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ABSTRACT

Forced ideal carbocationic copolymerization of isobutylene/styrene
systems has been achieved by continuous addition of mixed mono-
mer feeds to 2-chloro-2,4,4-trimethylpentane/TiCls in n-hexane/
methylene chloride charge by keeping the input rate equal to the
overall rate of copolymerization. The composition of the copoly~
mers was identical to that of the feeds over the entire monomer
concentration range. The number-average molecular weight of the
copolymers increased almost linearly with the amount of consumed
monomers at higher isobutylene concentrations in the feed. The
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molecular weight increase was less pronounced at higher styrene
concentration because more methylene chloride had to be used in
the solvent system to keep the copolymer in solution. The micro-
structure of the copolymers is uniform as determined by gel per-
meation chromatography (UV plus RI) and **C-NMR spectroscopy.
According to these studies, true copolymers have formed. The
probability of triads in the copolymer has been determined.

INTRODUCTION

Homo-~ and block polymerizations of a variety of olefins have been
achieved by the use of quasiliving polymerization, i.e., by the slow
continuous monomer addition technique [ 1-8]. In quasiliving polym-
erization systems initiation is instantaneous, termination is reversible
or absent, and chain transfer to monomer is strongly depressed. It
has also been demonstrated that the feeding of monomer mixtures in-
stead of a single monomer with the quasiliving technique led to random
copolymers having the same composition as the monomer feed, i.e.,
"forced ideal copolymerization" [ 9].

A basic requirement for forced ideal copolymerization is that the
rate of replenishment of consumed monomers should not exceed the
rate of overall copolymerization, i.e., conversions should be complete.
Forced ideal quasiliving copolymerizations can be achieved provided
conditions can be found under which initiation is instantaneous, ter-
mination is reversible, and chain transfer is depressed. Under these
conditions the overall composition and the molecular weight of the co-
polymer can be controlled, the former by the feed composition and the
latter by the amount of monomer added.

This paper concerns forced ideal quasiliving copolymerization of
the isobutylene/styrene pair with the 2-chloro-2,4,4-trimethylpentane/
TiCls initiating system. It has been demonstrated that the composition
of the copolymers was identical to that of the mixed monomer feed and
that their molecular weights increased with monomer input.

EXPERIMENTAL
Materials

The purification of styrene, isobutylene, n-hexane, and methylene
chloride has been described [ 3, 9, 10]. TiCls was distilled from P.Os
under slight nitrogen pressure. 2-Chloro-2,4,4-trimethylpentane was
prepared from 2,4,4-trimethyl-1-pentene by hydrochlorination and was
distilled at least twice under high vacuum at a temperature not exceed-
ing 30°C,
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Procedures

Polymerizations were carried out in a stainless steel enclosure
under dry N; at -90°C in 300 cm® three-neck round-bottom flasks
equipped with stirrer, Teflon plug for monomer addition, and outlet
for sampling. The initial volume of solvent{s) was 100 cm?®; the con-
centration of 2-chloro-2,4,4-trimethylpentane initiator was 1 X 1072
M and that of TiCls coinitiator was 2.5 X 10~* M. Monomers were
condensed in a 500-cm® two-neck round-bottom flask and were di-~
luted with methylene chloride (1/3 of the total volume) to prevent
freezing of styrene. The mixed monomer feed was introduced con-
tinuously into the reactor containing the initiator/coinitiator solution
by forcing it through a precision bore glass capillary by nitrogen
pressure.

During polymerization, samples (0.1 cm®) were withdrawn with a
syringe from the mixture and were injected into capped vials contain-
ing excess methanol. Polymerizations were stopped by adding meth-
anol. Conversions were determined gravimetrically.

Molecular weights were determined by a Waters Associates high
pressure GPC equipped with five Microstyragel columns (105, 104,
10*, 5 x 10%, and 10°A) and dual UV/RI detectors. Molecular weights
were calculated by the use of a calibration curve obtained with poly-
styrene standards.

Copolymer compositions were determined by integration of *H-
NMR resonances using a Varian T-60 NMR spectrometer and CDCl;
solutions at room temperature. Copolymer structures were investi-
gated by **C-NMR spectroscopy using a Varian FT-80A instrument
and CDCls solutions at room temperature. Integration was carried
out manually using enlarged spectra.

RESULTS AND DISCUSSION

The composition of copolymers obtained by forced ideal copolymer-
ization can be described by [ 9]

[M:P)/[M,P] = As/A: (1)

where [Mlp] and { M p] are the respective molar concentrations of
Monomers 1 and 2 in the copolymers, and A: and A: are the monomer
input rates. Thus the copolymer composition is determined only by the
addition rate of the monomers and does not depend on the reactivity
ratios r1 and r:., While in forced ideal copolymerization the average
copolymer composition is independent of r; and rz, the sequence dis-
tribution is still governed by these fundamental parameters.
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The number-average degree of copolymerization (DT’n) is given
by

——— 4 C
(A1+A2)t

where [IJO = the number of active centers and C = the transfer con-

stant of the copolymerization. With increasing time (t), Wn approaches
a maximum;

lim Ei)n =DP 1/C

fer o n,max

Forced Ideal Copolymerization of Isobutylene/

Styrene Feeds

Forced ideal copolymerization of isobutylene/styrene was carried
out at three monomer compositions. Table 1 shows the composition of
the monomer feeds and the solvent systems, the composition and molecu-
lar weight of the copolymers, and the final conversions together with
other pertinent information.

Since n-hexane is a good solvent for polyisobutylene (PIB) but a poor
solvent for polystyrene (PSt), and methylene chloride is a good solvent
for PSt but a poor solvent for PIB, the composition of the solvent mix-
ture had to be changed with changing monomer composition so as to
keep the copolymer in solution during the polymerization. In the first
and second examples the solvent system was 60 vol% n-hexane/40 vol%
methylene chloride and the mole fractions of isobutylene in the feeds
were 0.815 and 0.60, respectively. By increasing the styrene content
in the feed, the copolymer precipitated during the polymerization. To
avoid precipitation, the methylene chloride content was increased from
40 to 70 vol% in the third experiment, In all three experiments, con-
versions were close to 100 vol% and the compositions of the copolymers
(by *H-NMR) were close to that of the monomer feed, i.e., forced ideal
copolymerizations have been achieved.

Figure 1 is a plot of D_Pn against the cumulative amount of monomers

consumed. Evidently —DT’-n increases strongly in Experiments A8-A15
and A1-AT. D—Pn

ments A8-A15. In Experiments A16-A20 the increase in ﬁFn was less

max Va8 350 in Experiments A1-A7, and 425 in Experi-

pronounced than in the former cases; in these experiments the styrene
concentration was higher so that the amount of methylene chloride in
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FIG. 1 Wn vs cumulative amount of consumed monomer in the

copolymerization of isobutylene and styrene. { = conversion.

the solvent had to be increased to prevent copolymer precipitation
from the n-hexane-rich system. Due to the larger concentration of
methylene chloride, the rate of chain transfer, most likely by indane-

skeleton formation, increased, which depressed DP to 85.
n,max

The fact that higher methylene chloride concentrations lead to re-
duced DPn‘ s has been proven by independent experiments. Thus two

styrene homopolymerizations have been carried out under conditions
essentially identical to those used in the forced ideal copolymerizations
except a styrene feed was used (addition rate 2.6 X 107% mol/min) in-
stead of a mixed styrene/isobutylene feed; one experiment was con-
ducted with the use of 100% methylene chloride, the other with 1/1 v/v
methylene chloride/n-hexane. Conversions were close to 100% in both
experiments; the initiator efficiency was 80% in pure methylene chlo-
ride and 90% in the methylene chloride/n-hexane run. Figure 2 shows
a plot of the number of polystyrene molecules formed [ P]| against the
cumulative amount of sytrene input. Evidently [ P] increased strongly
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FIG. 2. Number of polymer molecules (P) vs cumulative amount of
consumed monomer in the homopolymerization of styrene.

in pure methylene chloride, indicating extensive chain transfer; DP

n,max

was 140, In contrast, [ P] increased only moderately from ~1.0to ~1.4

in the methylene chloride/n-hexane system, and T)Fn

was 420. It is
’

possible that a completely chain transferless system could be obtained
by further decreasing the methylene chloride concentration.
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Copolymer Structure Analysis

In conventional batch copolymerizations, copolymer compositions
are uniform and equal to the charge composition only if r1 =1z =1,
or with azeotropic charges, i.e., when [M;]/[Mz] = (r2 - 1)/(r: - 1).
Further, the composition of copolymers shifts with conversions and a
mixture of copolymers having different compositions and molecular
weights is obtained. In contrast, forced ideal copolymerizations should
yield uniform copolymers and copolymer compositions independent of
the molecular weight. To demonstrate the uniformity of copolymers
and to prove the independence of copolymer compositions from molecu-
iar weights, '* C-NMR analysis and dynamic UV measurements have
been carried out.

Dynamic UV measurements are readily accessible by a GPC instru-
ment equipped with UV and RI detectors. The height of the UV trace at
any elution volume is directly proportional to the number of chromo-
phores (phenyl groups):

MW
UV =k'n— X1 (3)

M
m

where n is the number of polymer chains at a certain elution volume,
MW is the molecular weight, x1 is the mole fraction of Monomer 1 in
the copolymer, and

Mm =¥ My + (1 - x1)M; (4)

where M and M; are the molecular weights of Monomers 1 and 2.
The height of the RI trace at any elution volume is directly propor-
tional to the concentration of the sample:

RI = k-n- MW (5)
Thus
Uv k! X1
— = (6)
RI kM
m

In other words, if the composition of the copolymer is independent of
the molecular weight, the UV/RI ratio must also be independent of the
molecular weight.
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TABLE 2. UV/RI Values of the Final Product of Experiments A1-A%7
at Different Molecular Weights

Elution volume MW UV/RI

32.8 154,000 0.58
33.6 112,000 0.65
34.4 81,500 0.67
35.2 59,200 0.60
36.0 43,000 0.57
36.8 31,200 0.59
37.6 22,700 0.61
38.4 16,500 0.63
39.2 12,000 0.64
40.0 8,700 0.63
40.8 6,300 0.61
41.6 4,600 0.64
42.4 3,300 0.57
43.2 2,400 0. 62
44.0 1,800 0.61
44.8 1,300 0.67

Average: 0,62

According to a representative data set shown in Table 2, UV/RI
remained constant over the entire elution volume range, proving that
the composition of the copolymer examined was in fact independent of
molecular weights. (The average UV/RI values in Experiments Al-
A7, A8-A15, and A16-A20 were 0.62, 0,94, and 1.33, respectively.)

*3C-NMR analysis of the microstructure of the products obtained
provides direct proof for the formation of true copolymers. Table 3
shows the *®C-NMR peak assignments of IB/St copolymers.

Figures 3 and 4 show the aliphatic and aromatic regions of a PSt
together with a series of IB/St copolymers with different overall
compositions. A closer inspection of the resonances in the 28-32,
35-38, and 145-149 ppm ranges (i.e., the resonances associated with
the primary and quaternary carbons in the IB unit and that of the sub-
stituted aromatic ring carbon of the styrene unit, respectively) led to
triad assignment. The spectrum of PIB (not shown) exhibits only one
resonance at 31.3 ppm [ 11] while that of PSt does not show resonances
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TABLE 3. Chemical Shifts in the '* C-NMR Spectrum of an IB/St
Copolymer

Identification of the carbon atom
Chemical shift

(ppm) IB unit (I) St unit (8)
28.1 —CHj; in SIS triad
29,7 —CHs in IIS triad
31.3 —CHs in III triad
35.2 C  in SIS triad
36.7 C  in IIS triad
38.2 C  in I triad
|
39.1 H(,3~
43,7
43.9
44,2 —CHz — homopolymer
44.2 ~CH,— in copolymer —CH:— in copolymer
59,6
59.6 ~CH;— in homopolymer
125.9 Cq
127.8 Cs,s
128.1 | Cz,6
d
145.3 Ce 1\7 Cy C:
145.7 05, P C: in homopolymer
146.0 Cq C, in SSS triad
~146.9 C: in ISS triad
~148.1 C: in ISI triad

in this region. Next, in the spectra of the copolymers obtained with
Xgt = 0.40 and 0.71 in the feed, a new resonance appears at 28.1 ppm

and the resonance at 31.3 ppm is weaker. On the basis of these find-
ings and additional information [ 12], it is suggested that the resonances
at 31.3, 29.7, and 28.1 ppm indicate the presence of IB-IB-IB, IB-IB-St,
and St-1B-St triads, respectively.
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0.185

:

\’\Jk Xg, -

T %

S =0.71

A

,\ XSt: 1.00
T

80 50 20 ppm

FIG. 3. '*C-NMR spectra of various IB/St copolymers (xg; = mole

fraction of styrene in the feed) in the aliphatic region, Solvent:
deuterochloroform.

A detailed investigation of the 35-38 ppm range, i.e., the resonance
associated with the quaternary carbon in the IB unit, led to very similar
results. The resonances at 35.2, 36.7, and 38.2 ppm are characteristic
of the IB~-IB-IB, IB-IB-8t, and St-IB-St triads, respectively.

Analysis of the 145-149 ppm range led to similar conclusions. As
shown in Fig. 4, the spectrum of PSt exhibits a strong resonance at
145.3-146 ppm. This resonance diminishes in the spectra of polymers
obtained with feeds of decreasing St (increasing IB) content and, at the
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XSt=1‘00‘

Xg = 0.71

J Xgy = 0.40

XStz 0.188
e
t

[
160 140 120 ppm

FIG. 4. '*C-NMR spectra of various IB/St copolymers (XSt = mole

fraction of styrene in the feed) in the aromatic region. Solvent:
deuterochloroform.

same time, two new resonances appear at 146.9 and 148.1 ppm. By the
use of CAT spectra and the method mentioned above, we concluded that
the resonances at 145.3-146, 146.9, and 148.1 ppm indicate the presence
of St-St-St, St-St-IB, and IB-St-IB triads, respectively.

These assignments were substantiated by computing triad probabili-
ties from integrated **C spectra, which in turn permitted the calcula-
tion of copolymer compositions | 13],

According to these calculations, the calculated St content in the co-
polymer is essentially identical to that used in the feed, i.e., x
~P(S). St,feed
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In addition to **C-NMR spectroscopy, copolymer compositions
have also been determined by the *H-NMR technique. Gratifyingly,
the compositions calculated from "H-NMR spectra (not shown) cor-
roborated those obtained by **®C-NMR spectroscopy and calculated
from triad probabilities. Number-average sequence lengths of sty-
rene and isobutylene units ng and n; in the copolymer can be calcu-

lated by the use of triad probabilities P(S) and P(I), assuming that
the copolymerization is random (Bernoullian) [ 14]:

1

- 7
5 1-p(s) ()

n

Table 4 shows the results. Calculations by the use of Markov sta-
tistics led to highly unlikely sequence lengths.

Table 4 summarizes triad probabilities calculated by integrating
the resonances characteristic of the primary carbon in IB and the
substituted ring carbon in the St unit [ 13] and normalizing by the fol-
lowing equation [ 13]:

P3 (ISI) + P3 (SSI) = Pa (SSI) + Ps (SIS) (8)

Integration of ‘H-NMR resonances gave very similar copolymer
composition values.
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