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Living carbocationic polymerization
IX. Three-arm star telechelic polyisobutylenes
by CgH3(C(CH;),0CH;);/BCl; complexes

Munmaya K. Mishra, Biao Wang*, and Joseph P. Kennedy
Institute of Polymer Science, University of Akron, Akron, OH 44325, USA

Summary
Three-arm star telechelic ligquid polyisobutylenes PIB

carrying exactly three -CH,C(CH;),Cl end groups have been syn-
thesized by living carbocationic polymerization using
Ce¢H;(C(CH,;),0CH; },/BCl, complexes in CH,Cl and CH,Cl, diluents
in the 0° to -30°C range. The living nature of the polymeri-
zations was demonstrated by linear Mp versus Wprp (g PIB)
formed plots starting at the origin and horizontal N (moles of
PIB) versus Wprp Plots. Initiating efficiency (Igff) was
close to ~100% and Mp was determined by the [monomer]/{initi-
ator] ratio. Polymerizations quenched by methanol yield tert.-
chlorine end groups which have been gquantitatively converted
to isopropylidene (-CH,C(CH,)=CH,) termini.

I. Introduction

Since the introduction of the living carbocationic poly-
merization technique (1) a variety of linear telechelic poly-
isobutylenes PIB carrying one (1,2) and two(3,4) -CH,C(CH,;),Cl
end groups have been synthesized and characterized. We have
now extended the living technigue used for the syntheses of
linear telechelics (3) to the preparation of 3-arm star tele-
chelic polymers. This paper concerns the synthesis (and char-
acterization) of the first 3-arm star PIB carrying -CH,C(CH,), Cl
termini by the trifunctional 1,3,5-tris(2-methoxypropane)ben-
zene/BCl,; initiating system. The tert.-chlorine end groups
have been quantitatively converted to isopropylidene functions.
Schematically:

CH, ?Hs ?Ha ?“3
H,C—0—£~ —Z—O—CH3 B Ko~ PIB~~C Crmn PIBunn X
CH,Cl or |
H H : CH CH
3 3 CH2012 3 3
0 to -30°C
H,c—clz—c:{3 CH, -C~CH,
H
0 PIB
bu, §
pi¢
Where X = ~-CH,~C(CH;).C1,

-CH, -C(CH, )=CH,
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II. Experimental
A. Materials

1,3,5-Tri (2-methoxyisopropyl)benzene(tricumyl methoxy,
TriCuOMe)} has been synthesized by etherifying 1,3,5-tris(2-
hydroxylisopropyl)benzene. The latter was obtained from tri-
methyl-1,3,5-benzenetricarboxylate synthesized from 1,3,5-
benzenetricarboxylic acid (trimesic acid). Thus: In a 1000 ml.
two neck round bottom flask equipped with a magnetic stirring
bar, condenser and pressure equalized separatory funnel, a sol-
ution of trimesic acid (Amoco Chem. Co., 18g, 0.086 mole) in
500 ml anhydrous methanol was placed to which was added drop-
wise conc. sulfuric acid (Fisher, reagent grade, 20 ml) under
reflux. After refluxing for 48 hrs the charge was cooled to
room temperature and stored at ~-5°C for about 16 hr. The solid
product was filtered and washed with distilled water several
times until the filtrate was acid free. The trimethyl-1,3,5-
benzenetricarboxylate is a colorless solid; Yield 21.6g (>98%)
m.p. 145-147°C (1it. 145-147°C). !'H NMR spectroscopy (CClL )
shows resonances at 9.0 and 4.0 ppm characteristic of aromatic
and methyl protons, respectively. The trimethyl-1,3,5-benzene-
tricarboxylate was converted to the corresponding alcohol by
Grignard reaction: In a 500 ml two neck round bottom flask
equipped with a magnetic stirring bar, pressure equalized sep-
aratory funnel under dry N, atmosphere a solution of trimethyl-
1,3,5-benzene-tricarboxylate (l6g, 0.063 mole) in anhydrous THF
(280 ml) was cooled to 0°C. Then a solution of MeMgBr in Et, O
(Aldrich Chem. Co., 0.448 mole) was added dropwise and the sys-
tem was stirred at 0°C for 12-18 hrs. The mixture was poured
under stirring into a mixture of 280g crushed ice and 18g am-
monium chloride, extracted with ethyl ether, and dried with an-
hydrous Mg(sO,)},. Then the solution was filtered, and the sol-
vent removed (rotavap). The crude 1,3,5-tris(2-hydroxylisopro-
pyl)benzene was recrystallized from ethyl acetate. Yield: 15.9g
(>98%), m.p. 143-145°C (literature m.p. could not be found).
'H NMR spectroscopy (60 MHz Varian instrument, CClL, + CD,0D)
shows resonances at 7.4 and 1.6 ppm characteristic of aromatic
and methyl protons, respectively. The alcohol was etherified
to TriCuOMe as follows: In a 250 ml one neck round bottom
flask equipped with a condenser and magnetic stirring bar a
solution of 1,3,5-tris(2-hydroxylisopropyl)benzene (l4g, 0.056
mole) in methanol (72.5 ml) was placed and concentrated sul-
furic acid (Fisher, reagent grade, 0.0084 ml) was added. After
refluxing (~65°C) for 16 hrs, the charge was cooled to room
temperature, hexanes (100 ml) was added and stirred for a few
minutes. The organic layer was washed several times with
water, separated, and dried with anhydrous sodium sulfate.
Finally the product was filtered, the solvent removed (rotavap)
and recrystallized several times from hexanes (rotavap). Yield:
15g (>90%), m.p. 43-45.5°C (literature m.p. could not be found).
The extent of etherification was analyzed by 'H NMR spectros-
copy (60 MHz, Varian instrument). The resonance at 3.26 ppm
associated with -OCH; was quantitatively related to the reso-
nance at 7.4 ppm characteristic of aromatic protons and to the
resonance at 1.73 ppm associated with -CH,. According to this
evidence the ether was essentially pure.
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B. Polymerization and Characterization Methods
Polymerization and characterization methods have been
described (1,2,5,6). Polymerization experiments at 0°C were
carried out in large (60 ml) test tubes sealed with rubber
septums, tied with wires and fastened with teflon tape. The
tubes were filled by injecting with a syringe CH ,Cl,, TriCuOMe
solution in CH,Cl,, and isobutylene IB {(cooled to ~-30°C to aid
syringing) in this order at 0°C % 2°C Polymerizations were
initiated by injecting BCl, cooled to -30°C. The systems were
thoroughly mixed (turbomix) and replaced in the constant tem-
perature bath at 0 * 2°C. After an arbitrary 30 mins. the re-
actions were quenched with prechilled MeOH and the products
worked up as described (2,5,6).
C. Error Analysis
Figures 1-3 (see Kinetic Investigations) contain
error bars constructed by assuming an error of £10% for Mp by
GPC, and that of +0.05g for Wprp. The error limits in the N
versus Wpip inserts of Figures 1-3 were calculated as follows:

N = Wprp/Mp
thus considering the errors
N = (Wpig % 5wPIB)/(Mn t Gﬁn)

Since N = f(Wprp, Mp) the Gaussian error, including the error
limit of the variables, may be expressed as

o N = 2
AN = V< - swprg) o+ (== - §Mp)
SWpIg PIB o n
%1‘\:] =L ana 2 = -uprp _12
PIB Mp 9Mp Mp
so that the minimum error (0.05<Wpyp <0.1):
_ 1 2 WPIB2 . = |2
AN = % Y (== - sWpip) + (=) (dMp)
Mn Mn

The error bars in the inserts in Figures 1-3 show the minimum
errors calculated for each point by this equation.

ITI. Results and Discussion
A. Kinetic Investigations

In our earlier publications (2,3) we have described
that complexes of BCl, with certain tert.-ethers are efficient
initiators for the living polymerization of IB. 1In line with
these investigations we postulated that the TriCuOMe/BCl, sys-
tem will give rise to three-arm living stars, i.e., three liv-
ing PIB chains propagating at the three tert.-ether sites:

BCL
1 BC1 BC1,
$c ? CH, T ? T H c& cu
CH =0 &= —é—o—-cu {X+¥+2)IB cng—o—(—c —CHy15C —(-cu,c—)—o CH,
H H,
H,C-C—CH, H, c—c—cn,
?‘—__9BC13 H, ~C{CH, ), 1570-CH,

CH, BCl,
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The results of orienting experiments shown in Table I showed
that TriCuOMe in the presence of BCl; is indeed an efficient
initiator for IB polymerizations in both CH,Cl and CH,Cl, di-
luents at ~10 and -30°C.

TABLE I

Representative Results of Orienting Experiments using the
*
TriCuOMe/BC1l, Initiating System

[TriCuOMe] Diluent Temp. Conv. 9 Hy M Ieff
_moless °c % g/mole %
- CH,C1 -30 14 96,800 1.4 -
5.25%10" % CH,C1 -30 >98 1,200 1.7 100
1.75%x10° % CH,Cl1 -30 >98 3,500 2.0 89
5.84x10°° CH,C1 -30 >98 13,000 1.4 70
- CH,C1, -30 70 65,300 1.8 -
5.25%10° 2 CH,C1, -30 >98 1,300 2.4 98
1.75x%10°* CH,C1, -30 >98 4,100 2.3 76
5.84%10°° CH,C1, -30 >98 13,350 1.6 68
- CH,Cl1, -10 15 64,000 1.7 -
5.25%10" 2 CH,C1, -10 >98 1,500 2.2 86
1.75%10°* CH,C1, ~10 >98 4,800 2.9 75
5.84x107° CH,C1, -10 >98 13,700 2.0 55
'[Bcl,] = 5.1x10" ' mole/f [IB] = 0.94 mole/#, 40 min, total

volume = 25 ml

Figure 1 shows a representative Mp versus Wprp plot, and
the insert the number of polymer moles formed, N = gPIB/Mp,
versus Wprg. The polymers have been obtained by the incremen-
tal monomer addition (IMA) technique with CH,Cl, (plot 1la) and
CH,Cl (plot 1b) diluents at -30°C. The linear My versus Wpip
plots starting at the origin demonstrate living polymeriza-
tions. The solid lines are "theoretical", i.e., expected to
arise at My = {IB]/[initiators]. Theoretical results have been
obtained by the use of CH,Cl,, and the [IB]/[TriCuOMe] ratio
controlled Mps. The Iqffs in these experiments were ~100%.
Higher than expected Mps have been obtained by the use of CH Cl,
but the data are quite close to the theoretical (solid) line
even in this instance. In both series the number of polymer
moles remained constant during the experiment (note the hori-
zontal N versus Wprp plots within experimental error). Im-
portantly, also, the My,/Mp values decreased, i.e., the molec-
ular weight distributions show a narrowing tendency, with in-
cremental monomer addition.

Figure 2 shows the results of experiments carried out at
-10°C using both the IMA technique and conventional AMI (all
monomer in) conditions. Evidently these results are essentially
the same as those obtained with other tert.-ether/BCl, systems
(2). Similar results have also been obtained with tert.-ester/
BCl, systems (1). In experiments in which the same amounts of
BCl; were added to a series of five reactors containing an in-
creasing amount of monomer at -10°C (i.e., AMI conditions),
essentially theoretical Mps have been obtained with conversions
close to 100%. Table II shows conditions and results. Evi-
dently living polymerization can be obtained even at -10°C, pro-
vided the charge contains all the monomer at the instant of
initiation. These results are further corrorborated by the
horizontal N versus Wprp plot shown in the insert of Figure 2.
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. Figure 1. Mp and N, the
My {11b number of PIB moles(insert)
Lu}’( 1a versus Wprp weight of PIB
™M formed in TriCuOMe/BCl, /IB/
16000 | L el /0 -30°C experiments using the
{_,,‘/ ol IMA technique: CH,Cl (®),
and CH,Cl1, (0), [TriCuOMel=
ol s 3.53x10®* mole/s, [BCl, ]=
12000 | s “i,{ ) 1.9x10°! mole/2. Total
Yo volume = 25 ml. The num-
/ bers are My/Mp values. The
8000 7 18]:.0 . solid lines are theoretical.
" e i : Error bars constructed by
T a0 s assuming * 10% for Mp and
,/ 0_71°F}?'-1?9¢'-‘.!'-T-'5: 0.05 g for Wprg-
4000 [ 1788, 3 1%
/, WPIB(g)
/
1 1 1 A A
0 0.4 0.8 1.2 1.6 2,0
Wp(g (g1
_ "l
Figure 2. Mp and N, the
number of PIB moles(insert),
versus Wprp the weight of 16000 |
PIB formed in TriCuOMe/
BCl,/IB/CH,Cl,/-10°C ex- 621
periments: IMA technique
(0), AMI technique (@), 12000 - O1.5
[TriCuOMe] = 4.35x1073 LILYS JEN
mole/ ¢ [BCl,] = 1.9x10°? 2.6 1.6
mole/ ¢. Total volume = 8000 L 2.0le
25 ml. The numbers are -
My/Mp values. The 1. Nx10 . °
solid lines are theo- 1.8 0 Ig—g s ——F—
retical. Error bars el P
constructed by assuming t 0 5% e
+ 10% for Mp and 0.05 g Wprp(9)
for wPIB 1 1 1 1 )
0 0.4 0.8 1.2 1.6 2.0
WPIB ()
TABLE II
Polymerization of Isobutylene at Various Monomer
Concentrations*
{M] Conv. Min My /Mp Ieff
mole/L % g/mole X
0.266 >98 3,950 2.1 87
0.543 >98 8,200 2.0 85
0.694 >98 9,650 2.6 93
0.840 >98 10,900 2.4 99
1.20 >98 15,250 2.1 102
*[TricuoMe] = 4.35x10°* moles£, [BCl,} = 1.9x10-* mole/Z,

CH,Cl, -10°C, 30 min, total volume = 25 ml, conventional {AMI)

conditions.
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Having demonstrated living polymerization of IB at -10°C
under conventional (i.e., AMI), conditions, we have carried
out polymerizations under moderate pressure at 0°C in CH,Cl,.
In these experiments the same amount of BCl, was injected into
a series of five sealed tubes containing an increasing amount
of monomer. Figure 3 and Table III show conditions and re-

sults. Evidently, virtually theoretical PIB Mps have been
obtained even at 0°C.

Ay
16000 [
®f1.9
12000 | 2.1
1.9 @
8000 |- 2
2.1 Nx104
Iop—es4+—v—4+—4
4000 B 1.8
N N
[ 0.8 1.6
wp1p(g)
1 \ 1 1 J
0 0.4 0.8 1.2 1.6 2.0
WpiB (g}

Figure 3. Mp and N, the number of PIB moles (insert), versus
Wprp the weight of PIB formed in TriCuOMe/BCl,/IB/
CH,Cl,/0°C experiments using the AMI method.
[TriCuOMe] = 4.35x10-° mole/%, [BCl, ] = 1.9x10"
mole/ ¢. Total volume = 25 ml. The numbers are
My/Mp values. The solid lines are theoretical.
Error bars constructed by assuming t 10% for ﬁn and
0.05 g for Wpip

TABLE III
Polymerization of Isobutylene at Various Monomer
Concentrations*
(M} conv. Wn Py /Mn Ieff
_ . mole/# .1 _g/mole %
0.320 >98 4,400 1.8 95
0.478 >98 6,350 2.1 a7
0.783 >98 10,950 1.9 92
0.9560 >98 11,850 2.1 103
1.25 >98 15,600 1.9 103
* [TriCuOMe} = 4.35x10"’ mole/#, {BCl,;} = 1.9x10° ! mole/t,

CH,C1,, 0°C,30 min, total volume = 25 ml, AMI conditions.
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In polymerizations at 0°C a fraction of the IB is in the
gas phase (bp. of IB = -6.9°C) due to the relatively high tem-
perature employed. The products remain in solution up to Mp
6500, and the systems are homogeneocus. In the Mp = 10,000-
12,000 range the charges are cloudy and above Mp = 15,000
polymer precipitates (milky charges).

According to these data living polymerization of IB pro-
ceeds at a remarkably high temperature for cationic polymeri-
zations by the use of this new initiating system.

B. Structure, End Group Determination, and Quantitation
The structures of the products have been character-

ized mainly by 'H NMR spectroscopy and dual detection GPC
(1-4). According to spectroscopic studies the PIBs obtained
upon quenching with MeOH carry the -CH;C(CH,), C1 end group.
The 'H and '3C spectra were essentially identical to those
obtained by and described in conjunction with the tricumyl
chloride/BCl, trinifer system (7,8).

Quantitative end group analysis was performed by the
use of dehydrochlorinated samples. Dehydrochlorination of
-CH,C(CH;),Cl capped PIBs by sterically hindered bases is quan-
titative and the sole product is the isopropylidine (-CH,C(CHjy)
=CH, ) capped product (9,10). The latter end group can be
readily quantitated by 'H NMR spectroscopy by relating the
=CH, protons from 4.5 to 5 ppm against the aromatic protons
from 7 to 7.5 ppm (10). By this routine method the number
average end group functionality was Fp = 3.0 % 0.1.

In addition we have analyzed the structural homogeneity
of a representative three-arm star PIB (Mp = 4000, My/Mp =
2.3) by the use of the Kennedy-Smith-Nagy method (11). This
method provides quantitative insight into the distribution of
chromophores {(in this case the central phenyl moiety) incor-
porated into the polymer. Figure 4 shows the corresponding
plot. The unity slope indicates uniform chromophore distri-
bution in each fraction of the sample.

Y
0.6L
= [ ]
x
I=
T ool ..
A [ )
3 °
|£L
- 0.2
~
»
1=
1 ! 1
0 0.2 0.4 0.6 X
Figure 4. (UV/RI)peak/[(UV/RI)peak +

(UV/RI) ]
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On the basis of the above data we are confident that the
overall structure of our product is that shown by the formula
in the introduction.
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