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ABSTRACT

Understanding the mechanism of cationic olefin polymerization
has led to the synthesis of various new materials of interest-
ing and unusual physical properties. By elucidating details of
initiation, various new graft and bigraft copolymers combining
glassy/glassy, glassy/rubbery, and rubbery/rubbery sequences
have been obtained. Recent research concerning fundamentals
of alkylation and termination was exploited for the preparation
of new block copolymers and terminally-functional block
copolymers. Initiation by difunctional initiators has led to a,w-
difunctional polymers, e. g., @,w-diphenylpolyisobutylene. Cyclo-
pentadienylation of lightly chlorinated polymers, e. g., chloro-
butyl rubber, produced thermally reversible networks.

INTRODUCTION

In this lecture I outline new avenues toward the synthesis of new
products exhibiting combinations of unusual physical-mechanical
properties by understanding mechanistic details of cationic polym-
erizations. In particular, elucidating the mechanism of initiation
and termination led to the synthesis of unique functional polymers,
modified polymers, block, graft and bigraft copolymers.
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Until about 1870 the mechanism of cationic olefin polymerizations
has been discussed in terms of five elementary events:

Ion Generation ("'Priming"):

HX or RX + MX H® or R® + Mx©
n n+1

Cationation:

|
He or R63 +(|2=(|:

Propagation:

polymer

|

L lg L | Y
s e

Chain Transfer to Monomer:
|

L1 |
R SRR

Termination:

mechanism unknown

The first two events, ion generation and cationation, were usually not
separated but were treated as one step: initiation., Even a cursory
examination reveals, however, that the chemistries of ion generation
and cationation are distinctly different and should be considered
separately. In the first step, an ion, i. e., proton, carbenium ion,
halonium ion, is generated which subsequently induces polymerization
by cationating olefin.

After the birth of the first propagating carbenium ion, propagation
ensues which (in the absence of complications such as isomerization)
consists of repetitive olefin alkylation by the growing cation. Poly-
mer chemists usually wish to produce high polymer and consequently
endeavor to maximize this step. Molecular weights are determined
by the relative rates of propagation and chain transfer to monomer.
During chain transfer the monomer, instead of adding to the chain,
extracts a proton from the growing carbenium ion and starts a new
growing carbocation. In addition to chain transfer to monomer,
other kinds of chain t{ransfers are also possible, i. e., chain trans-
fer to solvent, polymer, counteranion; however, these events are
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far less important and are more easily controllable than chain trans-
fer to monomer.

Termination is the irreversible annihilation of propagating ability,
and its rate relative to that of propagation determines the yield of
polymerization. The chemistry of termination has not been investi-
gated in detail, and except for a few propositions [ 1, 2] chemical
transformations that accompany termination have remained obscure,

Polymerizations proceeding by this "classical" mechanism produce
materials carrying at least two kinds of endgroups, depending on
whether the growing chain is terminated by chain transfer or termi-
nation. Another undesirable aspect of polymers arising by this
mechanism is that the two termini of the macromolecules will be
different: the head or a-group will contain a hydrogen arising by
protonation during chain transfer while the tail or w-group will be
unsaturated (H~~~~C=C), Polymers containing a saturated,
usually CHs, group at the head (arising via protonation of a CHz=
moiety) are "sterile" for further derivatization. Polymers contain-
ing two identical functional endgroups are desirable for further
functionalization.

It would be very difficult if not impossible to tailor-make useful
polymer molecules by the conventional mechanisms outlined above,
i. e., with mechanisms that include chain transfer to monomer and
termination of undetermined nature.

According to this analysis, molecular engineering of polymers
is possible only with systems that are devoid of chain transfer and
in which chemical transformations accompanying termination are
understood and controllable. Indeed, the preparative synthetic
capability of cationic polymerization would be immensely improved
with systems operating by the following three-step mechanism:

Ion Generation (Priming):

RX +MX =— R® ,Mmx®©
n n+1

Cationation and Propagation:
R® ic=c —— RcC® ic=c —— RC-C-C-C?, etc.

Termination:

R @ + MX®

R~ X + MX
n+l n

The polymer R -~~~X arising by the above three-step mechanism
can be viewed to consist of three structural units: R = head group,
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~~~ = the main body of the polymer and X = tail group. The three
individual steps, ion generation, propagation, and termination, control
the chemistry and consequently the nature of these three structural
units of the polymer, respectively.

The important difference between the former, conventional, mech-
anism and the above idealized mechanism is that the latter is devoid
of chain transfer and that termination is well defined.

Recent research in our laboratories has uncovered several sys-
tems that approach the mechanistic simplicity of the latter idealized
system and thus have been used in the preparation of a large number
of useful functional polymer molecules of well defined structures,
Indeed, the finding of systems in which chain transfer is absent and
in which details of termination are understood opens unexpected
molecular-engineering capabilities by cationic polymerizations.

The subsequent parts of this lecture concern details of initiation
and termination research and illustrates avenues in tailor-making
polymers by applying knowledge acquired from mechanism studies.

GRAFT COPOLYMERS BY UNDERSTANDING
INITIATION

The key to the synthesis of a new family of graft copolymer was
the discovery [ 3] that dialkylaluminum halides and trialkylaluminums
coinitiate the polymerization of olefins and diolefins only in con-
junction with small or large organic halides. In general:

R:'AlY + RX R® 1 R.'AlYX®

where R = allyl, tert-butyl, benzyl; X = fluorine, chlorine, bromine;
R' = methyl, ethyl, isobutyl, phenyl; Y = chlorine, bromine, hydrogen,
methyl, ethyl, isobutyl, phenyl. For example, it has been determined
that the macromolecular allyl chloride chlorobutyl rubber readily
initiates the polymerization of styrene in the presence of EtzAlC1
[ Eq. (1)] and that the graft copolymer is an interesting thermoplastic
elastomer [ 4].

A recent book [ 5] summarizes a large amount of information
concerning this subject and describes in detail the synthesis of
many graft copolymers by this and similar techniques. The material
scientist may combine by this technique a large variety of glassy
and rubbery polymer sequences to backbones and branches and may
be able to create new graft copolymers of unusual physical-mechanical
properties (cf. Table 1).

By an extension of this technique [ 6-8], bigrafts, i. e., graft
copolymers comprising a common backbone to which are attached
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CH;, CH: CHs
' [ I + Et2AIC1
~CH>~C—CH; -C—CH-CH,~CH2—C-
| I ]
CH, Cl CHs
CHs CH: CHs
! I [ + Styrene
—CHz—C—CHz—C—gH—Cﬂz—CHZ—C*
f {
CHs CHs
Butyl Rubber
Polystyrene (1)

two chemically different branches, can also be prepared [7]; for
example:

Ethylene-Propylene Copolymer

Polystyrene Poly-a-methylstyrene

BLOCK COPOLYMERS BY UNDERSTANDING
TERMINATION

According to the scheme of an ideal cationic polymerization shown
above, termination involves the collapse of the growing cation and
counteranion to an electrically neutral species. In case of alkyl-
aluminum coinitiators this ion-pair collapse is tantamount of alkyla-

tion, e. g., ~CP MesAICI® — ~CMe + Me2AICL. In general, it
has been found that by this mechanism various organic groups
originally on aluminum can be transferred to polyolefins, i. e.,
polyisobutylenes, as terminal groups [ Eq. (2)5)?

CHa CH3
' | | [
~CH»—C® -AI-R® —— ~CH:-C—R + —Al (2)
r | | :
CHs CHs

where R = methyl, ethyl, phenyl, vinyl, cyclopentadienyl [ 9-12]. In
this manner by use of various organoaluminum coinitiators engroup



"pajeurwioaq AYusg
"pojeurIoNyd ATU3rT,

auojoeroxded- 3-Lj04

oueyday- [1°2°z |
-010401qex%0- ), -A10d

KENNEDY

(op1x0 audxAIs)Atod
(eprxo auerAdoad)Liod

auejngixodas . (ousipeing

-p‘z-0I0TYOIP - ‘1 -A10d -09-ausah)sTAYIp woxoryo- d)LArod

suejaxoirod suaxdoxoryofiod

aue[oxXOIpPATOog mw:o%ﬁ:n&om

(19U30 .
1Aura [£mnqost)A1od auatAyydeuadesiiog «?:m%ﬁ:n-oo -auaahjs)Arogd
(suaifysThyjawa
ueanjoxpiyeyojsiod -p-02-auapun)A10d (poyeuojmMSso.IoTyd) auatdyadiod
auaxdoxoyosLfodg auspuliiod q<e( auaxdos1-09-aualkinqost)A1od
(ousadost-09 e(9USIPBXIY-§ ‘1 -0 (pajerAyjow
-auathAnqost)Aiod auaxfistAyaw-n-£jod -ouatAdoad-od-auatAyja)A1od -0I0[Y9d) suaxhisArod
auatAngosiAiod auaafsAtod g(auatddoad -00-aualAyle)Atod (ep1a01yo 1Auta)irod
saousnbas Lxaoqqny saouanbas Lssein saouanbag Axaqony saouanbas AsserH
sayouexg sauogroeg

© sonbruyoaj, otuorye) £q siswiiodo) jjelIn proIx 0) pajesjsuowad(q saduanbag zowAhiod T ATIV.L

TT0Z AJenuer Gz 0T :80 : I Papeo |juwod



08:10 25 January 2011

Downl oaded At:

MOLECULAR ENGINEERING T

control became possible. Kinetic, spectroscopic, and chemical evi-
dences indicate the essential absence of chain transfer in these
polymerizations.

By using bifunctional initiators in combination with suitable
organoaluminum coinitiators, valuable bifunctional polymers have
been synthesized [ 13].

CH:s CHs
! f iCHs
Cl-CCHz33— C-Cl + (CeHs)s Al
| |
CHs CHs
CH; CHs CH; CHs

[ [ ] [
CsHs—C —CHz2 ~~~PIB ~~~C——-CH2})3- C~~~PIB~~~CH2—C—C:Hs
| I l !
CHs CHs CHs CHs (3)

Recent research has shown [ 14, 15] that termination of isobutylene
polymerization induced by the H20/BCl;s initiating system occurs by
chlorination [ Eq. (4)].

CHs CHs

| |
~~CHz—C® BCL:0H® ~—~CHz—C—Cl + BCI:OH  (4)

| !

CH; CHs

The presence and position of terminal tertiary chlorine has been
proven by blocking, for instance [ Eq. (5)], styrene in conjunction
with diethylaluminum chloride [ 15].

CHs

| EtzAIC1
PIB~~~CH:—C—C1

(

CHa

CH; CHs

| Styrene !
[ PIB~~CHz—C® Et2AIC1.®] PIB ~~CH2—C—Polystyrene
l |
CH; CHs (5)
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In the presence of suitable carbenium ion sources such as
(CHs)sC=CH-CH:Cl, isobutylene polymerization coinitiated by BCls
followed by blocking with EtzAIC1 leads [ Eq. (6)] to terminally
(head) functionalized block copolymers [ 16].

CH;
|
C=CH—CH:—
]
CH;

PIB

~ NPt NN (6)

CYCLOPENTADIENYLATION OF
MACROMOLECULES

Recent fundamental research into alkylation of alkylhalides by
organometal compounds, particularly organoaluminums, produced
information valuable for the synthesis of new functional polymers.
For example, phenylation with triphenylaluminum [ 13, 17]and vinyla-
tion with trivinylaluminum [ 11, 18] gave unique materials. Recently
cyclopentadienylation with dimethylcyclopentadienylaluminum
{Me2CPDAL) of lightly chlorinated rubbers, e. g., chlorobutyl and
EPM, led to thermally reversible networks [ 12]. The gist of this
development is summarized by Eqgs. (7) and (8).

Ccl CPD
---~!~-- + Me, CPDAL — N..|,--L-~T- + Me, AlCl
|

|
Cl cl CPD CPD

(7

(8)

Table 2 shows some experimental details obtained in the course of
cyclopentadienylation of chlorobutyl rubber. Chlorobutyl rubber (a
product of Exxon Chemical Co.) of M = 200,000 and with 1,1% by
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TABLE 2. Cyclopentadienylation of Chlorobutyl Rubber
Product 1 Product 2
Experimental conditions
Cl/Al 0.55 0.02
Temp. (°C) -20 +24
Characteristics of product
Solubility in 1,2-dichloroethane
Immediately after reaction Sol. Sol.
After drying Insol. Insol.
CPD content (wt %) 1.1 -
C1 sites substituted (%) 55 -

weight of chlorine was used. The Cl/Al ratio indicates the number of
chlorine atoms in chlorobutyl per mole of MeCPDALIl used.
Significantly, in the reactor and immediately after reaction the
rubber was soluble; however, after drying in a vacuum drying oven
the product became insoluble in common solvents. Compression
molding of the rubber in the absence of additives gave clear, smooth
and snappy films which after shredding with scissors could be
remolded to again yield clear and snappy test pieces. During the
third remolding cycle the materials permanently crosslinked and the

test pieces assumed uneven shapes.

The insoluble swollen materials obtained after drying could be
readily dissolved by the addition of small amounts of maleic anhydride.
For example, in one experiment, cyclopentadienylated chlorobutyl
rubber was refluxed in hexachlorobutadiene (212°C), however, the
rubber swelled but did not dissolve, Upon the addition of maleic
anhydride the material dissolved and a homogeneous solution was
obtained. The content of maleic anhydride adducts could be quantita-
tively determined by infrared spectroscopy. Maleic anhydride (MA)

+MA

swollen network

N rapid
disso-
lution

L N i NN AL Pt Pt P ot P ot 1o Pt ) Pt (0

o
Q} CPD-MA

o=

N

CPD-MA CPD-MA

L O ey

soluble (9)
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addition solubilizes the swollen network by reacting with the “open"”
pendant cyclopentadiene groups and drives the reaction toward the
right [ Eq. (Q)ﬁ.)fe
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