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LIVING CARBOCATIONIC POLYMERIZATION. XLIX.
TWO-STAGE LIVING POLYMERIZATION OF
ISOBUTYLENE TO DI-ferf-CHLORINE TELECHELIC
POLYISOBUTYLENET

C. CHARLES CHEN,} JIAOSHI SI,§ and J. P. KENNEDY*

Institute of Polymer Science
The University of Akron
Akron, Ohio 44325-3909

ABSTRACT

A two-stage process was developed for the living polymerization
of isobutylene (IB) employing di-zert-alcohol initiators in conjunction
with BCl, coinitiator in the first or initiation stage, followed by TiCl,
coinitiator in the second or propagation stage; the process was shown to
yield high molecular weight (up to M, = 20,000), narrow molecular
weight distribution (MWD) M ,/M, = 1.1-1.2) di-tert-chlorine tele-
chelic polyisobutylenes (‘CI-PIB-CI'). The initiation stage involves the
homogeneous solution living polymerization of IB induced by the di-
tert-alcohol/BCl,; combination in the presence of an electron donor such
as N,N-dimethylacetamide in CH,Cl solvent at —80°C and proceeds up
to M, < 5000; this is followed by the propagation stage in which TiCl,
and the bulk of IB plus a sufficient amount of n-C¢H,, are added to the
charge to bring the solvent composition to CH,Cl/n-C¢H,, 60/40 v/v
and the living polymerization is continued until high M, product is ob-
tained. This two-stage process was developed because 1) it employs very

tFor Paper XLVIII in this series, see T. Pernecker, J. P. Kennedy, and B. Ivén,
Macromolecules, 25(6), 1642 (1992).

1Present address: Dow Chemical Co., Midland, Michigan 48640.
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inexpensive chemicals; 2) di-tert-alcohol/BCl; combinations initiate liv-
ing IB polymerization in CH,Cl but the product after reaching M, =
5000 precipitates out of the CH,Cl solution, and di-fert-alcohol/TiCl,
combinations do not initiate IB polymerization; and 3) di-tert-alcohol/
BCl; systems do not initiate {or only very slowly) the living polymeriza-
tion of IB in CH,;Cl/n-C(H,, mixtures, whereas similar TiCl,-based sys-
tems do. The polymerization remains living during both stages although
the propagating species and solvent polarity are profoundly altered. The
livingness of the system has been analyzed by kinetic experiments and
the structure of the ‘Cl-PIB-CI product by routine spectroscopic means.

INTRODUCTION

In the course of our fundamental studies on the mechanism of living carbocati-
onic polymerizations (LC*Pzn), we became interested in exploring the possibility
of using di-fert-alcohols as initiators in conjunction with TiCl, as coinitiator for the
synthesis of relatively high molecular weight and narrow molecular weight distribu-
tion (MWD) polyisobutylenes (PIB), specifically ‘CI-PIB-Cl. The main impetus for
this research came from the recent finding [1] that terz-alcohol/BCl; combinations
readily induce the efficient LC*Pzn of IB. A further justification was that the
principal ingredients required, i.e., TiCl, and 1,4-di-(2-hydroxylisopropyl)benzene
(dicumy! alcohol, DiCumOHR), are commercially available at low cost. It has been
amply documented that both TiCl, and BCI, are efficient coinitiators of LC*Pzn
initiated by fert-chlorides, -esters, and -esters under essentially identical experimen-
tal conditions [2-6].

Surprisingly, we soon established that in contrast to the fert-alcohol/BCl,
system, tert-alcohol/TiCl, combinations were completely inactive. This handicap
has been overcome by a two-stage process in which the LC*Pzn of a limited amount
of IB was started by the fert-alcohol/BCl, system in a relatively polar medium
(CH,CI), and after a short initial phase the polymerization was continued by the
addition of TiCl, in hexane plus the bulk of the monomer. The two-stage addition
of the monomer, together with the modification of the solvent system from CH,Cl
to CH,Cl/n-C¢H,, and the concurrent change in the Friedel-Crafts acid coinitiator
are essential requirements of the process dictated by the following circumstances:
Although the ferf-alcohol/BCl,/1B/CH;Cl/ —80°C system readily yields a living
system, the PIB starts to precipitate from CH,Cl when the H,, reaches ~ 5000 g/mol
[1, 2]. Although high molecular weight PIB is readily soluble in CH,Cl/n-CH,,, 40/
60 v/v mixtures even at —80°C, BCl;-based initiating systems are inactive in
this medium; in contrast, TiCl,-based initiating systems readily yield homogeneous
LC*Pzns in this solvent mixture.

This paper concerns a convenient two-stage homogeneous solution LC*Pzn
process for the synthesis of high molecular weight narrow MWD telechelic PIBs.
The polymerization is induced by an inexpensive di-tert-alcohol initiator, e.g., Di-
CumOH, in conjunction with BCl; in CH,Cl, and after a relatively brief initiation
stage during which a small amount of IB is converted, the process is continued by
the addition of TiCl, in hexanes and the bulk of the monomer. The switch from
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BCl, to TiCl, and from a more polar to a less polar medium do not interfere with
the living nature of the polymerizations, and the final products are the conventional
‘Cl-PIB-Cl's.

EXPERIMENTAL
Materials

2,6-Dihydroxyl-2,4,4,6-tetramethylheptane (TMHDIOH) was synthesized as
described [7]. The source and purification of 1,4-di(2-hydroxylisopropyl)benzene
(dicumyl alcohol, DiCumOH), IB, BCl;, TiCl,, CH,Cl, and hexanes have been
described [1-3]. Anhydrous N,N-dimethylacetamide (DMA, Aldrich) was used as
received.

Procedures

Experiments were performed in a stainless steel enclosure (dry box), purged with
dried N, (Molecular Sieves and BaO), and kept under a slight positive N, pressure.

The experiments shown in Table 1 were carried out in large (~75 mL) test
tubes. Methyl chloride was collected directly into the test tube, followed by addition
of hexanes if necessary; the charging sequence of reagents is indicated in Table 1.
Agitation was provided only during the mixing of reagents. After desirable periods
of time, the reactions were quenched by prechilled MeOH.

The experiments described in Tables 2 and 3 were at larger scales, ranging
from total IB charges of 110 to 570 g, carried out in round-bottom flasks of various
sizes (3-5 L) equipped with overhead stirrers. Samples were withdrawn during the
polymerizations by prechilled calibrated pipets. The trace of solution adhering to
the outside of the pipet tip was rinsed back to the charge with solvent, while the
content of the pipet was transferred quantitatively to a test tube (by thoroughly
rinsing with hexanes) containing a few milliliters of MeOH for quenching. Addi-
tional experimental details were described in earlier reports [2, 3].

The M, of PIBs was determined by GPC and the details have been described
[3]. The #-Cl telechelic PIBs were quantitatively converted to isopropylidene-ended
PIBs by a well-established dehydrochlorination method [8]. The number-average
end functionalities (F,) were obtained from the ratio of the number of protons of
olefinic end-groups relative to that of aromatic initiator fragment by using a Varian
200 MHz 'H FT NMR instrument. The '"H-NMR method was also used to determine
the F, of primary hydroxyl telechelic PIBs, and independently confirmed by a
FT-IR method [9]. The conversion of olefin end-groups to hydroxyl end-groups
and their characterizations have been described [9, 10].

RESULTS AND DISCUSSION

Preliminary Experiments: Attempts to Initiate LC*Pzn of IB by
Di-tert-Alcohol/TiCl, Combinations

A variety of alcohols, including DiCumOH, an inexpensive readily available
di-tert-alcohol, and TMHDiOH, in conjunction with the moderately expensive BCl,
plus an electron donor, such as DMA, are excellent initiators for the living polymer-
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TABLE 3. Demonstration of Two-Stage Living Polymerization of I1B®

Samples
PIB IB
Incremental IB Time, Volume, vyield, conversion, M,
addition mL (g) min No. mL g () g/mol M,/M,
BCl,, 56 (40.3) 90 1 14.4 0.257 39.4 1,760  1.13
TiCl,, 80 (57.6) 105 2 14.6 0.276 98.9 3,900 1.12
120 3 13.2 0.425 71.2 6,590 1.12
135 4 12.0 0.490 90.2 8,210 1.13
150 5 11.0 0.476 95.6 8,860 1.11
165 6 9.7 0.441 100.0 9,140 1.11
70 (50.4) 180 7 9.0 11,190 1.11
195 8 9.0 0.573 94.9 13,400 1.11
210 9 9.0 0.601 99.5 13,870  1.11
225 10 9.0 0.603 99.9 13,890 1.1l
75 (54.0) 240 11 8.0 0.609 85.0 16,060 1.14
255 12 7.0 0.603 96.2 17,700  1.15
270 13 7.0 0.651 104.0 18,600 1.14

*Procedure: 800 mL CH,CI, 1.886 g (9.72 x 107® mol) DiCumOH, 2.3 mL (2.47 x
1072 mol) DMA, 56 mL (40.33 g) IB, and finally 30 mL (0.40 mol) BCl, were charged; after
90 min of stirring, Sample 1 was withdrawn. After sampling, 4.5 mL (0.041 mol) TiCl, in
1200 mL hexanes (—80°C) was added; after 15 min of stirring, Sample 2 was withdrawn,
and 80 mL (57.6 g) IB was added. Thereafter, sampling occurred every 15 min. After Samples
6 and 10, incremental amount of IB were added, as indicated.

ization of IB [1, 6]. Against this background, experiments have been carried out to
investigate under what conditions could the very inexpensive TiCl, also be used to
the same end. Surprisingly, we found that under the conditions in which BCl,
efficiently coinitiates the LC* Pzn of IB, TiCl, is completely inactive. The beneficial
effect on EDs mediating LC*Pzn has been amply demonstrated [6, 11, 12]; in this
research we used DMA for this purpose.

Table 1 summarizes the conditions and key results obtained. Polymerization
occurred in only five experiments. A detailed examination of the circumstances of
these experiments leads us to conclude that polymerizations were largely due to
initiation by traces of adventitious moisture and not to the di-zerz-alcohols. In
regard to the first positive experiment (Row 3 in Table 1), this conclusion is self-
evident since diol was absent. In the other positive experiments (Experiment 5), the
diols were present but DMA, a potent proton scavenger [11], was absent; that
initiation was due to moisture is indicated by the relatively low conversions (particu-
larly in the mixed CH,Cl/n-C,H,, solvent) and by the absence of the UV active
aromatic fragment in the product. Initiation by moisture usually occurs rapidly in
the presence of TiCl,, and conversions increase with increasing solvent polarity [3].
That EDs (e.g., DMA) inhibit adventitious protic initiation is well documented [11]
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and is also borne out by the absence of polymerization in Experiments 3 and 4.
However, this effect diminishes as the concentration of TiCl, increases; this is
shown by comparing the resuits obtained in the two control experiments.

While we do not know with certainty why TiCl, is totally inactive under the
conditions in which BCl, yields efficient LC*Pzn, some cautious speculations to
explain the observations are warranted: We are quite confident that initiation in
rert-alcohol/BCl, systems involves the following set of transformations [3, 14]:

H H
| .
R'—OH + BCl, © R'— O —BCl, 2 R ---0—B*Cl,

1
H

R’“-_Alo—B“Ch - R'Cl + BCLOH
R'Cl + (excess) BCl, & R" -—-BCL~

11

Propagation occurs by the complexes 1 and/or II and most likely involves stretched
polarized bonds (dipoles) indicated by --- [14]. Evidently this sequence of reactions
does not occur with TiCl,. The reaction R'—OH + TiCl, » R'—OTiCl, + HCl
may occur; however, the alkoxides may be too stable for initiation {15].

It must also be kept in mind that DiCumOH and TMHDiOH are insoluble or
at best sparingly soluble in CH,Cl or CH,Cl/n-CH,, mixtures. These and similar
alcohols are excellent initiators (rather initiator-precursors) in conjunction with BCl,
because they are very rapidly converted upon contact with this Friedel-Crafts acid
even at —80°C to the corresponding fert-chlorides, the true initiating species. Thus,
for example, when BCl, is added to a suspension of DiCumOH in CH;CI, the
alcohol virtually instantaneously dissolves and the system becomes homogeneous,
i.e., the insoluble alcohol is converted to the soluble chloride [14].

Living IB Polymerization by a Two-Stage Process
Employing BCI, and TiCl,

The BCl; or Initiation Stage

In line with the above facts and teachings [l, 12], we postulated that the
LC*Pzn of 1B could be achieved with terr-alcohol/TiCl, combinations provided
initiation could be induced by BCI, plus a small amount of IB. After the initiation
phase with BCl;, we theorized that propagation could be sustained by the addition
of TiCl, plus the bulk of the monomer. In order to get reasonable rates, the BCl;
stage should be carried out in CH;Cl. This stage can be continued as long as the
PIB molecular weight is below the precipitation limit in this system (e.g., M, <
5000). Once the polymerization is in progress, both BCl, and TiCl, could be present
because either coinitiator is able to sustain the living process [1, 6, 12].

Table 2 shows the conditions and results of five representative two-stage exper-
iments. The DiCumOH (white suspension in CH,Cl) immediately dissolved upon
BC]l, addition. Then the DMA was added to the charge and finally the 1B. After
90-120 min of stirring (see Table 2), a sample was withdrawn to ascertain M, and
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the MWD (expressed by M,/M,). In line with earlier information [1], it was as-
sumed that I.’s are 100% under these conditions. As indicated by the data, the M s
were safely below M, = 5000 and the systems were homogeneous.

The TiCl, or Propagation Stage

According to earlier experience, LC*Pzn can be readily achieved with TiCl,-
based systems in CH;Cl/n-C;H,, 40/60 v/v mixtures at —80°C [3, 5]. TiCl,-based
initiating systems are very sensitive to adventitious protic initiation, but initiation
by moisture is of little significance in relatively nonpolar media at —80°C [3].
BCl;-based initiating systems are far less reactive than TiCl,-based systems in
CH,Cl/n-C¢H,, 40/60 v/v mixtures.

Keeping these facts in mind, TiCl, in hexanes solution and the desired amounts
of monomer were added to the charges as outlined in Table 2. The amount of
hexanes was calculated to bring the CH,Cl/n-C;H,, ratio to 40/60 v/v. From this
point forward, samples were withdrawn for M, and M,/M, analysis, and further
IB increments were added at various times. After quenching, the final H,,, M,/M,,
and I were determined. These data are shown in Table 2.

It is evident that the system remained living after switching from BCl, to TiCl,
and reducing the polarity of the medium. The TiCl, concentrations used in these
experiments (1.7-6.3 x 10~% M) were decidedly lower than those usually used (0.1
M) in LC™*Pzn, possibly because substituting the TiCl, by BCl, effected the ioniza-
tion of the fert-alcohol and the complexation with DMA.

A reviewer queried whether we could replace the two-step process by a single-
step process using all the ingredients (solvents, alcohol, IB, DMA, BCl,, and TiCl,)
in the starting charge and adding the calculated amount of hexanes somewhat later
to prevent polymer precipitation from the CH,Cl medium. Indeed, we tried using
various BCl,/TiCl, mixtures in the starting charge, and we obtained very rapid
polymerization and a broad MWD product, most likely due to uncontrolled initia-
tion by moisture. We also tried to slow down the polymerizations by adding hexanes
(i.e., 40/60 CH,Cl/hexanes v/v) to the above mixed BCl,/TiCl, charge before add-
ing the IB; in this case we obtained slow initiation and low I (60-80%). These
experiments were carried out under the following conditions: TMHDIiOH = 9.2 X
107° M, BCl, = 2.69 x 107> M, IB = 1.03 M, DMA = 2.39 x 107> M, CH,Cl/
hexanes = 40/60 v/v, and the TiCl, concentration varied from 1.46 x 107* to
14.59 x 107* M. Much more experimentation will be needed to work out a satisfac-
tory one-step mixed-coinitiator-based living polymerization process.

Demonstration of Living Polymerization with Two-Stage Process

After the parameters needed for two-stage living polymerizations were estab-
lished, an experiment was carried out specifically to demonstrate livingness by an
extended diagnostic IMA run [2]. Table 3 shows the procedure, regent concentra-
tions, and results. The polymerization was initiated by the addition of precooled
BCl; to a DiCumOH/DMA/IB charge at —80°C.

After a suitable period of stirring, a sample was withdrawn and analyzed to
ascertain that initiation was complete and that a living polymerization was in prog-
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ress. Then TiCl, in hexanes solution and further IB were added, and sampling was
continued every 15 min. Further aliquots of monomer were introduced after the 6th
and 10th samples.

Figure 1 is a diagnostic plot of M, versus W, (g PIB formed), with the inset
showing N (the number of moles of PIB formed) versus W,. Since the charge
composition was continuously changing because of the addition of several IB incre-
ments and withdrawal of samples, W, was calculated from the PIB yield (g) per
10* mol DiCumOH. The diagnostic M, versus W, plot is rectilinear and shows no
intercept, and the N versus W, plot is horizontal. According to this evidence, living
polymerization prevailed within experimental error up to M, = 20,000. The I

20
M, x 10°
(g/mole) o
a
a
[»]
a
10
]
3
) Nx10"*mole
2
g @ & &8 od o 908 1
)
r T T +0
0 1 2 3
o Wprglg)
0 . . -
0 1 2 3
Wprs(9)

FIG. 1. Two-stage living polymerization of IB by DiCumOH/BCls/TiCl,,/EMA.
Conditions as in Table 3: W,,, = PIB yield per 1.0 x 10"* molinitiator. N = W,p/M,.
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data were consistently 10-20% higher than the theoretical values, probably because
of some unidentified systematic operational or analytical error (most likely due to
the GPC values).

Structure Determination of ‘CI-PIB-CI'

The structures of the products obtained in living polymerization of IB induced
by various initiators {e.g., tert-ethers, -esters, -chlorides, -alcohols) in conjunction
with BCIl, or TiCl, have been determined [1, 2, 4, 6, 16]. These products were found
invariably to contain initiator fragments that became incorporated into the polymer
as a result of controlled initiation and of fert-chlorine end-groups (~CH,C-
(CH,),C)) that arose by reversible quasiliving termination [12, 17, 18]. Thus we
expected and found evidence for the incorporation of the aromatic dicumyl frag-
ment (—(CH,),C—CH,,—C(CH,),—) when DiCumOH was used as the initiator,
and for the presence of tert-chlorine end-groups when either the aromatic or ali-
phatic di-tert-alcohol was used.

The analytical methods have been described in detail {8, 19, 20]. In this work
the products were analyzed by 200 MHz 'H FT NMR spectroscopy by relating
quantitatively the four aromatic protons in the polymer with the four
—C(CH,;)=CH, protons obtained from the two ~ CH,C(CH,),Cl end-groups after
dehydrochlorination [8]. Subsequently the —CH,C(CH,;)=CH, end-groups were
converted by quantitative hydroboration/oxidation to —CH,C(CH,)CH,OH end-
groups [10]. These end groups were then independently quantitated by '"H NMR
(—CH,OH versus aromatic internal standard protons) and FT-IR spectroscopy; for
the latter method the ﬁ,, of the products was determined by VPO and GPC [9].
These methodologies together with detailed analyses of the spectra have been de-
scribed [8-10]. The products obtained in this research were invariably CI(CH,),-
CCH,—PIB—CH,C(CH,),Cl with the number-average end functionalities F, =
2.0 = 0.1.
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