


CHAPTER 1

IKTRODUCTION

1. General Characterization :

The word polymer was first used to describe compounds
with the same composition but different molecular weights.
The structure of polymer ic generally described in terms

(1)

of its structural unit structural units are groups
having two or more available bonding sites and are linked
to one another through covalent bonds in polymer molecule.
jost polymers can be described in terms of their stfuctural
unit or units. The units can be arranged and connected in
a variety'of ways. In the most straightforward type of
polymer , the linear polymer , the units are connected to
one another in the chain arrangement such as i

oo M == M — M —=M eeeY or X —_—( M )n-__Y‘

where M is a structural unit or a monomer and n 18 the
degree of polymerization. The degree of polymerization
(DP) describes the molecular size « Highkmolecular weight
polymers, especiallyjsynthetic polymers, have varying
degrees of polymerizétion or =z molecular welght distribu-
tion among the chains within an ingividual polyumer batch.
The chain of Structurai\ahits i{ is termined on either end
by X and Y , whereas i must be at least bivalent |
(two bonding sites) X and ¥, the end groups, are
monovalent ( one bonding site)., X and Y nay be identical

or different. Cn the other hand, the structural TECUrring
3




(2)

unit may be trivalent ( tri-functional ) or polyvalent
(polyfunctlonal) . Polymers made up of there units can have
nonlinear or branched structure. At least some of the unlts
must be trivalent for a branched molecule, Polymer molecule
such as that depicted can be interconnected to have a
network structure, which may be planar netvork or a three-
dimensional space networl.

X

;

¥ Moam M — M — ¥ — M — M == T ==

X
é —_— D — X
A polymer of this form, in which the structural units of
the side chain are identical to those of the main chain
(or back-bone),is said to be branched.. I1f the side chain ™
of a branched polymer are formed from structural units which
are different from those of the backbone, the polymer is &
graft copolymer. The presence 0f trifunctional units in a
polymer chain aliows wide variations in molecule geometry,
for example, a side chain in a branched polymer may be
terminated either with a monofﬁnctional end —group, Or by
reaction with trifunctional unit in another-chain. In the
latter cage two chains become joineu by & crosslink. if
crossllvk1n5 becoines e}ten81ve, the polymer forms networﬂs
which may be two=—oOI three~dimensional., The forimation of
three-dimensional aetworks during polyuerization results

in a cross-linked netx ;orks which forns a el fraction,
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insoluble in solvenfs approPriaté for the noncrosslinked
material, whilst the remaining soluble, branched but
uncrosslinked material forms a soluble fraction. The
conversion at which gel formation occufs is termed the gel
point. In dealing with highly crosslinked polymers, the
concept Ofrmolécular weight becomes increasingly meaning-
less and, at high degrees of crosslinking, the entire
polymer sanple may be regarded as a single ﬁolecule.Poly

(ethylene adipate) is an example of linear polymers,

n.HO——{CHa)é—-OH + n,HOOC——(CHa)E——COOH —_—

0 0

It
H O——(CHE)E—O-C——(CH2)E——-C OH + n H0

Tn this example, water has been lost, and recurring unit
consists of two different structural units. In many cases
the elementary analysis #i11 not distinguish end groups in
a high molecular weight compound. Lven end groups in
gifferent polymer chains from the same polymerization

reaction can be different.

2. Polymer Classification:

_ Carothers recognized the need for classification of

polymers and givided zll polymers into two types @
condensation polymers 2nd addition polymers(2 ), a8
follows:

i- Condensation polymerization involves ihe reaction of
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polyfunctional molecule or molecules with loss of BOD€
simple molecule guch as vater, hydrogen chloride and
methanol with formation of macromolecule. when a difunct-
ional molecule is used, a linear condensation takes pilace.
Typical of condensation polymers &are polyesters, polyamides
and polyurethanes. For cxample, & polyester is formed bY
typical condensation reaction between bi-functional mono-

mers, with the elemination of water.

0 0
i i
HO — C-{Gii)r—c-—OH + H O— CHZ;-CHZ-OH i)
terephthalic acid ethylene glyeol

0 ]

0
1 i1
HO %c_@——-c—o-caz—(mz—o—--—-ﬂ + H,0

- n

polg(ethylene terephthalate)

ii- An zddition polymerization is one in which the recurring
ynits have the seameé composition as the monomer or mnonomers
rrom which they were formed( 1 ). Yhe polymer ig formed
from a bi- OF polyfunctional monomer by, the adaition of
one monomer to‘another withou£ the loss of any portion of
the mOnOmMET. Tolymers formed from the polymerization of.

yvinyl monomers are the most common of this class:




n CH2== ?H

X

(5)

4-,-- r CHZ_ (|1H

X n

Addition polymerization of vinyl monomers to give high

molecular weight polymers

proceeds by a chain mechanism.

whether the mechanism is of a free radical, cationic, or

anionic type, this polymerization features an active site

at the end of the growing polymer chain.

%, Free Radical Addition Polymerization :

Free radical addition polymerization is a very power-

ful method for the preparation of

variety of unsaturated vinyl,

polymer from a wide

vinylidene and diene monomers

and is one of the most widely used industral method for

the manufacture of addition,polymers( 5 )s The essential

reaction in addition polymerization is :

n M

ho
-

£
Mg

n representing the average number of monomer molecules which

join together to form a polymer m

is usually very large,

the following series of ¢oO

‘ *
1y

I

it

a polymer

olecule. Since this numbel

molecule must be formed by

nsecutive reactions:

. -_'*
1"12 . )
¥ //
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In this representation‘of the growth process, M; stands for
a polymer molecule containing 1 monomer units which is
potentially capable of reacting with a monomer molecule.
These polymeric active centers , as they are called, may Or
may not be identical with the final polymer produced; this
depends simply on the specific chemical nature of the active
centers and on the reaction conditions. In a free radical
polymerization the following reactions should be considered:
i~ reaction which lead to the propagation of the free
radical capable of reaction with monomers.

ii- the reaction already outlined in which monomer molecules
add successively to radical active centers with the format-
ion of further radicals:

jii-reaction by which the radicals are destroyed with the

production of polymer unreactive towards monomer.

These three reactions are referred to as initiation,
propagation and terinination reactions respectively, and the
whole process is an example of a wider class of reaction

known as chain reaction .as follows @

i~ Initiation: i

The usual procedure employed to produce the radical
containing one monomer unit is to add. to the monQmer a subs-
tance or substances which prcduce radicals capable of

reacting with it . These additives are termed initiators,

the reaction being the composite process .
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I ____.l____..__)OQR'
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where I represents the initiator, R the radical produced

therefrom and o< the number o

f such radicals obtained; the

presence of the dot to the right of a symbol indicates an

unpaired electron and its radical nature.

Probably the most widely used initiators are the organic

peroxides and azo0 compounds. These substances decomposSe

spontaneously into free radical in the common organic

solvents at a fi
140°%C, for example, benzoyl P
decomposes into two benzoloxy

of the weak peroxy bond.

nite rate at temperature between 50 and

eroxide in benzene at 60°C

redicals by simple scission

C6H—C—O—O—ﬁ—C6H5———)2Q6H5—C-—-O‘

>
0 0

The benzoyloxy radicals SO PpT

give a phenyl radical and GO,

I
0

oduced may either decompose to

or they may undergo reaction

with solvent or further benzoy!l seroxices In the presence of

vinyl monomer, these latter r

ezctions are unimportant, most

of the benzoloxy oOr phenyl redicals react with the ﬁbnomer,

thus in the case of styrene :

C6H5—-— (i -_— 0% + Cn'a= (IJ
C C-H
0
or
c It + 7. =CH —mmmmm>
6 5 2
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Another example 1s afforeded by the azo compounds, azo-bhis~
isobutyronitrile (AIBN) which similry decomposes into

radicals at easily accessible temperature :

CH CH._ | CH

> | 3 | | 3

CH e G Ji==x N—- C—CH > —Ce
37 3 > 2 Cij C'l + N,

CN CK , CN

These radicals react with monomers in an exactly similar way

to that described for benzoyloxy oOr phenyl radicals.
ii-Propagation ¢

Free radical chain propagation proceeds by the rapid
addition of monomer molecules to the active radicals
generated in the initiation step. The process is fepeated as
many more propagate the reactive center. If we write out the

first reaction in more detail for the casc vhere M represents

a vinyl monomers.

R — CHE—-(‘)h + CHy= (|:1~ — 13
X X

The radical R — CH2—— ?H' attaches itself to the CHE
x

group of the reacting monomer or to the CH-——X group to

produce vhat is termed the “head to taill or "head to heacd"

t

srrangement asg follows:
R CH ,— CH— CH,—CE* "head to tail'
|
b4 X
R w=CH o= gl — G — CHé "head to head"”

I |

-7 .
s .'{
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Of course, o few 'head to nead" additions w111 tadie wplace

during the srowtn or tue poiymer depending on the aegnitude
of.the acfivation enerygy dirffcrence betueen the two
rezctions proaucing thée alternative rorws. ol practical
curposes, the ordinary vinyl polyuwer producec iz consi.ered
to consist predouinantly of wonGaer units arran_ec in &

Whead to tall" fusnlon.

R=tHz o Gl Sl Ciig- G Gz Cll wewoccnn
l I |
A

jii- Yeraination :

“he radical must be destroyec in & reaction systew by
a bLimolecular process since their disappearance involves
spin palring. There are tvio ways of achieving this result.
Tdirstly, two radicals can simply combine togetier accoraing

to the egation:

1 [
_-‘:'--—CHE-—(:I-I' + B'—Ci,—CH"——> 3 —-C}Ia—mCH—-(iI{—Ciia——}%”

e £ X X
This process is termed coabination termination and results
in the formation of a '"head-to-head" linkage. Alternatively,
a hydrogen atom can be transferred from one radical to the
other giving two polymer molecules, cue saturated and thec
other possessing an oletfinic double bond at one end, this

process veing termed disoroportionation termination.

R'——CHa—C'JH' + R —CH,—CH* —> R —CHe=CH + R"—Cﬂa—-(ln{ SR

_ I . | .
X X X X
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1t should be noted that in combination termination a
polymer with two initiation fragments per molecule is
produced, but disproportionation produced a polymer

molecule with a singlc initiation cnd ;LTOUP.

Chain Transfer:

A srowving chain radical may abstract an aton (for
example,hydrogen or chlorine) from another molecule and
thus become saturated, and the molecule from which the atom

has been abstracted will then become n radical and start

a new chain(l+).'The chain reaction therfore continues,
even through the chain growth of the first macromolecule
has stopped; 1= it has transferred the reaction chain
to another molecule . This reaction is therefore called

2 transfer reaction, or just chain transfer .
£

)
CHZ-——-?}‘_ + n—X ——D MLE';E—(;H + R]'_

R R

P

+ CH=CH,
|

polymer

N
A
I
O
SL
I

hein transter of this type may occur with the initiate,
wvith thc wmonomer, with the solvent or other compounds vhich
have been addced in order to promate chain transfer

(modifiers), and with growing or complete polymer chains .
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Amgng Lhie conaol initiators, tas ayaroveroxides (for

arannle, t-butyl-hiydroperoxidae ard cumeie-iydroparouxide) ars
the ones with a tendency to transfer reactions, wnerceas
tenzoilperoxide, and especially hzoibis_isobutyrohitrile’ ao
not take part in transfer reactions. In tne transfer react-
ions, the initiator wmlecule reacts with a chain radical to
-

deterpinate it aand at the sane tims zives rise to another

radical whicii Then starts a new-chnain:

O

0, —CH 4+ H,C — C — CI CH.,— CH ,+H ,C—~=C—CH
Gt 50 7 3 > SRR
R 0 R o
| |
o 0
| _ ‘ *
= terminated chain
O +Giiy=CH o
-0z 3 |2 .
— 235 1,0 —C—CH > C—CH.,—CH
3 . 3 | 2 |
cH
>

new cinaln
‘“his tyve of decouposition of the initiator by a growing

chain radical (induced decomposition) must be considered in

addition to the spontaneous decomposition, 5ince such an
induced decomposition forus as many now radicals as it

consunes, the radical concentration renains unafrected.
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4- Free radical copolymerization:

Free-radical copolymerization may be defined as
a process where-by two or more mOnomers are integral patts
of a high polymer via radical chain reaction. A copolymér
is the produét resulting from suca a process. The importance
of the free-radical copolymerization, is a method for modif-
ying the properties of polymers. Hard polymers, as for
example, polyvinyl chloride, can be made softer, by copoly-
merization with monomer where homopolymers are rubber like,
such as vinyl ether or acrylic acid esters. There is a series
of monomers, such as maleic anhydride, the fumarates, the
maleates, aand vinyl ethers, which by themselves do not
polymerize or only slowly by radical mechanisms, are often
used as components of eopolymerization,and then copolymerize
hy a radical mechanism. Copolymerization is one of the most -
important as well as the most obvidus way of introducing

variety into the structure of copolymers.

i- Copolymerization composition equation

It is assumed that the rate of addition of any monomers
to the free end ox the chain depends on the nature of the
end group bearing the radical, that is, where monomers Ml
ard M2 givg My and M, ends, the following gset of equations
can be writtem for the various types of addittion

(L&S5)

possible

: T ——



rm—— :.-I' + M
1 1
| + M
L l 2
¥
B S .3;{2

whers kll is the rate constant for
monomer Ml adds to a radical chain
the rate constant for the reaction in which monomer Ma‘adds
to a radical chain ending
is reached instantly after the polymerization is started,

then the total concentration of Mi

and the rats of conversion of Mi ta Mé

M1, e rate = HMEAEY
M2 iy M5 rate = ko[ M1 [ 1]
22, -, rate = w515 [ La]
_fa1 e MM rate = kal[mé] [ iy

in Ml......

of conversion of Mé_to Mi :

oy [ 2] ()] = kla[”i]l:ma]

The rate cf disappearance of the t

can be expressed as

-d M, / dt

if kll/kla and kaa/kal are defined as Ty and ry respectivelg

then

i

iy (M) [M;_]+ kpp [M3] [#4,]

ko[ [ M ]t ko (3] [,

the reaction in which

ending in M; kip is

etc,If 2 steady state

will equal the rate

(1)

(2)

(3)
(4)

and Mé %11l remain constant,

wo different monomer types
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afmy] (]| Realm)lMe] f@é-{u]
Koy (M3 %21
since [Ml] - EEQ- __[.\_'I;]_[%*_’Igl_ ,then
21 2

_______ N PV s R (o

This equation relates the copolymer compogition to
comonomer concentration in the feed. The copblymerizationr
equation can also be rearranged in terms of mole fraction

(7)),

instead of concentration as

Fi = moseesmmssmosmsmsmmTT : (8>
2y 2 L f+ 2 £2
rnh 12 2

where Fl

1

mole fraction of monomer M; in copolymer, and

Lo
Il

mole fraction of monomer Ml in feed.
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ii- Types of copolymerizatica Genaviour i

From tne copolymerization equations (1-4) , if Kll>

12 and k22>'k2L 00polymerlza%1on would be 1ns;gn1flcant

and:a mixturs of homOpolymers'or copolymer shou}d be obtained,
while if k12> kllL and k21> kea this will lead to the formation
of copolymer with an alternating sequence , If kla:: kllaand
ky) = k,, , the frequency with which My or M; add to the chain
end is determined by their concentration leading to an ideal
copolymerization » Their copolymerization can aleco be classified
on whether the product of the two monomer reactivity ratios

riTs is unity, less than unity, or greater thanm unity as
follows :

a— when.rlra_zlr the two types of propagation species Mi and
Mé_show the same preference for adding one or the other of

the two monomers, and the monomer unit will be 1incorporated

in a random manner influenced by the feed compositiﬁn « Thus,

substituting r, = l/rl in equation (7 ) and (8 ) one get :

al vy} [v, ]
_____ = Py mmem———
dt2] Fl] )
rl_fl
and Fj = wwm=—mmm—mmommeee (10)
rlfl + f2

b— when riTs § 1, this is the case when.rlra decreases from
unity to zero . Most radical copolymerization lie between the
twa extremes of ideal and alterazating behaviour . The altern—
tion is measured by the tendency of ryr, product to approach

zero . In this case, when rland r, are both less than unity,




the copolymerization shows azeotropic composition at whicn
the copolymer and the feed composition are the same, and
the copolymerizatlion OCCUIS without change in the feed

composition to give ¢

------- = ———= (11)
d [Mal | [Ma]
by substitution in equation ( 8 } one gets:
1 ~-r
F,. = £ = em—————- A (12)

c— when rlr21> 1, this 1s a rare case and if it exists, it
leads to the synthesis of blocks of copolymer Or a mixture

of the homopolymers »

iit- Methods of calculating monomer reactivity ratios

Actual numerical valuea.of the reactivity ratios are
determined from experimental measurements of the molar ratios
of the monomers in the copolymer that is formed from reactant
mixtures of known initial monomer concentration-ratios(s).The
techniques:uséd for quantative determination of copolymer
composition include elemental analysis, radioisotopic labelling.
and ultraviolt, infrared and nuclear magnatic spectroscopy .
All procedures depend on copolymeriZation.carriéd out to low
degrees.of'conversioﬁ (less than 10%)and the experimental

data can be analyzed in several ways. The more established
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procedures involving determination of moncmer reactivity

ratios are @

a- Intersection method

This method originated by Mayo and.Lewis( 6), depend on tae
' derivin% r, and I from suitable composition data consists

in substituting the copoiymer and monomer composition for

a single copolymerization in the éguation 7 page (14) which

can be expressed in terms of molar ratios insted of concent—

as( L{-) :

ration

T S — (13)

where a and b afe ths molér ratios of the comonomers in the
feed and copolymer, respectively . In this method r, is plotted
as a function of ryos This is done for each of several
copolymerization s If there were no experimental error , all
the lines wouid intersect at -the sanme point, which would reres-
ent the proper values of ry and T'5» Ao average point of inter-
section is taken to represent the exparimental rleyuf r,

values

{(9)
b— Joshi=-Kapur method ?

In this method, the inherent .experimental error in the
chemical analysis can be interpreted precisely DYy defining
1imits of corresponding probable error in rq and ralvalues
by procedure adopted by Lewis et al( 6) , But the locating
of the best of intersection from the "probable area" confind

by the different straight lines on the Iy r's plot « The
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coc- ‘inates of the point of intersection (rl)rzz and the
tangent value of the angle of interssction (tan 8) are
calculated . Form the following two enuation of the intersec
ing lines given oy the general copolymer composition (for low

(6)

conversion) equation .

2 P
.- (Ml-_) m, - 1{1_ _mz )
5 = [\-=7 = e - -
My my "IZ my .

\
M )

My 2> 1,0
rea = == -——— 4 mm—— | m—— = 1
2 ( \> N L ~ ( M )
L My /By My \@y

Therefore:

ped 1
. = mmemem—mms——emmese—mesoSsSSSmos o omEmE
1
2 A 2 N\
[ / 4 } m, /M}_> m,
——— S B O o Ty
l\ My-/ By \ M2 m‘_l
and
2 v 2
Ml ) me (Ml\ m‘2
MZ my ME // mi_
fan @ = Sm-mmgmes=mITSSSEITTTTITTTTIITIY

) 3

where My / MaArand M],_'/"M2 are any two 1nitial monomer
concentration ratios and my Y4 m, and di /’ﬁé are the
corresponding ratios in the coﬁolymer . The value of rq and

T, are multiplied by tangents of the angle of intersection
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and summed up » This sun divided by the sum of the tan o

values gives the necessary average as shown below ¢

c— Fineman-Ross method

The metﬁod of Fineman and Ross(lo)represents a cansSider-
able improvement in the direction of straightforward analysis
of copolymerization,data . This is done by solving equation

(13 ) for ry and ry in the form :

52
a-— =T T F2

4 - a / b is then plotted aganist 22 / b and a straight line
is drown through the points, using the method of least
squares , The intercept and slope of the line are equal to

-ry and rl'rgspectively >

d- Tidwell-Mortimer method

In detailed critical treatises, Tidwell and Mortimert 11

pointed out the defects of the different method and suggested
a saturated computerized procedure; tha nonlinear least square‘
method . This method presumes that there is no possible
experimental error in the independent variablej the mononmer
composition of the feed: and the absolute error in the

copolymer composition is independent of jts value or constant.
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€= Yezrielev-ﬁrokhina—ﬂoskin method

Yezrielev, Brokhina and Roskin(la)transformed the linear

equation of copolymer composition into symmetrical form a8 !
1 ;

where &

M, /’Ma (molar ratios of the t+wo monomers in the
comonoumer mixture)
and b = My /’ma (molar ratios of the two monomer in the

copolymer)

In this method the theoreticzl . line is situated evenly
between the experimental points of positive and negative error

which leads to determination of reactivity ratios more accurate.

f— Kelen-Tid6s method

The method recently proposed by Keleniand-Tﬁdﬁs(lﬁ)show to ’
be most reliazble form of gifferential methods based on the
monomer feed-copolymer composition eguation, in as much as
the differential equation is_applicable'for the system. Like
other differential methods, the Kelen-Tiid0s equations obvio-
us;y suitable for low-conversion data . Tpis eguation based

on a new graphically vzluable linear equation as follows :

N = @ry + /e VE - S ro/e< ) - ‘-
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and

The variable € cannot take any positive value, only those
in interval 0 — 1 . Thus, plotting the 7/ values in the
function ofé =0 andé =1 give =T, fe< and Ty s respectiv-~

ely (both as intercepts) .

iy- Factors affecting monomer reactivity ratios :

With nespect to free-radical c0polymerization.it may
stated that reactivity ratios are comparatively little
influenced by most coumon variables such as converuion,
solvent and method of polymerization(lq). In the range of
temperature from room temperature to about 100°C there '
is 1ittle variation in reactivity ratios in binary

copolymerization . However, there is tendency for ryT,

product to approach 1 as temperature increases . Copolym=—
erization has been affected zt temperature as = 70 °C
and temperature as high as 130°C,with large change in
reactivity ratios . With respect to the solvent, nﬁmerous
studies:have been made which indicate that a change of
solvent has a liitle effect on mbnomer reactivity ratios.

Accordingly, & highly polar or nonpolar solvent, does not

eppear to influence the value of reactivity ratios . The
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effects of dilution on reactivity ratios have been studied
an& it nas bsen concludsd that no substantial effect exists,
Also, polymerization by solvent-nonsolvent techniques gives
reactivity ratios similar to those of nomopolymers system,
that is the pracipitation of copolyuer during pogymerizat-
. , ;
ion does not alter reactivity ratios . sonomer reactivity
ratios have also been found to vary with pressure, for
example, copolymerizaticn of metﬁyl .methacrylate and
acrylonitrile(l5 ), the product of rlra'increésed trom 0.16
(at atmospheric pressure) to 0.91 (at 1000 atmosghere)

indicating that increased pressure increases the tendency

for this system towards blocks »

7~ Monomer reactiwity and interpretation.by Q=& scheme :

The monomer reactivity ratio values , rp and rs »

describs the relative tendency of two monomers to add to

a particularAgrowing Chain(l6) The reactive end of the growing
chain is a free radical derived from one of the two moﬁomers
"énd two types of reactive ends can exist" .Because the values
obtained experimentally are relative wvalues, they pertain

only to one particular pair of monomers . Several correlaf-
ion having varying degrees of complexty and theoretical
formulation have been proposed .The best known and most

widely used being the Alfrey-Price Q -— e scheme . Qs is a
measure of resonanse stabilization of monomer and cOrresp—
onding radical, (describes the reactivity of monomer), and

e; describes the polarity interaction of radical and mole<.

cure » The relationship between these parameters and actual
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reactivity ratios was proposed to be

K &
L= __,;ll = (_-él'u) [exp -eq (el_ -e5 )] (14)
12 2 : ,
}
K Q
r2 = _..'.2.%____ (--é-)[exp -e2 (ea -el )J (15)
k Q
21 1
£y, = &xp -( ey = ey )2‘ (16)
In ryrp= = (e = e, )e (17)

Prigce choose styrene as the standard monomer with:the walue
Q =1 and e = - 0.8 . The Q and e values of any manomer that
has been copolymerized with styrene can be calculated from
ry and r, values given in literature . Conversely, knowing
the Q@ and e for any two nonomers the ry and rs values can
-be calculated for monomer pair, whether or not they have
ever been copolymerized . While the predicted behaviour is
not always exactly like the experimental result, the Alfry-
Price scheme nevertheless leads at least to a good appraxi-
mation ., The major shortcoming of the Q — e scheme is that
all radical polymerizatioms involive not only resonance and

polar factors, but also steric factors. It is certainly

conceded that steric factors limit the applicability of fhe

scheme which i1s an empirical method of correlation.
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vi- Distribution of monomers in copolymers !

Although chemical analysis of copolymers indicatgs the
molar ratios of monomers present , it does not reveal the
monomer in which the monomer units are distributed in the
copolymer , The distribution of the monomer units along a
chain will cover the range from complete randomness in the
"jdeal” copolymer to strict alternatioh in the "alternating"
copolymer . Zxpression for the "ideal' case where developed
by Wal 517&18) and general expressions for value of the

(5}

monomer reactivity ratios by Alfrey and Goldfinger as.

shown by the latter outhors, but in the symbols used here,
for long chains the probability Pll of an.Mi_radiCal adding

MI and 912 is the probability of an.Mi radical adding Maf..et&
The fractioms of the six triad types can be calculated as

follows =z

;Pll = (L + mZ;/ rlml)—l (18)
5 ,
£111= P11 | (19)
-1
Py = (}. + rymy / m,) (20)
, 2
210 12 (21)
fl]'f.a: ZHIZ (l -P 12 ) _(22)
Pop = (L+my / ramai);L | (23)
f = 2 )
222 T P, _ (24)
Poy = (L + rémé /’m1 )"L (25)
£ 2 . , (26)

121 = Po1

fopy = 2Py (2 =Pz ) | (27)
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The sequence distributions of the monomer units along

the copolymer chains were calculated from the monomer
(13)

reactivity ratio basis of terminal. copolymerization model

the variation in segquence distribution of the triad are

represents aS:flll,* f212 s fllZ " f222_’ flal , and f221 .

‘vwiji- Terpolymer composition equation

The extensive work df many investigators has coverd the
field of two component polymers so thoroughly that the poss—
ibility of preparing new compositions of this type is unlikely
except as new monomers become available . In contrast, the -
much large field of three component polymers. (terpolymers)
still provides many possibilities for new comﬁositions;'These
polymers have received relatively little attention possibly
because general property composition relationships have not,
as yet been,publicized(lg). The study of three component
systems was discovered by which a range of high-clarity
temperatures could be located easily in many three-component
systems . This method has been extended to four and five
component systems and has provided & more'systematic approach
to the study of multicomponent polymers . It has been shown
by Alfery and Goidfinger(ao)that there are nine propagatio&

reaction in determination terpolymer composition .

k X | X%
b " ]‘]" B -....—‘. —gl op— - . ——— ' I -él -\-'-
Ml+Ml---,>..—M1-Ml !»12+M1 = MZ Ml‘ . M§+.'L_L —4-—M§ 111
k ' k k
S e 12 . N _22 Yy M ® 2 YT,
ety +1,= 25 M, =M, ....1«124-*4.2 S i, M3+Ma 25, M5-M,
Kk Kk Xk
M. A2y MM | M M L2 weMomMy | M. 22y MM
My Mz-1 > My =My | ity 2 M, My M BN Mg=M
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The rate of diszppearance of individual monomers may be

expressed as':

- d Ml/dt = kll\

- d Mz/dt

N

- a MB/dt

M3

i“”l]* kallmé“Mﬂ'f k}l{ﬂé}[”i}
[Ma} + Kyp [MéHMa]+ kBZ[MBHM4

kla[Mﬂ

le[Mﬂ[m5l+ kaslgé]{m5l+ ksBKME][M%

in a manner completely analogous to thzt described for

two monomer systems (page 13) the terpolymerization compos—

ition equation, which

relates the instantapeous terpolymer

composition to the feed of monomers (using the assumption

of 2 steady state), could be obtained as :

Ml

d [M]]: d[MZ]: g [1»13] =
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The r values shown in this equation are Iy and r, values of
the three monomer palrs Ml—Ma, Ma-M3 and.Ml—M5 > In:order

to distinguish these wetter, each r-value has now two indeX

numbers

Ml - 1“12

rl: kll/klz =r12 rl: kza/k23=r25 ry= kll/k15 :r13
r,= kaa/kel =Tpoy ry= kBB/k32=r52 ry= k35/ﬂjl =r317

Terpolymerization.composition,equation.has been tested
by a humber of workers and has heen found.to describle experim-

merization within the limits to be expec-.

(21-23))

experimental copoly

ted from the accuracy of the réactiuity values
Hamczq)proposed a simler expression for the terpolymer

composition equation when polar and steric effects are absent

or when polar effects between the various radicals and monom-

ers are similar so that :

' Tyy Tpz Fzp = Ti3 Tap Top . (29)

and the terpolymer COmposition.equation.was-simplifed in the

form:
M M
: _ 2 3
. d |M : diM =M ———— ——
@ [ o] = afis) =y M i s
r M. M
=r42 f_él‘ —-I-'l-_ + M2 + ——é— H
Tiz2 | fax T23
r.+ | M M
=M ,-El S S-S ]
3 r r r >
13 31 32
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Mayo(Z) reported that Ham’s equation is potentially
usefui‘for bringing out inconsistencies between experimental
data are theoretical correlations and prediction of benavio—
urs of monomer in copolymerization . Also, Ham’s probabilities
" are sometimes quite good and sometimes very poor .

Khan and Horowitzcﬁs)studied the terpolymerization of
vinyl acetate-dioctyl fumarate-N-vinyl pyrrolidone system
and programméd the differential. terpolymer composition equat -

iom on a digital computer in the following form:

ad Ml : d M2 : d 1\'{3 =
3 M ' A —‘r :
My [er25r32 T d3r32r21}dlr12 L3t Moy M3r12J
M N M 4} I
da [Ilr32r13 + 2r13r317+ IBrerEJ iaral 23 d r 3+ d3r21] :

er12r25 + M2r15rZl : M3rl2r2J M3r31 32+ M r32+ MErBJ

Rlng(a?)studied the perdeﬁermination of the
copolymerization behaviour and the expected chemical heterg-—
geneities is demonstrated for 2-and 3-component systems on
the basis of calculations using the known of the statistical
copalymerization . The existence of ternary azeotropes is
discussed in connection with the syatem,metnylmethacrylate[
glycidyl methacrylate/styrene.

Non azeotropic, but chemically homogeneous copalymers
can principally he produded by continuous Dracesses . The

addition of & suitably selected monomer component may
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direct a copolymerization.towards.a greater chemical homo-

geneity of the product -
Ionic and corrdinativa.catalysh systems. are alsa

principally of producing statistical sequence distribution

in copolymer molecule »
The terpolymer poly (styrene-co-acrylonitrile-co-

styrylisocyanate)was;syntherlzsdﬁaa)bj radical initiation

directly from styrene, acrylonitrile and cinnamoylazide »
The monomer feed — terpolymer composition.relationship was.
determined by Slocombe®*s triangular grapz . The solubility,
intrinsic viscosity, and melting range of the various
terpolymers and the chemical reactions of the pendant

isocyanate-groups;tOWards;alcohal and amines were inves~

tigated

The terpolymerization.of acrylonitrile with styrene and

2. -3 = dibromopropyl acrylate in emulsion and dimethyl
(295

formamide solution was investigated by Karia. Saric

Polymerlzatlon, when stopped at low conversions, yielded

terpolymers that showed goad agreement hetween experimental

and theoretical éopolymerization composition datagcalculated
from Alfrey - Goldfinger equation .« The relationship between

monomer feed and terpolymer composition is displayed. on.

triangular coordinate graphs,proposed.by Slocombe , By using

‘a computer program the lines of unique comp051tlon - and

binary azeotropic comp081tlon‘for poth systers were establi-

shed . In the case of emulsion polymerization the azeotroplc

ternary point was determined . The experimental,results;of
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emulsion terpolymerization fit the calculated curves

catisfactory over a wide range of monomer compositions up

to high conversions . The influence of 2,3 = dibromopropyl

acrylate on the thermal and flammability characteristics of

the terpolymers 1s described .
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LITERATURE REVIEW

I[taconic acid is distinguished from maleic acid in being
a vinylidene compound or angl-substituted acrylic acid. It
has bheen homopolymerized employing potassium persulphate
initiator to a molecular weight of 50.0000) -, The failure
of itaconic acid to homopolymerize to high molecular weights
observed with acrylates is attributed to allylic hydrogen
chain transfer with monomer, giving rise to a resonance
stabilization_radiCal. Poly—itaconic,acid is even more
soluble in water than the monomer, and produce solutions of
relatively low viscosity . poly-itaconic acid can also be
prepared by polymerization.of the monomer esters followed by
‘hydrolysis . This is preferable to preparation via the
diesters, since organic peroxide catalyzed bulk polymeriza -
tion of the monoesters ig substantially more rapid than
polymerization of the esters . Fmulsion copolymerization of
styrene and jtaconic acid were carried out in the conventional
way, since the latter has a high solubility in water and
a very low solubility in styrenecBl) . All copolymerizations
were allowed to proceed'to low conversion,(mainly.(u%) and
this initial copolymer was isolated and purified . Copolymers
of styrene with 10-70% dimethyl itaconate, and terpolymers
with acrylonitrile, prepared in,bulk,with,peroxide catalyst,
resemble poly-methyl methacrylate but has hetter molding
properties(JEZ). Dialkyl itaconate copolymer with variety of
acrylic monomers are reported to exhibit desirable physical

properties . Levels of up to 30% dimethyl itaconate in
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methyl methacrylate casting syrups modsrate the polymeriza-
tion and suppress bubbling; flexural strength and hardness
ennhaced . The copolymerization of itaconic acid with most
monomers, produce low molecular weight copolymers probably
due to chain transfer. Copolymers of vinylideﬁe chlofide
witnh itaconic acid and a third monomer acrylonitrile or an
acrylic or methacrylic esters, are useful moisture proof and
heat sealable coating media. Itaconic acid is also copolyme-
rized in emulsion with lower alkyl acrylates for paper
coating of improvedwadhesion, In equeous copolymefization
of itaconic acid with acrylonitrile, the itaconate enters
the polymer preferentially and retards the rate of

(33 )

copolymerization
Homopolymerization of both mono-and di-alkyl esters of

itaconic acid have been prepared and characterized,(34 )

polymers with esters side chain lengths varying from methyl

to dodecyl were examined and found to exhibit a wide range

of physical proparties. While the property variation inm

these two series of homopolymers is extensive, it can be

further expanded if esters withh differing side chain lengths

are polymerized . Velickovic et al.(55) prepared. the three

0= ya= 5 P= isomers of ditolyl itaconate by esterifiecation of

cresols and itacomic acid in presence of diphosphorous

pentoxide, and then polymerized in bulk with AIBN as

initiator . The polymers were inves;igated.in dilute solution,

and the results compared,with.those for poly(phenyl itaconate) .

The presence and position of -CH3 in aromatic ring influence
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the initial rates of polymerization and solubility in
orgamic solvents. Polymers hased on diesters of itaconic
acid have received particular attention in recent years by
Yazdani(56 ). Diesters of jtaconic acid were polymerized by
both bulk and emulsion,techniques to produce a series of
samples with ester chain.length,ranging from methyl to hexyle

Shaaban et al(BT_MO) studied the copolymerization
reaction of di-(tri—npbutyltin) itaconate with methyl
acrylate, ethyl acrylate, a-butyl acrylate, 2-chloroethyl
acrylate, methyl methacrylate, allyl methacrylate, acrylo-
aitrile, styrene and N-vinyl-z—pyrrolidinone. The copolymer
composition.of each sample was calculated from tinAanalysis.
The monbmer reactivity ratios for the systems studied were
determined according to the Fineman-RoSS and. Kelen-Tiidds
methods. They also studied the ternary copolymerizationiof
di—(tri—nybutyltin) itaconate with acrylic acid esters,
styrene and acrylonitrile. The aﬁperimental.result for the
azeotropic.terpolymer composition were in good agreement
with the theoretical values.

Ham and.Ringwold‘hl ) showed that vinyl benzoate
polymers and copolymers were invariably erosslinked gels,
and they attributed this to the monomer being bifunctional,
in that radicals could add to the henzene ring as well as
initiate normal.polymerization,through the winyl gréup. The
glow rate of polymerization,of vinyl benZOgte was noted that
o explénation presenteds The highly branched and cross-—

 1inked structure of vinyl benzoate was also shown by Smets
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and Hertoghe(qa) , WNO hydrolyzed the polymer and observed
the drop in molecular walight which accompanied hydrolysis.
This kehaviour 1s consistent with Ham and Ringwald’s picture
of branching through addition to the aromatic nuclei such
1inks would be readily hydrolyzablea Burnstt anci-.".’,’rj.gg;h":('L'L3 )
showed that the rate of polymerizaylon was first order with
respect to catalyst concentration or to the light intensity
in case of photoinitiated polymerizations. The monomer
t-butyl-p-vinylperbenzoate (TBVP) was prepared by Dalton
and Tidwell(44 ), and. was homo-and copolymerized #with
styrene, metnacrylonitrile, isoprene and.phénylmethacrylate.
Ready et a1S45) studied the free radical copolymeriza—
tion of N-vinyl-2-pyrrolidone with 2,4,5~trichlorophenyl

acrylate in chloroform, and in the presence of AIBN, at 50 °Ce.

‘Ronan et algq6) orepared o-methacryloyloxybenzoic acid
by the reaction of. salicylic acid with methacryloylchloride
using potassium carbonate as catalyst and acetone as solvent;
in the presence of a 1ittle amount of hydroguinons. The
polymerization of o—methacryloyloxybenzoic acid deviates
from the classic free radical polymerization,mechanism when
the reaction is carried out in solutiom at moderatory high
temperature. The mechanism 1s characterized.by two reactions

in the propagation step, the addition of monomers unit. to

" polymeric chain and the formation of anhydride groups in

the macromolecule chains as follows :
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The copolymers of p-triphenyltin styrene and styrene or
vinyl toluene, were prepared and studied kinetically by
Sandler et al(qy ), who reported that the rate of addition
of p-triphenyltin styrene monomer to its own radical is
greater than the addition of styrene or vinyl toluene
monomers suggesting that small blocks of the tin monome
unit should be present in the polymer networx . KOChkléuB)
and Rzaev(qg) studied a series of co- and terpolymers

prepared from the reaction of maleic anhydride, styrene and

organotin diester of maleic anhydride, with the following

general structure.
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cy — CH— CH cH CH CH
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These polymers were found to be resistant to ultraviolt

aging and have vactericidol and general antimicrobial

behaviocur .

Montemarano and Dyckman(EO) reported that ths incorpora=-

tion of such biocidal compounds in polymeric backbones,such

as polymethacrylatesn polystyrenes and polyesters, produced

long lived, low-leaching organotin polymerss This chemical

conservation of the organotin,toxin %ill provide longer-tern

hiocidal effect, while reducing the pollution hazard attrib-

uted to presently used toxic compoundss These organobtin

polymers were found to be transparent, nonwettable, -film-

forming and effective against bacteria, algae and fouling

organisms. They also prepared organotin polymethacrylates

hased on tributyltin‘methacrylate with the following

structure :

?HB] | ¢ ¢d
—1 L CcH,-C CH,-C :
2 ' o™ CHZ-?
C=0 | X ?:0 ¥ o
|
; 0 0
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i 3 Hs SnPr4 "
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Zabotin and Malysheva(5l) studied the copolymerization
of tributyltin'acrylate with alkyl acrylate in solution and
reported that tﬁe reactivity ratios of alkyl acrylate with
tributyltin acrylate decreased with increasing length of.
the alkyl chain. The monomer reactivity ratios of tributyltin
methacrylate with glycidyl methacrylate were determined by

Subramanian et al(52) who reported that the copolymer
produced could be self-cured to a crosslinked product by
heatinge. .

The. monomer reactivity ratios for the copolymerization
reactions of tri-n-butyltin acrylate or methacrylate,
n-propyl methacrylate, n-butyl methacryiate,ailyl methacry —
late, methyl acrylate, ethyl acrylate, n-butyl acrylate,

acrylonitrile and styrene were investigated(55'56). ryr

values obtained indicate that most of the studied copolymer
systems should havé random distribution of the monomer units
in the copolymer chain and the tendency towards alternation
increases with increasing the alkyl chain length of the
méthacrylate or acrylic acid ester used.

vessina®7) investigated the binary and ternary copoly-
merization reaction of tri-p-butyltin acrylate and methacry
late with vinyl acetate and N-vinyl pyrrolidone. The monomer
reactivity ratios obtained for the organotin monomers were
much greater than the corresponding values of vinyl abetate
and n-vinyl pyrrolidone. Ikladious and Shaahan(sg) cetermined
the monomer reactivity ratios for the copolymerization

reactions of tri-n-butyltin meleate with methyl methacrylate,




