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ABSTRACT: Pulsed-laser polymerization in conjunction with molecular weight distribution measurement was adopted 
for determining the propagation rate coefficient kP in the free radical solution polymerization of N-vinylcarbazole (VCZ). A 
photoinitiator which absorbs up to ca. 410nm was selected to exclude the excitation ofVCZ. We measured the effects of light 
intensity, pulse frequency and the concentration of VCZ on the rate coefficients. The value kp=4.16 x 103 Lmol- 1 s- 1 was 
obtained in benzene at 30oC. The values of kP were well fitted by the Arrhenius equation in the range of 3o--70"C. The values 
evaluated by using the non-linear least-squares fitting for determination of Arrhenius parameters were A= 2.20 x 108 L mol- 1 s- 1 

and EA =27.4kJ mol- 1. We obtained the 95% joint confidence interval for the Arrhenius parameters. 
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Polymerization I 

The radical and cationic polymerization of N-vinyl
carbazole (VCZ) has been extensively studied. 1·2 In the 
polymerization kinetics, it is important to determine 
the propagation rate constant kP. North et al. 3 meas
ured the propagation rate constant for radical polymer
ization of VCZ by using the rotating sector-dilatometry 
method and reported the value of kP = 13 L mol- 1 s- 1 
in tetrahydrofuran (THF) at 30°C, which is listed in the 
"Polymer Handbook".4 We have reported a much higher 
value of kP = 930 L mol- 1 s -I in benzene at 30°C by the 
same method. 5 Recently, Olaj and coworkers6 develop
ed the pulsed-laser polymerization (PLP) technique by 
which the propagation rate constant of radical poly
merization can be evaluated accurately. In this technique 
the propagation rate constants can be estimated from 
the molecular weight distribution of the obtained poly
mer. The original concept was outlined by Aleksandrov. 7 

Many workers have determined the propagation rate 
constants for various different monomer systems, such 
as styrene, 8- 10 acrylate, 11 - 13 methacrylate14 - 19 and 
vinyl acetate. 20 These studies were carried out mostly 
using bulk polymerization and a few using solution 
polymerization.21 - 23 In this study, the propagation 
rate constant of VCZ was measured in solution with an 
appropriate photoinitiator by the PLP technique. The 
absorption of VCZ has a long wavelength tail in the 
UV region, i.e., the absorption maximum is at 340 nm 
and the tail extends to 390 nm at a high monomer con
centration, so we adopted the photoinitiator whose 
absorption band is in a longer wavelength than the 
absorption of VCZ. 

EXPERIMENTAL 

VCZ (Nakarai tesque) was purified by recrystallization 
three times from methanol and hexane. Then it was dried 
in vacuo for two days at room temperature. The solvent 
was purified by the usual way. In this study, we used 
2-benzyl-2-dimethylamino-1-( 4-morpholinophenyl)
butanone-1 (Irgacure 369, Ciba Geigy) as a photo
initiator which has an absorption tail up to ca. 
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410 nm. Figure 1 shows the molecular structure of the 
initiator and monomer. The solution in the sample cell 
was bubbled with argon gas for I 0 min. Pulsed-laser 
experiments were performed by using a Lambda Physik 
EMG 101 MSC pulsed excimer laser at 351 nm (XeF) 
with a pulse energy of 60mJ. The pulse repetition rate 
could be changed from 1 Hz to 50 Hz. The temperature 
was kept constant within ± O.SOC. After polymerization, 
the molecular weight distribution was analyzed at 40oC 
on a high speed liquid chromatography system HLC-
802UR (Tosoh Co. Ltd). A column (Tosoh, TSK-GEL, 
G4000 HHR x 2) and a differential refractometer were 
used. THF was used as the eluent, and pumped at a 
constant flow of 0.8 mL min - 1. The molecular weight 
distribution (MWD) analysis was based upon universal 
calibration by using narrow MWD polystyrene stand
ards (Tosoh standard sample) and known Mark-Hou
wink-Sakurada coefficients.4·24 This calibration curve 
was checked with a few samples ofnarrow-MWD PVCZ 
that were prepared by living cationic polymerization25 
and their Mw's were measured by LS. 

Procedure 
The PLP technique has been described in many pa

pers8·26 and has been recommended for use by the 
IUPAC working party.9·14 The technique involves the 
exposure of a monomer system with a photoinitiator to 
laser flashes which generate a periodic profile of polymer 
radicals. The photoinitiator decomposes during the laser 

[Monomer J ( Initiator J 

N-Vinylcarbazole lrgacure 369 

Figure 1. The molecular structure of monomer and photoinitiator. 
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pulse and the radical formed can initiate the propagation. 
When the next laser pulse arrives, the radical is exposed 
to a high concentration of newly generated radicals, 
which lead to their termination with a greatly increased 
probability. If a propagation radical is terminated by 
the i-th pulse after the initiating pulse, the chain length L; 
of the polymer formed is determined by the following 
equation. 

(1) 

where [M] is the monomer concentration, t 0 is the dark 
time between pulses, and i is an integer. The MWD of 
the sample which is obtained by irradiating a sequence 
of pulse light is measured by size exclusion chromato
graphy (SEC). The MWD derived from SEC is obtained 
as w(log M) vs. log M, where the fraction of polymer w 
is expressed as a function of log M. To analyze the 
experimental data, it is necessary to transform a mass 
MWD on a logarithmic scale to a number MWD on a 
linear scale. The relation between w(M) and w(log M) is 
given by, 

w(log M) = ln(lO)M x w(M) 

f(M) is given by w(M) as, 

(2) 

(3) 

Then, by taking the derivatives of w(log M), w(M), f(M), 
the peaks of dw(log M)/d log M, dw(M)/dM and df(M)/ 
dM become the inflection points on the low molecu
lar weight side on the major MWD peak which is L;. 
As L; is determined, we can calculate kP by using eq 1. 
Towards higher i, the inflection point becomes vague 
and in most cases eq 1 is used with i = 1 

RESULTS AND DISCUSSION 

Figure 2 shows the absorption spectra of VCZ 
(1 X 10- 4 molL - 1), Irgacure 369 (1 X 10- 3 molL - 1) in 
benzene solution. The photoinitiator Irgacure 369 has 
an absorption tail up to ca. 410 nm. VCZ has absorption 
at the exciting laser pulse wavelength of 351 nm, but the 
polymerization did not take place when the system was 
irradiated in the absence oflrgacure 369. The mechanism 
of photodecomposition of Irgacure 369 has been studied 
by Desobry et al. 27 The main initiating species of 
polymerization is benzoyl and aminoalkyl radicals. 
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Figure 3. Molecular weight distribution w(logM) (full line) of the 
polymer formed in PLP experiment for VCZ [ temperature, 30°C; 
t 0 = O.ls; VCZ (0.5 molL- 1 ); Irgacure 369 (2 x 10- 3 mol L- 1 ); solvent, 
benzene] and the first derivative dw(log M)jd(log M) (broken line) the 
inflection points are shown as L,. 

First 

Table I. Inflection points and k" estimates 
for vcza 

w(logM) w(M) 

L1 210 206 
k" (L mol- 1 s- 1) 4.20 X !03 4.12xl03 

f(M) 

202 
4.04 X 103 

Second k" (L s-1) 
426 410 405 

4.26 X 103 4.10x 103 4.05 X !03 

a vcz (0.5 molL - 1 ); Irgacure 369 (2 X I o- 3 molL - 1 ); solvent, 
benzene; temperature, 30oC; irradiation wavelength, 351 nm; laser 
repetition rate, I 0 Hz. 

Table II. Effect of laser light intensity 
in PLP experiment• 

--

Light intensity/% MW at L1 L1 kp/Lmol- 1s- 1 

100 7.96 X !04 412 4.12x 103 

40 8.39 X 104 434 4.34 X 103 

20 8.10x 104 419 4.19xl03 

•vcz (0.5mo!L - 1); Irgacure 369 (2x 10- 3 mo!L- 1); solvent, 
benzene; temperature, 30oC; irradiation wavelength, 351 nm; laser 
repetition rate, 5Hz. 

Figure 3 shows the molecular weight distribution of the 
polymer formed on irradiating 10Hz of 351 nm light at 
30°C for 10 min. Table I shows the chain length L; at 
the inflection points and the estimated kP. They are not 
greatly different but are in the order of w(log M);:::: 
w(M);::::f(M), which is the same as that reported by 
Hutchinson et al. 8 Although they regard the value of 
f(M) as valid, we adopt the w(M) distribution for com
parison with the reported values . As can be seen in 
Table I, the relation between the first peak and the 
second peak is L 2 2 x L 1 . 

As for light intensity, we changed the light intensity 
from 100% to 40% and from 40% to 20% under the 
same condition, but the SEC curves nearly overlapped 
each other and the kP values were nearly the same. The 
results are summarized in Table II. Figure 4 shows the 
SEC curves obtained by changing the frequency from 
5Hz to 30Hz, i.e., t0 was changed from 0.2 s to 0.033 s. 
When t 0 was short, the system was at the low termination 
limit12 because the next pulse arrived before the radical 
had decayed fully. With the increase in t 0 , the curve 
approached the higher polymer side and showed two 
distinct peaks. As t 0 reached 0.1 or 0.2 s, the condition 
became appropriate for the PLP method. Therefore, the 
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Figure 4. Dependence of molecular weight distribution of the 
polymer on the frequency of laser pulse in benzene at 30°C. 

Table III. Effect of frequency of laser pulse 
in PLP experiment" 

Frequency/Hz 

t0 js 
MW at £ 1 ( x 104 ) 

£1 

kv (x 103 Lmol- 1 s- 1) 

5 

0.2 
16.2 

838 
4.19 

10 15 

0.1 0.067 
7.96 5.25 

412 272 
4.12 4.06 

20 

0.05 
4.25 

220 
4.39 

30 

0.033 
2.67 

138 
4.17 

•vcz (l.Omo!L- 1); Irgacure 369 (2x!0- 3 moiL- 1); solvent, 
benzene; temperature, 30oC; irradiation wavelength, 351 nm. 
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Figure 5. Dependence of kv (0) and £ 1 (e) of the polymer on the 
time interval of laser pulse in benzene at 30oC. 

experiments were carried out at a t 0 of 0.1 or 0.2 s. We 
analyzed the curve in Figure 4 and the results are 
summarized in Table III. In Figure 5, we plot the data 
in Table III. Figure 5 clearly shows how the inflection 
points shift to higher molecular weights as t 0 increases, 
but the kP values are almost constant. The SEC curves 
in Figure 6 were obtained by changing the concentra
tion of VCZ from 0.25 to 1.5 molL - 1. As the con
centration increased, the curves shifted toward a higher 
molecular weight side and the second peak increased 
with the decrease of the first peak. The results analyzed 
from the curves of Figure 6 are summarized in Table IV. 
L 1 was proportional to the monomer concentration, 
but kP was definite. Thus, this system is adequate for 
the measurement by the PLP method. 

We tested the reliability of our PLP technique, using 
styrene which has been studied by many research
ers.8-10·28 We used a repetition rate of 10Hz and Irga
cure 369 (2 x 10- 3 molL - 1) photoinitiator in bulk sty
rene, in the range of 30--70°C. Our data are summarized 
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Figure 6. Dependence of molecular weight distribution of the 
polymer on the VCZ concentration in benzene at 30oC. 

Table IV. Effect of monomer concentration 
in PLP experiment" 

---------

VCZ Concentration/molL_, 0.25 0.5 1.0 

MW at £ 1 ( x 104 ) 2.02 4.24 8.29 
£1 105 220 429 
kv (x 103 Lmol- 1 s- 1) 4.19 4.39 4.29 

1.5 

12.1 
626 

4.17 

• lrgacure 369 (2 x 10- 3 mol L- 1 ); solvent, benzene; temperature, 
30oC; irradiation wavelength, 351 nm; laser repetition rate, I 0 Hz. 

Table V. Propagation rate coefficient kv for styrene 
evaluated as a function of temperature• 

Temperature;oc t0 js kvfLmol- 1 s- 1 

30 0.1 110 
40 0.1 179 
50 0.1 279 
60 0.1 372 
70 0.1 493 
80 0.1 757 

• Irgacure 369 (2 x 10- 3 mol L- 1 ); irradiation wavelength, 351 nm; 
laser repetition rate, 10Hz. Styrene concentration was calculated by 
using the density eq: d [gem- 3 ] =0.9236-8.87 x 10- 4 T, where Tis 
the temperature CC)28 

4 
Ea = 32.7 kJ/mol 

3 

3 3.5 
1000 IT [K-1] 

Figure 7. Arrhenius plot for the styrene propagation rate constants 
determined by PLP. Present work (e) and Manders' result (0). 

in Table V. Figure 7 shows our results for styrene and 
those of Manders et a/. 28 Our results are expressed by 
eq 4 and are in good agreement with their results, 
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Table VI. Propagation rate coefficient k" for VCZ 
evaluated as a function of temperature• 

Temperaturej"C 10 /s [M]/mo!L - 1 k"/ x 103 mol- 1 s- 1 

0.2 0.5 4.12 
0.2 0.5 4.34 
0.2 0.5 4.19 
0.2 1.0 4.19 
0.1 1.0 4.12 
0.067 1.0 4.06 
0.05 1.0 4.39 

30 0.033 1.0 4.17 
0.1 0.25 4.19 
0.1 0.5 4.39 
0.1 1.0 4.29 
0.1 1.5 4.17 
0.1 1.0 4.39 
0.1 1.0 4.09 
0.1 1.0 4.19 
0.1 1.0 4.17 

0.2 0.5 5.39 
0.2 0.5 5.63 
0.2 0.5 6.05 

40 

0.2 0.5 5.53 

0.2 0.5 8.07 
50 0.2 0.5 8.47 

0.2 0.5 8.28 

0.2 0.5 10.1 
60 0.2 0.5 10.6 

0.2 0.5 10.4 

0.2 0.5 16.7 
70 0.2 0.5 15.4 

0.2 0.5 16.1 

• VCZ; lrgacure 369 (2 x 10- 3 molL - 1); solvent, benzene; irradiation 
wavelength, 351 nm. 

32.51kJmol- 1 ( 4) 
RT 

Then, we measured the kP of VCZ in the temperature 
range of 30 to 70°C as shown in Table VI. Usually the 
temperature dependence of a rate constant is expressed 
by the following linearized form of the Arrhenius 
equation. 

EA 
Ink 

P RT 
(5) 

However, it has recently been pointed out9 •28 - 30 that 
from a statistical point of view, the more correct way to 
obtain values of Arrhenius parameters is to carry out 
the non-linear fitting of kp(T) data with the Arrhenius 
equation itself: 

k =Aexp( -EA) 
P RT 

(6) 

We used the recommended standard non-linear least
squares (NLLS) fitting for determination of Arrhenius 
parameters, and calculated Arrhenius parameters by 
Herk's method29 for the data points in Table VI. This 
method sequentially searches the entire sum-of-squares 
of residuals space (SS) for its global minimum. 

Figure 8 shows the 95% joint confidence interval for 
the Arrhenius parameters with the SS from NLLS fit, 
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Figure 8. The 95% joint confidence intervals for Arrhenius 
parameters In A and E/R from non-linear least-squares fitting of k" 
data for N-vinylcarbazole. Best fit value ( +) of In A and E/ R. 
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Figure 9. Arrhenius plot for the N-vinylcarbazole propagation rate 
constants determined by PLP. Present work (0); non-linear 
least-square fitting, eq 7, (-);linear least-square fitting( .. ·). 

where the so-called F-distribution was used for joint 
confidence interval construction. As can be seen from 
Figure 8, the joint confidence interval was approximately 
elliptical in shape. The center in this ellipsoid is the best-fit 
parameter. The values are A= 2.20 x 108 L mol- 1 s -l, 

EA=27.4kJmol- 1 , which are given in eq 7. 

( - 27.4 kJ mol- 1 ) 
kp=2.20x 108 exp RT [Lmol- 1 s- 1] 

(7) 

The kP value at 30°C calculated from Arrhenius 
parameters was 4.16 x 103 L mol- 1 s- 1 • As shown in 
Figure 9 it is nearly identical to that of the linear fit. The 
value of activation energy is slightly smaller than that of 
styrene (32.51 kJ mol- 1 ) 9 and larger than that of meth
yl methacrylate (22.36kJmol- 1)/4 but the value of 
frequency factor is much higher than those of styrene 
(4.27 x 107 Lmol- 1 s- 1) 9 and MMA (2.67 x 106 Lmol- 1 

s- 1 ). 14 That is, the large propagation rate constant of 
VCZ is mainly due to the large frequency factor. VCZ 
has a bulkier side group (large mass) than other mono
mers. Then this may cause the increase in the vibra
tional and internal rotational partition function which 
results in the increase in the frequency factor. 31 - 33 
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The study on this cause is further in progress. 
As for the discrepancy between the previously reported 

value3 and the present one, the following reasons can be 
considered: (1) the accuracy of the rotating sector
dilatometry method was not enough to measure the rate 
of polymerization, (2) there has been no effective and 
clear-cut radical photoinitiator for VCZ monomer. 34 

The present study showed a way to measure the rate con
stants of radical polymerization in solution. 

CONCLUSION 

The propagation rate coefficients of VCZ were 
measured by the PLP technique, with an Irgacure 369 
photoinitiator in the temperature range of 30-70oC. 
They were evaluated by using the non-linear least-squares 
fitting for determination of Arrhenius parameters. Their 
values were A= 2.20 x 108 L mol- 1 s -l and EA = 27.4 
kJ mol- 1 with the 95% joint confidence interval. The 
value kP in benzene at 30oC was 4.16 x 103 L mol- 1 s- 1 . 
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