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Abstract

The use of l-chlorodicyclopentadiene (DCp-Cl) as a minifer for the
polymerization of isobutylene leading to asymmetric telechelic polymers
having dicyclopentadienyl head groups and t-chloro tail groups, has been
investigated. BCl; is ineffective, however, diethylaluminum chloride was
found to be a suitable coinitiator for the polymerization. According to
kinetic investigations chain transfer to monomer is absent and DCp-Cl is
an efficient minifer. Polymer characterization indicated a DCp function-
ality close to 1.0. The t-chloro functionality was 0.27, probably due to
side reactions of the Efchloro group with the strong Lewis acids formed
during the polymerization.

Introduction

The use of bénifers has led to the synthesis of a,w-di(t-chloro)-
polyisobutylenel, “¢1-P1B-C1E whose derivatization has led to numerous
novel telechelic polyisobutylenes carrying various useful end groups, e€.g.,
isopropenylz, hydroxyla, dimethylsilylchloride“. These polymers are sym-
metrically substituted, i.e., they carry the same functions at each ter-
minus. This symmetry is due to the symmetrical binifer, p-dicumyl chlo-
ride, used for the synthesis of the parent compound Lec1-p1B-cit.

Recently experimentation has also been extended to the preparation
of asymmetric telechelic prepolymer AVVB, i.e., telechelics carrying dif-
ferent functional groups A and B at either chain end, by the use of mini-
fers. The principles governing the synthesis with minifers have been dis-—
cussed and the preparation of a-phenyl-w-t-chloropolyiscbutylene by the
cumyl chloride/BClj;/isobutylene minifer system was described”’”. This
paper concerns an extension of research on minifers, in particular the syn-
thesis and characterization of a-dicyclopentadienyl-w-t-chloropolyisobutyl-
ene DCp—PIB-Cl&, a new asymmetric telechelic prepolymer.

It was theorized that DCp—PIB—ClE could be prepared by l-chlorodicy-
clopentadiene, DCp-Cl, as the minifer in conjunction with a suitable Frie-
del-Crafts acid coinitiator. DCp-Cl is in fact an allylic chloride and as
such was visualized to lead to controlled initiation (head group control).
Further the DCp head group was thought to lead to the versatile cyclopen-
tadiene, Cp, head group upon thermal cracking:
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DCp-Cl should also act as a chain transfer agent yielding a new growing
chain and a PIB chain having a t-chloroc tail group:

?Ha ?Hg
DCp MCHz—c@ + —>» DCpvCH,-C-C1 + |(.Q}
|
éHs cl CH3z

The resulting polymer (DCp—PIB—ClE) would have a DCp head group
formed during initiation or chain transfer to DCp-Cl and a cit tail group.
Since PIB's having Cl= termini have been shown to initiate a-methylstyrene
polymerization7 « the synthesis of poly (iscbutylene-b-oa-methylstyrene) was
envisioned. Thermal cracking of the DCp head group would yield a-cyclo-
pentadienyl-w-poly (isobutylene-b-a-methylstyrene) and Diels-Alder dimer-
ization of this diblock would give a most intriguing A-B-A triblock co-
polymer.

Experimental
Materials

Materials, purification and handling techniques have been described

(1-7). DCp-Cl was synthesized by the method of Dilling et al.
Polymer Synthesis

Equipment and procedures have been described (1-7). Typically the
reactors were charged with solvent followed by condensed isobutylene, DCp-
Cl, and finally Et;AlCl or BClz. Polymerizations began immediately. Pre-
cooled methanol was added to quench. The polymers were dissolved in n-
hexane and washed with agqueous sodium potassium tartrate to remove alumi-
num oxide residues.

Polymer samples were analyzed using a Waters Associates 6000 A High
Pressure Gel Permeation Chromatograph equipped with ultraviolet (UV) and
refractive index (RI) detectors and Microstyragel columns of 105, 104, 103,
and 500 A. Approximately 0.2 ml of a 0.2% polymer in tetrahydrofuran sol-
ution was used at a flow rate of 2 ml/min. Fractionated samples of poly-
isobutylene having narrow molecular weight distributions were used as
standards to contruct a calibration curve.

The DCp head group was analyzed using a Perkin-Elmexr 559-A UV/Vis
Spectrophotometer. A sample of DCp—PIB—Cl1 was heated to 160°C at 0.5 mm
to crack the DCp head group. The polymer was dissolved in spectrograde n-
hexane and the UV absorbance determined using a path length of 1 cm. Us-
ing n-propyl cyclopentadiene as a model compound for the cyclopentadiene
absorbance, it was possible to determine the DCp functionality of the poly-
mer.

The cl1& end group concentration was determined by quantitative ther-
mal dehydrochlorination®. A thin polymer film was coated on the inner
surface of a U-shaped glass tube and heated to 180°C while dry nitrogen
was passed through this tube. The evolved HCl was swept into water whose
conductivity was measured.

Results and Discussion
1. Orienting Experiments with the DCp-C1/BClz System

Initially BCl3 was examined as a coinitiator. BClz is preferred for
the synthesis of t-chloro telechelic polymers because this_ end group is
formed during termination as well as during chain transfer’. Results are
shown in Table I. DCp-Cl did not produce increased conversions beyond
those obtained in control runs. Evidently the polymer arises via initi-
ation due to protogenic impurities i.e., water. Conversions increased
with decreasing temperature in the control experiments as well as in those
containing DCp-Cl because termination is frozen out by lowering the
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temperature. This phenomenon has been observed and discussed previouslylo.

The inability of DCp-Cl to initiate isobutylene polymerization in
the presence of BClsy can be explained by Kennedy et al.'s observation®?
that allylic halides, which lead to secondary-secondary carbenium ions
such as DCp-Cl, do not initiate (or initiate only very slowly) isobutylene
polymerization. For initiation to occur it is necessary that the allylic
chloride yields secondary-tertiary allylic carbenium ions.

While DCp-Cl is unable to initiate isobutylene polymerization in
conjunction with BClg, it is able to act as a chain transfer agent. Thus
according to the molecular weight data in Table I, DCp-Cl reduces molecu-
lar weights, presumably by chloride transfer.

The inability of BCls to act as a coinitiator with DCp-Cl made it
necessary to use other, less desirable initiators. Conventional Lewis
acids such as BFj, AlCls, AlBrs, TiCly, SnCly, were not taken into consid-
eration because they would not lead to controlled initiation (i.e., head
group control would be impossible because they initiate with ubiquitous
protic impurities). It was decided to use diethylaluminum chloride,
Et»,AlCl, because it readily coinitiates the polymerization of iscbutylene
in the presence of allylic chlorides, such as DCp-Cl, and because it is
known to lead to controlled initiation (head group control). Termination
in Et»AlCl coinitiated polymerizations lead to undesirable saturated end
groupslo. It was hoped that termination can be minimized in favor of
chain transfer by DCp-Cl, an event that would yield the desired c1t termi-
nus.

TABLE I

Polymerization of Isobutylene with the DCp-Cl/BCl Minifer System [IB] =
1 M; [DCp-Cl] = 0.005 M; [BCl] = 0.005 M; Total Volume = 20 ml CH2Cl;
Solvent

Temp. [DCp-C1] Conv. Mn
oc M x 10° 3 x 107"
-40 - 11.8 4.8
-40 5 8.8 2.6
-50 - 17.2 5.5
-50 5 13.0 3.4
-60 - 23.5 6.5
-60 5 20.7 3.6
=70 - 28.1 7.9
=70 5 22.1 5.0

2. Anticipated Reaction Scheme
Figure 1 is a scheme of isobutylene polymerization by the DCp-Cl/
Et,AlCl system. The nature of the end groups is determined by the rela-
tive rates of the individual reactions. The DCp head group is formed dur-
ing initiation and chain transfer to minifer. Chain transfer to monomer
results in an olefin tail group (and a sterile t-butyl head group)rather
than the desired cl¥ tail group: -

CH3 CHg k CH2 CHsz
lo ] tr ,M i lo
’V\/\aCHz—(IZ + CH,;=C —==L > AnACH,-C + CH3—C
}
CHj CHj3 CH3 Hg
olefin cation leading to

tail group t-butyl head group
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For the DCp headed polymer to form quantitatively, kiy,q must be zero.
Thus, the first priority was to develop conditions under which ki¢y,m = O.

The Clk tail group concentration is determined by the relative rates
of various chain transfer and termination steps. It has been shown that
the polymerization of isobutylene in the presence of Et2AlCl proceeds in
the absence of chain transfer to monomer, i.e., ktr,M = 0. Thus in such
systems the nature of end groups will be controlled by the relative rates
of chain transfer to initiator (giving rise to the desirable clt terminus)
and termination (giving rise to undesirable saturated termini) as shown by
the last eguation in Figure 1.

Figure 1. Scheme for IB Polymerization by the DCp-Cl/Et»AlCl Initiating

System
< r
Ton Formation pep-c1 + EtzA.101L—> pef® + Et2A1Cl?
¢H X CH
K . 3 i )
Cationation 130130 + CHyp ————> DCP-CHZ-C@
CH, Hay
. g  k o o
Propagation DCpAvAACH, - + CHy=¢ —-3.—» DCpsm‘tCHz-?-CHZ-
CH, CHy CH, CH,
H CH
3 i3
Transfer to DCp'vv'CHz-?@-’ + pop-c) —EL 5 popasac,-f-61 + pog®
Minifer CH CH
3 3
Transfer to FH ?33 k. ﬁﬂz CH
DCpWCHz—Cea + CHp=¢ —%DCp&&‘CHZ-?I + cnj-é93
Monomer H3 Ciy CH3 éﬂj
o ) H . CH,
ermination Dva\‘\Cﬂz-F@a + Bt —% DCpaarCH,-C-R + EtAlCL,
CH, CH,

R=H or CHZCH3

The ratio &f Clk tail groups to undesirable tail groups R (where R

is H or ethyl) is given by
[C1El/[R] = Kep, 1 [PCP-CL1 /K (1)

Thus an increase in [DCp-Cl] will result in higher number average c1d
functionality, Fp(ClL). Increased [DCp-Cl] will also result in lower mol-
ecular weights, Table I and II. Since termination cannot be avoided, k¢ 0,
perfect Cl= functionality cannot be achieved. Polymers having Fp (cit
close to 1.0 would still be desirable. cl1i functionality may be
controlled by selecting reaction conditions e.g., solvent polarity, that
effect ktr,I or kt. s

At low conversions the number average degree of polymerization (DPp)
is given by

DP = kp[M]/ktr,M[M] + ktr,I[DcP_C]'] + kt (2)
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or k. + k [DCp-C1] k

.t tr,T . " (3)
k [M] k

n ) P

il

By keeping [DCp-Cl] constant, the intercept of a plot of l/BEh ver-
sus 1/[M] will give kiy,M/kp- If kgy,m = O, equation 3 simplifies to

[M]/DPy = ktr,I/kp + ke/kp (4)

Thus a plot of [M]/ng against [DCp-Cl] (inifer plot) should give a
straight line with a slope of ktr,I/k and intercept kt/ . Dividing the
slope by the intercept gives ktr,I/kt so that the ratio [Clt]/[R] in Equa-
tion 1 can be calculated.

3. Verification of Kep.m = 0.

The t-BuCl/Et;AlCl and ClL/Et:AlCl/isobutylene systems were found to
be free of chain transfer to monomer’r1%. The growing ion pair in these
systems is the same as that present in the DCp-Cl/Et,AlCl/isobutylene sys-
tem so that chain transfer to monomer would be expected to be absent in-
this case also.

A series of experiments have been carried out to ascertain that
kip, M= 0. A nonpolar solvent, methylcyclohexane, MeCH, was added so that
the total volume of nonpolar solvents, isobutylene and MeCH should remain
constant. The 1/DP, versus 1/[M] plot, shown in Figure 2, gives a
straight line with a slope of 1.80 gfl and zero intercept within experi-
mental error. Evidently chain transfer to monomer is indeed absent and
every polymer molecule should have a DCp head group.

4. Determination of k
tr,I

To obtain high yields of DCp-PIB-Clk it is necessary to find condit-
ions where ktr,I/kt is maximum. Thus a series of polymerizations have been
carried out by varying [DCp-Cl] at two different solvent compositions at
-50°C. 1Increased [DCp-Cl] was found to depress polymer molecular weights.
Figure 3 shows the data. Both plots give the same intercept. The
intercepts, kt/kp by equation 4, are 4.9 x 107°. :

The data obtained by the use of the less polar solvent system ( i.e.,
22.5% MeCH)gives rise to a steeper slope. For the less polar solvent kyy/
k, is 1.43 and for the more polar solvent ktr,I/kp is 1.14. Dividing the
sgope by the intercept vies ktr,I/kt- For the less polar solvent system
ktr,I/kt is 300 while for the more polar solvent it is 230 1l/mole. From
Equation 1, the less polar solvent system will result in higher clk func-
tionality.

The fact that kt/kp is independent of solvent polarity indicates
that the effect of solvent polarity on the transition state of termination
and propagation is the same. A larger value for kiy,1/kt for the lower
solvent polarity can arise either by an increased ktr,I or by a decreased
kit value.

While lower solvent polarity is favorable for chain transfer to
DCp-Cl, it is unfavorable for initiation. Charge separation necessary for
initiation is stabilized by solvation with polar solvent. In our experi-
ments initiation was very slow and the polymerizations were incomplete
even after 30 minutes in solvents containing more than 22.5% methylcy-
clohexane.

5. Survival of DCp Head Group

The DCp head group contains two double bonds which may react with a
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growing polymer chain. To investigate this possibility a series of poly-
merizations were carried out in the presence of various amounts of DCp.
According to the results shown in Table IIL, -DCp has no effect on conver-
sion, Mn’ of polydispersity of the PIB. The reaction with the DCp double
bond probably does not occur because this would lead to a secondary car-
benium ion which is of higher energy than the propagating tertiary carben-
ium ion. Thus decreased polymer molecular weights obtained in the presence
of DCp-Cl are most likely due to chloride anion transfer from DCp-Cl to the
growing polymer chain.

Figure 2
Plot of 1/DP, versus 1/[M] to Demonstrate Keyp y = O
r
3.0 1
2.5
2.0 4
nO
= 1.5 ]
b3
‘QF
I )
~
~ 1,0 4
0.5
0.0 . . . — -
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
1/
TABLE II

Effect of [DCp] on Molecular Weight of DCp-PIB-Clk

[IB] = 1M; [Et,Alcl] = 1 x 1072M; [DCp-Cl] = 1 x 1073M CH,Cl.; -50°C

Sample DCp Conv. M M /M
M] x 10° % n won
811-25 1.0 66.7 49,500 1.84
811-26 2.0 64.7 41,500 2.12
811-27 . 3.0 61.3 52,700 1.79
811-28 4.0 59.3 50,800 1.88
811-29 5.0 67.9 49,400 1.86

6. Synthesis and Characterization of DCp-PIB-Cli

DCp-PIB-C1E of M ~) 20,000 would be suitable for the synthesis of
poly(isobutylene-b-~a-methylstyrene) having a DCp head group. After crack-
ing off of Cp, Diels—Alder dimerization of the Cp head group would lead to
an A-B-A triblock copolymer having an elastomeric polyisobutylene middle
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segment of Mn = 40,000, i.e., a useful thermoplastic elastomer. According
to the data shown in Figure 3, such a polymer could be obtained with [DCp-
Cl] = 3 x 10~°M in 22.5% MeCH/77.5% CHpCl,.

_According to Equation 1 kiy,1/k¢ = 300 and [C1t]/R = 0.90: from
this Fu(Clt) = 0.47, i.e., 47% of the chains will have C1lE end groups and
537 either a hydrogen atom or an ethyl group. An increase in the [DCp-C1]}
will result in a greater F,(ClL) but will also decrease the My so that
triblock copolymers having useful properties may not form.

According to these data a limited number of cit tail groups can be
incorporated into the polymer, however, it would be very difficult to find
conditions where the functionality of ClE tail groups would be close to
unity.

Figure 3. Plot of M/ﬁ?n versus [I] Figure 4. UV Spectrum of
: ~PTR-C]T
to Determine ktr,l/kp Cp-PIB-C1
48.0 J
®
1.00
42.0
A
36.0 0.75 |
L3
24.0 J g
A
ke
& 0.50 ]
=
A <
18.0
12.0 [I§%=2M, (Et2AlCl)=
1x1073M, 1 min, -50°C, 0-25 J
CH2Cl2/MeCH. © 22.5%
6.0 MeCH, & 15% MeCH
0 -~ v -
. = v v v v 230 250 270
0.0 6.0 12.0  18.0 24.0 30.0 Wavelength (mm)

£1 x 10°

7. Quantitative Analysis of DCp Head Group and ClL Tail Group

The validity of the kinetic scheme has been examined by determining
quantitatively the DCp head group and ClE tail group comecentration in a
samgle of DCp-PIB-C1l%, A polymer sample was prepared using [pCp-Cl) = 3 x
10-°M, [IB] = 1M, and [Et»AlC1] = 2 x 107°M at -50°C in a solvent contain-
ing 22.5% MeCH and 77.5% CHClz. M was 26,300 with M,/M, = 2.30.

To crack the DCp head group the sample was heated to 160°C at 0.5 mm
for 3 hours and then analyzed by UV spectroscopy. The spectrum shown in
Figure 4 was obtained. Using n-propylcyclopentadiene as the model for the
head group (gmax - 3670 1/mol/cm), the number average functionality of Cp
head group, Fn(Cp) was found to be 0.95. This value confirms the results
of the kinetic analysis according to which the polymer carried one DCp head

group per molecule.
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According to quantitative thermal dehydrochlorination at 180°C the
DCp-PIB~ClL was found to contain Fh(Clt) of 0.27 instead of 0.47 calculated
from kinetic parameters. The discrepancy between the anticipated and the
actual value is too large to be due to experimental error. It is believed
that side reactions (i.e., reaction of Clt tail group with excess Et;AlCl
or EtAlCl, formed in situ) destroy almost half of the CIL functionality.

Although F,(ClL) is lower than expected, the presence of ClE termini
indicates chain transfer to minifer, i.e., transfer of a chloride anion
from the DCp-Cl to the growing polymer chain.
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