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ABSTRACT

N e 1

\hgmplexed alterﬁatiné‘c0polymerizations have been the

\ . . )
§yé;ect intense interest for the past five years. However,

-~

the mechaniéw for these reactions is obscure. In this study,
the molecula;\yeight distributions of several systems were
~examined in cOniunction with kinetic rate data in order to

eluc1date the mechanism and to differentlat//among competing

N\

theories ' i,WTW \\i‘v‘. S :

The model systeﬁ& methyl methacrylate-styrene, methyl

.methacrylate-isoprene, éCrylonitrile-styrené, methacrylonitrile-
styrene, methyl acrylate-styrene, methyl chloroacrylate-styrene

and chloroacrylonitrile-styrene in cohjunction with the complex-

ing agents,’dieth§1aluminumf;hloride, ethylaluminum sesquichloride

and zinc chloride haVe been selected for study.
™ <Major kinetic emphasis is ‘placed on the methyl
methacrylate- styrene diethylaluminum chloride: system 'Thé

A

initial reaction is found to be first-order dependent on each

-6 -1 -1

monomer, second-order pverall:‘kp' = 5.4 x 10 1 mole “sec,

at 25°C. The apparent rate constaﬁt,=kpf, is obtained by two

separate methods. . The yield of pdlymer with time gives k
\ B

by a graphical technique using ‘the integrated rate expression.

Variation of initial rate with monomer feed composition

providﬁs an alternative method. Kinetic studies conducted

'betWeen 0°C. and 60°C. show a low overall activation energy,
-Er = +3.9 RCal ‘mole
Similar studles on the methyl methacrylate- 1soprene-

ethylalumlnum sesqu1chlor1de and diethylaluminum chlorlde

4”

(iii)

-1 . . ol
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systems show an initial reaction, fifst-order dependent on
iy LI

-

P

" methyl methacrylate and one-half order dependent on isoprene;

1reenduetedﬁbe%weeﬂmﬂgﬁTéand—éﬁgc;Ashowma~smallmnegativeﬁm

Lk

a'steady decrease ‘'in Mn with increases in the vinyl

3/2 order overall. An ihtegrated rate expression for a 3/2
order re?ction js/gerivédfand provides apparent rate constants,

\ . .
kp', for \the diethylaluminum chloride and ethylaluminum

-611/2 ¢-1/25 .-1

sesquichlgride systems as 4.8 x 10 mole ec and

2.2 x 10.611/_Zmole-l/zsec.-1 respectively. Kinetic studies

activation energy- of E. = -4.2 kcal Ii‘lole'1 for the methyl

methacrylate-isoprene-diethylaluminum chloride'rqaction. A

mechanism involving an isoprene diradical species and -
. ’ € 7 a

consistent with 3/2 order kinetics is proposed.

Molecular weight distributioné héve been determ;ned
using gel permeation chromatoétaphy. No change in moleciiar
welght 1is séep with increased reaction timé. ThuS'mechaqismsv\'
involving "living" centéfs a;e not involved in complexed
alternéting copolymerization. The number average moleéulaf
wgights (ﬁn) for methyl methacrylate-styrene-d{sthylaluminum
chloride, methyl acrylate-styrene-diethylaluminum chloride,

acrylonitrile-styrene-diethylafuminum chlori&e,and

methacrylonitrile-styrene-diethylaluminum chloride indicate

monomerfdiethyléluminum.chldride concentratdion. Rafés, how-

ever; are found to be maximum at 1:1 monomer feed ratios. —

A Mayo type plot indicates,a;nonedegradativewchainﬁirancFar N

termination mechanism. .

(iv) ¢



7

tions are determined 'simultaneously using
A

> the molecular weight distribution and the gross analysis

7 S

[ — S Y

An opposite trend in which M 1ncreases with increasing

g

methyl methacr late- d1ethy1a1um1num chloride concentratlon is .
seen in the met yl methacrylate-1soprene-d1ethylglum1num
chloride system and is postulated’to be due to the'incorpora-

tion of "dead'" polymer into the propagatlng species.

Monomer chain transfer constants, (C ), for the complexed

~monomers,methyl acrylate-diethylaluminum chloride, methyl

' methacrylate-diethylaluminuﬁ chloride, acrylonitrile- -

diethylaluminumfthlofide and methacrylonitrile-diethylaluminum
chloride are determined to be 7.6 x 10-4, 7.1 x 10'4, 3.4 x 1074

o«

and 4.1 x 10_4 respectively These are several orders of
magnitude greater than C values for uncomplexed systems

reported in the 11terature

.The non- degradatlve chain transfer mechanism is.tggtsﬁ\\\

by. examining Mn and vinyl monomer Q value. There is a R i

ualitetive dependence between ﬁhrand Q which is consistent
with-a ch&}n transfer mechanism, e.g.: high Q veiues‘yield_
ihg iowvﬁh product.3’ | - \\é |
-Ce;olymer coﬁﬂosition (methyi‘ﬁethacryiate=s yrene:
diethylaluminum cQ&oride) and the molebularrweight &istribu~.

14

C labelizng
techniques. The copolymer is,strf(t;xjalternating roughout
\ ,

reflects a molecular homogeneity, tkus indicating the overall

reaction mechanism is devoid of parallel propagation
mechanisms.
With zinc chloride complexing agent and

o 5 o 'azobisisobutyronitrile, initiator, no change in rate

(V) N RO

EY



&

of initiator decompasltlon 1s found in the presence of zinc

chloride. \‘The decomposition is f1rst order (k .4 x 10 ?sec, ).

This establishes that the high rate of reaction found for

o, X 'azobisisobutyronitrile initiated systems is not’ due
to. an enhanced rate of initia£3¥’Qecomposition. '
Solvents capable of comﬁlexing with zinc chloride gros§ly

affect alternating copolymerizations and cause the feaction

to revert to a random process. For example, methacrylonitrile-
styrene-zinc chloride with o, & 'dzobisisobutyronitrile

copolymerized in THF, produces random copolymer.

(vi)
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"AND ABBREVIATIONS

Rﬁ - - Rate of Polymerization .
R, - Initial Rate of Polymerizatiqn

n - 'Reaction Order Coefficienti

k_ ' - ' Apparent Rate Constant : °

'kd - ﬁéébﬁpdé&ti&ﬂﬁﬁétérébﬁQQantj

E. - Overall Activation Energy

DpP -  Average Degree of Polqurizatibn

Cm - Monomer Chain Transfer Constant

ﬁn - Number Average Molecular Weight

~ _ .
M, - Weight Average Molecular Weight

TsT, -6% Monomer Reactivity Ratio
DEAC .- Diethylaluminum Chloride

EASC ¢ Ethylaluminum Sesquichloride

MMA - « Methyl Methacrylate .
STY = - - Styrene ER g

Ip - Isoprene |

AN ",f Acrylonitfile “ ’
MAN - Methacrylonitrile

MA .- Methyl Acrylate

MCA -Methlehlo?oé;ryiate P ‘
CAN - Chioroacryionitrﬁle A E B
AIBN - « , o 'Azobisisobutyronitrile
MMA* - Methyl Methécryléte-Lewis Acid Feed Ratio‘of 2:1
lTHF o Tetrahydrofuran - - o ,‘
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I. INTRODU .
~L1  HISTORY '_ . .o S~
— ’ - Before the tLrn of thQ:century, the fitst synthetic
| . polymers had been prepared*uéing teéchpdgues availeble ftom
;organigrchemietfy.* AlthoughtKéﬁejéo::oundswere merely
bgiaboratory curiosities at the time, they“provided the )

,-V"beglnnlng of the f1e1d of polymer chemlstry The - flrst
%%Ehﬁgty years of the 20th Century saw -a slow build-up of

f'_"‘\,_v/' ‘
\ 7

. knowledge of some of the ba51c concepts for this new .
i écience. _ .
Althoqgh'polymeric materials such as polyethylene. andv - ' ‘
’ nylon werte in commercial production before 1939, there is -

little doubt that the Second World War provided the impetus
for much of the research and teéhnblogic 1 development

which has since provided the multitude of polymeric meterials

. - . - F - : . - . . -
that are so common in every day life today. v sy

<S X A large proportlon of these useful materlals are

copolymers- and the explosive growth of the fleld of copolymer
) ,
chemistry has been attrlbuted to the lack of suff1c1ent

supplies of natural rubber during the war yeatrs. A large
effort was exerted into developing a suitable substitute

for natural rubber - and the development of the copolymer‘ ’

: styreneﬁbutﬁojenewtgooef‘@SgR) resulted. Synthetic copolymers

are now found in many appllcatlons such as. clothlng, auto-

[y

A~ TN e B S,

mobiles, hou51ng ‘and in a growing number of 1ndustr1a1 and

agricultural apﬁllc%tions. I
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1.2 - IMPORTANCEQOF COPOLYMERS
T N

‘A polymerlzatl process whereby two-or more monomers

are 51mu1taneously polymerized into the same polymerlc molecule

e

is termed copolymerization and the*ﬁ?oduct 1s‘known as a

-~

copolymer. Many monomers that fail to- o opolymerize them-

/ L3
‘selves, readily form cOpolymers in conjunction with other

monomers . Hence, monomers wrth desirabde’chemical properties
! X \

that do not homopolymerizem"glve useful copolymers on -

copolymerization. , .

Y

One of the more‘impqrtant aspects of copolymerization o

L S . e . L .y , .

is the modification of polymer properties through changes in

composition. Polymethyl methacrylate is an attractive, tough
N - N -

. . oy )
. plastic used for a large number of industrial applications™~"

This homopolymer unfoftunately-suffers from poor thermal

pfopéfties and decomposes .above 1§0°C (1). The addiiipn‘
s{yreﬁe-as a'comonomer;invthe polymerization of meth 1.
- ' . ‘ . : :
Methacrylati/pQQE?des a more durable "and temperature tolerant
materie}, Likewise, polyacrylonitrile, a popu;an1po1ymér in
the textile industry, attains befter dyj é aracteristics e
’ ’ * ) ) ] @ h‘
hen copolymerized with.vinyl pyridine |(2)

l

f.3  COPOLYMER CONSTITUTION R 4

LN

Coﬁqiymeré are classifyed into four general 91as$ifica-

tions dependizsig on the structural distribution of the monomers

»

along the polymeric cﬁain.' For two component copolymers;
these classifications are called; random, :alternating, block
and graft. In a random copolymer, the monomeric units have

4

e



Y
-3 - .
a random distribution along the chain: N
‘ T -
A-B-A-A-B-B-B-A-B-B-A-A-A N,
L
Alternating copolymers have a perfectly alternating sequence
of monomer units: : -
)
A-B-A-B-A-B-A-B-A-B 1 S ;Q)
L]
Block copolymers are copalymers containing long;rdﬁs of one
monomer: - 3 h_ L ~ .
: R%_‘ - ' . o .
: A-‘A-A-A-A-A-B-B—b-B-B-B ' ‘ |
A graft copolymer has a &mangh structure consisting of a L
homopolymer backbone with tomonomer side chains: - :
¢> A-A-A-z'\-AéA—A-A-A-A-A:A—A
| »
- B - B
b I
~~_B B
] | .
B B
(. (I
B B
* /
For a given pair of monomers, differences in chain structure ;\
provide ~each~of—thewﬁourwt§pes~0f“topoiymETS‘with‘Uniqﬁé . -

physical and chemical properties, ofjﬁ;fch the -most -interest- -~ ———

ing is the alternating structure.



"attention to this phenomenon. Dostal (5) was the first to

T ,&‘_,, e

Polymers with alternating structures show high degrees
cue AR asrei At

of crystallinity on stretching (3), presumably due to their

homogeneous structure. This property is highly desirable in
the design of materials with high ten511e strength. (?oly-
(hexamethylene adlpamfae) is used as both a f1bre and a”
flexible plast;c. Whé% moderately EFYStalllne; it is a

flexfble plastic, however, as this material is stretched it

becomes hlghlyiefystalllne ‘and produces f1bres of hlgh strength

-

commonly called nylon 6, 6 (4). ' ’ .

. : t
I.4 COPOLYMER COMPOSITION

The monomer{c composition of a copolymer is' usually
measured as a mole percent of each monemer and is independgﬁt
of the copolymers censtitution. A copolymer of particular
composition cen be either random, alternating, block or graft.
The composition of a topolymer is to a large'extent determined
by the particular ﬁzhomer feed composition used to'prepare the

2 .
copolymer as wellzas reactivity differences between the
monomers.: The relationship between feed composition for a
cationit, anionic and frezwfadical copBlymerization 6f methyl
methacrylate and styrene is shown in figure (1) Figure (1)

indicates that in the free radical mechanism, a linear. 4

relationship does not exist between the monomer feed and the

product composition The non-linear relationship shown on

flgure (1) is common to a 1arge ‘number of copolymerlzatlons

and early research into radical copolymerization devoted much




Figure 1

- ANIONIC (Na) MECHANISMS (6).

™, ? .

- Sa - )

B .
{ 4

INCREMENTAL COPOLYMER COMPOSITION AS A FUNCTION
OF MONOMER FEED COMPO§iTION_FOR'THE STYRENE (M;)-
METHYL METHACRYLATE (M,) SYSTEM, PoLygﬁn;zsn BY
CATIONIC (SnCl,), FREE RADICAL (Bz,0,) AND

ey 2



~d[M 1]+d[M2].

| ) <
[M;] | 1
[M1]+[M;]



t to elucidate the mechan;sms of copolymerii;ti9n;
His basic assumption was that the rate of addition of
mpnomef units to a gfowing macroradical was depFndent only
on the end-group. For a two monomer systeml My and M, _
}//’

this assﬁmption leads to four possible propagation steps:

. 12 o
~Mi ¥ M““Z ——+k21 . MZ \_/
~M; My _k__* ~ My
22
~M; + M, , ~M; A

'Many years after Dostals original wofk, Mayo'and Lewis
(7) and Alfrey and Goldfinger (8) separately derivea the now
familiar copblymering;on eguation (1-1), (also frequently
called the MaYO-Lewis equation). This expression relates the

éopolymer composition 'd [Mll /d [MZJ with the monomer feed

-

-composition [Mll / [M2] through the use of two terms called

the monomer ‘reactivity ratios ry and rz:

i
Fi
a

L N R
:”Q_[le "[MZJ ( ‘[Mll + r, [M2] ) T 1-1
’ whére: 7 .
k k
11 22
I'l = » 1'2 = .
k k

12 21
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Thﬁgmbnnmex;1&3:15&1:;;raliqiggxg;quanliia;iyg measures ofg

the preference of a radical to react with its own monomertv

rather fhan_with thé comonomer. Reactivity ratioé are not

-constant for a given monomer but are particaiaf/fb monomer

pairs and to polymérizaf{2§’c0nditions (Taglé I1). ° r o )*a
Wbe;her the ﬁolYmer product from ;’radical copolymeriza-

tion is random, alternating or block, is determined by the

values of the reactivity ratios. Random propagation occurs
when ry =71, = 1. This situatioé;bccurs when the two monomers
show équal reactivities-toward both propagating species. The

product composition 'is then dependent only on the monomer

, A
feed ratio as ;;;;;\}n«equation (1-2).

d M1 IM;] 1-2
“ d [Mz] [Mz] , s

In cases where il and r, di}fer from unity, e.g.,'ri) 1, rz(yl

or r;{1, r,>1, one of the monomers is more reactive ;haﬁ‘

the other toward both propagating speciés. The product will
“then contain a large proportion of the more reactive monomer

s - o _
in random placement. When ry =71, < 0, regular atternation

of monomer units occurs. The two monomers enter into the

copolymer in equimolar amounts in a non-random alternating
arrangement along the polymer chain. —Each-of the two types —————
- of propagating species preferentially adds the other monomer.

The product composition is then independent of the monomer



M)

Acrylic acid

 Acrylonitrile

—

\

Allyl acetate

1,3-Butadiene

%ég;hyl fumarate

Diethyl maleate

_/

r

oo oowaooqwoboooj NSO

OHOO

OOOO

0
0
0.

TABLE I

“~"Some Monomer reactivity ratios

in radical copolymerizations

(

.15
.25%¥0.02 -

.14%0.04
.7%0.2
.02+0.02
.5%0.1
.150+0.080
.61+0.04
.04+0.04
.2

.7%0.7
.91+0.10
.113+0.002

.00
.7

.3
.75%0.05
.35%0.12
.8

.070%0.007
.444%0.003
.IZf0.0l

0*0 1

My ‘_ T2 T(°C)
Acrylonitrile 0.35 50
. Styrene I 0.15¢0.01 60
Vinyl acetate 0.1 70
Acryllc acid , '1.15 50
1,3-Butadiene - 0.3 40
t-Butyl vinyl ether 0.0032+0.0002 60
Ethyl vinyl ether 0.03%0.02 80
Isobutylene 1.8+0.2 50
Methyl acrylate 0.84+0.05 50
Methyl methacrylate 1.224+0.100 80
Methyl vinyl ketone 1.78%0.22 60
Styre 0.40+0.05 60
“VinylZacetate 0.05 - 50
Vinyl chloride 0.04+0.03 60
VinyXidene chloride 0.37%0.10 60
2-Viny¥pyridine 0.47+0.03 60
Methyl methacrylate 23 60
Styrene 90+10 60
Vinyl acetate 1.0 60
Acrylonitrile 0.02 40
Methyl methacrylate 0.25%0.03 90.
"Styrene 0.58%0.15 50
Vinyl chloride : 0.035 50
\g
Acrylonitrile 8 ' 60
Styrene . +0.30%0.02 60
Vinyl acetate- 0.011%0.001 60
Vinyl chloride 0.47%0.05 60
Acrylonitrile 12 60
Methyl methacrylate 20 . 60
Styrene 5%1.5 70
60— —

0.77%0.

P R _- e

-~—0.04320.005 Vinyl acetate —  0.17%0.01
0.009*0.003 Vinyl chlorlde

03
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feed. If r, and r, are greater than unity, then there is a -

tendency to form blocks of monomer along the chain. This

type of behaviour is uncommon in radical copolymerization.
In the few reported cases where it does ocgur, polymeriza-
tion is accomplished with the use of co-ordination /

catalysts (9).

‘ratios is much larger than the other (r )) 1

Both of the propagatlng species preferentlally add M, thus

M; tends to homopolymerlze until it is consumed after which

M2 homopolymerizes. This behaviour is called con%?butlve
homopolymerization. An extreme example is the copolymeriza-
~tion of vinyl acetate-styrene (r1 = 0.01, r, = 55) (9).

When the product of the reactivity ratios is unity:

L}

il s, Lo

r, = | 1-3 r

the propagating species show the same preference for adding
éither of the mondmer species. This tYpe of behaviour is

called ideal copolymerlzat1on and the copolymer composition

is gl;r"by (1-1) and (1- 3)
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~ Most comonomer systems lie bétween the;two extremes of
alternating and ideal copolYﬁerization. The range of changes
in copolymer composition as a function of the reactivity
ratios and combnpmer feed is shown in figﬁfe (2).

1,5 THE Qe SCHEME OF MONOMER REACTIVITY

The relation between monomer structure and réactivity

7ﬁi£ﬁ”freeifadicals involves resonance, polar and sterié

facfors. The Qe scheme of Alfrey and Price (10, 11)

represents an ;ttempt to formulate the first two factors in

a quantitative manner. The Qe SChéme‘is an empifical semi- 2
QUaﬁEitative attempt to relate the reactivity of a given
radical-monomer pair'to the resonance anhd polar effécts— | .

L}

that exist in the monomers and ??\éhown as expression (1-5): .

3
J ] : , L . ,
X kij = Pin exp(-ei ej) 1-5-
-The terms P and Q;relate to resonance effects, where

Pi relates to the radical and Qi to the neuwyral monomer.

R

Terms e, and éj are polarify'measures of the radical and
monomer reSpectively. By making the simplifying assumption

that the same e value relates to both a monomer ahd its

‘radical, it is possible to obtain expressions for

copolymerization reactivity ratiosrylmggdmrz as:



Figure 2  INCREMENTAL COPOLYMER COMPOSITION AS A FUNCTION
OF MONOMER FEED COMPOSITION FOR VARIOUS r, /T,
RATIOS (12). ;
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N Q : |
r; . ‘ exp (-el (eljez)),/ -
Q.
1-6
S q :
'rz - _E__ exp ( -e, (ez-el))
X Q4 |

Tﬂé Qe scheme, because of its empirical approach, has
many deficiencies. In all cases the‘preci§ion of calcuiated
Q énd e values is limited by.the inaccuracy of the measured
rl" and r*'z _valq\es and several v’alues of Q\and e gre.ob'éained '
using published reactivity ratios (13). .

Perhaﬁs the most obvious shortcomings of the Qe }elaﬁ}on-
ship is the lack of consideration for steric effects. In
this respecf, Qe values are oftén meaningless for copolymeriza-
tion involving 1,1 disubstituted monomers having large'ﬁulﬁy

i

substituants (13). -
: ‘ ~

Despite these deficiencies, the Qe scheme is a reasonably *

o

quantitative measure of monomeric reactivity and if the
individual Q and e values are used only .as approximate measures
the behaviour of a comonomer pair can be predicted.

Consequently, the Qe values of.a large number of monomers have

been determined and tabulated (14). ' v

f .

¥

H

./’ _ ‘{ | - ‘m

1.6 FACTORS INFLUENCING ALTERNATION IN COPOLYMERIZATION

When the product of the reactivity ratios of a comonomer

pair tends toward zero, there is a tendency toward alternation

=~

2
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in the copolymer. Prliq(ls) fas the first to propose a

polarity effect whgieby substituents on a radical or neutral
molecule polarized the vinyl bond. An alternation effect

could then arise from an attraction between a negative double

bond ‘and a positive radical or vice versa.  This suggestion

was explored more-cidsely by Mayo, Lewis and Walling (16, li)

These authors tabulated a series of monomers in order of

increaéing~cdﬁélyﬁef éiternation as shown™in table II. Mayo
et al pointed out that the monomers appear in thevapproximate
.order of the tendency pf the,substituent to*withdraw

electrons from the vinyl bond. It has also been recogniiéd
that the monomers in table II follow’in order of their e

values (17);J51n cases whére the comonomers are far apart in
the series, an alternating cgpolymer results. If the
separation is small then the'kendency to alternate becomes

less and a non;alternating polymer isrfbrméd. Ultravioiet 
spectroscopy Has revealed new absorption bands (change transfe£
bands) attributed to a molecular ébmplex between the monbmers

: hY
(18 - 24). 1In their studies of alkyl acetate-maleic anhydride

copolymerizations, Bartlett and Nozaki (25) proposed a
molecular donor-acceptor interaction between monomers as the
controlling factor for the observed alternating tendency.

Walling et al (26, 27) views the alternating effect as a.

transition’ state phenomenon, where the alternating copolymer
arises from the most stable transition between the growing
macroradical and the monomers. The electron donating and

accepting properties are postulated as the important factors

- leading to transition state stabilization.



TABLE I1

. i
e
N

VALUES OF r

¢ 14a - '
. l . Ab —
/\_,3 | _ )
. _
>
- / M
/

172

IN RADICAL COPOLYMERIZATION (17).

_ e VALUES IN BRACKETS. . .= . ce :

2
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At the present time two major schools of thought exist

for the explanatlon of the alternatlng tendency. Gaylord

13

_t 1 (28) suppbrt the idea of a homopolymerlzatlon of -
dono;-acceptor eomplexes to form the alternating copolymer, -
- whereas Zubov gt’gl (29) postulatedthat donor-acceptor‘ |
interaction occurs at the chain end. Preeent opinion 1is

approximately,equally,dividedVbetween the Gaylord view 7
(21,i30134jléhd'tHét”&f’ZﬁBdV"(354&1)t More will be said

about these mechanisms later.

I.7 ALTERNATING COPOLYMERIZATION WITH LEWIS ACIDS

Acrylic compounds such as acrylonitrile, methyl methacrylate,
etc. have beea“khown not to undergo elternating copolymeriza-
tion with olefinic compounds sdch.as'styrene, propyleneeor
ethylene. Hirooka and co-workers (40) showed that acrylio
monomers in conjunction wité aluminum alkyls formed stable
complexes and ‘that these complexes in conjunction with oleflns
spontaneously produced alternatlng copolymers A slmllar situa-
. tion was shown En the acrylonltrlle-styrepe system where zinc
cﬁloride was used as a complexing agent for the former‘monomer.
" Several -complexing agents have been found to be successful in
these cobolymerizations; Etl.SAICII.S (19, 24, 42-60),.Et2A1C1'

A

(43, 57),vEtAlC1} (42, 43, 57, 58, 61-63), Et Al (64),

3

1.5
’ .L‘,) g
ZnBr2 (52) and'Sn'Cl3 (53). In 5dd1t10n, some Lewis acid-vanadium

AlBrl‘5 (43),

, ] )
oxychloride combinations have belen successful (31, 34, 73, 76).
. Z_’} ,

These complexing agents dramaticdlly affect the copalymer

%



I.8 EVIDENCE FOR AN ALTERNATING STRUCTURE

compqsitignwgﬁW§h9!QWiD”£igures (3) and (4). In both of Qﬁ.
these exampleé, the ethyléluminum sesquichloride (EASC) -
complexed alternating copoiymerization is contrasted against
products from conventional radical and ionic mechapisms.
Phe most dramétic feagung%is‘the apparent iqsenéitivity 6f

the product composition to monomer feed ratio changes. The -

ability of the Lewis acid to facilitate the spontaneous

alternating copolymerization is attributed to-the complexation
of the Lewis acid onto thé nitrile of;carbonyl.group of the
vinyl monomer (30, 56, 77-84). Complexgtion then delocalizes
‘electryn density from the vinyl bond and thus enhances the
nucleophilic tharacter of the mohqmer. Such a process

separates the comonomers to a greater degree on the Mayo-Walling

series and alternating copolymerization results. ;} ‘5

‘Equimolar copolymers can be obtained by proper selection
of.monomfr feed ratios. These p lymgrs are not neéessarily
alternéting in structure, but coig;in a random distrightion of
monomer units along the chain. Distinction between .alternating

and random copolymers cannot be accomplished uSing elemental”

analysis although unimolar composition independent of feed -

~ratios 1is strongly suggestive of an alternating mechanism.

As a random sequence of equimolar copolymer would contain a

high proportion of alternating units, infrared spectroscopy

shows no characteristic ab®orptions assignable to an
N

alternating structure (85).

*



s

Figure 3  COPOLYMERIZATION OF METHYL METHACRYLATE' AND

" STYRENE (48). o
(o) with'ethylalumihum Sesquichioridé%
(--) radical; '
(P ) cationic;

(& ) anionic, Na'cataIYSt;

() aniczj/ic, BuLi catalyst.

J
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Figure 4 = COPOLYMERIZATION OF METHYL ACRYLATE AND STYRENE
(48).

(o) with ethylaluminum sesquichloride;
ﬂ(--j radical;

o

G
(+~+) cationic.
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Nuclear magnetic”resnnance;(NMRLJnuL4uxmddedgagugefungg;gggf

method of identification. Both steady state (42, 46, 58, 66,

67, 71, 72, 75, 88-90) and, to a greater degree, pulsed

 fourier transform NMR (PFT-NMR) (91) provide distinguishing

features between random and alternating structures.
In situations where neighbouring group reactions are

p0551b1e, cycllzat1on reactlons are used as a measure of

alternatlon For example, v1ny1 chlorlde methyl methacrylate

copolymer can cyclize through alternatlng sequences as shown:

e CHg. CHy, CH
! S

5 - / '
—CH—~ —C-CHN - .
A/CH2 CH CH2 ? CH2 ——>» ACH,~CH C + CH,C1

3 ' 2 \ / N\ 3
' \\\%__C=O O-% CHéV
- : (l) 0

]
CH37

’The yield of methyl ghleride is preportion;1 to the degree of
cyclization and can be related to the degree of alternation
(75). - ' - N\
fA similar situation exists for methyl methagrylate-styrene
L,

and methyl\acrylate styrene copolymers. In these g¢ases,

cyclization is accompllshqp by ‘treatment of the cépolymer with

polyphosphoric acid. The degree of cycllzatlon e%} then be ‘\

examined by NMR (92).



CH
o o CH é~3 | .
~|l z ) 0/ 2- \
vwCHA,-CH=-CH,~C~ ——i wCH,=-CH C=0
2 ] 2 ] 2 \ /
C= ' ;
1
\ 0
1
cr

CH, CH
@

, : : o, /N8
NoCH2_?H-CH2-?H-CH2-9H~”—_' ~CH2-qH ﬁ ?H“
C=0 C
) N
O v
' .
CH5
-,

jAS expected, differences between the-non-cyclized and
cyclized alternating copolymer are much greater than in the
random case. . JInfrared spectral differences are also seen -

7

ibetween cyclized random and alternating copolymer.

1.9  NOMENCLATURE OF ALTERNATING® COPOLYMERIZATION WITH
__LEWIS_ACIDS . |

Evidence for the formation of chayge transfer or

donor-acceptor complex species in copolymerizations involving

o~
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Lewisraeids i%rshewﬂ~iﬂ~S{mwfiasxaneesf—;Ihisghas—JPd to the
adoption of the term ''donor-acceptor"” copolymerizafion by
some authors (48). Other authors view the feactions as a
- modified radical précess and prefer to maintain the name
"fadgcal copolymerization" (29, 35-39,>41).

Since no specific features of these copolymerizations‘,

are shown in the absence of Lewis acids, the specificity of

these reactions is ascribed to theqcomplexing action of the
”Léwis acid on the nitrile or carbthl vinyl monomer (40,-94}[
Thus both Yamada (53) and Hiroéké (48, 94) ha?e proposed the
ﬁse of the terms '"complex copolymerization' and "complexed

- copolymerization" reSpéctively. : | | N
As these copolymerizations unequivocally involve_spme
type of comple#ed species and préduce highly’alternatihg

~copolymer, the nomenclature 'complexed alternatihg <:J

copolymerization' is adopted by'fhi§'authbr and is used

throughout the remainder of this text.

I.10 THE- MECHANISM OF COMPLEXED ALTERNATING
COPOLYMERIZATIONS
When free radical polymerization of nitrile or carbonyl ﬂ/

- ' e
vinyl monomers are conducted in the presence of Lewis acids

increase in polymerization is observed (30, 77, 79, 83, 95-98). -

=y VA T T

Soviet workers (98) have proposed a propagation step
for the polymerization of methyl methacrylate in the presence

of aluminum bromide as involving the formation of a cyclic

L
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transition state at the end of the propagating radical:

3
-  CH.CH, CH
L : 2/ 38 73
cHy o Jeng N7t e
~CH2-Q + CHy=C = — é Lo g “
- §=0 i oBiBrs %0 cpg0” Mo 07 “ocHy,
?‘ ‘ 9 H . AlBr3
1
CHy Chy , {
CHy :
) . v
A'CHQ-? . o ,
A C;:O ..... AlBr3 . < ' .
. | 0 7 -

Observations on similar alumlnum chlorlde polymerlzatlons of

methyﬂ methacrylate, caused Bamford (96) to propose a transfer

reaction between the growing radlcélﬁéﬁg the complexed monomer.

i ) 91012

0 Q

~ R+ C — a~RC1 + CH Cc
~¢” "NocH, ¢’ ocH
R N Y 3

CH,, CHp
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Bamford observed a rate retijjftlon and concluded that the

&

transferred fadiEal was more€ $tdb1e than conventidﬁal radicals
.produced from the monomer. - ' o .

When Lewis acids are added to copolymerizétidé: contain™
ing a monomer with a nitrile or carbonyl function, an enhanced
regctivity is also seén. More surprising, however{‘is the

tendency toward a equimolar composition of the product. . ..
' A

Yabumoto et al (35) Qxamined the copolymerization of
/ ) .
acrylonitrile and styrene with Lewis acids-and showed that if

three monoTeriq spécies were.copsidergd;‘acrylonitrile,

complexed acrylonitr}le and' styrene, that nine propagatgon

steps were possible. Mathematically these nine steps provide

j copolymer cdmppsition équation.identical to the Mayo-Lewis

equation,with°exceﬁtions of differeﬁf reactivity rétio values.

Thus it was shown fhat a conventional ¥gopolymerization in the

presence of a Lewis acid could be treated, as far as the

'relégiqn between the copodymér composition and the monomer !

.reactifity ratios are concerned, as a Lewis acid free

copélym;;i;ation. '
Zubov‘aﬁd'Eo-wbrkérs (98) studied the f;wis acid

Copolymerizatioﬂ of two comonomers, each gapablé of compﬁbxing

with the Lewis acié? The%e -workers found that the cogolymer

—eempesitienuappredéhed—thewmonemer—£eed—eomposition;asgthef444

“concentration of the Lewis acid-in;£eased,,”ﬁhgn;thﬂléliQﬁQf _

Lewis acid congentration to total monomer contentration was

0.2-0.3, an ideal copolymerizéfion occurred (r1 =T, = 1) and

: Y - .
4



the product comp051t10n equalled the composition of the feed.
Zubov explalned these results by assuming that propagatlon

occurs through a tran51t10n state where- dlfferences in

Sl
react1v1ty between the vinyl bonds dlsappear Thus the
- ;
reactivity ratloslapproach unlty and the comonomer Comp%sition

determines the product composition. -Considering a copolymeriza-
Pt .

tion 1nV01V1ng methyl methacrylate, Zubov's ideas are shown

as:
o 7 | \/ | >
x oo |
wRe + MMA ; (I;HB s 3
or’ — C é
~ AN c 2N
wRe + MMA-x { CH50 0, .0 +  OCHy
: ’ '-x‘ ’
. * € -
. | | / :
;- - P8
mCHz_(lj.
/C\\ %
CHao o . :

\ : Q

where x represents the Lewis acid complexing agent.

" gty

In situations where both comonomers cannot complex w1th

[

the Lewis acid, the r; value can either increase or d€crease

1
while r, decreases. "In most cases, ry decreases and a constant
composition in the neighbourhood of 50/50 mole % is seen in

the product.



Kutscher aﬁdeaitsew~{99}meiamined—theﬁtexpolymexiza- '

tlon of methyl methacrylate and acrylonitrile with styrene
in the presence of zinc chlorlde or diethyl alumlnum chlorlde
Rate data suggested that the copolymerization 1nvolyed four

o

possible ‘chain end species.

“Ph E Ph
s ! ' )
_CH., 1 CH..
. - CH2 %He - ' (.;/.H2 EH2 ,,,,,,,,, o
~CH~ <‘: CH3 g ggg ~CH2—C|) CH CH ~
H,CO+ C H,CO—C- C
3 *-" i 5 % 3 T ‘B
. 0 0. N
MtXr Mt Xh \
Ph ' 'Ph ;o J
' -
_CH.. Su.
e - e
CH CHy ] CH, “CH,
~ CH.— C—H C—CH ~CH.,—
B ¢ >~ CH Ho ? Ao CH
C C— OCH ¢ c
1] 1] 3 ] 1]
N. .0 N. N
SMtXs ¢ MEXn

Consequently these workers>proposed a mechanism involving a
complex bound radical at the propagating chain end simiiar

to that of Zubov et al (98) .

» ) s /

( —M_I;II_,“'““—M)r—l—_M' + M ___'_> ( _M-%q_....-n)nn_-m.
MtXn : ' ‘ MtXn
( -—M—M—---‘---M)ﬁ-M“ + M-MtXn — ’ v °
S > (~M-M- - =M) = MuMtXn
(—M—M—"""-M)ﬁ-[‘:']' + M — ]
MtXn

In an approach suggested by Gaylord (100), the

- copolymerization is seen as the homopolymerization of a molecular
. T ’ 7
complex and subsequent polymerization with comonomer. This

L

N
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is shown in the‘scheme below for the copolymerization of

*methyl methacrylate and vinylidine chloride in the presence of
, ' .

-zinc chloride. ' - \ . : >'
~ ’ .
THzOHz 2. "‘.;g; Pl
CHBOOC-C ‘C= C=0--2nCl, -~ -CH,C — CHaSl
- - ] .
H,C- CH OCH r
- Hp 2 OCHz; COOCH,, «ZnCl, A
- o OCH. :
4 ' 3
» \ N ('MMA-MMAumZgClE)_
oL o , 01\ : 5
O y=C SN »{cn 3}— CH,, -c-
| c1 .
' (V ')

.‘d i 2
LA oMMA-MMA MMA~MMA MMA-MMA- ——> ~
| 01 ZnCl,| x ZnCl, '

vy;f-t MMA-MMA —+ MMA-MMA:
' © 'ZnCl, x ZnC1,

. 12 x+1

<

Gaylord and Takahashi (28, 100) were the first to propose the
donor-acceptor mechanism for complexed altérnating copolymeriza-
tion. In their studies on the copolymerization of acfylonitrile

.and olefins with zinc chloride, these workers proposed a ‘ }

diradical species derived from a comonomer donor:acceptor -

coﬁplex.
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This was later mod1f1ed to include possible radical coupllng

in the complex‘to pro@uce ionic centers (54). Some studies
indicate a '"living" type mechanism (54) whege molecular
weight increases with conversion. Later intfzzizZtions showed
thatkmolecular weigﬁt,’measured as dntrinsic viscosity,
increases only in the initial stages and a constant moleég&ér
:iweight occurgiin the latter stages of the-reaction (1&1\}03)
It should be pointed out, however, ;hat 5;: data show
con51derab1e scatter and that a "living'" mechanism is not
completely ruled out. | ;
The ovqfall éaylord dbﬁor-acceptbr meéhanism is
shown as the generalized écheme (1) (104). Initiation isg
- LS
seen as a hydrogen abstraction from a donor- accqgﬁor complex
by another donor-acceptor complex or radlcal 1n1t1ator
fragmenS? Propagation.involves subsequent addition of
donor-acceptor complexes while termination is provided by
intramolecula;'coupling or reverse electron transfer. This
schemé involves coﬁsiderable spe‘culation. (All possible
'in¢eractionslarebshown although,.in some instances, experimental

evidence is lacking.

J o N

SCHEME I .

.

e

Initiation: D = Electron Donor Substituent; A = Electron Acceptor

- - Substituent
a) Radical Initiation ’ - , R .
| [ BooH | |
~ - o el —_— D-C CH .
HCH CHA HCH CHA
R'S l'? .
' .&n . 3
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D——(|3* CH — D- C‘) CH — D~¢~CH * \
CH ng-A HC: HC?—A HC  CH -A ,
H(PH HG = A B HCH B
\ D—(E* | '(.BH - D- c* CH -
H H H HC A
b) Spontaneous Initiation , %
H H H H /
1, 1, ‘
D-C" TH XH D-C" CH + X-
HCH HC— A HOH HG—A - N
H
. :
d
Lo v H oo
D-C" CH HCH H HC B D- ¢* CH ‘
HOH HC=A D- c CH D-C-CH  + HCH CH- A
H,* 5o H HG- A —  HC-A H
D= CH HCH HC - A HCH EH A |
H HC-A D-C* “CH D- C* "CH |
¢ '
. o
|
H H H H 3
D-C* "CH D-C' °CH H OH. H H |
- LI ! ! 1 R : .
JCH HO=A HCH HC- A  D-C" CH oo
. ] ’ R D- C? ?H
,HGH H HCH H HCH CH~A PR ; E
Ly ¢ ’ P HoH GH—A |
D- C* jCH D-C~CH HCH
| ‘ . [}
H HC-A H CH- A D—C-C'H DHgH P.I
. .. ] | - —CH -
H CH- A R
H HC- A
1
H
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initiation).

Propagation

. ] — ! ]
P— CH, Ci—A P — CH, CH—A

The above mechanisms involve much.speculation and several

‘ I'.I Iil
D—g* ‘g
P—CH H(:),
H H(I:
D-—(:;'f
wH
s v [
= +-
Termination
a.\
i
H
D—-c':" “CH

"
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¥
A D—C—CH
A | . P —CH CH— A
H—A —
A | HHCH CH A
CH D~ c+ CH.

+ [p¥a] — P—(DA)XDAD“’:A

H H H H
]

| | [
‘D-—Cnc — P
. - CH _ D—CyCH
2CH A P—CHZCHfA
5o
D—C—CH

steps are subject to question (loss of hydrid ion in radical
.Thus these,mechanisms‘ére presented here as
é&ylord's proposals_and_axganLWEhgllxgiﬂkESEEE§4EX,EEifgfﬁfygfgu,

Gaylord (102) followed the intrinsic viscdéity changésw
in the complexéd'alternating copolymerization of metﬁ*iﬁh? |
meth?cryIate and styrene with ethylaluminum sesquichloride

and found that in the initial stages of reaction an increas-

ing molecular weight occurred. Later stages of reaction

R

H _H

-4
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showed a constdnt molecular weight. This observation required 

a;modificatioh fo:the originél donqr-acceptor mechanism.
Gaylord (42, 103, 105) proposed that the donor-acceptor
Complexes-arranged themselves into matrixes,’the size of which‘
depended on the original concentration of the complexes. Once
arrahged in an ordered array, these complexes would pblymerize

’

into a prb uct of molecular weight dependent on the matrix

sizé; These cvpﬁiymér“ﬁbIecﬁIéﬁ,”With Lewis acid complexing —~

agent still attached, would act as complexing sitéé for the

- production of new donor-acceptor complexes. These new

compLéxes would thenrpolymerize to copolymer of constant

molecular weight. Whé% acryldnitrile was suﬂstituted for

metﬁyl methacrylate (106), however, the molecular weight

remained unéhqued.with‘conversion; a contrast to the methyl

methacrylate situation. ' - ’ &
" Considerable attentibn has been devoted to examiniﬁ%

the similarities of the Diels-A¥der cycloadditipn reaction to

complexed alternating copolymerization (107, 108, 109).

Similar features are shown by-the diene-olefin tréngition’

state of the Diels-Alder redction to thaf-of the donor-acceptor.

complex before polymerization.

°8 - .
- The Diels-Alder reaction is envisaged as a concerted

cycloaddition of diene and olefin in ground stafe electronic

Y . e } e .
configurations (110). Under these conditions, orbital
symmetries are conducive to electron flow between the diene
to the olefin such that the flow occurs from the highest

occupied mblechlar orbital of the diene (HOMO) to the lowest



L

unoccupied orbital 0f tﬁe’0iefinmCtUMO}“f' T

R

J

I1f, however, the diene is considered in the excited state,
where the HOMO now has the symmetry on3 orbital, this
situation czﬁnot occur and head to tail addition can only

occur.
L4

*

This situation leads to copolymer and is suggested by the

.trans.structure of alternating butadiene acrylonitrile

K4



copolymer producea in the presence of ethylaluminum
sesquichloride (lOBi!irséferﬁipésf iﬁvégfigations have been
performed on comﬁ$exed_alt¢rnatin copolymerizations
(98,\108)vand in fio instances havqfsignals from a charge
KTansfer or donor-acceptor complex radical been seen.

Studies (112-114) of the initiation step in these processes

report the formation of radicals of the type:

D - AlX .
5

‘wHere D = donor molecule; X = CZHS or Cl1. p
Recent esr studies by Kuran et al on the c?mplexed
alterhating copolymerization of acrylonitrile with‘prppylene,
and acrxlpnitrile with butadiene in the presence of aluminum-
alkyls indicated fhat free radicals caﬁ berprovided from a
élkyl aluhinum-acrylonitrile“complex."These radicals aré

seen as both of‘flkylvénd alkyl aluminum complex constitu-

tion‘élls).

With methylaluminum dichloride, the bond dissociation energy

for the Al-C bond is high and the population of radicals from
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. the alkyl aluminum-acrylonitrile complex is low. Optimum |
[ -

propeftieéréréréhbﬁh'By'fﬁgﬂéfﬁyiugﬁaﬁisobutyl aluminum
alkyls, where the Al-C bond energies are suffi¢ie£t1y low
t0.8,kcal lower than the methyl case) to provide radicals
of high reactivity. -

At is generglly'agreed that théﬁméchanism of complexed
alternating copolymerization involves radical épecies. Thus
the'hates~of'copoiymerizgiion'incfease Qhen“tonventional
radical ihiti%tors (peroxy and{aio compoﬁnds) are added
(65, 116). Of)particulaf therest is the observation that
354'azobisisobutyronitriré accelerates these processes even
at temperatures below 40°cC (101). A possible azo
compound-solvent and/or cémplexing agent, monomer interactiop
has been examined. Where aluminuh alkyls are present,
decomposition increases are seen (101)1  The e€f€ct of zinc
chioride on the decompositiSﬁ is unclear with some authors .

suggesting a rate increase (29), while others indicate no

" change (83).

I.11 - THE PARTICIPATION OF DONOR-ACCEPTOR COMPLEXES

3 AND DEVIATIONS FROM AN ALTERNATING PRODUCT
‘The spontaneous formation of donor-acceptor complexes

is shown to occur in a number of copolyméfization systems

g L e

(20515, 33, 117-119). When Lewis acids are used in complexed
alternating copolymerization, only limited evidence is seen
for donor-atceptor interaction. Both UV and NMR data suggest

the existence of these complexes in some alternating

E
D,
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- copolymerization systems (66, 82, 120, 121), while_no evidence

is seen in others (38, 40, 122). Thus sensitive calorimetric

(38) and cryoscopic (40) techniques have failed to indicate

. 4

the presence of donor-acceptor complexes in the complexed
axrylonitrile-hexene and compl¢xed methyl acrylate-styrene

systems respectively.

| | 7 |
Most complexed comonomer systems that yield alternating

?%{oduct show little.evidence for donor-acceptor éamﬁiéQEEWAQEf
if these complexe® exist, they must be present. in extremely -
small concentrations. The observed copolymerization reaction
would therefore require a very high reactivity between tﬁese
complexes. High reactivity of loosely boundjcharge tranSfer
complexes is unlikely (36, 40), consequently the ewistence of
d6nor-accept9r compléfgs as intermediates in these reactions
is questidnéEIeV(ZI,‘Sé). As indicated previously, many
complexed systéms yield 1:1 alternéting copolymers irrespectiVe
of monomer féed ratios. This‘ianot universally trué, however,
and some examples 'show deviations from 1:1 product composiJ
tion. When acrylonittile'and styrene are copplymerized at
high femperapures or high conyergions in the presence of
zinc thoride, a non—equimolar polymer 6} high acrylonitrile-
content is obtained (69). Similar results are shown in

acrylonitrile diepe zinc chloride systems (51, 123).

$

R T SIS

e, s e

the existence of two types of donor-acceptor complexes;*a

complex intorporating b;:;;Qomonome}i:Snd a complex contain-

ing two molécules of the same monome

|
e e
i



where X .= complexing agent, A = acceptor monomer and D =
. : . § .

donor monomer. Thus the. participation of XAA in the chain

propagation would result in an aqceptor rich copolymer

product.

When acrylonitrile and styfene are copolymérized in- |

the presence of ethylaluminum sesquiéhloride (49, 125), j
styrene rich gbpolymer is obtéined in conjunction with
alternating 1:1 copolyme£. In this case, dis§ociati§n of
the terminal complex is involved and gives rise to the

conventional addition of comonomer.

+

(DA)  D- A___X —— (DA) D+ A __ _X
+ + »i
(DA}, D=+ D  ———> (DA), DD °
+ ¢ +
(DA)  D- + A —>  (DA), DA+
I.12 CHAIN TRANSFER

Chain transfer agents normally active in conventional

n ffect n
ES 15

radical polymerizations (126) have little—o

o]
o]

O—B
NV Al Te L2

, 118,

AN

complexing alternating copolymerizations (23, 40, 54, 9

127). 1In the copolymerization of methyl acrylate and styrene by

ethylaluminum sesquichloride, the molecular weight of the copolymer

Y
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is hardly ffected by the addltlon of carbon tetrachlorlde

andrno chlorineris detected in the product (94). Gaylord
(54),‘aiso, observed the same phenomenon in the copolymeriza-
tion of acrylonitrile and styrene with éthyi aluminum
sesquichioridé. Furukawa et al (43) found that no chain

transfer to carbon tetrachloride took piace in the acrylonitrile,

~,
-

butadiene, ethyl aluminum dichloride-vanadYI trichltoride

A N

sysrem. A 51m11ar phenomenon has, also, been seen in conven- ~
tional alternating copolymerlzatlons (94).

Tsuchida and Tomono (23) examined the copolymerlzatlon
of ma1e1c anhxgrlde and styrene and found that the molecular
welght of the product could be lowered by strong dfnor or
acceptor bompounds‘suchras N,N-dimethyl aniline orinaphtha1ene.
These compounds were deacribed as chain transfer agents;
Funt and Rhodes (128) investigated the effects of;dimet£§ll
analine on the acrylonitrile, styrene zinc bromide'system. o
These researchers found evidence for degradati?e chain transfer
and suggested a competition between dimethyl analine and ‘
acrylonitrile for zinc bromide. As dimethyl analine is a much:
sprongerrcomplaxing agent than aérylonitrile, preferential
complexation occurs between this compound and zinc éromide.

This results in a decrease o{,acrylpnitrile complex concentra-

tion and reduces the reaction rate. Molecular weight reductlons

LY

are attrlbuted to cha1n transfer to uncomplexed d1methy1

aniline. Consistent w1th thlS approach is the observatlon that

copolymerlzatlon is 1nh1b1ted by polar solvents such as ethers,

amldes and esters (23 119). When small concentrations of
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these materlals ‘are added to- complexed ‘alternating copolymerlza—

“tionms, S}Zght rate 1ncreases are shown (129) _Reasons for

this are fnot clear. ~

[.13 KINETICS OF COMPLEXED ALTERNATING COPOLYMERIZATIONS .

Although a large number of reports have been publlshed

concernlng complexed alternating copolymerlzatlon, few of

these 1nvest1gat10ns involve kinetic studies of these processes

-Several papers (35, 98) have provided react1v1ty ratio ~;\§ %\
. 2 . . )
values for complexed alternating copolymerization derived from

o ,
J el e

conventional copolymerization kinetics. Some studies, although
inconclusive in themselves, db indicate a number of intereé%-
ing characteristics.'}

When monomers are in excess of the complexing agent, the

conversion vs time curvesfshow two distinctly different

«‘,,:“'J:f‘\‘- et

regions, the first being curved and the secondAlinéar;, Studies
of the methyl methacrylate styrene ethyl alumindm‘sesquichloride
system indicates the iﬁitial non-linea; portion of the
polymerization could not be distinguished between a first and
secondrordér process (55, 102). Thus no rate equation could

be provided by these studies.

When the rate of copolymerization of a monomer pair is

followed as a function of the monomer feed composition, the ¢

rate is found to be maximum at equlmolar feed ratios (22, 35,
55, 72, 106, 130, 131). This is explained by both the concept
of homopolymerization of donor-acceptor complex monomer

(often called the Bernoullian model) (108) and the alternate



Markovian model) (\i) Assum1ﬂg none of the reaction

addition of omplexed*ﬂﬂﬂomeffof'enhantedfféﬂﬁ%iVity—fthef

components enters the polymerization as a 51ng1e particle

and that all components form donor-acceptor complexes,-the_

maximum concentration of these complexes will occur at
. *

équimolar feeds. Thus excess of either monomer brings about

a decrease in donor-acceptor complex concentration and a
lower rate is observed:

The occur;éncé'of a rate maximdm at 1:1 feed ratios-
is not necessarily true for the Markovian model, gince the

monomer ratiole/Mz'for a maxim@m réfe is given by k12/k21.

S
s A

The fate‘cohstants k12 and kél are rate constants for the

L to M2 and M2 to M1 (108). "It can be argﬁed,
however, that both cross propagation rates are eqﬁally

addition of M

enhanced in the Markovian mechanlsm hence a rate maximum
at or near 1:1 feed ratlos is seen.

Activation energies of some complexed alternating

- - . h‘ - N
copolymerizations have been measured. In some cases, Ea is

found to be in the range of 10-15'Kca1/mole, slightly lower
than the 15-20 Kcal/mole regioﬂ for conventional radical
copolymerizations (101). In other cases, Ea is found to be

very small (29, 108).

L}:ﬁ [

o el s




I.14  NATURE AND SCOPE OF THIS INVESTIGATION -
. ’ - :

A variety of mechanisms has’been suggésted‘for complexed
altérnating copolymerization and the préﬁent literature,
although reasonébly exﬁensive, has failed to unequivocélly
gupport any one of thgse‘proposals. Studies to date have been
largely focussed on the attainment of maximum'yield, investigaq
tions of physical properties, the NMR’investigation~o£f S
sfrﬁctural features and the alternation of mer uniﬁs in the
poiymer. ~No detailed studies involving molecular weight
distribqtidn and reaction kinetics have been-publfshed..
Measurements of molecular weights have been pefformed'by
viscosity techniques and kinetic sfhdies have centered mainly
on reactivity ratio values.

'Molecﬁlar weight dependence upon rate of reaction ;ah
serve to distinguish differgnt pqumgri;gtioh meéhanisms; |
for example, free radical reactions show a broad molecular
'weighf distribution and an‘inVerse:dependence between rat?“
and molecular weight. A reaction involvin continuous
growth of ”livihg” centers will show a narrow molecular weig f
distribution and when these '"1living' centers are terminated

simultaneously, an increased molecular weight with time or

convegsion is shown. Thus infermative and illuminating data

can be obtained by examining molecular weight features and —
~ reaction kinetics of polymerization reactions.

Much of the complication that exists in the iiteraturé
of comple%qd,glternating copolymeriiation is a consequence

b}

“of the large variety of pnrefated systems and conditions *

S



studied.. Thus a study involving similar relatable systems
maintaining identical conditions has obvious advantages.

.In this research, simple, representative and related systems

-
a

using common comonomers and conditions are compared by
~ ‘

kinetic and molecular weight measurements. . '
Ve :

The main objectives of this investigation are: (a) to <5

- study kinetic and molecular weight data from a variety of

related complexed alternating copolymerization systeme in

=

order to select a mechanism consistent with these data;

d(b) to determine the molecular ﬁ%ight controlling features |
of these copolymerizations and relate these‘featﬁres to the

overall mechanism,;gggicc) to re-exgmine some topics of

amblguity with- the possible clarification of these issues

as an ultimate goal.

/
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II. HXPERIMENTAL _METHO DS

1.1 /REAGENTS

9

. ’ ’ ’ ) B ‘ ' )
. Methyl methacrylate (MMA) (Mathe;bn), styrene (STY)

‘(Eastmaﬁ), isoprene,(IP),(Matheson), acrylén};rile (AN)

(Matheson), methacrylonitrile (MAN) (Matheson) and methyl-

-~

acrylate (MA) (Mathgson) were dried by stirring with calcium

hydfide for 24 hours-and distilled through a high efficiéncy
' . v ‘

spinning band column (1:1 collection ratio). The middle

fraction ( & 60%) was used.in the experiments. Methyl

.
R,

chlordacrylate (MCA) (PolyscienCes Inc.) and chloroécrylohitrile

(CAN) (Pélyscientes Inc.) were stirred;with molecular sieve

-~

(3A), for,24 hours, then filtered and distilled under reduced

§

pressure in a micro distillation apparatus. The middle

fraction (2 50%) waS.retained for thé(experiments.-

11.1.2 - OTHER REAGENTS N

A @
_ : «;}{Zzobisisobutyronitrile (AIBN) (Baker) was-

—

recrystallized twiée from Qiethyl éther, then dried in vacuo

and stored @n agfreezer until used. Zinc chloride (Allied

Chemical, A.CQS; Reagent) was dehydrated by heating ‘at 120°¢

in a uacﬁum desiccator for 72 hours. The anhydrous salt was
stored in tightly stoppered vials until needed.
Diethylaluminum chloride (DEAC) and ethylaluminum

(

sesquichloride (EASC) (Texa$ A}kyls) were obtaine@ as a 25%

.

-

i



I

. 4 . toluene solution and were used as received. Polyphosphoric
acid (Matheson, practical grade) was used as received. }
Propionitrile (AldriChv reagent grade) waa stirredoner
molecular sieve (3A) for 24 hours, then dlStllled in a micro
dlstlllatlon apparatus and the center fractlon (,N, 50%) }~—

retained for the experiments.

o -
) o

e,

7

11.1.3 - SOLVENTS | | - J
o o 7 X
Toluene (Fisher, spectrograde) and tetrahydrofuran

=3

(Fisher, histological grade) were ref{;xed over ,and distilled
from lithium aluminum hydride. Tetwahydrofuran used for gel~_

permeation chromatography (Fisher, histological grade) was

used as received.

4
11.2 INITIATOR DECOMPOSITION - e
‘ The decomposition of AIBN was followed,by megsuring
‘_\\> - evolved nitrogen gas on the apparatus described in figure
| o (5). The decomposition cell was thermostated at 70°Cf0.2°C,
~ while the gas mauometer.was maintained at 25°C*0.1°C. |

-

: Measured gas volumes were corrected for solvent vapour
.‘q
pressure’ and converted to standard condltlons All AIBN
.
solutlons were presaturated with nlgrogen prior to decomposi-

tion measurements.



Figure 5

APPARATUS FOR MEASURING THE EVOLVED NITROGEN FROM
THE'DECOMBOSITIQN OF - AIBN.

A - THERMOSTATED DECOMPOSITION CELL

B - THERMOSTATED MERCURY MANOMETER

7
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IT.3 POLYMERIZATION APPARATUS
Cells used for most polymerizations are shown in

figure (6). Where rate studies were conducted, cells described

in figure (7) were used. By ~

IT.4 ’ POLYMERIZATION PROCEDURE -
The ;eaé;ﬁts were added to the pqumérizatioh éeiiéiihihrrﬂi

the fbliowing order: acrylic mpnomer, toluene Solvent, and complexing

agent. ¢ A blanket of dry argon was then applied after which .

the cell and contents were cooled -to 0°c. Styrene was then

aqékd and the resulting solution degassed twice. Polymeriih::

tions were'normally conducted under vaﬁuum. Polymeriza;ions

wefe terminated by tipping the polymerization batch into a

large excess of acidified (HC1) m_’hanol. The polymer was

then filtered, dried and rebreéipitatéd from THF. The

reprecipitated polymer was shaken with cyclohexane and d@ied

_ip a vacuum desiccator for 12 hours. When rate studies'were'

‘performed, fhé cell shown in figure (7) was used gé follows:

the side arm was stoppered witﬁ a screw cap (B)*ﬁnﬁ the

reagent added. After degassiné was completed, dry argon was

intréduced into the cgl}. A slight positive pressure of

argon was maintained and the syringe assembly (A,B,C) was

attached. Samples were withdrawn at predetermined intervals
by drawing solution into the syringe (A), tﬁénvwifﬂdfawing
samples through the rubber band septum (B). The sample was

~ .
then precipitated in acidified methanol and purified as

described above.



- oo | 5;

Figure 6 POLYMERIZATION CELL.
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.\ Figure 7 PBLYMERIZATION CELL WITH SAMPLE WITHDRAWING SIDE

ARM. | - .
A - WITHDRAWING SYRINGE
B - RUBBER BAND:SEPTUM

C - TEFLON TUBING . |

D - SCREW CAP GASKET SEAL
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1.5 CARBON-14 LABEL EXPERIMENTS .
Styrene [ - '*cJ (ICN Inc.) was added to a

methyl methacrylate-styreﬁfPdiethyl aluminum chloride -
polymerizatioﬁ.to give a product with total specific
activity of 2000 CPM/mg;A Samples werea;%Iymerized for 2.75
hours, precipitated in methanol, pd?ifiéd and dried in vacuo.
A 8 mg. sampie was inserted igto fhe geifpermeation
chromatograph and 5 ml. aliquots containing approximately
0-1.5 mg,‘of polymer were removed from the counting;siphon.'
These hliquots were gilutedAwith 15 ml. of a toluene
scintiliation cocktéil containing 4g./1. of Z;S-dipheqyidxazole
v(PPO) and 50 mg./1l. of 1,4;bis~(S-phenyloxazol-z-}l)-Senzene
(POPOP). Counting was done on a Beckman model LS-200B liquid

scintillation counter set at a count interval of 20 minutes

} L J
and 0.5% preset error. - '
I1I.6  POLYMER CHARACTERIZATION .
[ ) ) ‘/
11.6.1 ELEMENTAL ANALYSIS [N )

\ 4 )
Elementai analx;is of the EopqlYmef'fqr carbon hydrogen
andvnitrogen were peéformed on a Perkiﬁ'Elmer'elementalv
analysis instrument model M240. The'copolymer compositi}n
was c¢calculated on the percentage.ni;regen,whereLniﬁiogenwas"
present in tﬂe copolymer. Otherwise, carbon analysis ‘was
used. Repeated analysis of identical samples showed a * 2%

. ] .. N\ ‘ .-
uncertainty of copolymer composition, when based on nitrogen

and a * 6% uncertainty based on carbon. ( s
\



— —— — —

I11.6.2  INFRARED i

Infrared spectroscopic measurements were performed on
a Perkin Elmer 457 infrared spectrometer using polymer films

cast on sodium chlorlde dlSCS Chloroform was used as

>~

solvent; spectra of alternating and random copolymer used

for comparison are shown in flgures (8-12). Infrared-
-~
spectra of the methacrylonitrile-styrene and methyl
Légethacrylate-igoprene copolymers were obtained in this study

and were identified by elemental analysis.

IT.6.3 NMR SPECTROSCOPY ' .

The nuclear magnetic resonance spectra of alternating
and random copolymer were obtained using a Varian A- 56/60A
spectrometer. Deuterated chloroform solvent was used in al&,/
cases. The spectra of the prepared copoiymers were compared
with spectra of'known alternating and non-alternatihg polymer h
‘described in the literature (42, 46, 67, 90, 92, 132). Comparison
spectra arelshowﬁ in figures (13-17). Inhaddition, methyl
methacrylate-styreng\copolyﬁer was examined by the chemical
cyclization method of Gayloro (92) using{polyphosphoric
acid. epresentative NMR spectra of polymer examined by

{
this method are shown in figure (18).



~ .

Figure 8 IR SPECTRA OF METHYL_A&RYLATE-STYRENE
(42). ' q '
-----  RANDOM -

:ALTERNATING

.,

COPOLYMERS
S
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Figure 10 IR SPECTRA OF ACRYLONITRILE-STYRENE COPOLYMERS

(42). . . -
----- RANDOM | - - "
ALTERNATING
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Figure 11 IR SPECTRA OF METHACRYLONITKILQEZ-STYMNE COPOLYMER--

--4- ALTERNATING
———  RANDOM

52a
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‘Figure 12
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Figure 13

N

- 54a - b

NMR SPECTRA OF METHYL ACRYLATEESTYRENE COPOL?MER '

(42). . I .
'A)  ALTERNATING
B) RANDOM )
‘ .
‘|
Ean \ ‘ -
f‘i ‘)



54

wdd
L

|

.W

>




» \
NMR SPECTRA OFrl\lETHYL/ﬂETHACRYLATE-'STYRENE

COPOLYMER (42) .

{
A) ALTERNATING ’
B) RANDOM - - ')/
v ‘ ]
e ;
{ . a






Figure-

15,

— .

NMR SPECTRA OF STYRENE-ACRYLONITRILE COPOLYMER
A) RANDOM 65/35  (132)
B). ALTERNATING (90, 132)






16 NMR SPECTRA OF METHACRYLONZ TRILE-STYRENE

COPOLYMER (46).
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Figure.17

NMR SPECTRA OF ISOPRENE-METHYL METHACRYLATE
COPOLYMER" (67) . '
A) DM 50/50

B) ALTERNATING

<
)
|
|
|
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| Figure 18 a)

b) .

O S

N

0

NMR SPECTRA OF (A) RANDOM MMA-STY COPOLYMER;

Ve .
(B) CYCLIZED RANDOM MMA-STY COPOLYMER (92).

A

'NMR SPECTRA OF (A) ALTERNATING MMA-STY COPOLYMER;
(B) CYCLIZED ALTERNATING MMA-STY COPOLYMER (92).
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Molecular weight distributions were measured on a Waters

3

Associates model 301A GPC/ALC instrument equipped with styragel

columns of the following pore sizes: 2 x 10° A - 5 x lOSAA,
2x10°A-7x10° A, 2x (5x 10°A- 1.5 x 10* 4) and
4 - .4

1.5 x 100 A - 5 x 10 A. A unique data acquisition system was

employed, where the data output fromﬂtﬁé‘chromatograph was
split and fed simﬁltaneously into a chért récofder'and a

. Beckman’model Si}B intercoppler.’ The digital data from the
interéogpler was recorded on a teletype model 3JE printer.- o
A block diagram of the gei permeation praratu§ is showhAin
vfigure (19). Molecular weights (ﬁn and ﬁw) and .
polydispersities (ﬁw/ﬁh) were determined from the digital data
using the University of Waterloo MWD I computer program

according to Chang and Huang. (132).

¥




L

Y

Figure:

19  BLOCK DIAGRAM OF THE MODIFIED GEL PERMEATION
APPARATUS USED.TO.OBTAIN MOLECULAR WEIGHT DATA.
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— o I1I. _RESULTS AND DISCUSSI

II1.1 PRELIMINARY STUDIES

II1.1.1 THE EFFECT OF ZINC CHLORIDL ON_THE DECOMPOSITION

Introduction

An interesting feature of complexz;{;;ternating copolymeriza-

tion is the influence of radical initiation. It has been shown

that the addition of either' d:,d-fazobisisobutyronitrile (AIBN)

or benzoyl peroxide increases the rate of reaction without
influencing the\copolymer-monomer felat%onship (28, 116).

Oof 1nterest is the observation that azoblslsobutyronltrlle
catalysed reactions, progress with higher ratég at temperatures
where the Spontaneous thermal rate of-azoblilﬁﬂpptyronltrlle
decomposition is extremely small. Studies. ave shown that at
10°C the addition of azoblslsobutyronltrlle produces a . o
s;gnlflcant rate 1ncrease in the copolymerlzatlon reactlon w1th
no detecFable‘evolutlon of nltpogen (101). )

. % :
A possible explanation of these obServations is increases’

-*»

in azobisisobutyronitrile decomposition due to interactions

with other components‘of'the copolyherization solution.

_ Changes in solvent'have little effect on the rate of

azobisisobutxfonitrile decomposition (134). The.addiqion of

some transiti&n metal complexes increased the rate of

N

decomposition (135, 136), whereas the addition of lithium salts -

to radiééiréoiymerizations initiated by azoblsisobutyronitrile
shows no change in overall rate (97).

The effects of both aluminum alkyls and:zinc chloride

-,
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on aboblslsobttyronltrlie decomp051t10n in alte ”;fi;ém
/*2 CopoIYmETIEéfTBﬁ/HEVEWEEEﬁrgfﬁaied. Gaylord et al (137) -. -
found an increased rate of azobisisobutyronitrile de;omposi-
tion in the presence of ethylaluminum sesquichf%ride,
methylmethacrylate and stfréne %t.ﬁOOC., Hirano and .

co-workers observed enhanced rates of azobisisobutyronitrile

decomposition ‘in the presence of "triethylaluminum between ‘#f

4

’

50-70°C (138). . . . [ WS ——

decomposition are not clear. Zubov et al (29) has reporte¢d

chloride, whereas Igoto”and co-workers (83) found th
unchanged. | ' _ .
As a large volume of experimental data has been dccumulated
‘on zinc éﬁlori&eggzobls1sobutyron1trlle alternating .
copolymerization systems, it became an 1n1t1a1 obJectlve/of
’this rééearéh to‘défermine unequivocally the efféCtify/;nc

chloride on azobisisobutyronitrile decomposition.

¢
*

‘ ‘ . " - .
Results and Discussion . Tt

Experiments were designed to duplicate as closely as
possible copolymerization conditions where azobisisobutyronitrile

- decomposition could be followed by conventional nitrogeﬂ

~_In figure (20a) the first order rate data from
- 3 - ’ A - - »
azobisisobutyronitrile decomposition in: solvent alone

©

(dichloroethane); solvent 5ﬁd proplonltrlle (pseudo monomer),

~and solvent,p;dpionit?ile»with zinq chloride are shown. A

N
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7;lﬁﬁii_squaresflineibﬁiueanwallﬂpoip1sgisgalso/ﬁhownfg;ﬁiguie (20b)
shows similaf§data where systemsvcontaininé azObisisdbutyrdnitrile'
with; solvent and écfylonitfiie; solvent, acrylonitrile and i/’-
¢ zinc chloride; acrylonitrile, st;;ene and zihc chloride are

>

indicated. An average slope for all points is also shown.
'Rate constants for the reactions shown on figures (20a) and

y (20b) were determlned by 1east squares flts and are glvenvg?mgﬁ7WW44#_ﬂ

table (III). ’ '

-

o

Conclusions B , : \ Q}.“

No change in'rate of azobisisobutyronitrile decomposition
. & . ,
was indicated by the addition of monemér or p;fudo monomer,
' . ’ . 1 -
nor was there any change noted on the raddition of zinc chloride.

The value of kd (azobisisobutyronitrile) at 70° was determined

_/ as 2.0x 10"> sec”!. No literature value for k, at this
témperature and éolvent céuld be“fddha,rhoweVer, a gompgrison { 2
of kd at 70° for. hYdrocarbon solVents (kd = 3.9 x 10_5 see-}ﬁ fi' .

T

(139) showed reasonable Qgreement ' The enhanced rates obSerjeq

in the additien of azoblsrsébutyronltrlle to zinc chlorlde (
\
complexed alternatlng copolymerlzatlons should thus be

attrlbuted to faqtors other than an 1ncreased number of
N . -
1n1flat1ng free radlcals '

-

A different 51tuat10n prevails in systems conta1n1n2

aluminum alkyls. Herel the activatIQBWEnergy is reportedly

reduced &ramatically from 30.8 kcal/mole to 12 kcal/mole
for the triethylaluminum—azobiéisobutyronitrile system C r

(138);_ AfiTinteraction between the orgéno aluminum compound



v ’ '
[
[}
i \
- 65a -
9
- l ) ’
L -
= N /
. [A
ft"&,: -
: P
: B P
I ESVET: S ZETE T S —
’ ” ‘ 3.

3

Figure 20  'FIRST ORDER DECOMPOSITION OF AIBN IN DICH:OROETHANE
| AT 70°C, | o

~a)  [AIBN] = 2.48 x 107%: AIBN WITH DICHLOROETHANE; WITH

PROPIONITRILE/DICHLOROETHANE (1: 1), o ; WITH-

PROPIONITRILE/DICHLOROETHANE fi:1
2 -

[2nC1,]) = 1.70 x 107%, A
s bl (AIBN] = 2.48 x 107%: WITH (AN] = 5.56 x 107 %, e G
WITH [AN] = 5.56 x 10°° AND [ZnCl, ],:}1 70 x 107%, 05
WITH [AN] = 5.56 x 10 %, [STY] = 5.ooi; 10"2 AND
- | [znC1,] = 1.70 x 1074, A . ’ - .

-

B
s



;-
¢

Log (Vcn— VT)

1.45

1.44-

1.43

1.42

1.41

1.40
1.39

1.38

-

s v e \-
.t
/
-5 - - - ety R
-
- o B _
ﬁ.
A
: c/
. .
¥ <
3 ’A
T T

2000 S 3000

TIME (SEC)




of  , o 'Azobisisobutyronitrile in

Varioqs_§01venthonomer.Syégems

e i
~ AIBN Solution ; :
Figure [AIBN] = 2.48 x 10-2molg/1 : ky sec’ x 10°
L\ o
. o4 )
20a dichloroethane 2.01%0.02
20a dichloroethane, 0 1.94%0.03
) propionitrile }
. : o
20a dichloroethane, 1.72%0.07
propionitrile, .
S zinc chloride , ‘
20b dichloroethane, 1.6§é£.06
acrylonitrile .
20b dichloroethane,v 1.73%0.05
acrylonitrile,
zinc chloride
20b dichloroethane, 1.68%0.05

‘styrene,

-
acrylonitrile;-

zinc chloride




'and*azobisisobﬁ%yfeﬂitfi%e~is—shew&—by—%he—e%istenee of
complexes between these two materials (138).

Reasons for the differences between alum;num alkyisvand
zinc chloride have not been postulated previously. A |
possible consideration is the preferential EOmplexation'of

these agents to the ava11ab1e nitrogen lone palr electrons in
'ﬁ‘

'7azoblslsobutyron1tr11e (azo and n1tr11e)

'E\hfrfi because of its f111ed d-orbitals (d ) would
preferably complex to the nitrile nitrogen where back donation
is possible from the filled 7 orbitals into empty antibonding
orbltals on the nitrile. function. In the case of aluminum
(d ) back donation is not poss;b{f and quplexatlon.to the
nitrile lone pair is less likely. Aluminum, however, because
of its unfilled d orbitals may coerdinate across the azo bond
in' a bridge fashion incorporating both,availéblé azo lone
pairs. Bridged aluminum complexes of this type have been
proposed between hydrazines and aluminum alkyls (140). In
contrast, zinc II cannof\accommodate the azo fone pairs in
this fashion. The end result' of aluminum complexation across
the azo linkage would be a reduisigp of carbon nitrogen bond
energies. A decomposition rate incfease would then result

&

from more facile scission of the carbon nitrogen bonds. -~




I11.1.2 EFFECT OF o o 'AZOBISISOBUTYRONITRILE ON THE

— m— - — — -— e - o m—— e wm e e e e e - — —— d—

PRODUCT MOLECULAR WETGHT AND COPOLYMERIZATION

—— — o - em— wme e A e — - - e e —

Introduction

Conventional radical polymerizations initiated by radical

“initiators obey aAsquare root relationship between the initiator

concentration and the reaction rate (141),

' | 1/2 ; o

R, =k [M]Tfkd [1]) ~ III-1
where the symbols maintain their usual significance. revious
investigations of complexed alternating copolymeriz ion have
not indicated this squére root relatidnShip (116).

Results and Discussion

‘Data from a series of copolymerizations of‘@ethyl—
ﬁéthacr?late and styrene in the presence of diethylaluminum
chIofide involving various concentrations of azobisisobutyrohitrile
are shown in table (IV). Figure (21) shows the linearireiatidn4

ship between[,azob.isisobutyronitril@l/-2 and the copolymerization

rate of methyl methacrylate and styrene in the presence of

diethylaluhinumrcﬁlofidé. Thug; fighré iiijhihdicates an
initiation step involving the participation of primary radicals

provided by ihcreasing concentrations of azobisisobutyrontrile.
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FiguAre 21 INITIAL RATE OF COPOLYMERIZATION OF METHYL
-METHACRYLATE AND STYRENE IN THE P

DIETHYLALUMINUM CHLORIDE VS THE SQUARE RobT_OF
CONCENTRATION OF o ,%'AZOBISISOBUTYRONITRILE.
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Table IV also indicates a gradual decrease in product

molecular weight ﬁh as the azobisisobutyronitrile concentra-

tion increases. These data are consiste¢nt with radical |

'polymerizations, where molecular weight are inversely

dependent on the radical concentration.

Conclusions

Complexed alternating copolymerizations containing

azobisisobutyronitrile behave in a manner expected of a

v ]

radically initiated process. Jhe préviously reported (116)
anomalous behaviour of complexed alternating copolymerizations
on addition of azobisisobutyronitrile is not shown in this

work.

5‘“’ .
ITI1.1.3 THE HOMOGENEITY OF COMPOSITION AS A FUNCTION g}

Introduction
) o ,
The strongest evidence supporting the concept of 4

R

alternating copolymerization is the interpretation of NMR

data to support the structure of an alternating §?ﬁuenqe of
mer units wT?hin the polymer chain (42, 43, 46, 50, 58, 60,
67, 71, 72, 88-91, 143), (Section 1.8).

Where elemental analysis data 1is obtained, only gross

macrocomposition of the polymeric material is known, and the

detailed microcomposition of the polymer remains in question.
A crucial test of variation in the reaction mechanism

either sequentially during the course of polymerization or

‘*- ; » -
F e, R A A ﬁ“éé%“d?gf -




as a parallel side reaction during polymerization lies in a g{’

S

‘measure of composition at various intervals in the molecular
weight distribution of the polymer in question. The molecular
Weight distributions of comonomer rich copolymers (either

monomer of a particular pair) or homoﬁ%lyﬁers ofjeither

comonomer would be expected to diffpr.from thé molecular weight #
distribution of the product from hlternating‘copolymerizations'

4
of these same monomers. Thus an analysis of the composition

of polymer in small molé&ular weight ranges could proQide
strong evidénce as to the true homogeneity of the overall
reactionsfechanism. Screaton et al recently combined gel
permeation chromatography and radio tracer techniques to
determine the functional distribution in copolymers of acrylic
acid, vinyl alcohol and epoXxy resins (144).7vTheir'techhique;
which utilized the molekular weight ??éﬁtionation capabilities
of gel permeation chr¢matography (GPC)Vappears well suited for
investigation into the microcompositibn of alternating
copolx&srs. It was decided to‘apply this mgthod to compositioﬁal
studies of complexed‘alﬁﬁrnating copoiyherization of methyl

methacrylate and 14c styrene copolymer, <

Results and.Discussion

The data shown in figure {22)_indicates that throughout

“the molecular weight range, the specific radio-activity of
the samples remains unchanged.- A curve representing the ———
activities lies within experimental error to a curve represent-

ing the weight distribution. In addition, selected chromatograph
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samples were dr1ed and the polymer res1due was subJected to (:J

m1croéna1ysls. Results are shown in table (V). e

It is clear from figure (22) and table (V) that there

is no change in relative compositioﬁ"q{ the copolymer over N 4
the cemplete molecular weight range (2 x 106 -2 x 103)
-covered by GPC elution volume counts 23 to 35. ‘The copolymer
- 1s‘essent1ally an alternat1ng copolymer over the molecular ’ ¥
weight—rangeerﬂdieate&——ee——f-—fﬂfmeffﬁWh~ww A N
 Conclusions

—

It canbbe seen from these/gata/%hat complexed alternatlng 77777
copolymer1zat1ons represent copolymer formation that 1is B
'independent of ~complexities due to s1mul£eneous homopolymer1zat1on
or changes in n mechanism. '1 , ‘ .

&
'IlI.1f4 - COMPLEXED ALTERNATING COPOLYMERIZATION I§%1

Introduction ' 3

It is-desirable ‘to conduct‘kinetic studies of polymerization
reoctions in homogeneous-solutiogl Consequently, a solvert in
which both the monomer and polymer are soluble is necessary.
Tetrahydrofuran (THF), a solvent for a large number of polymers,

appears a good candidate.

p v
Tetrahydrofuran is a polai solvent and studies have shown

that polar solvents, such as THF, greatly influence complexed
alternating copolymerizations (23, 119, 129). Cerciat et al
(129) shoged that THF in low concentration has a noticeable

influence on the complexed alternating copolymerization of
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TABLE V

oo Microanalysis Results for Selected Gel

Permeation Fractionation Samples

N

& ‘0 r
. Elution Vol. : Microanalysi's $ MMA from
: y(Count No.) % Carbon : - Analysis_ :
: \ ° * ' :
— — - ¥ — “-
23-24 : . 76.25 : 50%+6% .
2728, : 76.17 51%6% ;
24-30 ' C 75079  52%+6%
: : e
32-33 : 75,70 '533+6%

\r"‘
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. AN , -
_ both dcrylonitrile and methyl methacrylate in conjunction-

‘/ 76 = . &

with styrene and zinc chloride. These authors found a
polymerization rate maximum at a well define%/cdncentration

of THF/ZnCl2

? j\ ‘ . .
: . ., ) < F] X< . . . ‘ ) ) '
: a [2nc1 j ' : o 7
for methyl methacryldte-styrene and

/:’;“ ~> ‘ N v | ‘::' "\\
,o)éz‘-efs' [THF] = < 1 P " LJ
. [znC1,] , S

,for‘acrylonitriie-styreneﬂ It is also found that when THF
is present ‘deviations from a 1:1 comonomer product composition
occur. These studies 1nv01ve the use of peroxy radical. oy

initiétorsuand Qev1at10ns from an equ1molar'prodUCt SUggesf‘

the possmbl}lty of a mechanism changevto a conventional N
radical process. : . . ; S
Res@lts

L]

Data from copolymerlzatlons of methacrylonltrlle, sEyrene

and ZnCl, at varlous concentrations of THF are shown in

2
Fable (VI). These data closely resemble. the literature (129),

and reveal a polymerization rate maximum (conversion) at:

| <i tthEl /2

i~ ' .
LZnClz] .
{ B
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v

'conducted‘in*THFjgareurandom9topolymersu “The compo§i ion—of — "

‘zinc chloride, e.g., ii Y i, - g

¥ t ‘
o . AN

o ' ¢ -'771- o | ’\A

Figure (23) indicates the “product composition as a function

ofmﬁeﬁeherwgeed for ceﬁplexed alternating copolymerizations
conducted in THF solvent;l F;Eufei(23),:alsoqiéonteins the
predicted radical copdlymer cpmpOeition as determined by the
Mayo-Lewis copelymerization equatidp (Section I.4).

It is evident from ‘the data presented, that the products

from radically induced complexed alternating copolymerizations

these copolymers can be predicted by the Mayo-Lewis -

copolymerization_%quationband,are‘due to radical copolymerizationi

3 - ~

of the comonomers. ™
Tetrahydrofufan can complex with zinc chioride. Hence,
- . . 3
if the complexation between THF and zinc chloride is more

favourable than complexation between methacrylonitrile and

b i

i) n MAN + InCl, —==> MAN_ - znc12
. \
ii) n THF + ZnCl2 _— THFh - ZnCl2

the concentration of complexed methacryionitrile monomer is

reduced. Consequently, little cempleied alternating

- >

copolymerization. occurs.

The remaining uncomplexed methacrylonitrile and styréneg

L4

can'cepolymerizeiby—a—ffeefradica&—meehanism—and—the—eopﬁ&ymer—————*

,composition can be predicted by the Mayo;Lewisfequationiw_ff'mﬁiw,ff
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Figuye 23 COPOLYMER COMPOSITION VS COMONOMER FEED COMPOSITION

@.,q FOR THE COPOLYMERIZATION OF METHACRYLONITRILE AND
. STYRENE. , . ,
o Y. «——- - WITH ZnClZ, AIBN AND THF .

COMPOSITION FROM THE MAYO-LEWIS .
EQUATION USING LITBRATURE (14)
REACTIVITY RATTOS.
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- o - TABLE VI
Product Composition and % Conversion for
the Copolymerization of Methacr}lonitrile
~and Styrene in the Presence of Zinc Chloridq;.
«,d'Azobisisobutyronitrile (6 x 10-3m) and
. Tetrahydrofuran (ZnClZ/MAN = 0.33);
i

Temp. = 40°C, Time = 1'x 104 sec.

Mole . Polymer

N : : $ MAN “ Composition
~ THF/ZnCl2 * % Conversion : In Feed $ MAN
1.37 ¢ 3.69 © 80 f 73.0"
1.64 : 7.33 - 170 t . 60.0
'3.29 : 2.89 : 40 : 45.0
™~ < : : '

7.18 : 3.40 f20 f 31.5




Conclusions . ' -

When comﬁiexédralternaginéicopolymerizations containing
radical }nitiators are conducted in polar solvents cabable of
complexing with the compleXing agent of the copolymerization,
random copolymer is obtained as pfoduct: This ig a

consequence of preferential complexation of the complexing

agent to the solvent thus reducing the concentration of the

ty

ting
copolymerization. The copolymerization becomes essentially
a radical copolymerization and the product composition is

predicted by the Mayo-Lewis equation.

q

III.i.S CHANGES IN MOLECULAR WEIGHT WITH TIME

_— o — a—— . e eam e — e e - e -

JIntroduction.

The molecular weight and molecular weight distribution
can, 1in some cases, proviéesa,distinCtion between reaction
mechanisms. Free radical reactions show broad molecular
weight distributions with no change in molecuylar weight with
respect to time, while reactions in?olving a continuous

growth of '"living" centers show narrow molecular weight

distribution and an increase in molecular weight with time.
‘ . v

Results and Discussion ~

Figure (24) shows the ﬁg_and.ﬁh values during the

initial stages of héthyl'méthécrfiafe;gfyféﬁé;mdiethylaluminum

chloride complexed alternating copolymerization. No significant

variation of molecular weight is shown with the time of reaction.

[
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3

Some mechanistic proposaks have involved '"living'" systems

(gsz ﬁowever,fkigure (24)bis not‘consistent with this picture{
It 1s clear fromvthis figure that no sigﬁificant change in
molecular weight occurs over the initial stages of the reaction
and the mechanasm of copolymerizétion’is not of a "living""
mechanism. |

Figure (25) éBntgins the complete molecular weight

- “distribution of the alternatlng"copdlyﬁer product obtained '
after a polymerization time of 1 x 104 seconds. . Also, inclpded
on this figure is the molecular weight distribution of a
comparabie radical copolymerizatidn of the same monomer pair
‘initiated by 6rganic peroxide; Figure (25) indicates a broad

/—‘\\\distribution with somewhat higher molecular Qeight faverages
than that ofg%he conventional radical counterpart. No change
in the distribution is seen with time.
J

Conclusion

The product molecular weight distribution from the
coﬁplexed alternéting éopolymerization of mefhyi methacrylate
and styrene in the presence of diethylaluminuﬁ chlofide is
broad anq grossly comparable to that of product from
conventional radical copolymerization of the same ménomers.

Molecular weights of the product are invarient with time.

‘Thus a propagation mechanism devoid of "living" centers is

indicated for the copolymerization of methyl methacrylate

and styrene in the presence of diethylaluminum chi@ridé.



Figure 25 GPC CHROMATOGRAMS OF AMOUNT OF POLYMER VS

'
ELUTION VOLUME. . ‘ i

MMA-STY COPOLYMER FROM DEAC COMPLEXATION
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III.2 KINETIC AND MOLECULAR WEIGHT FEATURES OF THE -

COMPLEXED ALTERNATING COPOLYMERIZATION OF METHYL

METHACRYLATE AND STYRENE IN THE PRESENCE OF

DIETHYLALUMINUM CHLORIDE D
Introduction “ fﬂ
Previous kinetic studies of complexed alternating
_.copolymerizations have centered mainly on the effects of
monomer concentration on the polymerization rate o
(Section I.13). No studies have been reported that examine
the kinetic features of these reactions in conjunctioh with
molecular weight observations.
. L ]
. Reéults and Discussion
III;2.1 MONOMER REACTION_ ORDERS ¢
According to the kinetic relationship:
! ' ™2 |
R =k [M1] X [M2 ] IT11-2
the reaction order (nl and nz) of each monomer of a
copolymerization can ge determined by the Van't Hoff method
utilizing the logarithmic form of (IIIQ;).
: n, n, -
InR = 1nk + 1n [M1] + 1n [MZ] I11-3
“or when [M;] —is—constant then:
L L n, ' - o
inR = 1lnk + 1n [Ml] + C II1-4

The reaction orders of M; and M, respectively, are obtained as

the slope of the linear plot 1nR (initial) vs in [Ml] . Data from



_experiments where the methyl methacrylate-diethylaluminum

ehloride complex and styrene were individually varied gave | j/¢y
n valuesvof.0.76'and 0.80 for the methyl methacrylate- I
| diethylaluminum chloride complex and styrene respectively.
These values are interpreted as approximating 1 in both
instances. Experiments were also conducted to determine the

i reaction order for diethylaluminum chloride; however, a poor

correlatibn resulted and no ¢onclusion as to the diethylaluminum
chloride reaction order could be madee ‘

Although controversy e;iets about the mechanism of
templexed alternating cdpoiymerization, the participation of -
a vinyl monomer - complexing agenf complex is generally
accepted. The formatien of these complexes is conveniently
written, as (in the methyl methacrylate-diethylaluminum J
chloride case):

.

+— DEAC-MMA

pEAC + < MMA o

where a variety of factors such as tehperature, concentration,
etc. determine the position of equilibrium. Figure (26)
clearly indicates that a stoichiometric < value of 2 provides
an - optimum observed rate. This has been reported previously

(103, 105). Although it would be convenient to consider a

cooee—————2371 stoichiometry, it is mot app arent from the data that—this
<:’E§universallytpue1Allpossiblecomplexesmustbeconsidefed‘
Y such that the « value of 2 represents a series of equilibrated

adducts, each contributing to the overall value of «. The

A



Figure 26

DEPENDENCE OF THE RATE OF POLYMERIZATION ON

THE CONCENTRATION OF DEAC (MMA:STY = 2:3)
i

"AT 25°C




RATE X 10° MOLE/L SEC

86

[ T | L] 1 1 T
—
[DEAC] : [MMA]
1:8 1:4 1:2 | 1:1 2:1
02 04 06 08 10 12 1.4 16
[DEAC] IN MOLE/L
'%ﬁ ~ - _ _

B



—
|

e -]

o~
]

value of“ﬂffén‘ﬁéitbnsiﬁéred as a weighted average of the
integral Qalues for all posﬁible discrete complexes. Thus

a new symbol [MMA*] is introduced to représent situations
where methyl methacrylate and digthylaluminum chloride
concentration ratios are 2:1. The reactivity orders obtained
from‘the Van't Hoff method can then beiinterpreted é§

_consistent with a reaction, first order dependant in each

~ monomer (styrene andkMMA*) or second order overall.

R o = k'p [MMA*] [STY] CIII-S

S———

IIT1.2.2 THE DETERMINATION OF THE COPOLYMERIZATION RATE

CONSTANT
When the second order rate expre551on (III- 5) is

1ntegrated the expression (III- 6) is obtalned

1 ’1n [MMA*] - ( [STY]: - x)

[STYD - DMMAXT —  [STYA, ( DMMAX]- %)

= k't _III-6
p

where x is the concentration of styrene and MMA* consumed.

The indicated rate constant, kﬁ, is not a propagation rate

constant in a true sense. The value of ké is a composite of
the initiation, propagation and termination rate constants.
The use of the apparent rate constant, ké, serves only to

describe thé actual monomer consuming stepsand its internal
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complexity does not detract from thevalidity of the schemes
in whigh it is used. Thé apparent rate constant, k', 1is
eQually‘significant in the Gaylord and Zubov (Section®I.10)
mechan%s%ic_appnoaches to<comp1exed alternating
copplymefization. in thevGaylord scheme, phe propagatidn
step f@vélves the homo propagatién between $o-called

4 » LU
donor-acceptor complex species. AS these proces5es are presumed

mam———

to”LavofVe donor-acceptor complex‘ﬁf 1:1 monomer stoichiometry
(89, 1dOf, a second order ovefaIl reécéion (firstlin each
mondﬁbr) would bq shown by ghe homopolymerization of these \
adducts. The ,Zubov model, where the cross propagation constants
are cqggidg;ed‘to collectively describe the propagation process,
would«?fséﬂaescribe a second order two component copolymerization.

Hence, 'as ké is a composite term involving aiy mon omes

“consum&ng processes, no distinction can be made between the

mechanisﬁgﬁof Gaylbrd andfaubov.

A‘A series of polymefizatibns weré performed, where N
samgf%s were withdrawn from the reaction vessel at 2500 second,
intervals and the’yield‘determineé for ffiese times. These
data Jéée;ﬁlotte atqg{dingAtq expression (I11-6). The slope
of a El@t of the leffﬂs;de of (1;156) vs t, provides ké. o
Four QQSOIYmerizations involving different moﬁgmer feeds

"were conducted and the data used iniexbression (I11-6).

%

Results are shown on figure (27). The straight lines through

these points were fitted by linear least squares and the ké,

values obtained are shown in table (VII). With lower MMA*

concentrations, there is less data scatter, however, reasons
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Figure’27

PLOT OF THE SECOND ORDER RATE EXPRESSION FOR'

g "COPOLYMERIZATIONS INVOLVING:

°*— [MMA®]_

0—= [MMA*]_

A [MMA*]

: | o
Goee TMMA%
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.
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o  TABLE VII
VV

Calculated kﬁ Values for Copolymerization

Involving Various Concentrations of Comonomer

M
(MMA*] mole 171 1 [STY] mole 17! © k; 1 mole™d sec.!
1.29 P 157 P 5:5%0.5 x 107°
2.36 F 159 - i 7.6r0.7 x 107°
. 1.96 ; 1.96 1 5.420.1 x 1078
~ 2,62 ; 1.31° ‘' 3.2%0.8 x 107



lines in figure 27 to pass through the origin reflects the

actual concentration of the cbmplexed monomer (methyl

&y

mefhacrylate-dié%hylaluminum chloride) in comparison to

the stociometric conditions of MMA* (Section III.Z2.1).

,Thg,qﬁantigfoMA* designates a fcpd7ratiqwg£_gf;7between
methyl methacrylate and Qiethylaluminum chlo;ide. The |
actual concentration of complexed monomer maf be less than
this and will be determined by the equilibrium constant for
the complex.. The Yy axiS'intercept.iﬁdicates a lowér complexed
monomer concentration than [MMA*] at t=0. The slopesof thé
lines of figure 27, although offset upwa?d, retain their
significance and provide valid xé»values.
A second method was employed to\determine'ké. Prdects
of the initial monomer éoﬁcentrationsrt [MMA*]O [STY]Of);
from a series of alternating copol?mefizations containing
‘various initial monomer concentrationé were plOfted againsP
/fhe observed initial rate, RO, Sf polymer formation. Theii
data are summdrized in table (VIII). The linear plot,
) figuré (28}, providesva kﬁ valueifrom fhe initiél rates rather
than from data expressed as a,funqﬁion éf time as in the

s

integrated rate expression. The average k' is/@etermined as
: T

5.2 + 0.5 x 10°% 1/mole sec. by this method ang agrees with -

the kg value 5.4 + 0.3 x 10-6 1/mole sec. obtaimed from the
integrated rate expression. ‘

Figure (28) indicates a rate maximum at ‘a maximum value

of [MMA*] [STY] i.e. : equimolar monomer concentration. This



Vo

TABLE VIII

The Initial Copolymerization Rates of Reactions

 Containing Various Feed Ratios of Comonomer

i

§-Mole 5 MMA* ; | [MMA*]o [STY]o | ; Initial Rate :
. in Feed , (Mole’ 179 . (Mole 17! sec.”ly:

10 : 0.31 o 1.9 x 107°

20 i 0.59 T s1x10®

, : N R e

30 : 0.79 : 3.9 x 10

40 : 0.95 : 5.9 x 107°

60 B 0.92 : 5.4 x 10°°

70 , 0.82 : 4.6 x 10°°

80 . 0.62. : 3.0 x 107°

9% 0.35 i 2.0 x 107°

. g,;;ﬁ e
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Figure 28 PLOT OF THE INITIAL RATE Of'COPOLYMERIZATION
VS THE PRODUCT OF THE COMONOMER CONCENTRATION. .

SLOPE = k! = 5.2 + 0.5 x 1078

!

1/mole sec.
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~ expected in the Zubov épproacth S

and corresponds to an activation energy, E_ of +3.9 kcal mele
oo B EY

is in“actbrd‘with‘bbfh“tﬁé‘G§7iord and Zubov mechanistic
models. . An equimolar monomer concentration p;pvides a maximum
concentration of donor-acceptor complexes and, hence, a rate
maximum consistent with the Gaylord model. Couversely,

since cross propagation involves both monomer species, a rate

‘maximum in the region of a 1:1 feed ratios would also be

II1.2.3 ACTIVATION ENERGY

— o em— o = S - — —

The activation energy of a chemical reaction is normally

defined by the Arrhenius Equationf

k = Ae I1I-7

A plot of 1nk vs 1/T provides a stiéight line ofrslbpe i
-E/R. ﬁn‘poiymerizétiPn kinetics the term E. is often used
to designape‘the overall activation energy of the process.

Rateaconstants for copolymerizations conducted at
various temperatures are shown in téble‘(IX) and the
corresponding Arrhenius plot is figuré.(zg). The slope of

the linear least squares line through the points is -2 x 103

1

Zubov et-al (29, 108) has observed low activation

energies in other systems. He suggests that if the energy
1evef>of the lowest vacant orbital of-a radical is close in
value to that of the energy of the highest occupied orbital.

of the comonomer, the activation energy can be near zero.



TABLE IX ~
Rate Constants for the Copolymerization

of Methyl Methacrylate and Styrene in the

.
’ Presence of Diethyialuﬁinum Chloride
(MMA:DEAC = 2:1; MMA = 40 mole %)
T :
. 1 mole ! sec.” i T in %k : °c 1/T x 10
: : x ’
3.3 : 273 : 0
5.2+ 298 : 25
6.1 : 313 40

7 : 14.2 . 333 : 60




Figure

ARRHENIUS PLOT FOR COPOLYMERIZATION OF MMA AND>.

29
STY IN THE PRESENCE OF DEAC CONDUCTED BETWEEN
O AND 60 DEGREES C. | TN
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e3511y visualized as being 1owered by complexation, th

Zubov argument becomes particulafly attractive.

| / “

IIl.2.4 INITIAL 'REACTION RATE AND FEED RATIO RELATIONSHIPS

P I N e B e e e TR e

Figure (30)'shows the relatlonshlp between the monomer

feed ratlo and the rate of polymerlzatlon for a serles of

copolymerization containing methyl methacrylate feeds between

A10 and 90 mole . A rate maximum is found at a feed ratio
corresponding to 50 mole $ methyl methacrylate. NMR analysis

-of the products compare with known alternating copolymers of

methyl methacrylate and styrene. Hence an addition mechanism
providing for the preference for alternating addition of each
monomer‘throﬁgﬁout'the propagating chéin is indicated in both
these data and the déta of gthér:yorkers (101). A rate |

maximum is expected at a point where a maximum in comonomer

monomer concentration (equimolar concentration) exists. The

"second order kinetics fit of the data reflects this

observation.

Normal radical cqgpolymerization is shown to obey

expression (II1-8) (145).
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Figure 30 INITIAL RATE OF THE COPOLYMERIZATION OF MMA

AND STY WITH DEAC.

[MMA] + [STY] = 1.94; [MMA] : C[DEAC] = 2:1
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2 . ' 2 1/2 .
(r, [Ml] + 2 [M;] [Mz] v 1, [M,3%) Rj

Rp =

ITI-8

2 ¢2 ru 12 .. : 2 2 o 12
(rl §7 M1 + 21 1, §2 §, M1 [M] + x5 §5 [yZJ

where‘ § = (,Zk : 1/2 .;‘ $§. = 2k£22)1/2

)1/2

k1

1 t11 ) § 5 = ( 2
2 ' o 2
) g | o kg
and = Kki1g
2(kyq1ke20)1/2

and ktll and ktlz.are the homo termination rate constants.

S

-The P value of this expression represents the favourability of
~tro;s termination. A ] valuef%kSS'than 1 iﬁdicates uqfavourab
Vcross termination whereas the éantrary is true for a P value
ggeater than 1.
The tendency toward élternation paralleis the tendency
to cross términaté since P increases Qith decreasing r T,
p}oduct (146).. Thus -9 values greater than 1 are reduired for
alternation. In alternating copolymerizations, it is

difficult\to predict the overall shape of a feed composition

Vs faxexqgrve due to the offsetting effects of small r,T,

products and‘iérgeaQ\values. Walling (147), however, supported

theoretical eaieulationéﬁﬁithqgfperimenta}—evideﬂeeéand—showed
feed composition vs rate curves f;f\ﬁ\yaiues ofvluandﬁlik
Different curve shapes were shown in both\EEStagces with a
minimum curve shown for the greater. ) value and a straight

line for ® equal to 1. The evidence of Walling and others

le
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-

(148) indicates that systems with a tendency to alternate

D) 1) show minima in the monomer.féed composition vs ré?e

curves. These rate minima are observed in systems where

each comonomer is capable of homo polymerization. In situa-

tions Qhere one monomer is not capable of homo polymerization, =

T, = 0, a rate maximuﬁ is predicted (149). 'The pqéition of

- thiS,IangmaXimumAdependémuppnuthewyalnesWoffgﬂmodifieduﬂw*;dﬁ_;
expression,4(III-9), from (III-8) where the fz value isb A
equated to O and—the sum of the monomer concentrations is

¥

.given as 1.

x>

 (rp-2)A% o+ 2aA -
R= ' { . III-9

(xa? + 2va «265H1/2
- N

: 22 2
where X = rl‘ba 2[#1 §,5+5 |
Y = ¢rléa$a -a{Z

C. = fa

o i 1/2
fa - (Zkiaa) / kpaa
= 1/2
5 - (Zktbb) / kpba
_ S ' 1/2
P = kap/ 20k Kepp) .

An iterative selection of possible values for the above
parameters of equation (IIT=9) is found to provide'a theoretical

=j) curve, figure (31), with a fate ﬁaximum at 50 mole % of each



“Figure 31

THEORETICAL PLOT ~aF THE CHANGE. IN
RATE WITH RESPECT TO MONOMER FEED.
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‘monomer. This figure Shows a close resemblance toth | : '
experimental curve, figure (30). - The T, value used i:ft;e\\,A\:\:,/
simulation, shown in'figure (31), (r; = 0.25) relates to a

monomer favouring cross, propagation to homo propagation

(ry( 1). - Yamada has shown (53) that in a complexed

alternating copolymerization, reactivity ratios of the

comonomersAaI3451gn1f1cant;y smaller than in the conventlonal

radical situation. He found with atrylonltrllg and styrene

~

chloride, the reactivity ratios were at least an order of
magnitude lower for both monomers compared to their radical.

counterparts. Since the monome sed in the equation (III- 9)

simulation involves a monomer no apable of homo
polymerization (rz (( 1) and a omer of preferred cross
propagation (rl( 1), the resulting copolymer would be highly
‘alternating. Hence, normal fadicél kiuetibs aqporﬁing to -
S

equation (III-8) are consistent with observation of figure

(30). ”

IT1I1.2.5 MOLECULAR WEIGHT CHANGES

—_—— — = — - - = -

i

Molecular weight changes (ﬁh) that Qécur with changes
in monomer feed ratios are shown in figure (32). A comparison
with published (150) radical molecular weight changes is also

- shown. [t is clearly-seen-that-as the MMA conc:fN ition is

increased, the ﬁh value decreases. This is in direct contrast
to the conventional radical situation. Rate studies,\ figure
(30), show that as the MMA* concentration in the monomex feed

. . o .
increases, rate increases are seen to a maximum value at 50



Figure 32  PRODUCT MOLECULAR WEIGHT VS THE MOLE $ MMA
Iy MONOMER FEED. |

~—#——+ M_FOR THE COPOLYMERIZATION OF MMA AND
STY IN THE PRESENCE OF DEAC

[MMA] + [STY] = 1.95;
/ [MMA] : [DEAC] = 2:1 AT 25%. —

O----8 M_ FOR RADICAL (AIBN) COPOLYMERIZATION

OF MMA AND STY AT 25°C. (150)
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moIe ¥”HNK§;uifféfmﬁﬁiéthﬁéfrate decreases with increasing
MMA* concentration-in the monomer feed. Hence, it appears
that the rate and mofecular wéight features of these reactions
do not show a simple correlation. vNormally radical
polymefizations show decreases in molecular weight with

increasing rates (151). Thus, where a rate maximum is shown,

ﬁfigurew(so}TAafmoieeﬁlargweightwminimumhwoﬁ1&Abgmexpected.Q
A plausible explanatioﬁ for 4he ‘observed decrease in molecular
weight with increases in MMA* concentration is'non{qegradative
chain transfer to the complexed monomer. Figﬁre‘(33)rshows

the ﬁn dependence en‘the diethylaluminum chloride concentfation
and indicates a high stoichiometric n value (Section III.2.1)!
for the chain transfer éctivevspecies. Assuming non-
degradative chain transfer isﬁtbe-major molecular weight

controlling factor and that the cross propagation reaction .

is preferred between the complexed monomer and the styrene

comonomer, the following will be true: o ’ : <¥

DP = Rate of Propagation - © III-10

Rate of Transfer S

then: ;.
OB e s M2 e
N : f,gwnrngT;::tﬁhnhmep
N k,z,l, , N S
.”’Mi + Ml —=> Polymer - )

j . ,

where M1 is considered as the complexed monomer.
P-4
L)



Figure 33

THE DEPENDENCE OF M_‘ ON THE CONCENTRATION OF
DEAC ([MMA] : [STY] = 2:3) AT 25°C
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The rate of propagation is:

[M:1 ' [M,] + k.. [M:] ([M,] I11-11

. ' Ry = kyp [Mj 2 21 M 1
Aésuming,a steady state:
kg, IMj1 IMp1 = kyy [Mp1oIMp) 0 III-12
then: -
R = 2k;, [M;] [M,1 I11-13

\\ P 12 -1

As termination of an individual chain is assumed to be

largely due to non-degradative chain transfer, termination

s

R

can be considered as:

K ’ SN

LMi + M1 —t—l—l-» Polymer + Ml‘ N
ke o - '
~M3 o+ M) —— Polymer + M; - \g//

The rate of non-degradative chain transfer is then:

N

[M;] [M.] III-14

R, = k [M: ] M1+ k,p M 1

t t1l1l 1

The incorporation of both (III-11) and (III-14) in (III-10)

gives (III-15).

7~ ~ />
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. o 2ky, [Mj] [M,] ' ’
DP = 12 2 I11-15
t11 [M ] >[M1] + kt21 [Mé] [Mll
or
L ,M;"ktll [Mi] [Ml],+ ktZl [Mél [Mll, TfT
2k, [MiJ \‘[MZJ : )
—~ Lo
Simplifying (II1-16) gives (III-17).
( )( t11 ¢ K21 mz’) I11-17
[M,] 2k, [Mj]
/-
Using the steady state assumption (III-12) gives:
M, = Kyg (MG MG S I11-18
k21 [Mll
7 A
Substituting (III-18) into (III-17) gives (III-19)
III-19




or
' .
(M. ] '
L - ¢ 1 G © I11-20
. )2 [M,] [
, e
where
- S V. koing _ S
2k, kio kpp L

From (III-20) it can pf\seen that a test for non-
degradative chain transfer is a plét of the monomer ;atio Vs
1/ DP (1/ ﬁh). Such a plot shpuld provide é straight line if
non-degradative chain transfer is a majorvtermination process.
Data from a series a'polymer%?ations involving changes
in‘monomer ratios are plotted in figure (34) according to
eipression (III—ZO). Figure (34) indicates good agreement
with expression (IIi-ZO).x Thus the molecular weight controlling
factor presentain complexed alternétingcopolymerizatioﬁi

systems appears to be non-degradative chain transfer to the

complexed monomer; e.g., MMA*,

II1.3 CHAIN TRANSFER STUDIES

II1.3.1  CHAIN TRANSFER CONSTANTS_OF COMPLEXED MONOMERS
Introduction 5 - e )
i > ‘ #

Y N -
Figure (34) and expression (III-20) show a strong ..
resemblance to a Mayo plot qpﬁmonly used for the determina-

tion of chain transfer constants of chain transfer agents

4
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Figure 34

o

RECIPROCAL PRODUCT ﬁnVS (MMA] / [STY] FOR‘THE
COPOLYM}E,RIZATION OF MMA AND STY 1IN THE\ PRESENCE

" OF DEAC. [MMA] + [STY) = 1.95; [MMA] : [DEAC] =

2:1.
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‘/' (152). -In fact, figure (34) suggasts fhat'transfer,constants.
( for  MMA* may be obtained via a Mayo treatment conducted in a
é// 51tuat10n where the MMA*® is in excess of a 1 1 molar ratio
.with the comonomer (styrene in the present case) If the

MMA* in excess of the concentratlon of styrene is con51dered

as the transfer agent then expression (III-21) can be

-applied- (153). — - 2 . | | e ——
1. kR L o gs) II1-21
= . S :
2 = 2
M kp [(M] [(M] .
where [M] is the concenfration of styrene and [S] the trans%er
agent or the excess MMA* complex. The Mayo procedure involves
a plot of l/ﬁh vs [S] / [M] whereby a straight line of slope C
is obtained as k, R_/ kz[Mf is held constant. . ®
tp P L
(‘
Results and Discussion
Figure (35) shows a plot of data obtained from a series
//// of copolymerizationsdbetween MMA* complex and styrene where

the MMA* concentration is in excess of that of styrene. The

linear relationship indicates that kt Rp / k;

and chain transfer is 1nd1cated A linear least squares fit

[M]z is constant

of the data iﬁ figure (35) prov1des a chain transfer constant

of 7.1 x 10.4 for theiMMA* complek. Since the tfansfequf

the radical site from the growing polymer molecule is not ¢
o {(

g,



v

¢+

x
y..n
P Y
[

considered to affect the kinetic chain,; rates wi

hnaffegied with increase in chain transfer.

Com— )
- P + M'MA# — % P + MMA?% /
MMA* + STY —— P- f -t

Similar experiments (l/ﬁh Vs monomer comp)ex cbrrela--
tions) wére performed with methyl at?§1ate-diethyla1uminuh
éhloride, styrene; acryléhitrile-diéthylaluminum chlo:ide, )
styrene; and methacrylonitrile-diethylaluminum Ehl&fide, |
Qstyfene. Mayo plots for these data are shown in ﬁfgu;es

(36, 37 and 38) respectively. Least squares slopes of these

figures provides monomer chain transfer constants
apProximately two orders of magnitude greater than th;ir
uncomplexed counterparts, tablémTX)f In both the cpmplexed
7;nd uncomplexed caiés, the magnitude of the cﬁain transfer
constants rank in the same order, e.g., (methyl acfylate)
methyl methacrylate > methacrylonitrile > acrylonitrile).
Figure (38) provides a questionable liﬂzarvcorrelgtion and”

is included for completeness. Least squares treatment does,

however, provide a chain transfer constant consistent with

the other menomersqnalxhoughmthenstandaxdgdeyiaiignfﬁof*'
o 5 .
this curve is large. - -

R
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Figure 35
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MAYO PLOT OF 1/M_VS [MMA] - [STY] / [STY]
FOR THE COPOLYMERIZATION OF MMA AND STY WITH DEAC.:
[MMAT = [STY] = 1.95; [MMA] : [DEACI™= 1:1 g
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Figure 36 MAYO PLOT OF PRODUCT 1/F1n VS [MA] - [STY] / [STY]
{\\FOR THE, COPOLYMERIZATION OF MA AND TY IN THE
-PRESENCE OF DEAC AT 25°C. [MA] + [STY] = 2.10;

[MA] : [DEAC] = 2:1.
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Figure 37 ~ MAYO PLOT OF PRODUCT 1/ M_ VS [AN] - [sTf] / [STY]
- 'FOR THE COPOLYMERIZATION_OF AN AND STY IN THE =~
. PRESENCE OF DEAC. [AN] + [STY] = 2.70;

\[AN] : [DEAC] = 2:1.
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Figure 38

MAYO PLOT OF PRODUCT 1/ M VS [MAN] - [STY] / [STY]

FOR THE COPOLYMERIZATION OF MAN AND STY IN THE -

.PRESENCE OF DEAC. [MAN] + [STY] = 2.30,

[MAN] : [DEAC] = 2:1.
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' - TABLE X
_Literature (Radical) (154) C; Values of .
the Indicated Monomer with Styrene
Comonomer at 25°C and Calculated DEAC Complexed

Cm Values with Styrene Comonomer at 25°¢.

0

Monomer : Lit.Cm X 106 : Complexed Cm x 10
Jz f
o | ;
MA : . 4.08 - 7.6 £ 0.2
MMA 2.81 © - 7.1 %0.2
_oMAN 2.38 T 42
AN : 2.22 : 3.4 £ 0.6
I/\
e F]
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I1I1.3.2 CHEMICAL_ ASPECTS OF CHAIN TRANSFER IN COMPLEXED

— — — — em vm e WAE e wwm Vet eme ek eme e Gee  EAS G S mw e o e e

— — o — — o— — — - —— —— w—— — ——

The chain transé;rvconstants of diethylaluminum chloride
cqmplexed monome; are shown to be approximately two or&ers of |
magnitude greatcr than their uncomplexed counterparts. If
the occurrence of chain transfer is facilitated by the
abstraction of a hydrogen étom from the transfer mueic}
(monomer-diethylaluminum chloride complex), then the complexed
situation should provide a more faci route r this process
as indicated by the higher Cm value. Such avsituation would
occur “if thé complexed monomer radical produced'from a cha§n
transfer event were more stableﬁihaﬁ'jts uncomplexed4councer—

part, e.g., the more stab!ekthe radical the easier the
: , P
formation. SR

Itnhas been suggested6%§55)~tbat£;¥' syctem conjugation
in a vinyl monomer is extended b§~comuiexation{ When a vinyl
compound such as acrylonitrfie or methyl methacrylate is
complexed through functional groups‘such as:CN‘brfC=0
evidence for increésed delocalization betwéen the vinyl bond
and the functional group is seen by IR and NMR L(66). Hence,
when such a situation occurs, " a radical spec1es generated

from this complex should be more stable due to the increase

in delocalization. As a consequence, 1t is proposed that
the greater delocalization resulting from complexation
contributes to a large extent on the easé of non-degradative

chain transfer. ~ %

N
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'CHAIN TRANSER - Q VALUE CORRELATIONS

" II1.3.3  CHAIN TRANSER - Q VALUE CORRELATIONS

~ \Vaqioﬁs ;ttempts have been made to reléte radicél monomer
v}eac@iviﬁies on a quanmtitative basis in terms of structure and
feactivity correlation. A genérally useful correlation ié»the
Qe scheme of Alfrey and Priée (10). The Qe scheme proposes

the rate constants for a radical.monomer reaétion can-be
written as a function of several parameters two of which SzéT v

Q and.e (Section I1.5). Molecular orbital treatments . shown

uﬁﬁf

‘that Q values are related to the localization energy of the

., jmonomer and»the,evvalue has been related to electrgn'gffigity ‘.
‘(156), Considering that Qrvalue reflects’deloéalization ’
(more delocaiizatioﬁ with greater Q value), the greater R
values will provide more,stable radicals with a greater ease *
of formation.” It haé been shown (53, 66, 88) that monomer
mo;;fies of greater Q value are provided by complexation.
Hence, monomers of normally high Q values will pro;ide
comglexed monomers of even higher Q values. Thus the ease of
non;degradati;e chain transfer isrindicated by the magnitudes
of the Q values. Consequently, product molecular weights from
complexed copolymerizations should be lowest with mpnomérg*of
high Q values. Tébizf(XI) coﬁ%ﬂins'moleculér weight'and Q .

value data for copolymerizations involving methyl methacrylate,

"acrylonitrile, methacrylonitrile, chloroacrylonitrile, and =
methyl chloroacrylaﬁé compiexed with diethylaluminum_ chloride,
with styréne CoOmonomer. "Similar data are also shown for

ethy%aluminum“sesduichloride complexing agent. Thexgorréspond-

4,

=

ing monomer Q values for these monomers and product '
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reciprocal molecular weigh%%;(ﬁh 5nﬂiﬁ;iif6}”both complexing
" agents are shown plotted on figures (39) and (40). ItAcan
clearly be seen from these figures that a definite relation-
" ship exists between the Q value and the product molecular

- weight. Increases in Q valué show decreases in molecular

weight consistent with the ngn-degradative chain transfer

hypothesis. . ‘ ' e

II1.4 KINETIC AND MOLECULAR WEIGHT STUDIES OF THE -
COMPLEXED ALTERNATING COPOLYMERIZATION OF METHYL

METHACRYLATE AND ISOPRENE IN THE PRESENCE OF

DIETHYLALUMINUM CHLORIDE OR ETHYLALUMINUM

SESQUICHLORIDE

Introduction

No kinetic and molecular welght studies of complexed
alternating copolymerlzatlon involving dlene monomers have
" been reported. Kinetics of acrylonitrile-butadiene
copolymerization have bee;’reported (157). Howevgr, fhis.
study involved zinc chloride complexing agent and devoted
little attention to molecular weight asﬁeéts of that system.
In this research, a study of the methyl methacrylate- -

isoprene comonomer pair spontaneously copolymerized by

either diethylaluminum chloride or ethylaluminum sesquichloride

was undertaken. Previous 'studies of this system (67) showed
that the copolymer product was al;erdating and features of

the reaction were consistent with those found in other

‘ >

e
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complexed alternating copolymerizations.

Conditions in this study were duplicéted as closely as

: possible to the conditions used in the previous methyl

“methacrylate-styrene investigation and a comparison between

\

lthese systems is provided. Methyl methacrylate/coﬁplexing

agent ratios 'are maintained at 2:1 and the symbol MMA* is

h Y

~ maintained to designate . this condition.

-~ - - -

Yy

«

‘Results and Discussion

IIT.4.1 MONOMER REACTION_ORDERS

) Van't Hoff plots frcﬂﬂexpefiments, where the MMA*
complex (bo;h'diethx}gluminum chloride and ethylaluminum
sesquiéhioride)»and isoprene were individually varied, gave
n values of 0.9 and 0.5 for MMA* and isoprene réspeéti?ely.
Thesé values Were 4hterpreted as unity in the case of Mﬁk*r

and 1/2 for isopreﬁeu The overall reaction is indicated ‘as

 a 3/2 order process cSrresponding to:

r
A o

R = kéz;[MMAf] (1p1t/2 .o III-22

where the rea%llon"cdnstant-kﬁ is the apparent reaction -

constant for the overall process.
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I11.4.2 DETERMINATION,QF THE COEQLIMERIZAIIQNfBATE4CQNSIAN1444,4444,

— e e o e e e mem o wmm eme e mme e e e e e el e e e e s e

When the copolymer product produced from thefcopolymerization

is considered, equation (III-22) can be ré-written as:
- <
-

i .
/ o

dx_ = k) - (DMMARD - x) (trel, - 2 111223
dt X

where x is the concentration of monomer consumed.

Rearrangement of (III-23) provides (III-24):

dx ’ = kﬁdt I1I-24

((MMA*]_ - x) ([IP] - x)1/2/

Integration using standard expressions (158, 159) provides

(ITII-25):
4
1/2 . 1/2
1 ( 1n ([IPJO- X) = ([MMA*]O [IPJO) - k't
- *E . . 1/2 & - 1/2
(CIP]1 - [MMA*] )1/2 (Pl ;x) + (IMMA*] ) - [IP]))
§ III-25
A series of copolymerizations were done using various
concentrations of comonomer. Samples were obtained at 2500
sec. 1ntervals and yléidsidetermlned W égiresSion (III-ZS)V -\

was solved, such that the left side of the expression was
plotted against time, and kp' for the reaction determined as

the slope of the least squares line through the points.

Y
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Figures (41, 41) are the Plotsrfor experimeﬁtéﬁuSiﬁgﬁw

diethyléiuminum chloride comp}ékiﬁg’agéﬁfwand figure (43)
indicates the data for ethfialuminum Sgsquichloride{“ The
kp‘ values for these reactions érq'iisted,in table'(XII).
Weighted averagekp' values for. diethylaluminum chloride
- and ethy&alumlnum sesquichioride systems are

4.820.4 x 10 -6 11/2 po1e" 126071 ana 2.2%0.1 x 1076 11/2

mole 1/Zse

A comparison of kp' values for both of these systems
and that of the MMA* styrene system (Seetion III.2.2)
indicates similar magnitudes in all ca§§s; |

A common factor present in these copo1yme;izations is
the methyl methacrylate monomer. Both diethylaluminum.
chloride and ethylaluminum‘sesquichloride show similar
activity in initiating alterﬂa{ing copolymerization,
consequently, a common moeity, MMA*, 6 can be con51dered in
\%hese systems. Similar apparent rate constants can be due
to a rate controlling step involying complexed methyl
methacrylate. It has been shown (115) that aluminum alkyls; ‘
"when complexed to vinyl monomers, act as é‘source of free '
radicals. Thus any reaction step involving the production
of radicals by MMA*, and the subsequertit interacfion 6f these

radicals with comonomer is common to all these systems and

reSpecuveJy , e

~will show similar,kpf vqlues;///

/
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Figuré 41

_

PLOTS OF 3/2 ORDER RATE EXPRESSIOW,(III-27)
FOR COPOLYMERIZATION OF MMA AND IP IN THE ~
PRESENCE OF DEAC.

- [MMA*]_ = 0.77; [IP] = 1.80

- - - % = . =
° [MMA ]0 0.99; [IP]0 1.48
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Figure 42 PLOTS OF 3/2 ORDER RATE EXPRESSION (III-27)

FOR COPOLYMER&ZATION OF MMA  AND IP IN THE

b d PR.ESENCE OF DEAC.
° [MMA*]O =

-—— - ] =

o [MMA ]o .

O

1.55; [IP] = 0.66
1:38; [IP]_ = 0.92

/_,M

s
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Fig_u’f'e ﬁ PLOTS OF 3/2 ORDER RATE EXPRESSION (III-27)

-4

FOR COPOLYMERIZATION OF MMA AND IP IN THE
, P . ) ’
YPRESENCE OF EASC.

“
7 m—-— [MMA*] = 0.77; [IP]_ = 1.80
: L T . © ~ ~ °- ' e .
°-onn [MMAR], = 0.99; [N, = 1.48 ~
e DMMA*] = 1.38; [IP]) = 0.92
[MMA*] = 1.55; EIP], = 0.66
P S
At =
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The relationship Pétween the rate of copslymerization
(yield) and monomer feed ratio is shown in figure (44). A
rate maximum is found at a feed ratio correspsnding to 50 |
mple § MMA*. This is"consistent with the literature (67).

a
\

. WIIIArpﬁqioweummamm_cmcss —— s

— e = = e — = e - e —

'~'Changes in M as a functlon of monoimer feed ratios are

) shown Ain figure (45) An increase in Mnlsﬁseen with 1ncreasgs
in MMA*. This is in direct contrast with‘the‘moletﬁlar weigh}
decreases seen in the MMA* styreﬁe systemﬁ(Section iII.Z.S).
In the copoiymerization of,MMA*Vand styrens; non-degradative

;chain transfer is indicated, and may also bé occuiriné in
the-MMA*:isoprene system.. An added complication in thé MMA® -
isoprene sopOIYmerizatioh,‘however,,is the possibility of
incorporation of desd pslymer into the.giowing polymer chain.
Such a sifuationrwould obviously increase the molecular

weight of the copolymer product. -~
! ' e e o v ) - T\ '
When isoprene radically polymerizes, unsaturation remains

A o ‘ :

in jzemonomeric units: S )

c B |
AR+ CHy = CH?— CH;CHﬁ(_&Gl\z_ci\!:yJ/ﬂ\zl—ﬁ

I e /
CH e
AR - CH, - C = CH - CH,*
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‘Figure 44 RATE OF COPOLYMERIZATION (YIELD) VS FEEﬁ
COMPOSITION FOR THE MMA-IP SYSTEM. /
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THE M_ OF PRODUCT VS THE MOLE $ MMA IN MONOMER
FEED FOR THE MMA-IP SYSTEM. '

T

0----0 DEAC COMPLEXING AGENT
+—+ EASC COMPI®XING AGENT

SR LA



ji

100

g e

LR R N TR )

) b R

=




It is this unsaturation that provides the important
_thermgSetting properties of many isoprene polynErs3
As this unsaturation is capable of acting as atolefinio'
monomer in the copolymerization, both the dead polymer with
this unsaturation and unpolymerized isoprene can copolymerize

with MMA* in an alternating fashion. Since the isoprene =~ - -

~monomer and the dead polymer are in competition, the degree
in which either is inczxporated into the growing chain is
dependent on the concentration of each Thus as the - e

"concentration of 1soprene is reduced, more polymer will be

4 E)

1ncorporated and a Mn increase will be seen.

L -

ITI.4.5 ACTIVATION ENERGY

An Arrhenius plot of kp' values obta1ned at var1ous
temperatures (table XIII) is shown in f1gure 646) ,The W;
\_ slope of the 11near 1east squares lipe through the points is’
. 2.1 x 1& and corresponds to an overail act1vat10n energy,
Egs of :4 2 kcal'mole'l. A poor linear correlation 1is shown
'1n figure (44) and the val1d1ty of the calculated activation
energy is uncertain.
Negative activatien“energies, although somewhat

unexpected in the present system, are notruncommon in

K

S p0}ymerizatiﬂnukinetics%4*Generally—oVerall—activation—energiesf————*

for polymerization reactions are composite \
magnitude of which is dependent on'the'aotivation.energy of

the {ndividual steps of the polymerization reaction:




‘Rate Constants‘for the Copolymerization

TABLE XIII

of“MMAiand\;P in the Presence of DEAC
- ‘v 7 | 4
'+ 7. (IMMAT : [DEAC] = 2:1; [MMA] = 40 mole 8) . . —

, - : -ow L4
Y - . . . - - Y.
~ , : -
— f
ki) 11/'2 mole-l/2 sec-ls T in 8¢ <% ‘ ) _'J,/T
2.0x 1078 a7z P o P m7x10d
-6 . . -3
3.4 x 10 F 286 B3 3.5 x 10
3.1 x 10°° ‘ojes ¢ 25 ' 3.4x103
2.3 x 107° P 303 o300 P, 3.3 x 1070
9x10% T 313 Poa0 3.2 x 1073
0.7 x 10°% . ¢ 333 . i g0 3.0'x 1073 :
. 7
R
|
/
y
o~
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rates are seen with decreasing temperatures. : N—

relationship- for this monomer.

where i Ep and E  are the activation energies of the v
initiation yropagation and termination steps respectively. ‘
In situations, where the initiation and propagation activation

energies are much lower than that of 'the termination processﬂﬁ - ,
&_AJ -
, tv" 9. i -
(usually cationic), Ep is negative and increasing polymerizﬁtion

values are seen. For many polymerlzatlon systems

.

III.S A PROPOSED MECHANISM FOR COMPLEXED ALTERNATING

COPOLYMERIZATION OF METHYL METHACRYLATE-STYRENE

AND METHYL METHACRYLATE- ISOPRENE IN THE PRESENCE L =

OF LEWIS ACIDS

Isoprene, because of its diene structure, is a -
difunctional monogfr. Thus the incorporatioh of isoprene into

1

a polymerization scheme can provide a 1/2 order kinetic

If the generation of radicals fesults from th@'decomposi;

tion of aluminum alkyl —-vinyl monomer complex as shown by

\_'_/ :
5
T I

Kuran et al (115), the recombinatlon of thee# radicals becomes

an important consideration in the initiation sequence.

-»
[
e



K ~ 137 -

1 |
\

" where AR is an aluminum alkyl moiecule and M, is the comp{;;;ble

— , vinyl monomer. If isoprene is present in close proximity to the
. p '

?ﬁqgggmposiné complex, both radical species can’add to_the

diene to provide a diradical initiation species.

CH - CH

13 o |3 |
- - - —* . - - - ,:- l.
CHy\C - CH R GH, o, c| CIH ~CH,
, <
RﬁlJ{>A ....... M, R A . *
{ M -
- 1 ‘

Thus two active radical polymerization sites are produced.
If these active sites are considered individually and

designated as I-, then:

4

) -
. A ElS ’ . V 4
. k) y
IP + AR - M, == 21 ’
e —— — k-

If species I- is considered as the initiator for the
copolymerization geaction, then a kinetic chain will result

from each radical site on the isoprene diradical.

T



additiqp of an AR---M, complex (shown by

1

composition of the product). This step is rate determining,
as the failure of this reaction to occur results in the

‘rever51on of the d1rad1cal back to 1soprene and AR - M1

The rate determlnlng step can thus be written as: ' 5
o [ 7 4
L; - o - TRt s ot s " ——
I« + Mlx- AR P p: (or P) s | . .

K [P] =k, [E-y [M; - AR] .
or where [M1 - AR] is unknown:

d [P] = k' (-1 [M*] ' 1r1-27
dt

T j ) '
where Ml* represents a particular M1 and AR feed

ratio relatlonshlp similar to MMA* (Sectlon

I11.2.1). | j “ 4

where p- is the grow1ng polymer cha1n and P is dead polymer.
Since the generation of I- is an equilibrium process
and if the concentration of aluminum alkyl monomer complex is

.} considered constant:

[1P] = k_, [1-]° V 171-28
or
%, = [1:0% = ke
T1 II1-29
} 1 [1P]
) where Ke is the .equilibrium constant for the generation of I-
' | | v
S°1V1n§ (ITI-29) for I. provides (III-30). R

S

h) I



1S 1.1 = ke'/? e1t/? I11-30

R
an

e

and subStitution'of (I1-30) into the fate expreésion (I11-27)

gives (III-31).

apl - k' ke'/Z 1 V% 4 o1mresm

when applied to the copolymerization of MMA and isoprene in

the presence of aluminum alkyl, (III-31) becomes (III-32).

ﬁ

arel .ok kel/Z ponar ieat/?

ITI-32

A similar treatment can be apgiied'to systems involving
olefinic monomers with the aluminum-alkyl monomer complex

producing'monoradical initiation species.
: g \ - . .- .
1 5 Lo .
R~CH CH,<—= ©R-CH - CH
: <)KA 2 'k 1 I]
- R

Tt A - M

2

A
R Ml




e Wi"t/ N — —
or
R 5y Ron - tu, o R‘ ‘
Mo R\;B k_q A-M,
where : . :
R-CH - éHz "and R-CH - CH2 are considered as monmoradicals
| - |

A\

Thus the rate expression for this process becomes:

A

, S

- ’ - '
d [monoradicall = k, [olefin] [monomer complex] I11-33
dt

A

’ ’ .
Assuming the rate determining step is the addition of. the
monoradical to complexed monomer:
. | | S
Fd k ' .

monoradical + ARm?M1 —li- P+ (or P)

d [P) - k' [monoradicall [AR-M,1 11I-34

and considering the equilibrium situation for the production of

the olefin radical gives:




\\ ) R -
k, monoradicall = k_j [olefin]. . . III-35 '
- . o s o ,
Ke = [mpporadical] | ‘ : I1I-36
[olefin]
— - -Substitution of (III-36) into the rate equation (III-34) gives:

. , D |
dP . k' Ke [olefin] [AR--M,] II11-37
dt :

If applied to the methyl methacrylate-styrene, diethylaluminum

chloride system previously studied, (Section III.2), this

.

becomes :
N &
' ~ .
d (P] _ kp' Ker [STY] [MMA*]
dt - '
a second order process.
R V



v SUMMARY

Introduction

The preparatlon of alternating copolymens from a large
number of vinyl, olef1n1c and d1ene comonomer pairs in the
presence of Lewis acids has received considerable attention

in recent Years. Despite the great amount of work carried “~—__

'outmipgelucidatc the mechanism of‘complexed alternating

z_‘&ppolymerlzatlon no general agreement exists.

The maJor d1fferences of opinion in the mechanism
centers around the propagation step. Although it-is generally
agreed that the propagation reaction is free rgdical, the
exact details have not been clarified. 7 : L

. The salient features from complexed alternating |
copolymerization are thé appearance of a rate maximum at a
1:1 monome? feed ratio and the productibn of alternating
1:1 copolymer irrespectiveﬂbf mondﬁé;iféed fatios. -

It has been proposed by Gaylord and others (34, 40,7104)
that these features are the result of formation of
donor-jiféptor‘coﬁplexeg in which the incomplexed monomers
behave_‘s donor molecules and the complexed monomers as

acceptor molecules. The propagation reaction is seen as a

homopolymerization of these donor-acceptoi complexes.

\ 'Gaylord (104) invokes a donor-acceptor mechanism whereby

propagatlon occurs via a rad1ca1 ion-pair chain end.

, Furukawa (34) invisions a donor-acceptor mechanism involving
a vinyl monomer complex radical at the chain end, while

Hirooka (40) sees the chain Znd as a radical complex.



ZﬁﬁbygggiIQﬁ)maintaiﬁthatvpolyme;ization;pyeeee&sin/'u~v\;j
a classical manner by the alternate addition of comonomer. |
The subsequent.l:1 polymer composition then reflects thenv
stéichiometry‘of the ddnor4acdeptor_comp1ex while maximum“
rate is seenvwhere'the conceﬁtgation of the dOnbr-accepfon
complex is greatest (Qhen thé cémonoher concentrations are

equal).

Zﬁgé;rtgb) states the major argument ggainst such a
prOpagation step is the small concentration (undetected in
some cases) of donor-acceptor complex found in these
copolymerizétions. Zubov proposes an explanation based 6n
the complexation effects pf Lewis acids on the cross-propagation
rate constants evolving complexed monomer and radicals. e

. The objective of this research was td.compére kinetic
and molecular weight data with various mechanistic proposals -
and to select the mechanism most consistent with the daga
obtained. Preliminary studies were directed towards the,////’y
examination of several anomalies of alterﬁaiing copolyﬁerizatioh

L

that existed in the literature. *

-

EXPERIMENTAL DESIGN
¥

The research was done using simple, yet representative,

alternating copolymerization systems. A variety of simple _ ‘\\

R PSP S

vinyl monomers were complexed to one of three possible

complexihg agents, (diethylaluminum chloride, ethylaluminum

sesquichloride and zinc chloride), with emphasis on



diethylaluminum chloride. For simplicity, a common comonomer

(styrene) was used in most studies. Studies of complexed
alternating. copolymerization involving. dieme monomers were
accomplished using isoprene in conjunction with aluminum

alkyl complexed.methyl’methaérylate.

- CONCLUSIONS

"IV.1 , * REACTION HOMOGENEITY

‘ ! ‘ .

Some authors have shown (49, 125) that both alternating
and non-alternating copolymerization can occur simultaneously
in complexed alternatipg copolymerizations. Thus the gross
composition of the copdl§mer may reflect a comPination of -
variation in copolymer composition due to the simultaneous \\
occurrence: of free radical and complexed polymerlzatlon,

i
together W1th variations in composition due to homopolymer

-associated with copolymer. ‘ 7

It was initially established in this 'study that complexeab
alternating copolymerlzatlon is a homogeneous process and
equimolar product gﬁprSltlon was thalned throughout the
molecular weight distribution. Thus a single mechanism is
functioning in these systems, rather than several independent—

processes providing product of different composition at -

d1fferent molecular weights.




.z _WLIVING MECHANI SMS

/Thé possibility of a "livihg” propagatiéh mechanism
has been suggestéd (101, 103). .In this work defailgd
moletulaf weight distrihution data indic#ted that the ! /
molecular weighisiaf ;ompqued alternating.cbpoiymeriiatibn

product were invariant with time. Thus a "fiving" system

is not indicated in this study.

Iv.3 o(IO('éiOBISISOBUTYRONITRILE DECOMPOSITION WITH

ZINC CHLORIDE AND ALUMINUM ALKYLS

The effects of both aluminum aikyls énd zinc chloride
on &« , o 'azobisisobutyronitrile decomposition in alternating
copolymerization situafions have been studie&‘éf;ewhere
(137, 27, 83). Aluminum aikyls unequivocally iﬁgréase the
rate of &';d'ézbbiSisobﬁtyréﬁitrilé’&étomposifioh (137),
however, the'siggation regarding ziﬁc chloride‘is unclear.
In this reseafth, no change in'rg:e of initiator decomposition
is found in the presence of zinc chloride. The decompositibn
was found to bé fifst-order (kd = 2.0 x,10'5.sec-l). Thus y
increased copolymerization rates seen on introduction of

azobisisobutyronitrile to alternating copolymerizétipn systems

containing zinc chloride are not due to enhanced rates of

initiator decomposition. Differences between the effects of

alumiﬁﬂﬁwéikyls and zipc éQ1oride is a ¢onsequence of the d

orbital chemiétry of aluminum and zinc.,



. IV.4 . KINETICS OF THE COMPLEX ALTERNATING COPOLYMERIZATION
,_, - OF METHYL METHACRYLATE-STYRENE-DIETHYLALUMINUM
R CHLORIDE -

Majgr kinetic emphasis was placed on thé methyl
'methacryléte-styrene-diethylaluminum chloride system. The
initial reactlon was first-order dependent on each monomer,.

-6 1 mole -1 ee‘l at 25°.

tsecoud-order overall, kp"= 5.4 x 10

The apparent rate constant, k » was obtained using two
separate methods. The yield of polymet/ﬁlth/tlme gives k v
- by a-graphical method using the integral, form of the
second-order rate expression for this reaction. An a;ternatiie
graphical method utilizing initial rate and monomer feed
composition provided a near identical kp' value. .
Mechanistically the above data are consistent with a r1

radical process where propagatlon is exclusively between '
unlike species, e.g., 1ncreased cross-propagation klnetlcs
A rate maximum at a 1:1 monomer feed ratio is shown for methyl
methacrylate-styrene-diethylaluminum chlbflde A rate maximum
is not predicted by conventional radical kinetice,:
conseduently, early workers were directed to a mechanism

“ involving‘denor-acceptor complexes. Close examination of the

¢ -

Burnett radical copolymerization treatment (149) indicates

that the proper selection of kinetic parameters provides a

theoretrcai Tate curve similar to the experimental curve. Tie '
0 significant assumpt{pn in thls approach is a non- homopolmerlzable

monomer. Thus 1f a'non- homopolymerlzable complexed V1ny1



monomer is considered, the unexpected rate curve for complexed

alternating coponmerizetion is consistent with radical : éjfjﬁ
copolymerization. T
IV.s. ‘KINETICS OF THE COMPLEXED ALTERNATING COPOLYMERIZATION

"OF METHYL METHACRYLATE ISOPRENE- DIETHYLALUMINUM '

CHLORIDE AND METHYLJMETHACRYLATE-ISOPRENETETHYLALUQINUM

Sy

" found to be 4.8 x 10

- SESQUICHLORIDE

{ .-The methyl methacf}late-isoprene-diethyﬁ;luminum chloride
system was examined and an overa11?3/2 Orderfwesifound3r"~ - ,WWW%L,

first-order dependence on methyl methacrylate and 1/2 order

dependence on isoprene. he overall rate constant, k!, was

P .
ec- in the d1ethy1a1um1num

6.1/2,,-1/2 -1

-6 1/2 -1/2

* chloride case and 2.2 x 10 "1 M sec for ethylaluminum

S

sesquichloride.
'The_oVera11r3/2 order of this reaction is unusual. How-

ever, propagation can be considered as a bimolecular process

" _with a rate determining initiation step involving a diradical

species, thus providing 3/2 order.

Diradicals have been previously proposed for complexed

. alternating copolymerization, however, ESR measurements have

\

failed to detect these moities and their existence is in

doubt. No ESR measurements have been made with methyi

methacrylate isoprene- d1ethylalum1num chlorlde copolymerlzatlon

Normally polymerlzatlon involving d1rad1ca1 m01t1es

pfoduee high molecular weight product due to diradical



Experiments in this work have shéwn that in compleXed

.. the complexed V

i 1,
R

Ly
R

il

aLtefnatingAcopolyﬁe;iza%iqg,theémajorAtbrm}nationAproee§§v"' Z(

. . . P f Ny ‘ . .
- is”non-degradative cha1n'transfeff\\1bus non-degradative chain

transfer to one end of a diradical produces a monoiadicaf/from

5

the diradical, and a new monoradical from the chain transfer

species, le.g., the complexed monomer Ml - X

e

y

CROMUM; - X ——> cRH + M) - X

¥ . . ,
N H . -

The process can continue as a conveﬁfggnal monoradical sequence
wmere termination occurs via mutual termination of two radicals

o-q : .
or by chain transfer. ('

In tﬁis study, the»molecu}ar weight for the methyl .
methacrylate-styrene-diethylaluminum chloride system was seen
to decreasg‘with the complexed vinyl‘manomer concentration.
This is a consequence of non-degradative chain transfer to the
complexed vinyl smfonomer. Thus molecular weight decreasef as
| qg;dgmpnamarcpncentralibhincreasés+lnt’e

methyl methacrylate-isoprene-diethylaluminum chloride situation

the opposite trend is found. Unsaturation available in the

‘isoprene copolymer is responsible for this observation. Where

isoprene monomer is in limited supply, incorporation of "dead"
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welght increases by the molecular weight of the 1ncorporated

"dead" polymer chaln.

v £

. ' ‘R - e 5 s o
:\)- ‘ . Rn + Pm Rn+m } ) , :(\
. | \
\‘ ‘ R ’ o, 3 ‘ \g o " ﬂ . ' . L |
— S . @_A_,),A,#ﬂq/ S B SV
-4 . : .
. Iv.e ACTIVATION ENERGIES OF COMPLEXED ALTBRNATING
A COPOLYMERIZATQ)N i _

' - of . - S —

v Low actlvatlon energléy‘ure found 1n these systems. and
can be explained using molecular orbltalftheory. This approqﬁgg>"
has been suggested by Zubov (108). o ) 3 "

- "It is easy to show by quantochem1ca1 calculatlons
that if the donor-acceptor inferaction is s
enough, e.g., the lower vacant energy-level of -
reacting partlcles, e.g., radical is close in value

v - to the upper occupied energy level of the other
particle (monomer), the activationjénergy of/the
reaction could be close to zero. This, in tact, N\
had been showgfby simple molecular orbital :
calculations o complixeg acrylic and hydrocarbon
- , D)

monomers." ) -
8 _ “
C:jr:;e observations in this study that the methyl _ (/
e methacrylate-styrene-diethylaluminum chloride system has an
. ) activation energy of + 3.9 kcal mole ! and that the me th 1
%’g? methacrylate 1soprene dlethylalumlnum chloride system has a

lower actlvatlon energy of -'4.2 kcal mole 1, (the -

significance of them-egatlve value is questionable due to

considerable data scétter) are consistent with Zubov ideas.
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"~ IV.7 T NON-DEGRADATIVE CHAIN TRANSFER IN COMPLEXED
 ALTERNATING COPOLYMERIZATION '

A significant contribution of this research is the
observation 'that the molécular weight of the products from
~ complexed alternsgting copolymerization is determined by the -
~ . .

non-Q;gradative chain'transfer activity of the complexed vinyl,

. m@ﬁgﬁé??‘*MUIétﬂiKT;Wéfﬁhfsbbf*fhé‘pfﬁﬁﬁff“féflect the

- - N .
P stabiif??g;f the radical formed from the vinyl monomer complex
;T ) ' . | ;

after transfer and are predicted by resonance stabilization

(Q value) available in-the complexed monomer. .Thus monomers

with greater delocalization -(high Q value) provide prodn’of

~. -
~

S
s

™ IBWegNggleéular weight when compared'to monomers with lesser
~ : : ' , . ‘

&elggglization (low Q value).

A number of anomalies in complexed alternaging‘
(ﬁﬁﬁélyqsrizatidn not consistent with a nqrmal ;gdical prpggssﬁ'k
can be satisfactorily explained by non-degradative chain_
transfer. = . ,V _— . SR

_When‘radiéal catalysts are used in these copolymerizations,‘{
no catalyst residues are found in;the1polyme;,revén»thdugh
higher fates“werp observéd. Furfhermore; when,ghese sysfems
are in the presence of hélocarbons; suc@;as:chlorbform or

carbon tetrachloride, no chain transfer occurs and no.halogen
) :

wi4~¥Ais—£Oﬁnd—infthefpﬁiymer;f¥When—theSe—ha}ocarbon—are—ingtheggfgggfgjgggj%

presenc offfree,radicalWcathlysts,ﬂagainfnofhalbgéngisgfound
in the polymer, even though halocarbon initiator should be

present. S _ . ' - L



If these spec1es are considered to chain transfer to

the complex V1ny1 monqmir and if the resulting complexed
“vinyl monomg% radical is considered as a propagatlon initiation
species, then the polymer will not be expected to contain

)

halocarbon or radical initiator fragments, e.é%

>
. PN . - Y+ 4+ R
o R/if (M) = X) X) H
B :
R+ CCl,- ——> RCl + -CClq4
-cpl;? + (M) - X)y——> CHCly + (M) - X)-
M; - X)- ——»  Polymer
\
IV.8 A GENERAL MECHANISM FOR COMPLEXED ALTERNATING
COPOLYMERIZATION

‘k* g .. ~ ’
"The following mechanism is proposed to account for the

observations found in this thesis.

N SCHEME 11

Initiation
. .
.« 7 '
(M1 - X))+ M2 —_— M, - X) - M2
or . ' R . o L
(M, - XL+t Mg —> (M} - X} - M

J



R . .Propagation

or

(Ml - x) = MZ. + (Ml - x) _ (Ml - x) }' MZ - (Ml - X)'
. 4 L . . - 2
- - . - . - - - -X) -M.-
| _(Ml X) M2 .(Ml X)- + M2 — (Ml,v X) le (Ml X? M2
or ; ~
% My - X
ST . SO a o 1 :
- ?Ml - X) - MS- +.2 (M1 -.X) —_— (M1 -X) - M3
. . I ,
| | | My - 0
(Ml'- X) :
- .‘ [ Ty, | - » L
(M1 - X) - M3 +72M:5 S — Polymer -
|
(U,
N\ (M1 -'X) .
2 - =
Chain Transfer -
J o
- ~My v M- X) —>= (M - Xy MY ‘
. .
% £ ~

’ . L8
'Mst“\/MS, + (M1 - X) — (M1 - X) + Msf“v Mé.

Where (M; - X) is the complexed mdﬁgyer, M, is an olefinic

,w,,,W44comonomexﬁﬁandgmsgisha4dieng4cgmgngmcr. In this thesis the

collected data wereevaluated in regards to the initiation
L 7 : .
and propagatipn steps only. No data areavailable in this

study that aresuggestive of a particular terminatigh process,

o



v

__consequently, a termination Sequence is not included in the
above scheme;

TES mechanism shown in (Scheme II) resembles that of
Zﬁbov et al with the exception of non-degfa@ﬁfi?é chain
transfer and the modified ‘initiation steps. Chain transfer
is included in the propagation step since it is considered

as non-degradative and does not disrupt/the kinetic chain.

In conclusion; the author supports the Zubov mechanistic
proposal with slight modification. The process of complexed

alternating copolymerization can easily be considered as a

radicgl copolymerization involving very higﬁ cross-propagation

rate constants.

\

-

o
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