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ABSTRACT: The transient absorption spectra (charge-resonance (CR) band) of poly(N-vinylcarbazole) (PVCz) 
and the copolymers of N-vinylcarbazole (VCz) with methyl methacrylate and vinyl acetate were measured 
by laser photolysis to investigate the charge delocalization in the polymers. For the copolymers in which 
the fraction of VCz CfvcZ) is less than 0.4, the CR band appeared at ca. 1800 nm. In the case of fvc. > 0.5, 
the CR band was shifted to longer wavelengths with increasing fvcZ and the copolymer with fvcZ = 0.83 showed 
the same transient absorption spectrum as PVCz. By considering the sequential distribution of the copolymers, 
the charge formed in PVCz was found to be delocalized among more than two chromophores. For the copolymer 
CfvcZ = 0.07) having no neighboring chromophore interaction, the radical-cation transfer to  a series of amines 
was measured to investigate the free energy change (AC) dependence of an electron-transfer rate constant 
(k& The result shows that there is a linear relationship between log k, and AG. By using this relationship, 
the stabilization energy of the carbazole radical cation in PVCz was estimated to be 0.5 * 0.1 eV. This value 
is larger than that of the carbazole dimer radical cation, i.e., the stabilization by the charge delocalization 
among more than two chromophores is stronger than that of the dimer radical cation. 

Introduction 
The stabilization of a radical cation by the interaction 

with neutral chromophores is one of the most important 
properties in an electron-transfer reaction of a polymer 
having a pendant chrom~phore, ' -~ and the electronic 
properties of t he  dimer radical cation have been 
investigated for intramolecular  system^^-^ and for inter- 
molecular s y s t e m ~ ~ ~ - ~ ~  by ESR, y-ray-irradiated rigid 
matrix method, pulse radiolysis, and laser photolysis. 

Masuhara e t  al. showed tha t  t he  dimeric model 
compounds, meso- and rac-2,4-di-N-carbazolylpentane 
(meso-and rac-DCzPe), form the sandwich dimer radical 
cation having the fully overlapped conformation of car- 
bazole chromophore and the second dimer radical cation 
having the  partially overlapped one, respectively.' 
Furthermore, they measured the transient absorption 
spectrum of a carbazole (Cz) radical cation in poly(N- 
vinylcarbazole) (PVCz) in a visible region and concluded 
that the measured spectrum for PVCz is a superposition 
of absorption bands of three kinds of dimer radical cations 
by the comparison with the absorption spectra for dimeric 
model compounds.l6 

We have studied the stability of the Cz radical cation 
of PVCz and its dimeric model compounds in a solution 
by the radical-cation-transfer method2J7 and by the charge- 
resonance band measurement3.s t o  understand the  
neighboring chromophore interaction on a radical cation. 
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Consequently, we found that the stabilization energy is 
ca. 0.3 eV for the sandwich dimer radical cation and ca. 
0.1 eV for the second dimer radical cation by the radical- 
cation-transfer method2 and reported that a Cz radical 
cation formed in PVCz is more stabilized than the dimer 
radical cations.lS2 

In the present study, we measured transient absorption 
spectra (charge-resonance band) of a Cz radical cation 
formed in PVCz and the copolymers of N-vinylcarbazole 
(VCz) with methyl methacrylate (MMA) and vinyl acetate 
(VAc) by laser photolysis. In  the  copolymers, t he  
neighboring chromophore interaction of Cz*+ is interrupted 
by the inert comonomer, MMA, and VAc. The relation 
between the charge-resonance (CR) band and the fraction 
of VCz in the copolymer shows that the Cz radical cation 
in PVCz is stabilized by the charge delocalization among 
more than two chromophores. By the radical-cation- 
transfer method, the stabilization energy of the Cz radical 
cation in PVCz was estimated to  be 0.5 f 0.1 eV. 

Experimental Section 
A. Materials. 1. Electron Donors (D1). N-Vinylcarba- 

zole (VCz; Tokyo Kasei Kogyo Co.) was recrystallized from 
methanol and hexane several times. Poly(N-vinylcarbazole) 
(PVCz) was prepared by a radical polymerization initiated-by 
AIBN in degassed benzene at 60 "C. The molecular weight (M,) 
was determined to be 8 X 105 by GPC (Toyo Soda HLC 802 UR) 
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Table I 
Monomer Feed Ratio (F), M,, the Fraction of VCz (fvc.), 
and Sequential Distributions of VCz (Fl, F2, Fa; See the 

Text) for the Copolymers of VCz with MMA (A Series) and 
of VCz with VAc (B Series) 

Macromolecules, Vol. 23, No. 17, 1990 

A1 0.18 1.3 0.07 0.93 0.06 0.01 
A2 0.69 1.6 0.22 0.77 0.19 0.04 
A3 1.6 3.0 0.37 0.58 0.28 0.14 
B1 0.11 0.45 0.38 0.59 0.27 0.14 
B2 0.25 0.56 0.62 0.36 0.29 0.35 
B3 0.67 1.2 0.79 0.13 0.17 0.70 
B4 1 . 5  2.4 0.83 0.04 0.06 0.90 

a F = [VCz]/[comonomer]. 

with G4000H and GMH columns. Methyl methacrylate (MMA; 
Wako Pure Chem. Ind., Ltd.) was washed with aqueous Na2S03, 
aqueous NaOH, and aqueous NaCl and then dried on Na2S04 
and finally distilled under reduced pressure. Vinyl acetate (VAc; 
Wako Pure Chem. Ind., Ltd.) was purified by distillation. The 
copolymers of VCz with MMA and of VCz with VAc were 
obtained by a radical copolymerization initiated by AIBN in de- 
gassed benzene a t  60 OC and were purified by precipitation three 
times.lSJ9 The conversion of the copolymerization was suppressed 
to below 30 mol 96. The molecular weight (M,) was measured 
by GPC, and the fraction (fvcZ) of the VCz unit in the copolymer 
was determined by UV absorption spectra in dichloromethane 
with a Shimadzu UV-BOOS spectrophotometer. Three samples 
of the copolymer of VCz with MMA and four samples of the 
copolymer of VCz with VAc were prepared. These copolymers 
were designated as Al,  A2, and A3 for the former and B1, B2, 
B3, and B4 for the-latter in the order of increasing fvc.. The 
molecular weight (M,) and the fraction Cfvcz) are summarized 
in Table I with the sequential distribution (F1, F2, F3) calculated 
from the monomer reactivity ratios, rl and r2, according to the 
terminal model.20 F1 is the fraction of isolated VCz. F 2  is the 
probability that a VCz unit is found in a diad sequence of VCz. 
F3 is the probability that a VCz unit is found in the sequence 
whose sequential length is more than two. N-Ethylcarbazole 
(EtCz) was synthesized by the reaction of sodium carbazole with 
ethyl bromide and purified by recrystallization. 

2. Electron Acceptor (A). 1,4-Dicyanobenzene (DCNB; 
Wako Pure Chem. Ind., Ltd.) was purified by recrystallization 
from ethanol three times. 

3. Radical-Cation Acceptors (Dz). N,N,","-Tetramethyl- 
1,4-phenylenediamine (TMPD; Tokyo Kasei Kogyo Co.), 2,5- 
dimethoxyaniline (DMOA; Wako Pure Chem. Ind., LM.), diphen- 
ylamine (DPA; Tokyo Kasei Kogyo Co.), triphenylamine (TPA; 
Tokyo Kasei Kogyo Co.), and 1,Qdimethylindole (DMI; Wako 
Pure Chem. Ind., Ltd.) were purified by recrystallization. NAN- 
Dimethyl-1,4-toluidine (DMT; Wako Pure Chem. Ind., Ltd.) and 
N,N-dimethylaniline (DMA; Wako Pure Chem. Ind., Ltd.) were 
purified by distillation under reduced pressure. 

4. Solvents. Spectroscopic grades of N,N-dimethylforma- 
mide (DMF; Dotite Spectrosol) and dichloromethane (Dotite 
Spectrosol) were used without further purification. Acetoni- 
trile (MeCN; Wako Pure Chem. Ind., Ltd.) was fractionally 
distilled after reflux over P205. 

B. Measurements of Transient Absorption Spectra. The 
electron-donating chromophore, carbazole (Cz), was selectively 
photoexcited in the presence of an electron acceptor, DCNB, and 
the transient absorption spectrum of the carbazole radical cation 
(Cz*+) was measured by laser photolysis. The photoexcitation 
was made by a 308-nm laser pulse of a XeCl excimer laser 
(Lambda Physik EMGlOlMSC; pulse energy ca. 100 mJ; fwhm 
ca. 17 ns). The pulse intensity was attenuated properly by filters. 
As the monitoring system for the measurements of transient 
absorption spectra, a photovoltaic indium arsenide (InAs) diode 
detector (Hamamatsu P838) was used, and this detection system 
has a rise time of ca. 500 ns.Ss21 For the measurements of transient 
absorption spectra, the absorbance of the Cz chromophore a t  308 
nm was adjusted to be ca. 1.8, and DCNB (8.0 x 10-2 M) was 
added to  the system. The measurements were carried out in a 
l-cm quartz cell in DMF solvent a t  298 K. The samples were 
degassed by the freeze-pump-thaw method. 

C. Radical-Cation-Transfer M e a ~ u r e m e n t s . ~ J ~  The pho- 
toinduced electron transfer from an electron donor (D1) to an 
electron acceptor (A) produces a radical cation, D1*+ and a radical 
anion, A.-. When the second electron donor (D2, radical- 
cation acceptor) having a lower oxidation potential than D1 is 
added to this D1-A system, a radical-cation transfer from D1*+ 
to D2 (electron transfer from D2 to D1*+) occurs and a radical 
cation, D2'+, is produced. This process competes with the 
recombination of D1'+ with A.-. That is, D1*+ decays through 
two competitive processes, the radical-cation transfer and the 
recombination. As for the decay rate of D1'+, the following rate 
equation is derived 

(1) 
where k t ,  is the rate constant of the radical-cation transfer to D2 
and k ,  is the rate constant of the recombination with A*-. 

We can make the rate of the radical-cation transfer much faster 
than that of the recombination by adjusting the concentration 
of DP. Thus, if ktr[D1*+][D2] >> kr[D1'+][A'-], eq 1 gives the 
equation 

(2) 
where A(DI'+) is the absorbance of D1*+ measured by laser pho- 
tolysis and C is a constant. Then, kt ,  can be determined by the 
slope of the In [A(Dl*+)] vs time plot. 

In this study, we measured the radical-cation transfer to amine 
compounds (D2) from EtCz*+ and Cz*+ in the copolymer A1 and 
in PVCz. For the radical-cation-transfer measurements, the 
detection system equipped with a photomultiplier tube (Hama- 
matsu R928) was used since it has a fast response time of ca. 5 
ns.8 To avoid excitation of D2, the Cz chromophore was pho- 
toexcited by an attenuated 351-nm laser pulse of XeF excimer 
laser (pulse energy ca. 60 mJ; fwhm ca. 17 ns). For the radical- 
cation-transfer measurements, the absorbance of Cz the chro- 
mophore at 351 nm was adjusted to ca. 0.7 for the A1 system and 
ca. 1 for the EtCz and PVCz systems. D2 was added to the EtCz 
and A1 systems in the following concentration: [TMPD] = 2.0 
X 10-4 M, [DMOA] = 6.0 X 10-4 M, [DMT] = 7.0 X 10-4 M, 
[DMA] = 7.0 X 10-4 M, [DPA] = 7.0 X 10-4 M, [TPA] = 7.0 X 
10-4 M, and [DMI] = 1.0 X 10-3 M. The concentration of D2 
(DMOA, DMA, and DPA) in the PVCz system was adjusted to 
1.0 X 10-2 M. The samples contain 6.4 X 10-2 M DCNB as the 
electron acceptor. The measurements were made in degassed 
DMF solvent a t  298 K. 

D. E l e c t r o c h e m i c a l  M e a s u r e m e n t s .  The  oxidation 
potentials of EtCz and D2 were measured by cyclic voltamme- 
try using Ag/O.Ol N Ag+ in MeCN as a reference electrode. The 
potentials were converted to the ones relative to SCE (Elp): Ell2 
= 1.18 V for EtCz, 1.06 V for DMI, 0.99 V for TPA, 0.95 V for 
DPA, 0.77 V for DMA, 0.72 V for DMT, 0.64 V for DMOA, and 
0.14 V for TMPD. 

d[D,'+]/dt = -ktr[D1"][DJ - k,[Dl"][A'-] 

In [A(D1")] = -k,,[D,]t + C 

Results and Discussion 
A. Charge Delocalization of Radical Cation in 

PVCz. Figure 1 shows the transient  absorption spectrum 
of the PVCz-DCNB system at 2 p s  af ter  excitation. The 
absorption band observed at ca. 430 nm was assigned to 
the radical anion, DCNB*-. The Cz radical cation gives 
two absorption bands; one is the visible band at ca. 750 
nm,22,23 which is very broad compared with that of the 
monomer  radical cation, EtCz*+, and the o the r  is  the CR 
band  at a wavelength longer than 1900 nm. This CR band 
is shifted t o  longer wavelengths than that of the dimer 
radical cation; t h e  sandwich dimer radical cation for meso- 
D C z P e  a n d  the second d i m e r  r ad ica l  ca t ion  fo r  r ac -  
DCzPe  show the CR bands at ca. 1600 nm and at ca. 1800 
n m ,  respectively.8 The CR b a n d  i s  a c h a r a c t e r i s t i c  
absorption band induced by a charge delocalization among 
chromophores a n d  is considered a measure of neighboring 
chromophore interaction.13a~24~25 According t o  the Huckel 
MO theory, the CR band of the dimer radical cation is 
s h i f t e d  t o  s h o r t e r  w a v e l e n g t h s  w i t h  the i n c r e a s i n g  
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Figure 1. Transient absorption spectrum of the PVCz-DCNB 
(8.0 X 10-2 M) system in DMF at 298 K at 2 ps after excitation. 
The concentration of carbazole chromophore was adjusted to be 
3.0 x 10-3 M. 

0.6 

O '  700 ' 
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Figure 2. Transient absorption spectra of a carbazole radical 
cation for the copolymers of VCz with MMA in DMF at 298 K 
at 2 ps after excitation: (a) Al ;  (b) A2; (c) A3. The absorbance 
of carbazole chromophore at 308 nm was adjusted to ca. 1.8. All 
the samples contain 8.0 x lo-* M DCNB. 
interaction, in other words, the increasing stability of the 
dimer radical cation. Furthermore, the CR band of a 
radical cation should be shifted to longer wavelengths with 
increasing charge delocalization such as dimer, trimer, and 
tetramer.14+26 

We measured the transient absorption spectra for the 
copolymers to investigate the neighboring chromophore 
interaction on the radical cation. Figures 2 and 3 show 
the transient absorption spectra of Cz*+ in the copolymers 
of VCz with MMA (Al-A3) and of VCz with VAc (Bl- 
B4) a t  2 ps after excitation, respectively. As shown in 
Figure 2a, Cz*+ of A1 gave only the visible band at  ca. 820 
nm, which was similar in shape to that of the monomer 
radical cation, EtCz*+, and the CR band in the near- 
infrared region was not observed. This means that A1 
forms only the monomer radical cation and that  the 
neighboring chromophore interaction is interrupted by the 
inert comonomer, MMA. This is expected by the fact that 
the fraction (F l )  of isolated VCz in the comonomer, MMA, 
is 0.93. This suggests that there is almost no interaction 
of Cz'+ with remote Cz chromophores in a polymer chain. 
The other copolymers showed the CR band in the near- 

" 700 1000 2000 700 1000 2000 
Wave leng th  / nm 

Figure 3. Transient absorption spectra of a carbazole radical 
cation for the copolymers of VCz with VAc in DMF at 298 K a t  
2 ps after excitation: (a) B1; (b) B2; (c) B3; (d) B4. The absor- 
bance of carbazole chromophore at 308 nm was adjusted to ca. 
1.8. All the samples contain 8.0 X 10-2 M DCNB. 

0 A1 

0 0.5 1 
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Figure 4. Peak wavelength of the CR band (Ac\cR) and ib relative 
absorbance to that at 430 nm ( A c R / A ~ ~ ~ )  plotted against 1 - F I .  

infrared region along with the visible band. In Figure 4, 
the peak wavelength (XCR) of the CR band and the ratio 
of the absorbance of the CR band to that of the anion 
radical, DCNB'- (430 nm) (AcRIAGo), were plotted against 
the probability of the Cz chromophore not to be isolated, 
1 - F1. For the copolymer with 1 - F1 < 0.4, the CR bands 
appear at  ca. 1800 nm and the relative absorbance of the 
CR band increases with increasing 1 - F1. Since the 
probability (F3) that Cz'+ is formed in the sequence having 
more than two VCz units is very small in the region 1 - 
F1 < 0.4, the CR band is due to the dimer radical cation 
formed in the diad sequence of VCz. With the increase 
of 1 - F1, the fraction of Cz.+ formed in the diad sequence 
to the monomer radical cation increases and the absorption 
intensity of the CR band is enhanced. For the copolymer 
with 1 - F1 > 0.5, the  CR band is shifted to  longer 
wavelengths with the increase of 1 - F1. Absorption of the 
solvent prevents measurement of a transient absorption 
spectrum in the wavelength region longer than 2100 nm. 
Therefore, we roughly evaluated the shape and the half- 
width of the CR band. The CR band seems to become 
broader with longer wavelength shifts. At least, the CR 
bands for B4 and PVCz are obviously broader than those 
for A2 and A3, which are considered to form mainly the 
dimer radical cation. The longer wavelength shift and 
broadening of the CR band for PVCz are not due to a 
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Figure 6. Relationship between k, and AG in the radical- 
cation transfer to Dz for EtCz and A1 systems. Open and closed 
circles indicate EtCz and A1 systems, respectively. Dz is shown 
by the abbreviation in the figure. For PVCz, AG of the radical- 
cation transfer to DMOA, DMA, and DPA was estimated from 
k ,  as shown by the dashed lines. 

Al, respectively. In each system, kt, for A1 is smaller than 
that for EtCz. However, these values cannot be simply 
compared with each other, since the radical-cation transfer 
in this intermolecular system contains the diffusion process 
and the electron-transfer process. For the radical- 
cation transfer to occur, first of all, Cz'+ and Dz must be 
brought close together. Therefore, the radical-cation- 
transfer reaction can be considered to be a consecutive 
reaction in which the electron-transfer process follows the 
diffusion process. In the radical-cation-transfer systems 
studied in this experiment, the electron-transfer process 
is a rate-limiting step except for the case of TMPD. Then, 
the rate constant of the radical-cation transfer is given by 
the equationz7 

tr  d e (4) k - l = k - l + k - l  

where k d  and k e  are rate constants of the diffusion and 
the electron-transfer processes, respectively. I t  is 
considered that the radical-cation transfer to TMPD is 
exothermic (AG = -1.04 eV) enough to be diffusion- 
controlled. Therefore, the rate constant of the radical- 
cation transfer to TMPD was taken as kd: kd = 6.25 X log 
M-l s-l for EtCz systems and kd = 3.07 X lo9 M-l s-l for 
A 1  systems. This is supported by the fact that the Ein- 
stein-Smoluchowski equation, kd = 8RT/30007, gives 6.50 
X lo9 M-l s-l, where 9 is the viscosity of a solvent, DMF. 
The diffusion-rate constant, kd, for A1 is almost half of 
that  for EtCz. This is justified by the fact that  the 
diffusion of the copolymer, Al, is negligibly small compared 
with that of the low molecular weight compound. The rate 
constants, k,, for EtCz and for A1 are listed in the third 
and the fifth columns in Table 11, respectively. In Figure 
6, ke's for EtCz and for A1 are plotted against AG. Each 
system gave a linear relationship between the logarithm 
of k, and AG. The linear relationship between the 
logarithm of the rate constant k, and AG was also observed 
for the electron-transfer quenching of an excited state of 
aromatic molecules by anion.% The relation was discussed 
by the Polanyi equation.29 In the present study, the 
following experimental equations were obtained: 

log k, = -1.83AG + 9.44 for EtCz system (5) 
log k, = -1.83AG + 9.14 for A1 system (6) 

Each system has a similar slope in the semilogarithmic plot 
of k, as a function of AG, but the intercept for A1 is smaller 
than that for EtCz; that is, k ,  for A1 is nearly equal to half 

' r 1  '7 

0' " "  " " ' 1  
Time(lOOns/div 1 

la )  ( b )  

Figure 5. Transient absorption decays at 790 nm of an EtCz 
radical cation in DMF at 298 K in the presence of DCNB (6.4 
X 10-2 M): (a) without DPA; (b) with DPA (7.0 X 

Table I1 
Free Energy Change (A@ and Rate Constants (k,,, &) of 
Radical-Cation Transfer to Dz for EtCz and A1 Systems 

M). 

EtCz A1 
ktr/109 k,/i09 ktr/109 k,/109 

-AG/eV M-1 s-1 M-1 s-1 M-1 s-l M-1 s-l Dz 
TMPD 1.04 6.25 3.07 
DMOA 0.54 5.02 25 2.42 11 
DMT 0.46 4.86 21 2.66 
DMA 0.41 4.35 14 2.30 9.17 
DPA 0.23 3.22 6.64 1.55 3.13 
TPA 0.19 2.92 5.48 1.44 2.71 
DMI 0.12 2.73 4.85 1.39 2.54 

perturbed dimer radical cation bu t  to  increasing 
contribution of Cz radical cation delocalized among more 
than two chromophores. In fact, the shift of the CR band 
begins at  1 - F1 = 0.5, where the fraction of Cz'+ formed 
in the VCz sequence having more than two units is larger 
t h a n  t h a t  of Cz*+  formed in t h e  diad sequence. 
Furthermore, B4 with F3 = 0.9 gave the same transient 
absorption spectrum as PVCz (Figure 3d). Thus, the shift 
and broadening of the CR band correspond to the increase 
of Fs. This suggests that  the Cz radical cation in the 
polymer, PVCz, is stabilized by the charge delocaliza- 
tion among more than two chromophores. 

B. Stabilization Energy of Radical Cation in  PVCz. 
A t  first we investigated the free energy change (AG)  
dependence of the rate constant (ktJ of the radical-cation- 
transfer reaction. We measured the radical-cation transfer 
to amine compounds Dz (TMPD, DMOA, DMT, DMA, 
DPA, TPA, and DMI) for EtCz and the copolymer Al .  The 
free energy change (AG) in eq 3 was estimated by the 

(3) 

difference between the oxidation potential of EtCz and 
t h a t  of Dz. Since Cz*+ in A 1  is not stabilized by 
neighboring chromophore interaction, the oxidation 
potential of Cz in A1 is assumed to be equal to that of EtCz. 
The decay curves of Cz'+ were measured at  790 nm for 
EtCz and at  820 nm for Al .  As an example, the decay 
curve of EtCz*+ for the EtCz-DPA-DCNB system is shown 
in Figure 5. In the absence of DPA, EtCz*+ recombines 
with DCNB*- but the absorption scarcely decays in this 
time region (Figure 5a). The addition of DPA accelerated 
the decay of EtCz'+ by the radical-cation transfer to DPA 
(Figure 5b). That is, the rate of the radical-cation transfer 
is much faster than that of the recombination: kt,[D1'+]. 
[D2] >> ~,[DI*+][A'-]. Then, the plot of In A against t (eq 
2) gives a slope of ktr[D2], and kt ,  is determined. Figure 
5b gives kt, = 3.22 X lo9 M-ls-l. For the other systems, 
kt, was determined in the same way by addition of a proper 
concentration of Dz. Table I1 shows the results. The 
second and the fourth columns are kt,'s for EtCz and for 

hG = E1/2(DJ - Ei/,(EtCz) 
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Table 111 
Apparent Transfer Rate Constant (kJ, Electron-Transfer 

Rate Constant (t), Free Energy Change (A@, and 
Stabilization Energy (-AH) for the PVCz System 

Stabilization of Carbazole Radical Cation 4023 

of Cz chromophore, we found that the Cz radical cation 
formed in PVCz is stabilized by charge delocalization 
among more than two neighboring chromophores. The CR 
band of the Cz radical cation in PVCz was shifted to longer 
wavelengths than that of the dimer radical cations. This 
result is qualitatively consistent with the theoretical MO 
prediction. The stabilization energy by the charge delo- 
calization was estimated to be 0.5 f 0.1 eV for PVCz by 
the radical-cation-transfer method. This stabilization 
energy is larger than that of the dimer radical cation (ca. 
0.1 eV for the second dimer radical cation and ca. 0.3 eV 
for the sandwich dimer radical cation). This means that 
the stability of the Cz radical cation increases with the 
charge delocalization such as a trimer radical cation. 

D2 k,,/lOs M-l s-l k.1108 M-l s-l AG/eV -AH/eV 
DMOA 11.3 17.9 -0.06 0.48 
DMA 6.98 9.03 0.10 0.51 
DPA 5.28 6.38 0.19 0.42 

the value of that for EtCz. As described previously, the 
chromophore interaction in A1 is interrupted by the inert 
comonomer and Cz*+ in A1 is not stabilized. Therefore, 
a smaller value of k, for A1 is considered to be due to the 
steric hindrance of the polymer chain to the access of D2; 
that is, the polymer chain sterically restricts the direction 
for Dz to approach Cz*+ in the polymer chain, or electron 
transfer in the polymer system may occur a t  a longer 
distance due to the steric hindrance of polymer chain. 

As for the Cz radical cation formed in PVCz, the radical- 
cation transfer to DMOA, DMA, and DPA was measured. 
The concentration of DMOA, DMA, and DPA was 1.0 X 

M. The rate constant, kw, was determined by the slope 
of the semilogarithmic plot of the transient absorption 
decay of Cz radical cation a t  750 nm according to eq 2. 
Table I11 shows the results. The rate constant, k,, was 
evaluated by eq 4 assuming that kd is 3.07 X lo9 M-l s-l. 
In the radical-cation transfer from Cz radical cation in 
PVCz to amines, not only the stabilization by charge de- 
localization but also polymer effects such as a steric 
hindrance of a main chain may affect the transfer rate 
constant. In fact, k, for A1 having no neighboring chro- 
mophore interaction was smaller than that for EtCz. 
Therefore, by using the linear relationship between log k, 
and AG for A l ,  we can determine the increment of AG by 
the stabilization through charge delocalization of Cz radical 
cation in PVCz. In practice, the AG of the radical- 
cation transfer from Cz radical cation in PVCz to the 
radical-cation acceptor was estimated from k, as shown 
by the dashed line in Figure 6. AG's for DMOA, DMA, 
and DPA are -0.06,0.10, and 0.19 eV, respectively. In the 
radical-cation transfer to DMOA, DMA, and DPA, the AG 
for PVCz is larger than that for A 1  (-0.54 eV for DMOA, 
-0.41 eV for DMA, and -0.23 eV for DPA). This is due 
to the stabilization of Cz radical cation in PVCz by the 
neighboring chromophore interaction, and the difference 
between AG's estimated for PVCz and for A 1  corresponds 
to the stabilization energy (-AH) as discussed in the 
previous paper.2 The evaluated stabilization energies 
(-AH) are listed in Table 111: ca. 0.48 eV with DMOA, ca. 
0.51 eV with DMA, and ca. 0.42 eV with DPA. In this way, 
the stabilization energy of Cz radical cation in PVCz was 
estimated to be 0.5 f 0.1 eV on the average. In this 
method, the effect of the steric hindrance of the polymer 
chain is excluded by using the relationship between k, and 
AG for the copolymer A1 as described above, and this value 
is the net stabilization energy by the neighboring chro- 
mophore interaction. The stabilization energy of Cz radical 
cation in PVCz is larger than that of the dimer radical 
cations (ca. 0.1 eV for the second dimer radical cation of 
rac-DCzPe and ca. 0.3 eV for the sandwich dimer radical 
cation of neso-DCzPe).2 This is consistent with the result 
of the CR band for the copolymer systems. We found that 
the Cz radical cation in the polymer is delocalized among 
more than two neighboring chromophores and that it is 
more stable than the dimer radical cation. 

Conclusion 
By investigating the relationship between the CR band 

of the copolymers of VCz and the sequential distribution 
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