([Cz]
) 0.36 M)-TCNB (0.25 M) in pyridine solution excited with a
picosecond 532 nm laser pulse (a) and time profile of the transient
absorbance at 465 nm (b). The solid line is the calculated curve on the
basis of Scheme 1 withkHT ) 4.3× 109 s-1 andkCR ) 1.5× 1010 s-1

(see text).

SCHEME 1

IT(t) ∝ {A(t) exp(-t/τDP)}
2 (1)
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as performed in previous works.17-23 In this optical configura-
tion, the analyzer polarizer was uncrossed slightly (less than a
few degrees) and the electric field,ELO, is present in the absence
of the pump pulse.ILO, which is in proportion withELO

2, is
adjusted to make the heterodyne term (ELOES(t)) much greater
thanIS (∝ES(t)2). In this case, the transmitted light intensity is
given by the following equation.32,33

Here,ILO is the intensity transmitted in the absence of the pump
pulse. TheILO signal is removed by subtracting the transmitted
intensity at delay time, 0 ps from the observed signalIT. In
the heterodyned detection, much larger intensity of the signal
can be obtained and the observed time profile arising from the
dichroism is proportional to the signal electric field,ES, while
the signal intensity,IS, scales quadratically withES in the
homodyned detection.

Figure 4 shows the time profiles of the transient dichroism
monitored around 790 nm (Cz+) and 465 nm (TCNB-). This
figure clearly demonstrates that the memory of the polarized
excitation in Cz+ decreases much faster than that of TCNB-,
although the time constants for the dephasing process of the
polarized excitation (rotational relaxation) of the cation and
anion in the ion pair were identical with each other in the
monomer model system.20-23 This result clearly indicates that
the dephasing process of the polarized excitation in the cation
includes some additional channels in the polymer system.

To quantitatively interpret the time evolution of the dichroism
signals in the polymer system, the observed time profiles were
analyzed on the basis of Scheme 1. In this calculation, the time
profile of the population decay of the anion,A(t), was set to be
identical with that used for Figure 3b; the time constants of the
charge recombination and the hole transfer were the same as
those used in the analysis of Figure 3b. The solid line for the
time profile of the anion in Figure 4 is the calculated result on
the basis of eq 2 withτDP ) 950 ps. The calculated result shown
in Figure 4 reproduces the experimental results fairly well and
indicates that the anion attached to the Cz moiety in PVCz
rotates with a much longer time constant than that in the
monomer model system. On the motions of the aromatic vinyl
polymer in fluid solutions, it has been reported that the local
motions such as three bond motion and crankshaft motion to
result in the conformational change of the pendant aromatic
groups were on the order of subnanoseconds to nanoseconds.34-36

Hence, it is strongly suggested that the present time constant
for the dichroism decay of TCNB- attached to the Cz moiety
in PVCz may be attributable to these local motions in the main
chain of the polymer.

On the other hand, the solid line for the dichroism decay of
the Cz+ is the result calculated for the time profile of D0

+ in
Scheme 1. Namely, the population decay of the Cz+, which is
directly connected to TCNB- (Cz which formed the CT complex
with TCNB in the ground state before the photoexcitation), is
exhibited. Because the hole-shift reaction to neighboring Cz
moieties existing in the polymer chain seems to diminish this
memory, we examined the time profile of D0

+. In the calcula-
tion, the time constants of both the charge recombination and
the hole migration were set to be the same as those used for
the analysis of Figure 3b. In addition, the local rotational
relaxation time constant of 950 ps was also included. As shown
in this figure, the calculated curve reproduces the experimental
result for Cz+ fairly well as for that in TCNB-. By integrating
the present result on the dichroism decay with that of the
transient absorption time profile in Figure 3b, it can be
concluded that the Cz+ initially produced via the excitation of
the ground-state CT complex actually undergoes the hole
migration to the neighboring neutral Cz moieties with the time
constant of 230 ps (kHT ) 4.3× 109 s-1) as assumed in Scheme
1 and its memory of the polarized excitation decreases mainly
via the hole-shift reaction. Compared to the hole-transfer process
of PVCz in 1,2-dichloroethene solution (the dielectric constant
is 10.36), thekHT value in more polar pyridine solution was 2.2
times larger than that that in 1,2-dichloroethane solution. The
solvent effect on the hole transfer process will be discussed in
later.

Photoinduced Electron-Transfer Dynamics in THF Solu-
tion. The dynamic behaviors in less polar THF solution (ε )
7.58 at 25°C) are shown in this section. Figure 5a shows the
time-resolved transient absorption spectra of the monomer model
system (EtCz-TCNB) in THF excited with a picosecond 532
nm laser pulse. As was shown in Figure 2 in pyridine solution,
the selective excitation of the ground-state CT complex between
EtCz and TCNB produces the ion pair also in THF, followed
by the deactivation via the charge recombination with first-order
kinetics (Figure 5b). The charge recombination time constant
was obtained to be 92 ps.

Transient absorption spectra of PVCz-TCNB in THF solu-
tion excited with a picosecond 532 nm laser pulse are shown
in Figure 6a. The sharp absorption at 465 nm and broad

Figure 4. Time profiles of transient dichroism signals of the PVCz-
TCNB system in pyridine solution excited with a picosecond 532 nm
laser pulse monitored at 790 nm (Cz+, closed circles) and at 465 nm
(TCNB-, open circles). Solid lines are the results calculated on the
basis of eq 2 and Scheme 1 (see text).

IT(t) - ILO ∝ A(t) exp(-t/τDP) (2)

Figure 5. Time-resolved transient absorption spectra of EtCz (0.05
M)-TCNB (0.41 M) in THF solution excited with a picosecond 532
nm laser pulse (a) and time profile of the transient absorbance at 465
nm (b).
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absorption at 790 nm are, respectively, assigned to TCNB- and
Cz+. The time profile of the charge-separated state monitored
at 465 nm is exhibited in Figure 6b, indicating that the rather
fast decay in the subnanosecond time region is followed by the
long-lived ionic species in the several nanosecond region
ascribable to the ion pair with longer interionic distance via
hole transfer. As for the dynamic behaviors in pyridine solution,
the single-exponential decay function did not reproduce the fast
decay process in the subnanosecond region.

As performed for pyridine solution, we analyzed the time
profile of Figure 6b by applying Scheme 1 withkCR identical
to that of the monomer model system. However, the calculated
curves withkCR identical to that of the monomer model system
did not reproduce the experimental result. The solid line in
Figure 6b is the result calculated by changing the CR time
constant also as a parameter. To fit the time profile in Figure
6b, the dynamic behaviors of the dichroism signals that will be
shown in Figure 7 were taken in into account. The CR and HT
rate constants thus obtained in Figure 6b were 3.0× 109 and
1.8 × 108 s-1, respectively. The CR time constant was almost
one-third of that of the monomer model system. In addition,
the HT rate constant in THF was more than 1 order of magnitude
smaller than those in pyridine and 1,2-dichloroethane solutions.

The time profiles of dichroism signals of PVCz-TCNB in
THF solutions are shown in Figure 7. The same optical setup
was employed as in Figure 4. The dynamics of the cation
monitored at ca. 780 nm and that of the anion monitored at
465 nm are, respectively, exhibited as closed circles and open
circles. Compared to the dichroism behaviors in pyridine
solution, the difference in the dynamic behaviors between the
cation and the anion was smaller than that in pyridine solution,
indicating that the hole transfer process is actually suppressed
in THF solution.

The solid line for the time profile of the anion in Figure 7 is
the calculated result on the basis of eq 2 withτDP ) 700 ps.

The CR and HT rate constants were set to be identical with
those used in Figure 6b. The time constant,τDP, was smaller
than that in pyridine solution (950 ps). This may be attributed
to smaller viscosity in THF solution. On the other hand, the
solid line for the dichroism behavior of Cz+ was the curve
calculated for D0+. Also for the calculation of the cation, the
time constants of both the charge recombination and the hole
migration were set to be the same as those used for the analysis
of Figure 6b. In addition, the local rotational relaxation time
constant of 700 ps was also included. As shown in this figure,
the calculated curve reproduces the experimental result for Cz+

fairly well as for that in TCNB-. By summarizing the above
results and discussion, it is concluded that the ET dynamic
behaviors of PVCz-TCNB in THF in the early stage after the
excitation is reproduced by Scheme 1 as in pyridine system
although the CR time constant in the PVCz-TCNB system is
almost three times smaller than that of the monomer model
system.

Photoinduced Electron-Transfer Dynamics in Chloroform
Solution. Figure 8a shows the time-resolved transient absorption
spectra of the monomer model system (EtCz-TCNB) in
chloroform solution (ε ) 4.81 at 20 °C) excited with a
picosecond 532 nm laser pulse. As was shown in Figures 2 and
4, the selective excitation of the ground-state CT complex
between EtCz and TCNB produces the ion pair also in
chloroform, followed by the deactivation via the charge

Figure 6. Time-resolved transient absorption spectra of PVCz ([Cz]
) 0.13 M)-TCNB (0.38 M) in THF solution excited with a picosecond
532 nm laser pulse (a) and time profile of the transient absorbance at
465 nm (b). The solid line is the calculated curve on the basis of Scheme
1 with kHT ) 1.8 × 108 s-1 andkCR ) 3.0 × 109 s-1 (see text).

Figure 7. Time profiles of transient dichroism signals of the PVCz-
TCNB system in THF solution excited with a picosecond 532 nm laser
pulse monitored at 780 nm (Cz+, closed circles) and at 465 nm (TCNB-,
open circles). Solid lines are the results calculated on the basis of eq
2 and Scheme 1 (see text).

Figure 8. Time-resolved transient absorption spectra of EtCz (0.09
M)-TCNB (0.008 M) in chloroform solution excited with a picosecond
532 nm laser pulse (a) and time profile of the transient absorbance at
465 nm (b).
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recombination with first-order kinetics with the CR time constant
of 260 ps (Figure 8b).

Transient absorption spectra of PVCz-TCNB in chloroform
solution excited with a picosecond 532 nm laser pulse are shown
in Figure 9a. The sharp absorption at 465 nm and broad
absorption at 790 nm are, respectively, assigned to TCNB- and
Cz+. The time profile of the charge-separated state monitored
at 465 nm is exhibited in Figure 9b. The residual absorption in
the several nanosecond time region is very small in chloroform
solution, while the dynamic behaviors in pyridine and THF
solutions showed the long-living charge-separated species due
to the HT process in this time region. In addition, the decay
profile was reproduced by a single-exponential function with
the time constant of 730 ps as the solid line in Figure 9b. These
results suggest that the effective HT process does not take place
in chloroform solution in the present time window.

The time profiles of the dichroism signals are shown in Figure
10. The experimental setup was same as that used for pyridine
and THF solutions. The decay of the signal due to the Cz cation
is identical with that of the anion within the experimental error.
This result directly indicates that the effective HT process does
not take place in chloroform solution and the cation stays at
the initial position of the charge separation. In addition, mutual
geometry between the anion and the cation is maintained as in
the ion pair prepared by the ground-state CT complex between
EtCz and TCNB.20,23The solid line is the result calculated with
the single-exponential decay process with the CR time constant
of 730 ps and theτDP of 600 ps. As stated in previous sections,
the latter process corresponds to the local conformational
reorientation time in the polymer main chain leading to the
dephasing of the polarized excitation and related to the solvent
viscosity. The slow time constant ofτDP may be ascribed to the
small viscosity of chloroform. By summarizing the above results
and discussion, we can safely conclude that the effective HT

process does not take place in chloroform solution and the ion
pair produced by the photoexcitation undergoes first-order decay
due to the CR process at the initial position of the charge
separation. In addition, the CR time constant between TCNB-

and Cz+ of PVCz in chloroform solution is about 3 times longer
than that of the monomer system in the same solvent.

Solvent Dependence of the HT and CR Processes.The
dynamic behaviors of PVCz-TCNB in dichloromethane solu-
tion (ε ) 8.93 at 25°C) were also investigated by means of
transient absorption spectroscopy and dichroism measurements.
As in pyridine and 1,2-dichloroethane solutions, the electron-
transfer dynamics was well reproduced by Scheme 1 with the
charge recombination rate constant identical with that of the
monomer model system (kCR ) 6.7 × 109 s-1). The HT rate
constant in dichloromethane solution was 1.1× 109 s-1. The
HT and CR rate constants of PVCz-TCNB system in various
solutions are plotted in Figure 11 as a function of the reciprocal
value of the dielectric constant (ε) of the solvent.39 In this figure,
the result in 1,2-dichloroethane solution20 is also plotted. As
shown in this figure, both CR and HT rate constants monotoni-
cally decrease with a decrease in solvent polarity.

Prior to the discussion on the solvent polarity dependence of
the electron-transfer rate constants, it is worth mentioning that

Figure 9. Time-resolved transient absorption spectra of PVCz ([Cz]
) 0.24 M)-TCNB (0.01 M) in chloroform solution excited with a
picosecond 532 nm laser pulse (a) and time profile of the transient
absorbance at 465 nm (b). The solid line is the calculated curve on the
basis of monoexponential decay with the time constant of 1.4× 109

s-1 (see text).

Figure 10. Time profiles of transient dichroism signals of the PVCz-
TCNB system in chloroform solution excited with a picosecond 532
nm laser pulse monitored at 780 nm (Cz+, closed circles) and at 465
nm (TCNB-, open circles). The solid line is the results calculated on
the basis of eq 2 (see text).

Figure 11. Solvent polarity dependence of the HT (closed circles)
and the CR (open circles) rate constants as a function of the reciprocal
dielectric constants of solvents. PY is in pyridine, DCE is in 1,2-
dichloroethane, DCM is in dichloromethane, THF is in THF, and CLF
is in chloroform. The dielectric constants39 were determined at 25°C
for dichloromethane and chloroform. Those for the other three solvents
are at 20°C. The results in 1,2-dichloroethane solution were taken from
ref 20. Solid lines are to guide the eye.
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the spatial configuration of the polymer (the extent of the
coiling) is generally dependent on the solvent. In good solvents,
the radius of gyration increases, and it decreases in poor solvents.
The solvent parameters affecting the coiling size of PVCz in
1,2-dichloroethane, tetrahydrofuran, and chloroform were re-
ported to be almost the same as one another.40 Although the
solvent parameters for pyridine and dichloromethane were not
reported, the solubility of PVCz in these two solvents strongly
suggests that the solvent parameters on the coiling size in these
two solvents may be also similar to the other three solvents. In
addition, the present time window of the measurements (6 ns)
can only cover the hole-transfer dynamics in a small area of
the polymer chain (at most less than a few tens of Cz units).
Hence, we may conclude that the effect of the coiling size of
PVCz depending on the solvent does not seriously affect the
electron-transfer (ET) rate constants.

First, we discuss the solvent polarity dependence of the CR
process. For the energy-gap (∆E) dependence of CR rate
constants (kCR) of the geminate ion pair produced by the
photoexcitation of ground-state charge transfer (CT) complexes
in solutions with different polarities, Asahi, Mataga, and co-
workers reported the following results:27 (a) no or very little
solvent polarity effect on thekCR vs ∆E (the energy gap for the
CR reaction) relations and (b) a ln(kCR) vs ∆E linear relation,
ln(kCR) ) R - â|∆Ε|, with a gentle slope andR and â
independent of the solvents. The present result on the solvent
dependence of the CR rate constant in the PVCz-TCNB system
may be interpreted in a similar way. Although the donor and
acceptor pair is same, the energy gap (∆E) between the ion
pair level (TCNB--Cz+ in PVCz) and the ground state
increases with a decrease of the solvent polarity. The energy
level of the ion pair scales with 1/ε on the assumption that the
Born equation can be applied for the energy level estimation in
the solvents. The energy gap of the CR process of TCNB--
Cz+ in chloroform solution was estimated to be ca. 0.26 eV
larger than that in pyridine solution and on the basis of the Born
equation with the ion radius of 3.5 Å.

Compared to the solvent polarity dependence of the CR
process, the hole-transfer (HT) rate constant is more intensely
dependent on the solvent polarity. As briefly mentioned in the
introductory section, the model reaction, A-D0

+D1 f A-D0D1
+,

takes place against the Coulombic attraction and is endothermic.
Because the decrease of the solvent polarity increases the
attractive Coulombic energy in the initial ion pair, the decrease
in the hole-transfer (HT) rate constant with decreasing solvent
polarity may be qualitatively reasonable. However, the energy
gap for the model reaction is estimated to be endothermic with
the energy of+0.2-0.3 eV even in rather polar solvents such
as pyridine and 1,2-dichloroethane solutions.20,23The activation
energy and the rate constant for the initial hole-escape reaction
are, respectively, estimated to be.10kBT and on the order of
105-106 s-1 even in these rather polar solutions by the standard
theory of the ET reaction assuming very weak interaction
between the reactants.20 That is, some other factors should be
taken into account for the rational interpretation of the large
HT rate constants in polar solution.

From the direct investigation on the HT processes of various
aromatic vinyl polymers in 1,2-dichloroethane solution,20-23 it
was revealed that thekHT increases with an increase in the
overlap between the neighboring two aromatic groups. Namely,
the vinyl polymers with large aromatic groups such as benzo-
carbazolyl and carbazolyl moieties undergo the HT process with
large HT constants on the order of 109 s-1. On the other hand,
the HT rate constant in the polystyrene system wase107 s-1.23

These results strongly suggest that the rather large electronic

interaction between the cation and the neutral group plays an
important role in the hole-transfer process.

It should be pointed out here that the stable dimer cation
resulting from large interaction, however, is usually regarded
as the trapping site of the hole.16a In relation to this, it is
noteworthy to mention that the effective dimer cation formation
does not take place via the intermolecular interaction in
7-ethylbenzo[c]carbazole, 5-ethylbenzo[b]carbazole, orN-eth-
ylcarbazole (monomer model systems of the polymers with large
kHT constants) under usual conditions, while rather small
aromatics such as 1-ethylnaphthalene, 2-ethylnaphthalene, and
benzenes (monomer model systems of the polymers with small
kHT constants) form the intermolecular dimer radical cations
easily in solutions.37,38These results indicate that large aromatic
side groups such as carbazolyl and benzocarbazolyl moieties
intrinsically have small stabilization energy in the dimer cation
formation acting as deep trap sites of the cation. In addition,
the hole-transfer process in PVCz in polar solutions was faster
than the conformational rearrangement of the local structures
in the polymer chain as was indicated by the dichroism decay
of the anion. Because the stable dimer cation formation requires
the conformational rearrangement, it may be deduced that the
hole can migrate prior to the stable dimer cation formation in
the present case. By summarizing the above results and
discussion, it may be concluded that rather large interaction
between neighboring aromatics under the confined condition
in the polymer has an effective role in the hole-migration
process, while the increase in the interaction leading to the stable
dimer cation formation actually reduces the hole-migration
process.

The interaction between aromatic radical cation and neutral
moieties is estimated from the charge resonance band of the
absorption spectrum in the 1-2 µm near-IR region. For the
dimer system such as (DD)+, the charge resonance band shifts
toward the blue wavelength region with an increase in the
interaction.38 On the other hand, the charge resonance band shifts
toward the red wavelength region under the charge resonance
interaction of more than two chromophores.41,42Tsuchida et al.
reported systematic investigations42,43on the charge resonance
interaction of more than two chromophores in aromatic vinyl
polymers. They measured the charge resonance band of Cz+ in
N-vinylcarbazole (VCz) oligomers as well as PVCz in DMF
solution by means of nanosecond laser spectroscopy.43 Accord-
ing to their results, the absorption maximum of the charge
resonance band of Cz+ was dependent on the degree of the
polymerization (DP); the charge resonance band red-shifted
markedly from DP) 2 to DP) 10 and then was saturated at
DP ) 20. From these results and discussion on the thermal
fluctuation of the main chain conformation, they concluded that
the cation state was delocalized over several Cz units. In
addition, they suggested the temporal fluctuation of the degree
of the charge resonance interaction.43

By integrating the present results on the HT processes with
those on the relation between the charge resonance band and
DP, it is strongly suggested that the delocalization of Cz+ over
several Cz units plays an important role in the effective HT
process. The experimental result44 that the HT process was not
detected for the carbazolyl dimer model systems such as 1,2-
dicarbazolycyclobutane and 1,3-dicarbazolypropane supports the
importance of the hole delocalization over several Cz units. The
delocalization of the cation state over several Cz moieties
increases the effective interionic distance leading to the decrease
in the effective Coulombic attractive force. In addition, the
solvent reorganization energy for the HT reaction decreases with
an increase in the size of the cation, which is also favorable for
the HT reaction to take place quickly.
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However, it should be mentioned here that a CR rate constant
identical with that of the monomer model system was estimated
for the PVCz-TCNB system in polar solutions by the analysis
based on Scheme 1. In addition, the dichroism of the cation
absorption was observed for all of the solvents examined here.
Under the condition that the Cz+ is delocalized over several
Cz units, the dichroism signal may be very small or diminished.
These results imply that the localized cation state and the
delocalized states may be in rapid equilibrium as suggested by
Tsuchida et al.43

The decrease of the HT rate constants in less polar solution
may also be interpretable from the viewpoint of the charge
resonance delocalization. Even if the degree of the charge
resonance delocalization is independent of the solvent polarity,
the increase of the effective attractive force with decreasing
solvent polarity suppresses the HT reaction. In addition, the
degree of the charge resonance delocalization itself seems to
be dependent on the solvent polarity because the charge
resonance delocalization energy relative to the Coulombic
attractive energy affects the rapid equilibrium between the
localized and delocalized states. From investigation on electron-
transfer processes of TCNB-poly(1-vinylpyrene) (PVPy) in
which the stable localized dimer cation is effectively produced,
the ion pair states in less polar solutions showed biexponential
decay.45 On the basis of the spectral evolution of the cation,
the faster and the slower decay components were, respectively,
assigned to the CR process of the ion pair between the anion
and monomer cation and that between the anion and localized
dimer cation. The CR time constant of the ion pair between the
anion and localized dimer cation was several times longer than
that between the anion and monomer cation. Smaller CR rate
constants of the PVCz-TCNB system in less polar solutions
than those of the monomer model system suggest that the cation
state is localized in a few Cz units in less polar solution. For a
quantitative estimation of the degree of the charge resonance
delocalization, we are now persuing the investigation with higher
time resolution, the results of which will be published shortly.
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