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ABSTRACT:

The copolymer of 1-chloro-1,3-butadiene (CB) and styrene (St) was synthesized

and its composition and distribution in poly(CB-co-St) were investigated by thin-layer chromatog-
raphy (TLC). The concentration gradient development method of a tetrahydrofuran—cyclohexane
mixture was useful for separating the copolymer into its components. Resolution by molecular
weight was not significant under the present conditions. The experimental results on the
compositional distribution of poly(CB-co-St)s obtained at high conversion were in close agreement
with the values calculated from the monomer reactivity ratios and conversion. Also, the
composition of the copolymers having a CB content too small for ordinary elemental analysis to be
applicable could be assayed by TLC. The observed CB content was below 1 mol%, and agreed well

with that calculated.
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The preceding paper® in this series suggested that
the characterization of poly(1-chloro-1,3-butadiene-
co-styrene) was important for understanding the
polymer reactions of the copolymer. The bulk co-
polymerization of 1-chloro-1,3-butadiene (CB) with
styrene (St) was carried out, and the monomer
reactivity ratios and factors influencing the molec-
ular weight of poly(CB-co-St) were discussed’ in
that paper. In the present study, the compositional
distribution in poly(CB-co-St) is investigated by
thin-layer chromatography (TLC). Copolymers are
usually polydisperse not only in molecular weights
but in chemical compositions; i.e., they show com-
positional heterogeneity. Data on the compositional
distribution of poly(CB-co-St) may be useful for
two reasons: the distribution can affect the re-
activity of CB-St copolymer in polymer reactions
where chlorine in CB unit is involved, and provides
experimental proof for the theory of copolymeri-
zation kinetics (terminal model for CB-St).

Since TLC is a very feasible method for determin-
ing the compositional distribution in copolymers,?
and TLC had been successfully applied to the
compositional heterogeneity of St-acrylate copoly-
mers,>® it was carried out on poly(CB-co-St).
Also, we have found TLC to be remarkably sen-
sitive for detecting small amount of CB units in
poly(CB-co-St).*

EXPERIMENTAL

Polymerization

CB, St, and 2,2’-azobisisobutyronitrile (AIBN)
were purified and copolymerizations were carried
out as described in the preceding paper.! The
poly(CB-co-St)s employed in the present study are
listed in Table I. Copolymers No. 1—5 were ob-
tained at conversions lower than 109, and used as
standard samples for TLC analysis. No. 6—9 were
obtained at much higher conversions and their
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Table 1. Poly(CB-co-St)s used in the present study®
CB content in M]P Polym.erization Conversion . CB content
No. monomer feed time in copolymer® Mo]ec;lxl:lr
o weight
mol%, [AIBN] h % mol%,

1 0.180 200 0.50 6.92 1.55 60,000
2 0.450 200 0.50 6.13 2.11 46,700
3 1.33 200 0.70 6.56 4.58 36,100
4 4.20 200 1.0 5.53 12.8 25,700
5 9.44 200 2.0 7.47 24.4 23,300
6 2.34 200 19 80 2.95 59,900
7 3.51 200 19 75 4.70 58,700
8 4.67 200 19 70 6.60 50,700
9 5.83 200 19 70 7.84 45,100
10 0.102 500 4.0 325 0 72,400¢
11 0.156 500 4.0 32.1 0 71,400

2 Bulk polymerization at 70°C.
® Ratio of [total monomers] to [AIBN].
¢ From elemental analysis of chlorine.

4 Number-average molecular weight from membrane osmometry.
¢ From gel permeation chromatography, molecular weight at peak position was 79,000, M,=54,800 and M,=
103,700 where M, and M,, are the number-average and weight-average molecular weights, respectively. The M /M,

ratio was 1.90.

Table II. TLC development with single solvents
oa Dielectric &
Developer € constnat
PSt® 2° 3¢ 4¢

Cyclohexane 0.04 2.02 0 0 0 0
Carbon tetrachloride 0.16 2.22 0 0 0 0
p-Xylene 0.26 2.27 1 1 ()¢ 0 (t) 0
Benzene 0.32 2.28 1 1 1(t) 1(t)
Chloroform 0.40 4.62 1 1 1(t) 1(t)
THF* 0.45 7.42 1 1 1 1
Acetone 0.56 20.70 of of of of

2 Solvent strength parameter for alumina.’®

b Standard polystyrene with a molecular weight of 37,000.

Poly(CB-co-St)s. See Table I.
(t) indicates spot tailing.

¢ Tetrahydrofuran.
f

c
d

compositional heterogeneities were also studied.
No. 10 and 11 were copolymers whose CB content
was so small that ordinary elemental analysis of
chlorine was not applicable to determine the
composition.

Polymer Characterization
The number-average molecular weights of the
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Rf=0, since acetone was not a solvent for these polymers.

polymers were determined with a Knauer mem-
brane osmometer and gel permeation chromatog-
raphy, by a Toyo Soda HLC-801A: eluent, tetra-
hydrofuran (THF); flow rate, 1 ml min~!; column
temperature, 40°C.

TLC Experiments
Kieselgel H Typ 60 (E. Merk AG) was used as the
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Table III. Rf values for benzene—carbon tetrachloride and
THF-cyclohexane mixtures
Developer/ml Rf
Carbon a b b b b

Benzene tetrachloride PSt 2 3 4 S

40 10 1 1 1 1 1

40 15 1 1 (t)° 1() 0(t) 0(t)

40 20 1 1(t) 1) 0(t) 0(t)

40 30 1 0 () 0(t) 0(b) 0 (t)

THF Cyclohexane
20 40 1 1 1 1 1
10 40 0.4—0.6 0—0.5(t) 0—0.5 (t) 0—0.5 (t) 0—0.5 (t)

ab.c See footnotes b, c, d in Table II.

stationary phase, since silica gel, very popular in
TLC, has an absorption capacity often too strong
for polymers. Kieselgel was spread on a glass plate
(20cm x 10 cm), its thickness adjusted to 0.4 mm
and then activated at 110°C for 1h just before use.
The polymer in the chloroform solution (usually
5—10 ug polymer) was applied on to the plate and
its development proceeded in a solvent tank (50—
90ml solvent) at room temperature. The develop-
ment distance was 10cm and Thymol Blue—sulfuric
acid was used for visualization.

RESULTS AND DISCUSSION

TLC Development with Single Solvents and Their

Mixtures

Seven solvents with different solvent strength
parameters &> were used as developers for the
polymer samples, polystyrene (PSt) and poly(CB-
co-St)s. The results are summarized in Table II. The
Rf value was found to be either 0 or 1 sometimes
with tailing and there was no intermediate value.
Thus, no single solvent was adequate to separate the
copolymer into its constituents. An examination of
the binary mixtures of these developers showed that
benzene-carbon tetrachloride, THF—arbon tetra-
chloride, chloroform—carbon tetrachloride, and
chloroform-cyclohexane gave no satisfactory re-
sults, though THF—cyclohexane was somewhat pro-
mising. Some of the results on binary mixtures are
shown in Table III. THF-—cyclohexane has the
largest A¢°® (difference of ¢°, see Table II), due
perhaps to its being the most suitable for com-
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Table IV. Mixing mode in the THF—<cyclohexane
concentration gradient development?®

Distance from the origin® THF Cyclohexane
cm ml ml
0 0 50
2 8 - 50
4 16 50
6 24 50
8 32 50

4 At room temperature: Stationary phase; Kieselgel H
Typ 60, 0.4 mm.

® Development was conducted at a distance of 10cm
from the origin.

position separation.When Ae° is small, separation
by molecular weight is often done in the TLC of
polymers.3

Concentration Gradient Development

On the basis of the above results, the con-
centration gradient method for THF—cyclohexane
was applied to the present problem and was found
very effective for several low molecular weight com-
pounds® and St-acrylate copolymers® not separat-
able with single solvents or binary mixtures. After
many preliminary experiments with various solvent
compositions, the mixing mode shown in Table IV
was adopted.

Figure 1 shows the chromatogram of samples No.
7, No. 2—35, and PSt by the concentration gradient
method. In Figure 1, No. 2—5 gave smaller spots,
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- PSt (MW 37,000)
® e R no. 7
® oy no. 2(CB 2.11 mol$%)
4 P——y no. 3(CB 4.58 mol%)
¢ O no. 4(CB 12.8 mol$%)
o ORI no. 5(CB 24.4 mol$%)

i 10cm

Figure 1.

q

TLC of poly(CB-co-St)s by the concentration gradient method: PSt is a standard polystyrene

with a molecular weight of 37,000; No. 2—5 and 7 are poly(CB-co-St)s (see Table I).

| PSt (MW 17,500)
|

| PSt (MW 37,000)
. PSt (MW 110,000)

! Loem ————3

Figure 2. TLC of polystyrenes: polystyrenes are commercially available and have a narrow molecular-
weight distribution; their molecular weights are indicated in parentheses.

i.e., a narrower distribution than No. 7. Since No.
2—5 were obtained at conversions lower than No. 7
(see Table I), the compositional heterogeneity of
these copolymers should be narrower than No. 7.
The CB content of No. 7 was similar to that of No.
3, and had the molecular weight of the polymers.
Thus, the TLC separations in Figure 1 are con-
sidered due to compositional heterogeneity and not
to molecular weight.

To prove this, a TLC study on the poly(CB-co-
St)s of the same molecular weight but of different
composition is necessary. Unfortunately, the CB
content in the monomer feed is a determining factor
for the molecular weight of poly(CB-co-St),! and it
is difficult to synthesize such poly(CB-co-St)s. To
check the effects of molecular weight, three stan-
dard PSts of different molecular weight were sub-
jected to TLC separation by gradient development.
The results are shown in Figure 2, and indicate that
separation according to molecular weight is in-
significant in the present TLC development.

The shape of the spots for poly(CB-co-St)s differs
from that of PSts, and PSts have larger Rf values.
These facts suggest the formation of a true co-

872

Table V. Compositional Distribution in
poly(CB-co-St)s

CB content in copolymer/mol¥,

No.
Experimental® Theoretical®
6 0.0—8.2 0.2—7.7
7 0.5—11.8 0.4—11.1
8 1.4—16.0 0.8—14.1
9 2.1—20.7 1.0—16.9
2 From TLC.

b Calculated from reg=1.680, rs,=0.274,! and conver-
sion by the Skeist method.”

polymer of CB and St. From the chromatograms,
we could determine the compositional distribution
of samples No. 6—9, obtained at high conver-
sions. From the monomer reactivity ratios' and
conversion, the compositional distribution was
calculated.?” Both the experimental and theoreti-
cal distributions are shown in Table V and seem in
close agreement. In Table V, only the composi-
tional ranges are shown, since the observed TLC
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spots were oval and not the average composition
values; the compositional distribution is our main
concerns here.

The agreement shown in Table V supports the
copolymerization kinetics applied to CB-St copo-
lymerization and the validity of the monomer
reactivity ratios based on the terminal model.' It
is evident, however, that the chromatograms of
poly(CB-co-St)s show some tailing which is direct
proportion to the CB content in the copolymer.
Adsorption chromatography of the polymers usual-
ly gave oval spots due to some heterogeneity. In the
CB-St copolymers, this distortion was enhanced.
Considerable experimental work was carried out to
eliminate the distortion, but without success. To
ascertain the copolymerization kinetics further,
another method, such as determination of monomer

Table VI. Mixing mode in the THF—
cyclohexane concentration gradient
development?® for low CB-
content poly(CB-co-St)

Distance from the origin® THF Cyclohexane
cm ml ml
0 0 50
2 10 50
4 20 50
6 30 50
8 40 50

2 At room temperature: Stationary phase; Kieselgel H
Typ 60, 0.4 mm.

b Development was conducted at a distance of 10cm
from the origin.

sequence distribution in the copolymer may be
necessary, using the NMR technique or some other
method.

Determination of Small Amounts of CB in the

Copolymer

Copolymers No. 10 and 11, obtained with very
low CB content in the monomer feed, contained no
CB units according to the usual elemental analysis
(see Table I). Apparently these two copolymers
were not homopolystyrene but rather poly(CB-co-
St)s with amounts of CB too small to permit
assaying by ordinary elemental analysis. For the
determination of the composition of poly(CB-co-
St)s, elemental analysis has been found most reli-
able* and the values as obtained coincide very well
with those by 'H NMR method.*® However, the
lowest limit of chlorine weight 9% happens to be
0.29% by the usual elemental analysis, a value
equivalent to 0.588 mol% CB in poly(CB-co-St).
Samples No. 10 and 11 may possibly contain ca. 0.5
mol%; CB.

By TLC, we determined the CB units in No. 10
and 11, since it is known to be very sensitive toward
the presence of polar groups in nonpolar mole-
cules,® and does not require the use of expensive
instruments and can be carried out easily. To
achieve the best separation in lower CB-content
regions, many TLC experiments were performed
and the mode of gradient development shown in
Table VI was adopted and the TLC results in Table
VII. The TLC spots of these samples (except no. 7)
were oval but not very wide or as distorted as those
of the samples in Table V. Therefore, the middle
points of the spots were used to determine the CB

Table VII. Composition determination by TLC for poly(CB-co-St)s, No 10 and 11*
CB content in Conversion CB content in copolymer/mol%;
No. monomer feed
o/ Elemental analysis TLC Calculated by the
molY, ° of chlorine Skeist method®

10 0.102 32.5 0 0.40 0.35
11 0.156 32.1 0 0.65 0.60
1 0.180 6.82 1.55 (1.55) —
2 0.450 6.13 2.11 (2.11) —
7 3.51 80.0 4.70 (4.70) 4.80

2 See Table I.

b Theoretical values from monomer reactivity ratios and conversion by the Skeist method.”
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content in the samples. For No. 7 a CB content of
4.70 molY; was obtained from the middle point of
the blackest part of the spot. No. 1, 2, and 7 were
used as standards for TLC analysis. The observed
values for No. 10 and 11 were in close agreement
with those calculated, even though the amount of
which were too small by usual elemental analysis.
The agreement of the values obtained by elemental
analysis with those calculated for No. 7 supports the
validity of determination by TLC for No. 10 and 11.

These results support the claim of Inagaki et al.3
made in 1968, ie., “copolymers consisting of
various polar and nonpolar monomers can be re-
solved successfully by TLC,” and show the re-
markable sensitivity of the TLC method toward
small amounts of polar groups in nonpolar
macromolecules. However, this may be a draw-
back when applied to polymers containing larger
amount of polar groups. For example, in Table II,
No. 2 (CB, 2.11 mol%) and No. 3 (CB, 4.58
mol%) show somewhat different behavior, but
for No. 4 (CB, 12.8 mol%) and No. 3, the results
are almost the same. For the same reason, determi-
nation of compositional distribution by TLC may
be somewhat limited. Generally speaking, cross
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fractionation is the most reliable method for deter-
mining compositional heterogeneity, but is too time
consuming and not always practical for diene
polymers which are subject to oxidation in the air.
Therefore, in its place, TLC is very good for de-
termining compositional heterogeneity, and con-
sequently may be useful for polymer characteri-
zation.
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