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ABSTRACT: The copolymerization of styrene (St) with N-vinyl carbazole (N-VC) was
carried out in different solvents (benzene, ethyl acetate, acetone, or DMF) using a,a’-
azobisisobutyronitryle as an initiator at 60°C. The copolymer compositions were esti-
mated by elemental analysis. The monomer reactivity ratios of styrene (r;) and N-
VC (ry) were determinated by Fineman—Ross and Kelen—Tiidés methods and then
recalculated using a nonlinear minimization algorithm based on the Mayo—Lewis
method (RREVM). The reactivity ratios calculated by the RREVM method were found
to be r; = 3.74, ry = 0.14 (benzene); r; = 5.02, r, = 0.11 (ethyl acetate); r; = 5.50, ry
= (0.16 (acetone); and r;, = 5.83, r, = 0.17 (DMF). The Alfrey—Price copolymerization
parameters @, and e, for N-VC in each solvent were calculated: @, = 0.51, e; = —1.60
(benzene); @, = 0.37, e, = —1.57 (ethyl acetate); @; = 0.24, e, = —1.16 (acetone); and
Q2 = 0.23, e, = —1.17 (DMF). © 1998 John Wiley & Sons, Inc. J Appl Polym Sci 67: 715—

721, 1998

INTRODUCTION

The investigations on bulk and solution copoly-
merization of N-vinyl carbazole with vinyl mono-
mers such as styrene and methyl or ethyl methac-
rylates were carried out by several authors.'~°
This article reports on our further investigations
on the free-radical solution copolymerization of
styrene (M;) with N-vinyl carbazole (M,) (St—
N-VC). It is well known that the polymerization
medium greatly affects the reactivity ratios. In
our earlier studies, the reactivity ratios of ethyl
and butyl methacrylates with N-VC were deter-
mined in the same solvents: benzene, ethyl ace-
tate, acetone, and DMF.!! In that work, we did
not present @ and e values for methacrylates, be-
cause we could not find reactivity ratios for the
system St—N-VC in the same solvents (except in
benzene).'? In this article, the reactivity ratios of
St (1) and N-VC (ry) were determined in these
solvents. The Alfrey—Price ' copolymerization pa-
rameters @, and e, for N-VC were also calculated.
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The aim of this work was on the one hand, the
determination of the reactivity ratios of St with
N-VC in various solvents and evaluation of the
values @ and e for methacrylates. On the other
hand, we tried to relate the reactivity ratios to
the solubility parameter (6) as well as the dipole
moment (u) of the solvents. We also compared the
values of the reactivity ratios obtained by differ-
ent methods. The reactivity ratios were deter-
mined by Fineman—Ross'* and Kelen—Tiidos "
linear methods and recalculated by nonlinear
minimization algorithm (RREVM)'® based on the
Mayo—Lewis method.’ In the Kelen—Tiidos
methods, we used the graphical method (I)*® and
the graphical method regarding weight conver-
sion (II).'5-'7 Differences of the values of the reac-
tivity ratios obtained by these methods are briefly
discussed.

EXPERIMENTAL

Monomers

N-Vinyl Carbazole (N-VC), Pure (Fluka A. G.,
Switzerland)

The monomer was purified by twofold recrystalli-
zation from heptane and methanol. The melting
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point (mp) was 63.5—65.0°C. The content of nitro-
gen, determined by elemental analysis, was
13.49% (calculated 13.51).

Styrene (St), Pure (International Enzymes Ltd.,
Windsor, Bercshire, UK)

The monomer was separated from the initiator
as follows: It was twice washed with 5% aqueous
sodium bisulfate, then with 8% aqueous sodium
hydroxide (also twice), and, at the end, with dis-
tilled water to pH 7. The monomer was dried over
anhydrous magnesium sulfate and distilled under
reduced pressure just before use. The fraction
boiling at 37-65.0°C/13-29 mmHg was col-
lected. n% = 1.5461; d3° = 0.974 g/cm?.

«a,a'-Azobisisobutyronitrile (AIBN ),
Pure (BDH Chemicals Ltd., UK)

Reagent-grade AIBN was dissolved in chloroform.
The solution was filtered and the solute precipi-
tated with diethyl ether. The procedure was re-
peated twice. The mp was 102°C.

Solvents

The solvents benzene, ethyl acetate, acetone,
DMF, and methanol were all analytical-grade re-
agents. They were purified using standard meth-
ods and were distilled just before use.

Copolymerization Procedure and
Copolymer Analysis

Free-radical copolymerizations were carried out
in sealed glass tubes (10 = 2 mL) at 60 = 1°C
with AIBN (0.5% by wt) as the initiator. The ap-
propriate amounts of comonomers at various ra-
tios were weighted and placed with the solvent
and initiator into a tube. The total monomer con-
centration was 2.145 mol/L. The time of copoly-
merization was established experimentally to
reach the conversion of around 10% (ca. 4 h).
After that time, the tubes were removed from the
bath and cooled to room temperature and the re-
action mixture was poured into a large amount of
acetone with vigorous stirring. The copolymer was
isolated and purified by two precipitation—dis-
solving cycles in acetone and methanol. The copol-
ymer was further filtered off and dried in a vac-
uum to a constant weight.

The copolymer compositions were calculated
from nitrogen contents determined by elemental
analysis of the copolymers, which was performed
with an EA1108 elemental analyzer (Carbo Erba,

Italy). Each copolymer was analyzed for nitrogen
three times. The results were reproducible within
0.3%. Two series of measurements for nine compo-
sitions in each solvent were made.

RESULTS AND DISCUSSION

The copolymerization of St (M;) and N-VC (M,)
with AIBN as the initiator at 60°C was carried
out in benzene, ethyl acetate, acetone, and DMF.
The average results for two series of copolymer-
ization experiments are shown in Tables I-1V.
Although for low polymer concentrations the ex-
perimental error of composition determination
was relatively high, since the composition of the
reaction medium changed with conversion, we
had to limit ourselves to low conversion (<10%).
The relationship between the rate of copolymer-
ization vs. the mol fraction of N-VC in the starting
mixture of comonomers in various organic sol-
vents is shown in Figure 1. The experimental re-
sults indicate that the rate of copolymerization
depends on the concentration of monomers in the
starting mixture. The solvents used also signifi-
cantly affect the copolymerization rate. In gen-
eral, the rate of copolymerization has a minimum
of between a 0.3 and 0.6 mol fraction of N-VC in
the feed for all solvents.

The monomer reactivity ratios, r; for St and r,
for N-VC, were determined according to the Fine-
man—Ross (F-R)™ and the Kelen-Tiidoés (K—
T)'-'" linear methods and recalculated by a non-
linear minimization microcomputer program'®
based on the Mayo—Lewis method.'® The program
employs the Error-in-Variables-Model (RREVM)
method to estimate reactivity ratios. In the calcu-
lations, the amounts of monomers 1 and 2 (0.3%
accuracy ) and that of units of the type 2 copolymer
(accuracy 3.0%) were introduced as input param-
eters.

The values of the reactivity ratios calculated by
the methods of F-R and K-T and by the RREVM
program are summarized in Table V. In the K-T
methods, two calculation methods were used: the
graphical method ' (I) and the graphical method
with weight conversion taken into account'®~'"
(II). Figures 2 and 3 show examples of the K-T
plots for the St— N-VC system in ethyl acetate and
in acetone (graphical methods [I]). In each case
for all pairs of comonomers, good straight-line de-
pendencies for terms of the K-T equation were
obtained. As can be seen, in Table V, all methods
of calculations yielded similar results. However,
for the two ways of calculating within the K-T
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Table I Experimental Data for the Copolymerization of St (M,;) with N-VC (M,) at 60°C in the

Presence of AIBN (0.5% by Wt) in Benzene

Composition
of Starting Mean
Mixture Fraction of Sequence
(mol %) Polymerization Polymerization N Content in N-VC in Length
- Time Conversion Rate Copolymer Copolymer
M, M, (h) (Wt %) (Wt %) (Wt %) (mol %) U1 s
90 10 3.66 3.05 0.83 0.35 2.66 138.33  1.00
80 20 3.58 2.48 0.69 0.77 6.02 59.62 1.01
70 30 3.50 1.91 0.55 1.21 9.75 35.77 1.02
60 40 3.92 1.85 0.47 1.76 14.75 22.73 1.03
50 50 4.00 1.72 0.43 2.31 20.15 15.89 1.04
40 60 4.08 4.27 1.05 2.93 26.80 11.27 1.05
30 70 3.92 6.74 1.74 3.63 35.12 7.94 1.08
20 80 4.00 6.82 1.69 4.34 44.61 5.67 1.11
10 90 4.08 6.95 1.63 5.12 56.50 3.89 1.19

Total monomer concentration: 2.145 mol/L.

method, some differences in resulting r; and r,
values were encountered. The value of r, seemed
more sensitive toward the calculation method ap-
plied.

From the results presented in Table V, it is
evident that the reactivity ratios depend on the
solvent used. The highest values for both r; for St
and r, for N-VC were obtained in DMF (r; = 5.83;
re = 0.17) calculated by the RREVM method, the
smallest one in benzene (r; = 3.74; r, = 0.14).
By comparing r; and r, values (from Table V)
in various solvents, one can confirm that their
different dipole moment (u) as well as their solu-

bility parameter (6) exert a certain influence on
the reactivity ratios. No substantial effect of the
solubility parameter (§) on r; and r, values was
found. An interesting dependence of the dipole
moment () of the solvents on the reactivity ratios
was found. For benzene (dipole moment x4 = 0),
the value of r; is the smallest: r; = 3.74. When the
dipole moment of a solvent increases, the value of
r; becomes higher (for DMF n = 3.82, r; = 5.83).
The reactivity of St in the copolymerization with
N-VC is relatively high in all solvents. The value
of ry is greater than 1, and of ry, less than 1, simi-
larly to the respective values for methacrylates in

Table II Experimental Data for the Copolymerization of St (M,) with N-VC (M) at 60°C in the

Presence of AIBN (0.5% by Wt) in Ethyl Acetate

Composition
of Starting Mean
Mixture Fraction of Sequence
(mol %) Polymerization Polymerization N Content in N-VC in Length
Time Conversion Rate Copolymer Copolymer
M, M, (h) (Wt %) (Wt %) (Wt %) (mol %) M1 e
90 10 4.50 4.01 0.89 0.26 2.04 244,49  1.00
80 20 4.17 3.06 0.73 0.58 4.48 109.31 1.01
70 30 4.17 2.89 0.69 0.97 7.69 6197 1.01
60 40 4.00 5.17 1.29 141 11.43 40.35 1.02
50 50 4.17 6.33 1.52 2.00 16.08 2751 1.02
40 60 3.83 5.23 1.37 2.45 21.28 19.79 1.03
30 70 4.00 6.69 1.67 3.14 29.31 13.25 1.05
20 80 3.83 6.50 1.70 3.94 39.12 891 1.07
10 90 4.50 15.12 3.36 4.83 52.19 5.65 1.12

Total monomer concentration: 2.145 mol/L.
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Table III Experimental Data for the Copolymerization of St (M,;) with N-VC (M,) at 60°C in the

Presence of AIBN (0.5% by Wt) in Acetone

Composition
of Starting Mean
Mixture Fraction of Sequence
(mol %) Polymerization Polymerization N Content in N-VC in Length
- Time Conversion Rate Copolymer Copolymer
M, M, (h) (Wt %) (Wt %) (Wt %) (mol %) U1 s
90 10 3.83 5.58 1.46 0.26 1.97 277.62  1.00
80 20 4.08 5.50 1.35 0.55 4.24 126.33  1.01
70 30 4.00 5.41 1.35 0.92 7.27 71.79 1.01
60 40 3.92 3.21 0.82 1.31 10.63 47.65 1.02
50 50 4.08 2.23 0.55 1.80 15.12 32.15 1.03
40 60 4.17 3.67 0.88 2.40 21.07 21.79 1.04
30 70 3.92 3.67 0.94 3.15 29.31 14.38  1.07
20 80 4.08 5.45 1.34 4.07 40.86 9.03 1.11
10 90 4.00 7.23 1.81 5.30 59.50 478 124

Total monomer concentration: 2.145 mol/L.

copolymerization with N-VC.'22° In Figure 4,
the copolymerization curves are presented. As one
can see, for the system of St with N-VC, the curves
are similar for all solvents. By examining the co-
polymerization curves and the product of the reac-
tivity ratios (r,- ry; see Table V), one can expect
the copolymers of St with N-VC formed in all sol-
vents to be random with a tendency to alternate.

From the values of r; and r,, the mean sequence
length (u; for St and u, for N-VC) was calculated
from the formulas,? u; = 1 + r{{m,1/[m,] and p,
=1+ rolmsyl/[m,], where [m;] and [m,] are the
monomer concentrations in the copolymer. The re-

sults of calculation values are presented in Tables
I-IV. The mean sequence length u; and u; change
with the amount of St and N-VC in the feed and
depend on the solvent used. The value of yu; varied
from 3.9—140 for benzene to 6—380 for DMF and
increased with increasing content of St in the feed.
The mean sequence lengths of N-VC, u,, varied
from 1.0 to about 1.2 with increasing N-VC feed
concentration in all solvents. This relatively low
mean sequence length correlates with low values
of ry and confirms the alternating tendency of the
St—N-VC copolymers.

The copolymerization parameters @, and e, for

Table IV Experimental Data for the Copolymerization of St (M;) with N-VC (M,) at 60°C in the

Presence of AIBN (0.5% by Wt) in DMF

Composition
of Starting Mean
Mixture Fraction of Sequence
(mol %) Polymerization Polymerization N Content in N-VC in Length
Time Conversion Rate Copolymer Copolymer
M, M, (h) (Wt %) (Wt %) (Wt %) (mol %) M1 e
90 10 4.00 3.23 0.81 0.20 1.51 383.16 1.00
80 20 3.83 2.91 0.76 0.52 4.00 14131 1.01
70 30 4.17 2.59 0.62 0.91 7.19 75.53 1.01
60 40 4.00 3.18 0.79 1.39 11.35 46.70  1.02
50 50 3.92 3.76 0.96 1.93 16.37 30.88  1.03
40 60 4.08 7.48 1.83 2.56 22.75 20.85 1.05
30 70 3.58 11.20 3.13 3.27 30.72 14.19 1.07
20 80 3.66 15.53 4.24 4.06 40.73 9.51 1.11
10 90 3.92 15.86 4.05 4.95 53.76 6.03 1.19

Total monomer concentration: 2.145 mol/L.
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Figure 1l Rate of copolymerization (Wt %/h) for the system St/N-VC vs. mol fraction
(M) in the feed in differents organic solvents at 60°C.

the N-VC monomer, which are estimated from the
Alfrey—Price equation,'® are summarized in Ta-
ble V. It is well known that the reactivity of como-
nomers are strongly influenced by the type of com-
onomer and the polymerization medium, and dif-
ferent results can be found by different methods.
These values in all solvents were calculated from
the reactivity ratios r; and ry obtained by the
RREVM program and from the literature for @,
and e; for St (Ref. 22) (@, = 1.0, e; = —0.8). The

values of @, and e, obtained in this work differ
significantly from one another as well as from the
literature value for N-VC (@ = 0.26,e = —1.29).2°
These differences result from the varying poly-
merization medium used and confirm the influ-
ence of the solvent on the reactivity of both mono-
mers in the copolymerization reaction. The values
of e, for N-VC are negative and significantly
higher in magnitude than those obtained by other
authors.'®?° These negative values of e, reflect the

Table V Reactivity Ratios of St (r;) with N-VC () in Various Solvents and @, and e, Values for N-VC

u? &P K-T K-T
Solvent [D] [MPa'?] ri X re F-R [1] [11] RREVM Q2 ey (A e’
Benzene 0.00 18.8 r 4.01 3.84 3.79 3.74
ro 0.23 0.42 0.35 0.14 0.51 —-1.60 1.17 -0.25
ri Xry 0.91 1.63 1.33 0.52 0.861 —0.291
Ethyl 1.78 18.6 r 5.13 5.08 5.19 5.02
acetate
ro 0.17 0.34 0.26 0.11 0.37 —1.57 0.62 —0.80
ry X ry 0.85 1.71 1.34 0.55
Acetone 2.71 18.8 r 5.54 5.52 5.31 5.50
ro 0.16 0.40 0.34 0.16 0.24 —-1.16 0.66 0.01
ry X ry 0.90 2.22 1.82 0.88
DMF 3.82 24.8 ry 7.19 5.36 5.25 5.83
ro 0.49 0.39 0.26 0.17 0.23 —-1.17 0.65 —0.57
ry X ry 3.54 2.09 1.39 0.99

# Dipole moment (u).

> Solvent solubility parameter (6).
¢ Data for ethyl methacrylate.

4 Data for butyl methacrylate.
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Figure 2 Plot of n vs. £ for the system St/N-VC in ethyl acetate. Kelen—T1iidos
method (I); r; = n(1); — ry/a = n(0), @ = 0.1715, where n = (r; + ro/a)é — ro/a; a
=VF, Fy.F, and F); are the lowest and highest values from the experimental data,

respectively.

donor interaction of the carbazole ring with the
vinyl group of styrene. These mutual interactions
are localized on the C; atom of N-VC, causing the
more negative formal charge as compared with
that of the C; atom in St.

The values of @, and e, were used to calculate

! 1 1 N I " 1

00 02 04 06 08 10

>

g

Figure 3 Plot of n vs. £ for the system St/N-VC in
acetone. Kelen-Tiidos method (I); r; = n (1); —ro/a
=1n(0), a = 0.1715, where n = (r; + ro/a)§ — ri/a; a
=VF, Fy.F, and F; are the lowest and highest values
from the experimental data, respectively.

@; and e; for ethyl and butyl methacrylates, for
which the reactivity ratios r; and r; in copolymer-
ization with N-VC were determined earlier in the
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Figure 4 Relationship between the mol fraction of N-
VC in the feed (M) and mol fraction in the copolymer
(mgy) for the system St—N-VC in different organic sol-
vents at 60°C. (1) Benzene; (2) ethyl acetate; (3) ace-
tone, 4-DMF.
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same solvents (for butyl methacrylate only in ben-
zene)."! These calculated values differ signifi-
cantly from one another as well as from the litera-

ture data.
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