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ABSTRACT: The local segmental motion at the center of the main chain of poly(N-vinylcarbazole) (PVCz) in dilute 
solutions was examined by the time-resolved fluorescence depolarization method. Anthracene-labeled PVCzs with vari­
ous molecular weights were synthesized by living cationic polymerization. The relaxation time and the activation energy 
of the local motion were evaluated through the fluorescence anisotropy decay. The molecular weight dependence of the 
relaxation time could not be explained merely from the viewpoint of segment density, suggesting that the local potential 
for the rotational motion is an important factor governing the local dynamics of the polymer chain. The local motion of 
PVCz was compared with those of other polymers. Both the relaxation time and the activation energy were larger than 
those of other polymers. Moreover, PVCz had a larger critical molecular weight which is defined as the molecular weight 
where the reduced relaxation time reaches the saturation value. This is attributed to the fact that the bulky side chain 
suppresses the conformational transition of the polymer backbone. 
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Poly(N-vinylcarbazole) (PVCz) has been gathering 
much attention as a photofunctional polymer/·2 and 
many fundamental,3- 6 and practical7- 9 studies have 
been performed. For understanding the basis of photo­
functional processes, the dynamic properties as well as 
the static properties of the polymer chain have to be 
fully understood. Generally, the dynamics of polymers 
have been extensively studied from the theoretical10- 12 

and experimental points ofview. The local chain dynam­
ics of flexible polymers has been experimentally studied 
by various techniques such as NMR/3- 15 ESR/6•17 di­
electric relaxation, 18 neutron scattering/9 light scatter­
ing,20·21 and fluorescence method.2·22 - 30 The time­
resolved fluorescence depolarization method enables one 
to measure directly the orientational autocorrelation 
function of the fluorescent probe introduced into the 
polymer in a time range of 10- 10-10-7 s. We have exam­
ined the local dynamic behavior of the polymer chain by 
this method using a fluorescent probe introduced into 
the polymer chains of polystyrene (PS), poly(cis-1,4-
isoprene) (PI), poly(oxyethylene) (POE), and poly(methyl 
methacrylate) (PMMA).23 - 28 PVCz has bulky carbazolyl 
groups as the side chains. The static property of PVCz in 
dilute solutions1 was investigated by several workers, 
however, few studies on the dynamic behavior of PVCz 
have been reported.31 It is interesting to know the extent 
to which the rotational relaxation of the polymer back­
bone is affected by the substituent. 

In the present study, the local chain dynamics ofPVCz 
in dilute solutions was examined by the fluorescence de­
polarization method. The sample polymer was labeled at 
the middle ofthe chain with an anthracene probe by the 
coupling reaction of living ends of PVCz. The transition 
moment of the introduced probe lies along the main 

chain. Therefore, the obtained fluorescence anisotropy 
represents the orientational autocorrelation function for 
the middle segment of the main chain. The molecular 
weight dependence of the local motion of PVCz was ex­
amined in the 8 and good solvents, and the factors that 
governs the local chain dynamics were discussed. The 
characteristics of the dynamics of PVCz were also com­
pared with those of other polymers. 

EXPERIMENTAL 

Materials 
Figure 1 shows the chemical structure of PVCz labeled 

with anthracene at the center of the chain. The double­
headed arrow in Figure 1 indicates the transition mo­
ment for the anthracene group. The polymers were pre­
pared by living cationic polymerization of N­
vinylcarbazole initiated by HI in CH2Cl2 at -48°C.32 N­
Vinylcarbazole (Nacalai Tesque) was recrystallized four 
times from hexane, and CH2Cl2 was doubly distilled be­
fore use. Anthracene was incorporated into the middle of 
the main chain by the coupling the living ends of PVCz 
with 9,10-anthracenedithiollithium salt, which was syn-

Figure 1. Molecular structure of PVCz labeled with anthracene 
at the center of the main chain. 

tTo whom correspondence should be addressed (Phone: +81-75-753-5612, Fax: + 81-75-753-5632, E-mail: sito@polym.kyoto-u.ac.jp). 
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Table I. Characterization of The Samples 

PVCz-09 
PVCz-22 
PVCz-42 
PVCz-103 

9.2 
21.7 
41.6 

103 

1.12 
1.03 
1.06 
1.03 

thesized by addition of n-butyl lithium to 9,10-
anthracenedithiol.33 The GPC curve for the obtained 
polymer had two peaks. The peak at the lower molecular 
weight side was attributed to the PVCz chain unlabeled 
or labeled at the one end. Only a higher molecular 
weight side peak, which was attributed to PVCz labeled 
at the chain center, was fractionated by GPC. The mo­
lecular weight was estimated from GPC measurement 
calibrated with the narrow molecular weight distributed 
PVCz standards whose molecular weights were deter­
mined by light scattering experiments. The fraction of 
racemic diads was estimated to be 0.63 independent of 
molecular weight from 1H NMR measurement.34 Table I 
summarizes the weight-averaged molecular weights and 
the molecular weight distributions for the samples used 
in this study. 

Fluorescence Depolarization Measurement 
Toluene (Dojin, spectrophotomeric grade) and THF 

(Wako, guaranteed grade) were used as the solvents. 
Toluene was used without further purification and THF 
was twice distilled before use. The concentration of the 
sample solution was ca. 10-5 M, so that the fluorescence 
depolarization by the energy migration among anthra­
cene probes35 could be avoided. The solution was put 
into a quartz cell and degassed. The fluorescence anisot­
ropy decay was measured by the time-correlated single 
photon counting technique.36 A frequency doubled Ti: 
sapphire laser (Tsunami, Spectra Physics Inc.) was used 
as a light source at a wavelength of 410 nm. The anthra­
cene fluorescence from the sample was detected by a mi­
crochannel plate photomultiplier tube (R3809, Hama­
matsu Photonics K. K.). The fluorescence signal and the 
excitation pulse signal detected by a photodiode (AR-S2, 
Antel Optronics Inc.) were inputted to a time-to­
amplitude converter (Model 457, Ortec) as the start and 
stop signals, respectively. The FWHM of the instrumen­
tal function was ca. 60 ps. The fluorescence components 
parallel and perpendicular to the vertically polarized ex­
citation pulse were measured alternately to avoid the 
data distortion due to the time drift. The measurement 
temperature was controlled within ±0.1 oC by a water 
circulating system. 

Data Analysis 
The fluorescence anisotropy, r(t), is defined as 

r(t)= I11 (t)-h(t) 
I11 (t)+2h(t) 

(1) 

where I11 (t) and h(t) are the parallel and perpendicular 
component of the fluorescence intensity to the excitation 
polarization direction, respectively. The relaxational 
process of the polymer chain consists of various motional 
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Figure 2. A fitting example of r(t) with two-component exponen­
tial functions. The filled circles are the observed r(t) for PVCz-42 
in THF at 17.4°C. The broken and solid lines indicate the instru­
mental function and the fitting curve, respectively. The fitting pa­
rameters are r 0 =0.241, x =0.554, T 1 =3.34 ns, and T2 =0.225 ns. 

modes, so r(t) may consist of the sum of two or more ex­
ponential functions. However, practically, the experi­
mental data fitted well to a double exponential function, 

where T1 >T2. Figure 2 shows a fitting example of r(t) 
for PVCz-42 in THF solvent at 17.4 oC, where the longer 
and shorter component of the relaxation time, T1 and T2, 
were ca. 3 ns and ca. 0.2 ns, respectively, with the frac­
tion of the longer component x =0.55. The ratio of T1 to 
T2 and the fraction x were nearly independent of tem­
perature, but dependent on the solvent. The detailed be­
havior of T1o T2, and x is being studied and will be re­
ported later. In this study, the mobility of the polymer 
chain was discussed in terms of the mean relaxation 
time, T m• defined as eq 3 and calculated by eq 4. 

(3) 

=xT1 +(1-x)T2 (4) 

RESULTS AND DISCUSSION 

Reduced Relaxation Time 
The previous studies showed that the relaxation time 

for the local motion of polymers in a low viscosity sol­
vent, < 1 cP (cP= 10-3 Pa s), is proportional to the sol­
vent viscosity, 1J .24·29·37 Hence, the local dynamics of a 
polymer chain can be discussed in terms of the reduced 
relaxation time, T m11J. Figure 3 shows the molecular 
weight dependence ofT m11J for the toluene and THF so­
lutions at 37°C. In this plot, the reduced relaxation time 
for 9,10-dimethylanthracene is also indicated as a dia­
mond symbol. The value of T ml 1J for 9,10-
dimethylanthracene, which provides the limiting value 
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Figure 3. Molecular weight dependence of the reduced relaxa­
tion time, T m/lJ, at 37'C. The open and filled circles indicate the 
data for toluene and THF solution, respectively. A diamond symbol 
( +) indicates the reduced relaxation time for 9,10-
dimethylanthracene estimated from a steady state fluorescence de­
polarization measurement. 

for low molecular weight PVCz, was estimated to be ca. 
0.04 ns cP- 1 from the steady state fluorescence anisot­
ropy measurement. Toluene is a e solvent at 37°C, and 
THF is a good solvent.38•39 In THF, the value ofT m11J in­
creased with the increase of molecular weight in the low 
molecular weight region. In this region, it seems that 
both the local backbone motion and the entire rotational 
motion of the polymer chain contribute to the mean re­
laxation time. Then, the reduced relaxation time asymp­
totically reached T m11J =2.3 ns cP- 1 at Mw=25000. The 
saturation ofT m11J in the high molecular weight region 
indicates that the fluorescence depolarization method 
measures the local motion of the PVCz backbone which 
occurs within the scale of the molecular weight of 25000. 
The value ofT m11J for the toluene solution also increased 
with the increase of molecular weight in the range of Mw 
<ca. 50000, and gradually reached a constant value, 
Tm/7J=3.6ns cP- 1. Waldow et al. examined the local 
motion of PI by the fluorescence depolarization method 
and showed that the relaxation time increased with the 
increase of molecular weight in a e solvent while the re­
laxation time was independent of molecular weight in a 
good solvent. They explained the molecular weight de­
pendence of the relaxation time for PI in terms of the 
chain segment density around the fluorescent probe, i.e., 
the segment density at the center of the unperturbed 
chain monotonically increased with the increase of mo­
lecular weight.40 In the case of PVCz, however, T m11J in 
the e state tended to reach a constant value in the range 
of Mw>50000. This indicates that the segment density is 
not an unique factor governing the local chain dynamics. 
The motional modes for the local chain dynamics consist 
of the conformational transition across a potential bar­
rier and the librational motion within a potential well. 12 

Recent molecular dynamics simulations showed that the 
libration plays an important role in the local chain mo­
tion as well as the conformational transitionY- 43 Be­
cause the libration is the motion that occurs within a po­
tential well, it is dependent upon the shape of the local 
potential. The local motion of the polymer chain on a 
nanosecond scale is influenced by the potential energy, 
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which is affected by the solvent condition as well as by 
the molecular structure ofthe polymer. 

Now we consider the difference in T m11J for PVCz in 
the two solvents in the range of Mw<20000. Abe et al. 
have studied the excluded-volume effect in a wide mo­
lecular weight range for PS and PMMA. They examined 
the solvent dependence of the mean-square radius of gy­
ration, <s 2 >, and the intrinsic viscosity, [1]].44.45 They 
showed that the values of<s 2 > or [1]] were almost inde­
pendent of the solvent condition in the oligomer region, 
indicating that the chain dimension even in a good sol­
vent agreed with that of the unperturbed polymer chain 
for the two polymers. Therefore, it seems reasonable to 
be said that in the low molecular weight region the di­
mension and conformation of PVCz in toluene, e sol­
vent, are similar to those in THF, a good solvent. There­
fore, if the local motion were governed only by the seg­
ment density, the reduced relaxation times in e and 
good solvents would be the same in the oligomer region. 
However, as shown in Figure 3, the reduced relaxation 
time, T m11J, for PVCz in the low molecular weight region 
was dependent on the solvent quality. This indicates 
that the contribution of the segment density is small and 
that the local motion of PVCz is affected by the local po­
tential energy. Then, it is probable that the solvent qual­
ity affects the potential energy, that is, the poor solvent 
quality probably causes the high potential energy, re­
sulting in a large T m11J in a e solvent. 

It should be noted that the relationships of T m11J 
against molecular weight for the toluene and THF solu­
tions give a different critical molecular weight, M 0 

which is defined as the molecular weight where the re­
duced relaxation time reaches an asymptotic value. The 
value of Me in toluene is larger than that in THF, that is, 
the values ofT m11J increased more gradually with the in­
crease of molecular weight in toluene than in THF. The 
polymer chain in a poor solvent takes a contracted con­
formation compared to that in a good solvent. In the 
high molecular weight region, the interaction with the 
segments apart from the chain center affects the motion 
at the middle of the main chain. This probably causes 
the difference in Me between good and e solvents. 

Activation Energy 
The activation energy for the local segmental motion 

was estimated according to Kramers' diffusion limit.11•46 

The activation energy, E*, is related to the relaxation 
time, T m• by the following equation. 

(5) 

where A, R, and Tare a constant, the gas constant, and 
the absolute temperature, respectively. Figure 4 shows 
the Arrhenius plot ofT m11J for PVCz in the THF solvent. 
The value of E * was evaluated from the slope of this 
plot. The relationship between E* for the THF solution 
and the molecular weight is shown in Figure 5. The mo­
lecular weight dependence of E * was similar to that of 
T m11J, that is, the value of E * for THF solution was 
saturated at Mw=24000. On the other hand, the activa­
tion energy obtained for PVCz in toluene above the e 
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Figure 4. Arrhenius plots ofT m/IJ for PVCz-09(.), -22(.6.), -42 
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Figure 5. Molecular weight dependence of the activation energy, 
E *, for PVCz in THF. The value of E * was evaluated from the 
slope of the Arrhenius plot in Figure 4. 

temperature, 37.5°C, was considerably scattered due to 
high temperature. The value of E * obtained below the 8 
temperature did not reflect the activation energy for the 
local segmental motion ofPVCz because of the poor solu­
bility, so the activation energy in toluene is not dis­
cussed here. 

Karali et al. studied 13C NMR on local chain dynamics 
of PVCz.31 They reported the activation energy of 2.2 
kcal mol- 1 for the C-H vector orientation dynamics, 
which was smaller than that evaluated in this study. 
This was probably attributed to the difference in the 
probed motional mode. The fluorescence depolarization 
directly probes the motion ofthe main chain, while NMR 
measurement observes the motional modulation of the 
13C-1H dipolar interaction. 

Comparison with Other Polymers 
The reduced relaxation time and the activation energy 

for PVCz were compared with those for other polymers; 
POE,23 PI,24 PS,25•26 and s-PMMA.27 All the polymers 
were labeled with anthracene group at the center of the 
main chain, and they had a sufficiently large molecular 
weight. Table II shows the reduced relaxation time at 
20oC and the activation energy for each polymer in good 
solvents evaluated by the fluorescence depolarization 
method. For comparison of the reduced relaxation time 
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Table II. Reduced Relaxation Time, T m/IJ, Measured at 20°C and 
Activation Energy, E *, for Several Polymers in Good Solvents 

Solvent Tm/IJ/nscP- 1 E*/kcalmol- 1 

POE DMF 0.27 1.1 
PI Benzene 1.4 1.3 

o-Xyrene 1.1 1.2 
PS Benzene 3.1 1.7 

Toluene 3.2 1.4 
Ethylbenzene 3.2 1.3 

s-PMMA Benzene 4.5 2.7 
Chloroform 4.5 2.4 

PVCz THF 3.8 4.5 

for each polymer, it should be noted that the PVCz was 
labeled with the anthracene group through c-s bonds, 
i.e., -CHX-S-An-S-CHX-, where X and An indicate a 
substituent and anthracene, respectively, whereas the 
anthracene moieties for the other polymers were labeled 
with anthracene through methylene bonds; -CHX-CH2 
-An-CH2-CHX-. Shimanouchi's group studied the ro­
tational isomerism of sulfides by infrared and Raman 
spectroscopy.47·48 They found that the gauche conforma­
tion for a c-s bond is as stable as the trans state, and 
that the bond rotation is more likely to occur around a 
CH2-S bond than that around a CH2-CH2 bond. In the 
previous study, we reported that the relaxation time is 
influenced by the chemical structure around the anthra­
cene probe.49 Hence, the reduced relaxation time for 
PVCz evaluated in this study was probably underesti­
mated due to the structure around the anthracene 
probe. The value ofT mllJ for PVCz was larger than that 
for PS and smaller than that for s-PMMA. However, con­
sidering the difference in the chemical structure around 
the anthracene probe, it is reasonable to say that the 
chain mobility of PVCz is similar to that of s-PMMA at 
least. Therefore, it can be said that the relaxation time 
for the PVCz chain is fairly larger than those for the 
other polymers. The activation energy for PVCz is also 
larger than those for the others. These results indicate 
that the PVCz chain is less mobile and dynamically 
stiffer compared to other polymers. This is attributed to 
the steric hindrance of the bulky carbazolyl side chain. 
Consequently, the rotational potential barrier for the 
conformational transition is high and the rotational mo­
tion is suppressed. 

The molecular weight effect on the relaxation time for 
POE and PS in good solvents was examined in de­
tail.23·25 Now the molecular weight dependence of local 
chain dynamics is discussed in terms of the critical num­
ber of bonds, Ne, which is the number of bonds corre­
sponding to the critical molecular weight, Me. Me is the 
molecular weight where the reduced relaxation time 
reaches an asymptotic value. The relaxation time for PS 
in benzene reached the saturation value at Mw 10000, 
which corresponds to Ne=200. Similarly, Ne for POE in 
a good solvent, DMF, is estimated to be 70. On the other 
hand, the relaxation time for PVCz in THF was constant 
above a molecular weight of 25000, which corresponds to 

This result means that the rotational motion 
around each bond for the PVCz backbone is suppressed 
due to the large steric hindrance of the carbazolyl group 
and more C-C bonds are required to rotate in order to lo­
calize the segmental motion of the main chain, resulting 
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in the larger critical number of bonds, Nc, compared to 
POE and PS. The recent theoretical and numerical stud­
ies reported that the coupling of bond rotation is an im­
portant process governing the main chain dynam­
ics.12.41-43 When a rotational motion occurs along the 
main chain, counter rotation around the other bonds 
would cooperatively occur to avoid the movement of the 
large part of the polymer chain. 

CONCLUSION 

PVCz labeled with anthracene at the middle of the 
main chain was synthesized by the living cationic polym­
erization followed by the coupling reaction of the living 
ends with 9,10-anthracenedithiollithium salt. The local 
chain dynamics of PVCz at the chain center was exam­
ined by the fluorescence depolarization method. The mo­
lecular weight effect upon the relaxation time and the 
activation energy for the local segmental motion was 
evaluated in the range of molecular weight from 9000 to 
100000. The molecular weight and solvent dependence 
of the reduced relaxation time indicates that the local 
potential energy for the conformational transition is an 
important factor governing the local motion of PVCz. 
The values of the reduced relaxation time and the acti­
vation energy for PVCz were large compared to those for 
the other polymers, POE, PI, PS, and s-PMMA. Such 
high relaxation time and activation energy result from 
the suppression of the rotational motion ofthe backbone 
c-c bonds by bulky carbazolyl side chains. 

Acknowledgment. H. A. acknowledges Research Fel­
lowships of the Japan Society for the Promotion of Sci­
ence for Young Scientists. 
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