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Introduction

Polyisobutylene (PIB)-based copolymers
are commercially important materials and
exhibit unique properties such as imperme-
ability and high damping. The most impor-
tant PIB-based copolymer is commercially
known as butyl rubber, with 1-3 mol% iso-
prene (IP) so the material can be vulcanized
to obtain desired properties[l’zl. Butyl rub-
ber has been used in the tire industry as
inner liner and tube, and in applications such
as dampeners for vibrating equipment. A
new type of butyl rubber, IB-paramethyl-
styrene (PMS) copolymer called Exxpro is
marketed by ExxonMobil.®! Recent studies
have shown that brominated IB-IP-styrene
and IB-IP-PMS terpolymers (experimental
new bromobulyl) showed improved resis-
tance to hot air aging when compared to
brominated IB-PMS¥. An alternative to
vulcanized/crosslinkable rubbers are ther-
moplastic elastomers (TPEs) based on PIB-
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Real-Time FTIR Monitoring of the Carbocationic
Copolymerization of Isobutylene with Styrene
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Summary: The carbocationic copolymerization of isobutylene (IB) and styrene (St)
was investigated using real time FTIR monitoring. Depending on the concentration of
the individual monomers, and their ratio in the feed, initial rapid monomer con-
sumption was observed. Instantaneous reactivity ratios (riggnsy and rsy(nsy) Obtained
from apparent rate constants of monomer consumption strongly depended on
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polystyrene (PS) block copolymers!). Ken-
nedy et al. patented the first synthesis of
linear PS-PIB-PS triblock copolymers with
good physical strength without solvent
extraction'®. Since then, other structures
have been reported, the latest being TPEs
with arborescent PIB core!”l. The route to
the synthesis of these TPE:s is via controlled
carbocationic polymerizations. Controlled/
living carbocationic polymerization pro-
cesses are currently being commercialized
(e.g., SIBSTAR"™ by Kaneka Co. and IBS®
Oppanol by BASF. Boston Scientific Co.
markets its medicated coronary stent using
PS-PIB-PS under the trade name of Trans-
lute®™ as the drug carrier. Thus the copoly-
merization of IB with St is of both academic
and industrial interest.

In 1982 Kennedy and Marechal com-
piled data for carbocationic IB-St copoly-
merizations!®l. Most data showed IB more
reactive than St, but in a few systems
the reverse was reported. The data were
inconsistent, and only two sets could be
reevaluated by the Kelen-Tiidos (K-T)
method™!, yielding rjg=1.5 and 2.7, and
rip=0.17 and 0.7, respectively. Four other
systems indicated penultimate effects.
Kaszas et al.l'% produced ideal IB-St copo-
lymers (whose composition was identical to
the feed over the entire monomer concen-
tration range) using the “Forced Ideal

Copolymerization” _poncept[lll. Recently,
3 owne .
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Figure 1.

Waterfall Plot of real-time FTIR monitoring of an IB-St copolymerization (Transmission TR probe): [IB], =
0.33 mol/L, [St], = 0.17 mol/L, [TMPCl], = 0.004 mol/L, [TiCl ], =0.04 mol/L, [DtBP] =0.007 mol/L, [DMA] =
0.002 mol/L MeCHx/MeCl 60/40 v/v, T=—80 °C.
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Figure 2.
Calibration of the TR probe. a) IB []; b) St e in the presence of 1B []; ¢) St e; d) IB [] in the presence of St e.
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Figure 3.
In([M]o/[M]) vs time plots of an

Hull and Kennedy reported rjg =3.41 and
rs; = 1.40, and azeotrop copolymerization at
21 mol% IB content!'?.

Against this background, IB-St copoly-
merization experiments were carried out
and monitored with real-time fiber-optic
FTIR!* and this paper will report the first
results.

FTIR Monitoring

In copolymerization experiments traditional
gravimetry yields cumulative monomer con-
sumption data, while in situ FTIR techniques
allow monitoring the consumption of each
monomer individually. Fiber-optic real-time
FTIR was used to develop a high-throughput
method to measure reactivity ratios, and the

Table 1.

IB-St copolymerization (conditions in Figure 1).

validity of the approach was demonstrated in
the copolymerization of IB with isoprene
(IP)"*], In the current work, five copolymer-
ization experiments were carried out with
80, 66, 50, 34 and 20 mol% IB. A three-
necked round bottom flask was charged with
a solvent mixture of methylcyclohexane
and methyl chloride (MeCHx/MeCl =40/
60, v / v), followed by monomers (IB &
St), initiator (2-chloro-2,4,4-trimethyl-pen-
tane TMPCI), proton trap (2,6-di-tertiary-
butylpyridine D/BP) and electron pair donor
dimethylacetamide (DMA. The reaction
mixture was cooled to —80°C, and a chilled
stock of TiCl, in MeCHx (50-50 v/v) was
then added to initiate the reaction. During
polymerization the C=C stretch signals

Kp,app Values in IB-St copolymerizations monitored with real-time FTIR.

[1B], mol/L Initial Rate Steady Rate
kp,app (1B) 1/s kp,app (St) 1/s kp,app (IB) 1/5 kp,app (St) 1/s

0 — 0.0088 — 0.0027
80 0.0044 — 0.0016 0.0001

66 0.0077 — 0.0014 0.0003
50 0.0062 — 0.0008 0.0002
33 0.0034 0.0034 0.0010 0.0002
20 0.0056 0.0020 0.0009 0.0004
100 0.0123 — 0.0123 —
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Table 2.

Instantaneous reactivity ratios of IB-St copolymerization.

[1B], mol/L Initial Rate Steady Rate

Ng(inst) cl I'st(inst) Cl Ng(inst) Cl Ist(inst) Cl
80 38.43 7-23 —_ —_ 13.53 2.06 0.07 0.01
66 23.92 0.04 — — 4.34 0.20 0.23 0.01
50 25.92 2.01 — — 3.44 0.37 0.29 0.02
33 1.24 0.93 0.81 0.78 4.36 0.39 0.23 0.02
20 2.92 0.41 0.34 0.02 2.35 0.15 0.43 0.01

Cl=95% confidence interval.

(1655 cm ™! for IB and 1630 cm ™! for St) were
monitored by FTIR. A background spectrum
(300 transients) was taken after the initiator
and the solvents were added, to establish a
net zero baseline and minimized background
noise. After initiation with TiCly, a spectrum
(each consisting of 32 transients) was col-
lected every 14~18 seconds. Figure 1 shows a
typical waterfall plot. Proportionality between
peak areas (A) and monomer concentrations
(IM] was established by calibration in the
simultaneous presence of both monomers;
Figure 2 displays the calibration plots. Based
on the linearity of the calibration plots, In(Ay/
Ay) =In([M]y/[M],) vs. time plots were con-
structed for each experiment. Figure 3 shows
a representative plot.

Similarly to that in Figure 3, a fast initial
IB polymerization was observed in all five
copolymerization experiments, reminiscent
of the “Rapid Monomer Consumption”
phenomenon (RMC) reported by Storey
et al.l" RMC was also observed in the St
plot of the experiments with low IB concen-
tration (20 and 34 mol%). After the initial

RMC burst, a steady rate of both IB and St
consumption was evident from the graphs.
St homopolymerization also displayed
RCM, while the IB homopolymerization
rate plot was linear.

Reactivity Ratio Calculation
Instantaneous reactivity ratios (riginst) and
Isyinsty) Were calculated from the Mayo-
Lewis (M-L) differential equation using
apparent rate constants of monomer con-
sumption (the detailed derivation will be
published elsewhere).

From the M-L equation we derived that:

kp.app(IB)

rp = 2P — g (inst) O
kP,app (St)
kp,app (S1)
_ Fkpapp(SH) 2
rst kp,app (IB) T'St(inst) ( )

where kp app, the apparent rate constant of
propagation is defined for each monomer

15
A

14 A A A 4

0.5 A A
A

0 - N

.05 - A
A B
-1 T T T T
0 0.2 04 0.6 0.8 1

Figure 4.
K-T plot constructed from ref. 1% (Series 1.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.ms-journal.de

21



22|

Macromol. Symp. 2006, 240, 18-22

as:
1n((g;))°) = kapp(IB) t 3)
In (%) = kapp(St) t 4)

The kpapp values calculated from both
initial and steady monomer consumption
rates are summarized in Table 1. Compar-
ison of the apparent rate constants showed
that both the IB and St rate were suppressed
in the presence of the other monomer, and
IB polymerization proceeded faster than
St at all monomer ratios. The steady rates of
propagation of IB and St differ the most at
[IB]Jo=80 mol%. In the range of 20 to
50 mol% [IB]o, the k, app(IB) changes very
little (0.0002 s~ ). The statistical uncertainty
in the calculated values of r1g(inst) and 7'sy(inst)
is related to the uncertainty in the slopes
kp app(St) and ky app(IB), which were deter-
mined by linear regression. The half-widths
(Wip,appas) and  Wip appasy) Of the 95%
confidence intervals for rigginsty and Fsy(ins)
are propagated from those of k;, ,,, (IB) and
ky app (St). Table 2 summarizes the calculated
reactivity ratios together with their 95%
confidence intervals.

It can be seen that monomer consump-
tion rates (and with that, instantaneous
reactivity ratios) are highly concentration-
dependent. At high [IB]/[St] ratio, IB is
consumed much faster than St. In the
[IB]o =66 — 33 mol% range, similar rigins)
and rginsty values were obtained for the
steady rate period. In contrast, at low [IB]/
[St] relatively low ripginsyy and relatively
high rgy(insty value was found. Thus at high
IB/St ratio this system tends to have long
PIB blocks, while at low ratios randomi-
zation occurs. We explain the peculiar
behaviour of the IB-St copolymerization
system with penultimate effects. Reevalua-
tion of the Hull-Kennedy data using the K-
T method clearly demonstrated deviation

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

from the terminal model; the plot is shown
in Figure 4. This also explains the incon-
sistency in reactivity ratios reported for this
system!®],

Conclusion

Fiber-optic in-siru FTIR monitoring gave
unprecedented insight into the copolymer-
ization of IB with St, allowing simultaneous
monitoring of individual monomer con-
sumption. The instantaneous reactivity
ratios determined from apparent rate cons-
tants of propagation showed strong con-
centration dependence.
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