Chapter 1

Theory of Copolyme ﬂzaﬁnn

141 Introduction

Eopcl;srm;xﬁ.Za'hiqn may be defined as a process by
which two ox more ﬁnmmars such as atyr@a and methyl methacry-
late or, in general, M, and HE* are joined to form a polymer
chain, which may be rsprasenirﬁd 88~ HEM'I 5T !I?h:l.s involved
a definite chemical reaction between hI.l md Iilg and is not a simple

mixing process of two dif ferent pnlymers, a.mh as that used to

proﬂamé pnlyh:!.ma, that is,ml&.l 1M+WM2“2 +» The compo=-
nents of thaéé mixtures may be separated by physical means, such

as solvent extraetion, The terms "interpolymer®, -“n;:l.xe:i pnlmar;';
and "hﬂ‘bei’ﬂ?ﬂl}i.ﬂ.ﬂl"' have &ll been used but IUP;‘!.G has Balﬂﬁteﬂ ‘!}hﬁ;

term "copolymer” to descripbe these versatile polymeric products,

The general temm "copolymer” includes all poly-
meric products :I.n which two or morc monomers are praaemf as '
integral parts. Hence, it included those produced by step=reac—
tion, radical-chain, and iuﬁic polymerization processes, Nany
naturally occuring polymers, such as cellulose, starch, and natural
rubber, are homopolymers.. However, proteins, whith are the most
important naturally occuring polymers, are compleX copolymers of

different amino acide,.




Copolymers :prf-apamﬂ by the anionic polymerization
of mixtures of 2—1315"1:1131—1, “=butadiene {isoprens) md 2, 3-dime thyl _
-1I,_ 3-butadiene (isoprens) and 2, 3-dimethyl-1, 3~butadiene were
investigated in the early 1920s. The art of bulk copolymerization
of vinyl monomers Was éﬂ.ﬂﬂ pra.atlaeﬂ.man_x -years before the th&ﬁr;r
of copolymerization was de"urelq-peni. Howaver, ‘I;ha opportunity for the
produetion of diffrlargnt mpnlgﬁara in the 19202 was limited since
only five vinyl monomers were available, viZ., a‘tiwl acrylate,

methyl methaerylate, styrene, vinyl acetate, and vinyl chlorides

Heveﬁhelass, many of the pioneer daﬁlapmenta in
the polymer field were associatedwith copolymers of wvinyl chloride,
b!.th?.riiena, amd isotatylene. The most widely uﬁed cﬂmareia,i pnl:;r-;
mers are homgpolyme xys such aﬂapnlretﬁ}lma, polystyrene, and poly
(vinyl chloride)., However, the utility of many other pulgmem is
dependent on the copolymerization précesﬂ.. Butyl rubber (IIR) is
an excellent example of the way in which -cnpcly’meriﬁatian. can
bring shout an improvement :Jl.n properties.

The introduction of a copolymer reduces the
tendency Por cm‘_ﬁitallizaticn. Iﬂcpul;rmari'zation may also be used
to introduce -reac.tive £T0UPS, €.8., the addition of wvinyl pyridine
and malele anhydride to & polymer chain, As was men'l:iuﬁed previ¥

ously, the addition of a minor aﬁuuzﬂ: of a comonomer such as lsow-




prﬁna to isnﬁufy;ane in the prodpcfion of butyl mubber may have
a substantial effect on the properties of the polymeric product.
In a biﬂa@ sense, most chainrgactinn .pnlymarg_éis aopulr@arﬂ
since they contain free radical and falagen frégments. Huwafap,
since these fragments represent less than 1 percent of the poly=
meric Icompaai‘#iun, they sre overlooked in high-ﬁquma..t' chemistry.
0f course, they are of considerable importancé in oligomers and

telomers.

The biochemist designates the relative combent
of aminﬂaniﬂé-inzlspacifin protein by the unse of eXponents, for
eXample, {glyEE, ala33]. IUPAC auggasts the ins&r¢idn of ﬁac“
to 1ndica#e a copolymer sudh as poly (butadlana-ca-ﬁtyrﬁne}.
The number of different monomers present in the chain is indi-
cated by the texms bipolymer (ww—~-~1l MEM1M§N~Vf%, taxpulymar
(mm1mzm-jm1m2m13-—m~}, qumiripnly'mer (e 1m2m3n4m1nr2u3m4
_etc._ '

The following terms used to dasnriba various
typas of copolymers are axpinine& in the accompanying illua#rap

fions in the toble T1.7.




1.2 Copolymer composition soustion and :r-seiut:i.vitg z-gtiga

1.2.1 Copolymer composition eguation

- In 1936, Dostal made the first attack on the
mechanism of copolymerdzation by assuming that the rate of addi-
tion of monomer to & growing free mradieal depends only on the .

nature of the end group on the radicsl chain, Thus,

Type of eépal:,rmer

Al‘tema'f:ing copolymere w““f“ﬂ1ﬂzﬂ1mz ~ww
Random copolymers \ | MM1M1H2H1MEMEH1M;~
Block copolymars | MTM'I'H‘lM‘IMZMEHBmfﬁ“
Graft copolymers | o M M HL B B W M
B L et

Table 1.1 Various types of copolymers are explained in the

accompanying illustration. .

monomers Ms and Ny lead to radicals of types ¥, and l.. There
3 B 1 o

are four poseible ways in which co-monomer can add:




Reaction

M.] o+ H.‘—"—} M,‘

[

Mi + HE“—} Mi
Mﬁ -+ H'l“_"__} M1

iy + B> My

Since four independent rate constants were

*or (1) 7]

Rate

11, LEREN

1‘.’1 o [y iﬂ:;

oo [mﬂ [“2

(1)

involved, Dostal made no attempt to fest his aasumptiun experi-

mentally,.

After several unsuccessful approaches, the B

kinetiecs of copolymerdzation were elucidated in 1944 by Alfrey,

Mayo, Simha, and Wall. As an extension of basic reaction scheme,

they add.itiqnal‘l;y assumed that a steady state condition could be

applied to each radical t,ﬁ;e separately, i.e., with the conecen-

trations of M1 and Hé cach remaining constant, It follows from

this that the rate of conversion of H‘i to Hs must egual that of

Hglﬁﬂii.

2

Lees, Ky, [mé:[ [M{l .= .1.:12. [:Mﬂ [hr; | i (2)

The rates of disappearance of the two types of monomer arg glven by




S ) e [

_ (3)
al - |
- MM; - Xy [Mﬂ [ug. + Xy, Lmi] [HE:I
By difining 'I;ha respective monomer reactivity ratios, r,, r,, a8

¥y = kqylkqp 8 7y = kppllygy =nd combining Bqe. (2) and (3),
it can be ghown that the composition of copolymer being formed

at any instant is glven by

ab) g lx ]+ De
alug 7 [ (8] + ®, [M])

(4)

This is known as the copelymer composition equation j it has been
verified by many eXperimental investigations of copolymer composi-
tion. .

The moncner reactivity r_aticgs r, and ¥, are each
defined as the ratio of tﬁﬂ rate nbnstant for a given radical
adding its own monomer to that for its adding the other monomer,
Thus, r, > 1 means that the; I'ﬂ._ril:l.cai My prefers to add My 5oy <1
meane that it prefers to add ME' In ﬁm s:,mfml.s':l:y-rana. {LI.I}-
methyl methaorylate (M,), for example, r, = 0.52 and r, = 0.46 1
i.es., each radical adds the other monomer about tlurics- az fast as

itas own.




Since the rate ccnstmts'f-::_ir initiation and

~ termination do not appear in BEq. (4), the composdltion of the
copolymer is ‘rdependent c-:f the overall reaction rate and
initiata_r cnnqantrai:ion. The rn;autiﬁty ratios are unaffected
in most cases by the presence of dnhibitors, chain transfer
agents, or snlvénts. Even in heterogeneous systems they remain
unchanged unless the availability of the moromexe is altersd hy
their distribution between phasess AL change from a free radical

to an ionic mechanism, however, changes T, and T, markedly.

A few typlceel velues: of monomer reactivity
ratios are given in Table 1.2. An cxtensive compilation is

" given by Mark (1966)°.

T+2.2 Typos of- Copolymerization
(a) Ideal

A copolymarization systom is seid to be Ldeal
when each of the two radicals show the same prefersance for
adding one of the monomeTs over the obther : 1:.11.;’1:12_- k21f}|_:22,

or T, = 1_!1-2, or r,r, = 1. In +this ocase the end grmup on the

1
growing chein has no influence on the rate of adﬁitinﬁ, and the
two types of unite are arranged at random along the c:liETin in

relative amounts detemined by the compoeition of the feed and




|
Monomer 1 Monomer 2 r, r, T{OE)
Acrylonitrile 1, 3~Butadiene D.ﬂé 0.30 40
Meth:i';i. methaerylate 0.:‘15 1.22 20 -
Styrene - - 0.04 040 B0
Tinyl acetate 4.20 0.05 50
Tinyl chloride 2.TO ﬁ-04. &0
1, 3=Butadiene Methyl methaosrylate | 0.75 0.25 90
-Sﬁjrane 1.35 058 50
Vinyl chloride 8.80 | 0.035| 50
Methyl methacrylate] Styrene 0.46 0.52 60
Vinyl mcetate r 20.00 0,015 &0 -
Vinyl chlorides 10,00 010 6B _
Styrene ﬁinyl acetate 55.00 0,01 | 60
Vinyl ‘chheride 17.00 | 0.02 | 60
: 1
Vinyl acetate Vinygl ehloride Ua23 1.68 60

Table 1,2 Typicsl monomer resctivity ratios.

tHin

the relative reactivities of the two monomera,

The copolymer _
composition equation then reduces to A I:FJLI] /d {MEJ = E&J / [HE:I .




(b) Alternating.

Here each radical prefers to react exclusively
with the obher monomer ; r1"- T, = Os The monomews alternate
regularly :&;.lnng the chain ragardl!.asa of the composition of the
monomer feed, 'I'hé. copolymer composition equation then simi:-iifias .
ta_a[m{l /a E’EJ =1, c | |

¥ost practical cae;as 1ie between the ideal =nd
the ﬂtamaﬁi&:é s_-*,'-a‘aama o {r.] Ty <7 1s A third poseibility, with

both T, and r, greater than unity, corresponds to the fendency to

1
form block copolymer. ©This has been observed, However, in only a

few cases,.

1.2.3 Ingtentaneous composition of feed and polymer.

Let F, and F, be the wmole fractions of monome rs

h 1 2
1 @nd 2 in the polymer being formed at any instant:

| , d [m{[
) 1-.F2 “e af [m_)] + [ﬂﬂg }'

(5)

By

If f;!

feed,

and £, simllarly reprssent mole fractions in the monomer

i
£, = 1=f L

S NI

(6)
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| the copolymer ccmposition equation can be re-written as:

bl 12 + T.T ’

. - 11 172 (7)
1 = 2 2
. r1f1 + Ef.‘fz + l'zfz

It iz apparent that in general F1_ doss not equal f‘l end F1 change
as the polymerization pﬁaeeds. The polymer obtained over .u.
finite range of conversion’ congiste of many increments, each

differing in composition,

Equation (7) may be used to 591-51: eurves of feed
VB insfantmignﬁs polymer composition fﬁr various monomer reac—
tivity ratiosa ‘.Euch curves for ;-a_saries of ddeal énpol.,;,',tnariz.a.— |
tions {r1i;2_ = 1) are shown in Fig. 1.9. Ixcept f-::;- pairs of
monomers having very similar reactivities, only a small range of
faedéa glves c-:pu-lymé ra containing apprac:i'able gmounts of both

compenents,.

-

e mi




-
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0.2 0.4 0.6 0.8 1.0

Fige 1.1 Instantenecous composgition of sopolymer (mole fracticn
1?1] as a funetion of monomer composition (mole frac-
tion f1] for ideal copolymors with the values of Ty, = /

1/, indicated.

Several curves forinon-ideal cases are shown in
Fig. 1;2. Tﬁase curves shows the effect of increasing tandancgy‘
poword sltemation. As sltemmation incroases, more and more
foeds yield a copolymer contaning agood deal of each_ccmpnmnts.
This tem-:ieuﬂ:,r .mal:ea practical the prapa.ra‘tiup of many importent

COPOLYIE 'S . ' : .




1.0

0.8 ]
046 o515

D.4

0.2

GIE qu' f DDE G.B 1.0

Pig., 1.2 Instantenecus composition of 'aupulymer F,i as a
function of moncmer composition £ for the walues of

the reactivity ratics 'r_lfré inddcated,.

If one of the monowers is very much more I'Gac-

tive than the other, the initial copolymer formed contains mostly

the more reactlve WOTIOME Ty However, as the copolymerizatlon
proceeds, this monomer éraduallw becomes used up, such that the
' copolymer formed during the latter stages consiste mainl.y of 'aha
less reactive monomer., Styrene and vin;srl acatate fom such a

gysten,
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For cases in which_ both r, and r, are less than
unity (or, hypothetically, greater than unity), the ourves of
Fig. 1.2 cross the line representing T, = £1._';t the point of
intam_&ctian polymerizaiion proceeds _ﬁithbut a change in the
composition of feed or pol:,rmer. This is known as szeotmplc
copolymerization, Solution of Eqa. (4) with d EILI] / [Iﬂ?] glves

the critieal compeosition for the azeotrope:

. H,I "hux_'z

1% 1=z

or form Eg. (7),

(f,) . =
e E--:l:u]—:'2

1e2+4 EBvaluation of moncmer reactivify ratios.

The usual experimental ﬂatqmin&tioﬁ of Ty and

p, involvee polymerization tc low conversion for a vardety of

2
feed compositionss The polymers are isolated and their composi-
tions measursd, Hlemental analysis, chemical analysis for reac-
tive groups, or physical analysis (0.8 ,' by réfract:_i.va index when

styrene is one of the components) may be used.
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Four methods of snalyesing the data arve aveilable:

(1) Direct curve fitting on polymer-monomer
compnsition plots. This is a poor method, gince the composition

curve is rather insensitive to emall. chinges 1n_i-1 and T,.

4 VeB Toe The copolymer equa-

tion may be solved for one of the reactlvity ratios:

LM em CmAN,
S D [l Q AR

Ea.ch expér:l.mant with & give feed givees o straight line ; the

(ii) Plots of r

interseetion of several of these allows the evaluation of r, &nd
T, (Fige 143)s IF the experimentel errors are high, the lines

may not interseet in ‘a eihgle point j the region within which the
intersections occur gi'!;'es informetion sbout the precision of the

experimentsl results. ‘

{iii) Plots of F'l Te & f’l‘ Bqation (7) can be

rearranged to

[E=R5 2t e,
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C

Thizs is tho squation of s streight line with slepe r, and inter-

cept Tye lach eXperiment gives one polrt on the line, The least~
Bguares treatment ofs seriesofsuch points gives the best values

of T, and Th in a straight forward way.

{div) Analysis of data giving the copnl;mai* Q0T
positicn a8 o function of conversion using the integrated form of

the copolymer equation given as follows.

L

1.0

0.8

—
_--_'-'“"---
=Y

]

ll

x, (etyrene)
o o
O
11

&
-
[

0.2 0.4 0.6 0.8 1.0
'rE (methyl methecrylote)

Fig. 1.3 Evaluation of monomer reactivity ratiocs by graphigﬂ

golution of the copelymer eguation,.




16

1.2,5 Integration of the copolymer composition equation.

The direct in-tagrs;tinn of the copolymer composl-
tion equation gives & result which is not convenient for calcula-
tions, The most convenient method for calculating copolymer
composition end distribution involves the use of Bg.(T).  For a
system in which ?1 > f1, when dil moles af_ monomer have pnl&marimaﬂ,
the polymer contains 'F.l ali moles of monomer 1 and the feed contains

(£,-df,)(li~dM) moles of monomer 1, For a material valance,
1745 _

Mf1-(mudM}{f1-af1) = F1&M ' {11)

combining this with Bg.(7) gives

af
. | (12)

which can easily be integrated by numerical or graphical means to
give the desired compoeition of polymer as a funckion of conver-

gion, One convenlent clospd-form Ta sult of this integration is :
log M Y Ty log :E‘,I D .

r, log £, 1—!‘11‘2 lﬂg(f1}D-E

X (3

1

where € = {1-:&2},’(2—:'1#::'2).
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143 mg_rmwmwﬁ
1.3.1 Introduction

_ Vinyl compounds are characterized by unusual
lactivi-l;;g' beeause of the q-orbi*ﬁals which result from incomplete
overlapping of the p=orbltals. The reactivity of these %—bénds,-
which are 60 percent as strong as theﬁ—bo.ﬁtis, is mal‘l—c:rve_i*ed in
introductory organie _ahemis-b;-j textbooks. The chain=reaction
pnlgmérizaﬂuﬁ reaut_:’mns of _q-'-hunds may itwcalvﬁ‘free :mdip_a.ls
(i.e., atoms or molecules with unpaired electrons) or ions (charged,

atoms or molecules).

The initiation of free Tadical reactions is usually
dependent on uniﬁnlacular humcnl#tic digsoeciation of wesak bonds by .I
irradiation or heat, Orgenic peroxides, such as benzoyl peroxide,
arid azo compounds, such a8 azo=big~-isobutyronitrile ( AZBN), i*aad:ll:l,r
dissociate to form free radicals (HD}I, &g .Ehmm in the folleowing

equations: -~

GEH5-§-_-G-D-S-551_15—-A—9 EGEHE,—%-{} ,_&_;EGEHE -+ 20&2 T .
(CH.) “N= ~- {CH }-«‘&-—-'}E(CH} 0 o+ I /r
3 EEH gI-I or &S Egﬂ 2

h v (36008)
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or in general,
R4 R 30Re

1.3.2 Bouation for synthesds of free radicals.

Free r&dinals (Re) may be produced when a labile
orgenic cuméuu;ﬂ (imitistor) is decomposed by heat, light, X
pqri::l.mla'ha rs;iia.tion. When atjxena, methyl methgcrylate or e;;crg-
lonitrile is heated, free radicals are readily formed. Example of

free radicd Gopalymariza_.'bion can be represented by the following

equations: .
- -
_ ij BPO : L 3
'cmgf + HEG=DH ~ = LLEG—-I—_EHE— e
C=0 ' C=0
ﬂt‘.‘-’HE . '-E-GHB
Hathyl metha-Styrene Methyl methacrylate-
crylate - Btyrene Copolymer I
: BFO N ¥ oY
Hz“g' * Hg#fﬂ R }-*HEG---:;'HE-?HW |
' oW © CR
Styrene Acrylonitrile ferylonitrile=Stiyrene

Copolymer
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1.4 Ionic Copolymerization,

| Tonie or polar polymerization may either be
anionic when electron-withdrawing groups, such as chlorlde, are
preiaant in the monomer or gcationic when glectro~donating groups,

such as methyl, are present.

inionie (carbanion) polymerizetion and cationic
{ca.rhaniﬁm} pnlymarizatiém are more compleX but more versatile

than free—rdd:l.dal chain polymerization. These polar reactions

are chmﬁtariaed by the rapid production of high ﬁdlemlar;weight'

polymers at very low temperatures,

14441 Anionic Polymerization.

.&nlnmu polymarzatmn was carried out on & commer-

cial scale for many years, befors the nature of the pnlymar:.zation
was. recognized, in the pmﬂuci:inn of the buna-type synthetic

rubbers in Germany md BRuseiz by the palymazd.gatmn nf bu'ta.diene

with -mﬂium or potassium as the catalyst, The first enionic chain
reaction to be so identified was the polymerization of methaocryle-

‘nitrile by sodium in 1liquid ammonia at -?Eﬂc.' -

Typlcal catalysts for anionic pclfme':r:-iza:i:ien

include the 311:51:1'_ netal alkali metel amides, slkoxides, alkyls,

ar:rls, h:,rﬂruxid.ea, and c:.*an.idas. ' . .I

= — - -




20

‘The conventional method of ionic initiation of
polyme T c:h_ains involves the s.ﬂ.d:l.ticrﬁ- of a negative ion %o +the

monomer, with the opening of a bond or ring, and growth at one

ands:
CH,0"+ CE,0f, > CH ;0CH, CH,,0 |
Bu 4% + Ci,=CHX > BuCH,CHX 11" :

- bensens

Simutaneous growth from more tharn one center cen be obtained from

polyvalent ione such as those derived from
¢ [{3 I.i"j ox T(CH,CH,0"Na")
- 272 3

The more basic the ion, the better it serves to initiate chains.

Thus, =lthough 0H will not initiate the 'a_n:i.cnic polymerization ‘
of styrene, NH, initiates it fairly well, whilst (O cH; is quite |
powerful, Similarly, more scid monemers require less basic ioms, ;
with the acidity of the monomer depending on tha gtrength of the

X-¥~ bond formed on initiation and the subsequent stability of o

" the resulting carbanion. . ' [
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Initiation can also ocour 'ﬁ:,r the transfer of an
electron to a monomer of high electron affinity, If D or D is

an electron donor,

D + N >0t + 0

or . D o+ M > D0 + N

Presumably, M 4is less reactive than a true carbanion or a free
radical but the addition of a monomer to M givss"a gpecies which
contains one radical énd and one anion end:

CH,=CTHX + CH,=CHE——3: EE_'HECH{IGHEEHI

" . anion end radical end

This species can add monomer from the two ends by different
mechanism, Two radlcal ends may dimerize, however, leaving a’

divalent anion fto propagate.

Propagation in anion polymerization may be oom;'an-
tional or may ba more complex, a8 in the elimination of L‘ﬂ:} from
H-carhn:ranhxdridéa. In contrast to radical polymerization, the
ﬁ{unmbsi-:itu-bed} carbon atom at the end of the growing chain is

the site of addition of the next monomer,

ks

Ag in cationic polymeriszation, termination is always

unimolecular, usually by transfer. The_récumhimt‘ion of & chain
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with its counterion or the irasfer of a hydrogen to give terminal
unsatura:l:i-.:.n, frequent in cationic pcl;rmerizla-&ion, is unlikely in
gﬂici-nic mechanismg, as may be recognized by considering the small
likehood of transffering H when the counterion is Na'e Thus, in
aninni$ pn1ymerizati¢n, tsrminaiipn'usuallg invelves transfer and
the kinetic chain ié broken only if the new species is too weak to

1)
propagate.

This leads to the unique situation in which, by
careful purificetion to eliminate all species to which brensfer
can occur, the termmination sﬁﬁp lg effectively aliﬂinatad and the
growing chains remain active indefinitely. This case leads to

what are generally- rafaﬁad to as "living pol-y'mar".

An example of anionic copolymerization is given

as Pollows:

Bu Tdt + GHE:g Benaan.a > Buci,- -1t
(@]
Butyl ZIithium Styrens

3 L . s

BuCH=CH™ :  + Hyme > Bucﬂz-gl-mz'f_ :
¢ : O e
b b

3 3

——p

Nethyl méthacylate °
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| =
The product obtained is M--EHE—(!'.'—DI-IE
uruc;- Styrene copolymer).

- CH—wn{Methyl methacrylate—

DﬂHj

1.4 .2 da‘l::ioni c' Polmerication.

Typical catalysts for ecationiec polymerization
are lewls secids and szieﬂel-ﬂraf'l:s catal,;mts such as Alﬂla, |
A1Br,, BE,, SnCl,, H2304; and other strong acids, All these are
- stzpng electron acceptors, Illm;t of them, with the possible
aﬁnapticn of the strong protenie a.ai&ls., require a co-catalyst to
initi_&‘te polymerization, -usu\glly a Lewis basge or other donor r:-:bf

&8 I'r:mf::-n, which is presumed to be the effective initistor.

High rate of polymerization at low temperatures
is & characteristic of ionic .pulj}nei'izat-ions. It is _oftan Aiffie
cult to esteblish uniform reaction conditions beftre the reac-
tants are consumed, 'I‘I;a polymerization of isobutylene hj; Alﬁla
or E,"Fj takkes place within a few seconds at —-1003(1, producing
'pal;mar of molscular weif_;hj: up to several million, Both rate and

molecular weight are much lower at room temperature.

The most satisfactory theory cationic polymerima-

tion invelves the carbonium ion as the qhain carrier. For exam-




24

catalyst, the step is the reaction of the catelyst and aco-cata-

lyet, for example water, to form a cataiyat—aa—catalysf pompleX.

BF, + H,0 S—" A )

39H{

L
which donates = proten to an isobutylene molecule to give a car-
bonium ion,

" + +

CH = C
B+ (CHy),0=CH———> {qH3)3
This ion then reacts ‘with monomer with the reformation of a car-
bonium ion at the end of each step. The "head-to-tail" addition
of monemer to ion is the only one possible for energetic reasons.
Since the reaction is, in gemeral, carried out in & hydrocarbon
medium of low dielectric acnataﬁt, the smiom can not be separated

from the growing cationic end to any appreciable dietance 3

rether, tha:,r" form an “ion pair",

The termination reaction can take place by the
rearrangement of the ion pair to yield a polymer molecule with

terminal unsamrﬁtinn, plus the original compleX,

+
(€H4) 40 |~CH,~C(CH,) 131?3;31—:.»(&1{3}0- 'EHE'G(GH:JE"_

n B n-1

ﬁHE + '

-EHE-EH + B (BF,0H)




Here the catalyat-nn-catal}st complex ié regenerated j hence,
many kinetic chains can be produced fxom aacit catalyst=co=catalyst
specles. -.ﬁﬂ. alte;ﬂa.tiw meui;anism, in ﬁhiah the ca¥alyst or co-
.cata"lyst combhines with the growing chain, is unlikely in this
example but cen take r;lana when a covalent -hoﬁd is formed, as in

the polymerizetion of styrens using trifluorcacetic acid:

-~ . . J - - 'I' -
H .CHEEH (IE[2 . HE}DEF3——-%H {.‘-Hzcgl E'HE l|:!~t31’..'}F"3
b ' = @

Chain tramsfer to monomer can also take place: | .

+

[EHS:ISC- —E#Q-G[GHS)E BF3F)H

n

. +(Eﬂjjzﬂumi2 ,
(VA IHE _ ]
{GHB}BG- ~CH ~C(CE ) =|=CH =€ + {cﬂ3}3c+{BF30§L)’ |
n=1 01{3

Chain transfer to polymer is also known and leads to branched

polymers,
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The éfficiency of the catalyst iz dependent on
the acid strength of the catalyst-co-catalyst complex., Also,
the efficiency of the uatalyatfas 2 terwinator should be related
to the base strongth of the complex anion. Thus, he more
sotive = moiaculs ig as a catalyst, the less active 1t is as & -
terminate. Although the regquirements of the iﬁnhutylenq—BFB
system ore fully setiefied by the mechanism just given, gemerali-
zation of the scheme should be applied with caution, The experi=
mental data on other systeme, for example, do not conclusively

prove the necessity of a co-catalyst.

An example of cationic copolymerization is given

azs follows:

o

L]

Alﬁl

| Y e T e
HC | + HyC=CH— nitrﬂhenzﬁhe fﬂﬂ CHy=
oo
0

iMethyl Styrene liethyl methacrylate-

CHy - - CH3

methacrylate S8tyrenes copolymer






