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The use of high resolution proton and '3C
rearrangement has previously not been fully understood. Five g
units, derived from carbenium ions XV-XVII, are found in the pol
methyl-1-butene [46]. The first-formed carbenium ion XIv Undere,
shifts to form carbenium ions XV, XVI, and XVIII: XVI1 rearrang“- !
methy] shift. Carbenium ion XVIII, being the most-stable ¢ ;
in the greatest abundance. The other carbenium ions are

y ’)‘_}'TCH’E(CHﬂ’(BF ;OH)™ + CH,=C(CH,), — 5-19a)
OH)™ + H—{-CH;C(CHs), ~}CH,C(CH3)=CH, (5-

afhenium i

o 5-19b)
a7+ M _kﬁ'x-&—r Mrl+l + l'Ihd+(lZ) (
of aboyt g, ) +

i ion since a
: he kinetic chain is not terminated by this “’-'ac“":];mc:o
H H s that U enerated. Many polymer molecules are usually pro
=CH s H: shift | species Is Tege : t. Chain transfer to monomer is
CH,=CH = e CHy—C ——— et i oinitiator species present. R ations
I \ nitiator-¢ ; tion in many cationic polymeriza
i o CH:CH:CH(CH 4 QR tecnr with pml:'aga't is kinetically indistinguishable from
o Xv e ization. Since it is - :
al polymeriza —— the ratio
AT re gveyztes of transfer and propagation :E‘e gl’}ggilue of Cyy
o5 er Cy.
H the chain transfer constant for monom ‘ ;
~~CH,CH (|',, ‘CHj shift ?" is the ¢ ight of the polymer if other chain-breaking processes
2CH, — T CHOH e weight o he lower will be the molecular
CH(CH,), _The larger the value of Cy the
Xy XVl . ; is
H: shift - chain transfer to monomer reaction that may l:: mﬁorta;t_u:g
Hs 1 3 dride ion abstraction from the monomer by the propag
i g a hy
MCH,CH,CH1—$‘ <
CH,
Xvi

13)2 7 CH, C(CHy),(BF5OH) ™+ CHy=C(CHy); —
—CH,(BF;0H)™ + H—CH,C(CH;),}7CH,CH(CHs),  (5-19¢)

and the repeating units derived from them are found in comparable

Other monomers which undergo isomerization-polymerization inclu

S-methyl-1-hexene, 6-methyl-1

-heptene, 4,4-dimethyl-1-pentene, a-
[47,48]. One generally finds that the first-formed carbenium ion unde
gen or methyl shifts whenever these lead to carbenium ions of equal
stability.

by monomer is less likely a mode of termination c?n'i;lalarf:otrg
i

‘mo i jum ion in the latter case is the

: since the carbenium ion in . the s
twmoﬂom: tt;f chain transfer to monomer reactions are kme‘tllcatl}l‘y
I ‘itglﬁ: (Eq. 5-19a) yields an unsaturated end group, while the
7ield= a saturated end group.

5-2¢ Termination 5.2¢-2 Spontaneous Termination

1 also take place by rearrangement of the propangti.ni'g, ion f;ll:.

pination i the initiator-coinitiator com-
wation involves regeneration of

: "ft'o the propagating ion pair with the polymer molecule left

he growth of a propagating

not, however, terminate the kinetic chain because a new propagating
formed in the process.

y s f
(Cr ;CH,C(CH3),(BF3;0H)” —
5-2c-1 Chain Transfer to Monomer 3)2 1 CH;

Ui (5-20a)
_ —CH,C(CHj), —17CH;C(CH3)=CH,

Chain transfer to monomer is one of the most common chain-breaking. .
for many monomers. There are few polymerizations where it does not ule Wi : al terms.
fer to monomer usually involves transfer of a proton to a monomer MOIEEEE
the formation of terminal unsaturation in the polymer molecule

5-20b)
—'51-!+MH+ ,+H'(1Z)" (
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This t)‘rpe of termination, also referred to as chain transfer to cou,

to chain transfer to monomer in that the kinetic chain is not lerm'
Ina

polymer molecules are produced for each initiator-coinitiator specie
s.

CH)a([CHCH 1 5AIC) ™ —
I3); + CH,=CH; + (CH3CH,),AICI (5-25)

5-2c-3 Combination wi i
with Counterion erred over alkylation whenever the aluminum alkyl has g-

Termination by combination of the prop

agating carbenium j :
occurs M lon with the Co

5-2¢-4 Backbiting

+ - kg
e Mo 51 : Philic aromatic substitution by a backbiting mechanism occurs
f i i { n of styrene and most other aromatic monomers
or example, in the trifluoroacetic acid catalyzed polymerization of g TR T A

S . 9 »

C -CH,—CHOQ (1Z) —
H—~~CH,CH®—); CH,CHB(OCOCF,)™ —» ,—CHOQ (1Z)

H~{-CH,CH—); CH,CH)—OCOCF,

Alternately, the propagating ion may combine with an anionic fragment fig
gegenion, for example sl 3
% +H (12) (5-26)
H—-CH,C(CH;), 15 CH,C(CH,),(BF;0H) — )

H—[—CH,C(CHa),—};CHgC(CH;)QOH + BF;

or
-of a terminal indanyl structure and regeneration of the initiator-

x [23,53].

g (and, possibly, crosslinking) has been detected in the polym-
le (B-methyl-p-metho xystyrene), indicating intermolecular sub-
gating carbenium ion on the aromatic ring of another polymer

H—-CH,C(CH;), 7 CH,C(CHS),(BCl,0H)~ —>
H~-CH,C(CH;),—}5CH,C(CH;),C1 + BCL,OH

Termination by combination differs from the other modes of terminati
the kinetic chain is usually terminated (as well as the degree of polym
since the concentration of the initiator-coinitiator complex decreases.
Equations 5-22 and 5-23 indicate the complexi ty of cationic polymeriz
when seemingly similar initiators such as BCl; and BF; are used. Te
the BClj-initiated polymerizations of isobutylene and styrene occurs
clusively by combination with chloride [9]. For BF-nitiated polymel
chain transfer to monomer is the major mode of termination with a minor
tion by combination with OH. The differences are explained by the order
strengths: B—F > B—0 > B—Cl [52]. Termination by combination with
from the counterion also takes place with aluminum halide-initiating systems
“fhen aluminum alkyl-alkyl halide initiator-coinitiators systems are USet
nation occurs by combination [10,11,15], either by alkylation,

5-2¢-5 Other Chain Transfer Reactions

in transfer to monomer, one or more of other transfer reactions
ant in any specific polymerization system. Various transfer agents
as in Chap. 3), present as a solvent, impurity or deliberately
1, can terminate the growing polymer chain by transfer of a

& k
Z)"+ XA "5, 4M,MA + X*(1Z) (527)

‘ids, anhydrides, and esters have varying chain transfer properties

e 5 _é(Cﬂa)z(RgAlcl)h——) ~~~CH,—C(CHs),R + R, AICI ence of any of these transfer agents in sufficient concentrations
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lonic Chain p
results in Reaction 5-27 becoming the dominant mode of terminatjq,
by these compounds involves transfer of HO, RO, and RCOO res
propagating carbenium ion. Aromatic compounds, ethers a;d 5
relatively weak chain transfer agents. Transfer to aromati'cs 0 ;o
alkylation of the aromatic ring. eeUrs prin
'Although a chain transfer agent decreases the degree of polymerization ¢
tl(:)l'l tp its concentration (see Sec. 5-2d-1), it is not expected to aﬂmon l!l
erization rate sinc_e the initiator-coinitiator complex should be re e
transfer (Eq. 5-27). However, one finds that the more active transfe
water do affect the polymerization rate, since they also f"un-‘:ticpI g
As indicated in Sec. 5-2a-2 the polymerization rate is usually ObSe:,-e:ls
with increasing initiator concentration (at constant coinitiator cop
reach a maximum, and then either decrease or level off. ;

Chain transfer to polymer has also been noted to oceur to some @ . M] (5-30)
monomers which are reactive in cationic polymerization, this may A7) [ (531)
amounts of branching. Transfer to polymer probably accounts for 1 2

3 5-2d-1 Different Kinetic Situations

 vary considerably depending largely on the mode of termina-
em. Consider the case of termination by combination of the
with the counterion (Eq. 5-21). The kinetic scheme of initia-
_and termination consists of Egs. 5-3, 5-4, 5-17, and 5-21, respec-
sn of the rate expression for this polymerization under steady-
R,) follows in a manner analogous to that used in radical
. 3-3b). The rates of initiation, propagation, and termination

of only low molecular weight polymers from c-olefins such as pr (5-32)
propagating carbenium ions are reactive secondary carbenium ions : Y )
[55] abstract tertiary hydrogens from the polymer ' the total concentration all sized propagating centers,
~~~CH,—CR + ~~~CH;—C~~~—s ke
H R
H and 5-33 yields the rate of polymerization as
+
~~CH,—CR + ~~CH,—C~~~ .
¢ R Kk, [1][ZY] [M]?
Ky [1][2Y] [M] i

ks
5-2¢-6 Retardation :
degree of polymerization is obtained as the propagation rate

Certain substances such as amines, triaryl or trialkylphosphines, and thi ation rate

as inhibitors or retarders of cationic polymerization. Termination by amines

formation of stable quaternary ions which are unreactive to propagation
example,

(5-35)

ng involves chain transfer to monomer (Eq. 5-19) and/or
ation (Eq. 5-20) in addition to combination with the gegenion,
propagating species remains unchanged and the polymeriza-
| given by Eq. 5-34. However, the degree of polymerization is
other chain-breaking reactions and is given by the polymeriza-
the sum of all chain-breaking reactions. For example, when
-In_onomer is important but spontaneous termination is not, the
i »¥ielization is given by

HM, M*(IZ)" + :NR; — HM, MNR,(IZ)"~

Thiophene and phosphines act similarly. (Phosphines have been ad\mn'
used to convert propagating carbenium ions to highly stable ?hOSth’“ﬂnJ
which can be observed with *'P NMR [57] ) '
p-Benzoquinone acts as an inhibitor in cationic polymerization because of
of protons from the propagating carbenium ion and/or initiator-protonates
to form p-hydroquinone. More recent work for styrene polyrﬂel‘iﬂ“_i‘-m
that copolymerization between p-benzoquinone and styrene is also imP®

explaining the inhibiting effect of p-benzoquinone [58b]. (5-36)



