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CHAPTER I

INTRODUCTION

T. General Characterization

High polymers (or macromolecules) are substances of very
high molecular welight, which may be natural or synthetic in
origin and which have at least some element of structural
regularity. This definition involves an enormous range of
materials having widely different physical, chemical, and
biological properties, Naturally occurring polymers include
proteins and polysaccharides which form the structure of living
tissues and provide the food supply for many life forms,
Synthetic polymers find useg in almost every field of technology
as structural and decorative materials, electrical and thermal
insulators, paints, varnishes ang adhegiveg, and in the textile
industry, both as synthetic fibers and ag coatings for natural
fibers. Polymers have been synthesized which oifer wide
spectrum of physical properties ranging from hard, infusible
resing to substances displaying rubber elagticity even at very

low temperature.

High polymers are composed of very large molecules,
formed by linking together large numberg of gimple chemical
units (structural units). The gtructural units may be joined

together in a variety of ways; in which eimplest cage the



polymer may be represented by the formula (I} in which a
gimple, straight chain of n structural units (M) is terminated
by two end groups x and y, which may be the same or different

ag:

X —EM%;;r

(1)

The structural units of a polymer chain are normally
clogely related to the structure of the starting material or
monomer Trom which the polymer is prepared., The simplest
linear polymers are those in which all structural units are
identical; such materials are called homopolymers, whilst
polymers incorporating two or more chemically different types
of structural units into the chain ave termed copolymers.,

The majority of synthetic copolymers contain only twe types of

structural units and are therefore fermed binary copolymers.

If, however, some of the monomer molecules are trifunce
tional, i,e. capable of bonding to three other units, then
the polymer may have a non-linear structure which may he

repregented ag follows ¢

Koo M e M e T Moo = Mone X
M
M
1
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A polymer of this form, in which the structural units of the
gide chain are identical to those of the main chain (br back-~
bone), is said to be branched., If the side-chains of a branched
polymer are formed from siructural units which are different
from those of thz backbone, the polymer is termed a graft
copolymer, The presence of trifunctional units in a polymer
chain allows wide variations in molecular geometry, for example
a side chain in a branched polymef may be terminated either
with a monofuncitional end-group, or by reaction with a tri-
functional unit in another chain., In the latter cage two
chains become joined by a crosslink, If crosslinking becomes
extengive, the polymer forms networks which may be two- or
threedimensional, The formation of threedimensional networks
during polymerization results in a cross-linked network which
forms a gel fraction, insoluble in solvents appropriate for the
noﬁcrosslinked material, whilst the remaining soluble, branched
but uncrosslinked material forms a soluble fraction. The
conversion at which gel formation occurs is termed the gel
point. In dealing with highly croaslinked polymers, the
concept of molecular weight becomes increasingly meaningless
and, at high degrees of crosslinking, the entire polymer

gample may be regarded as a single molecule.



2. Clagaification of Polymers

Garothers™ classified ail polymers into two types:
a: Condengation polymers,

b, Addition pelymers.

A condensation polymer is oﬁe whici: does not have the
seme comgosition as the monomer or monomers from which it was
formed oxr tc which it may be degraded by chemical means. Thege
polymers 2re formed from hi- or poly-functional monomers with
the elimination of some smaller mclecules as a by-product,
such ag water, rethancol, hydrcgen chlioride, etec,.. For
example, a polyegter is formed by typical condensation reaction

between bi-funciional monomers, with the elimination of water,

n HO-~ R—0H + n HOOC —-R'—COOH —

HOf-R= 0% CeR'ma CuQmE + (2n-1)H,0

7] it “n

0 0
An addition polymer ig one in which the recurring units
-have the game composition as the monomers from which they are
formed. These polymers are formed from bi- or poly-functional
monomers by the addition of one monomer to another without the
loss of any vortion of the monomer., The polymerisation of

vinyl monomers is an example of this class.

n C‘.H2 = CH e {(}Hg - CH}
| é In



In most vinyl polymerizations, if polymerization is
stopped at any instant and the polymer examined, it is found
that the mixture consists of unchanged monomer and high molec-
ular-weight polymer., This general picture contrasts sharply
with +ha% =xzisting in polycondensation reactions, in which all
of monomers has to be converted to low molecular-weight oligo-
mera before polymerization progresses to give high molecular

weight producta.

3. Free Radical addition polymerization

Free radical addition polymerization is a very powerful
method for the preparztiorn of polymers from a wide variety of
unsaturated vinyl, vinylidene and diene monomers and ig one of
the most widely utsged industrial methods for the manufacture of

additicr »nolymers,

Mechanisms of free 1adical pclymerization

Addition polymerization by mechanisms involving free
radicsls 23 chaln carriers requires the normal sgteps of initia-
tion, propagation, and termination, typical of all chain

reactions.
1., Initiaticn

Initiation of a radical polvmerization requires the



creation of radicals capable of reaction with the monomer:

K.
R* + CH,=CHx -t . R -

m—Q—m
H
txxbtle g

A number of methods are available for this process.
Direct thermal initiation of some monomers (especially styrene)
can be uged, The mechanisms by which thermal initiation occurs
are not very well understood. High energy radiation, iz offen
effective in initiating polymerizetion but these methods are
difficult to control and in many cages lead to ionic rather
than radical reections. In the vast majority of practical
polymerizations, radical production is brought about by thermal
or photochemical breakdown of an added initiator, A wide
variety of substances are employed as initiators but they

mogtly fall into one of the following three groupa:

(a) Peroxides and hydroperoxides

Many orgenic peroxides and hydroperoxides are thermally
unstable and decompbse to produce radicals which are capable
of initiating polymerization, In the temperature range 35-80°C
radicals are easily generated by the thermal breakdown of
benzoyl peroxide, which is one of the most widely used initia-
tors for vinyl polymerization:

0 0

I ol 20 ,
C6H -C—O-O—C-C6H 3 2 CsHSfC\‘O_-—~9- 2 06H5 +2002
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Thig reaction is a two-stage process (Barson and Bevington,
1956)2. Its kinetics are not acourately first order and the
rate of dedomposition varies considerably with the solvent
employed for the reaction, For these reasons, the use of
benzoyl peroxide may create complications in detailad studies
of polymerization kinetics and other initiators are often

preferred,

(b) Azo initiators

Radicals may be generated by the thermal br photochemical
rupture of aliphatic azo-nitriles and related compounds, The
mogt common example of this type of initiators is azo-big-
isobutyronitrile;

My O 3
CH3 ~?-NH=N—-?—-CH3 e T 2 CH3——?' + N2

CN CN CIy

The decomposition of this compound is accurately first
order (Lewis and Matheson 1949)3 and the rate is much less
affected by changes in solvent than is the decomposition of
benzoyl peroxide. Thus, azo-bis-isobutyronitrile is véry
frequently used as an initiator for research studies on

radical polymerization,



{c) Redox initiators

Al low temperatures. free-radicals are cbnveniently
generated by redox initiators (Bacon 1955)4. In such gystems
initiation takes place ag a consequence of an ovxidationsreéduc—
tion reaction between two initiator components. One common

redox gystem is the combination of an alkyl or aryl peroxide

or hydroperoxide with an oxidizable metal ion in its reduced

state:

R-0-0-R + M*—3 w* .+ RO' + RO

Polymerization in aqueous media is readily initiated by

thermal fission of persulphates, e.g, KESEOB’ as follows:

5.0,

»0g —_— 2 SO4

The initiation rates achieved in using persulphates may be
increased by the use of a second catalyst component to provide
a redox syétem. Typical accelerators of persulphate decompo-

sition include metal iong in low oxidation states,

2'}‘ 2"' 3+ 2"' M
Fe + 5,04 —— Pe + SO4 + SO4

and bisulphite ions:

2w - 2= . .
8208 + H803 —_— SO4 + 804 + HSO3



Particularly important are the redox reactions commonly ocecurr-

ing in aqueous media involving electronh transfer processes,

2. Propagation

Pree radical chain propagation proceeds by the rapid

addition of monomer molecules to the active radicals generated

in the initiation step. The process is repeated as many more
monomer molecules are successively added to continuously

propagate the reactive center:

X 515 X
! t
R~CH, - C* + CH.=CH ———— R~CH,~C-CH, -C*
2 e 2 2
H x
+ CH2==CHX
I
R-CHy = § = CHp = ¢ - CHy= ©
H H H

There are two possible points of attachment on monosub-
gtituted (x = H) or l-l~disubstituted monomers for a propaga-

_ting radical either omn carbon 1 or carbon 2 :

x X
I |
R'" + ?:CHz e R"(E"CHé ) (1)
N y
or ¥ <
1 I
R' + C=CH, —> R - CH, - € (2)

J y
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If each succesgive addition of monomer molecules to the
propagating radical occurs in the same manner as equation 2,
the final polymer product will have an arrangement of monomer

units 5n which the subztituents are on alternate carbon atoms:

A SN SR S
WCHZ—'C—CHE—?—CH2“(E“‘CL‘IE"?“Cfiz—'CM
¥ : y ¥y ¥ y

This type ol arrangement is usually referred to as a head-to-

“x/ngme.

tail of mounomer units. 4 inversion of this mode of-addition
of fhe“;;£§ﬁgéwéﬁaiﬁr;ropagating alternatively via equation
2 and 1 would lead to a polymer structure with 1,2- placement
of substituents at one or more places in final polymer chain
which is variously termed head-to-head placement or tail-to-
tail placement. The head-to-tail placemént would be expected

to predominate. _ .
ff/tail-tqatai%/,ﬂ

i 0 TAF — X T
~wwm CHy = G CHy = G- CH,y =C = € = CH, = CH, -G ~CH, - O
y y y ¥ | y y
b~ |

(head-to-head

L“l_ﬁ D e -

3. Termination

Termination of growing poclymer chains may occur in a

number of ways:
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(a) By recombination of two growing chain radicals; resulting

in the formation of "head-to-~head" linkage ast

R ‘tCHZ--ChX:{.—n CH2-CJ:: + XHC'"CHE‘E CHX"CHz:_[Lﬁ B —— |

Tow o —twr
R {(}H2 CHx ooy |G-l R

(b) By disproportionation between two growing chain radicals,
in which a hydrogen atom can be transferred from one radical
to the othsr giving two polymer molecules, one saturated and

the other possessing an olefinic double bond at one end.

R-LCH —CHx— CH.-CHx* 4 H10~CH.. | CHz-CH. L R
T OHpmCHEyy CHy=CHx™ o+ 3OOl T OOl —>

(c) By recombination of growing chain radical with the primary

radical derived from the initiator:
(e (T - _
R—ECH2 Cﬁx] o CH2 CHx®* + R —3 R CH2 CHx T R

Chain trangfer

A prowing chain radical may abstract an atom from another
molecule and thus become gaturated, and the molecule from which
the atom has been absiracted will then become a radical and

gtart a new chain:
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J
] |
~¢~CH2—?H + Rl-y ———-~%~wCH2—?H + Rl
X X |
' i + CH2=CHX
Polymer ‘ Polymsrization Rl—CHE-CHx‘

Chain transfer of this type may cccur with initiator, the
solvent or other compounds which have been added in order to
pronote chain transfer, and with growing or complete polymér
chains. Among the common initiators, the hydroperoxides as
t-butylhycroperoxide or cumene-hydroperoxide are the ones with
a tendency to transfer reactions, whereas benzoyl peroxide,
and egpecially azo-bis-igobutyronitrile, do not take part in

transfer reactions.

4. Kineticg of radical pelymerization

If we denote a primary radical, derived from the decompo-
sition of the initiator, by R® and a propagating radical having
n monomer units by Pﬁ then we may write the following kinetic

gcheme for radical polymerization in the absence of trangfer

reactiong:
KD
Initiator —_— 2 R‘?
K Initiation
R* + M o *, Pij
KP ]
i_'c”'l' »
Pn + M ———— e Pn+l Propagation
Kt
P 4+ P —-2%  Polymer Termination



- 13 -

The rate of generation of active centres'Pi ig taken as
I, and Kt is the sum of the rate constamts for termination by
combination and dispropofﬁiohatibn;‘primary radical termination
ig neglected since its effécf is noticeable only at high
initiator or low monomer concentrations. In order to treat
the kinetics of this reaction scheme in any simple way, it is
necessary to assume that the propagation rate may be defined
by one gingle rate-~constant Kp. Por the reaction scheme under

consideration, we may writes

~a[mMl/at = K, [Pi][M] + K, [Ri][m] (1)

If; as in most practical caées, the rate of consumption of
monomer by propagation is very much greater than that by

initiation, the rate equation simplifies to :

- afu]/as = x [P']’[M] (2)

The final assumption which we shall make in this treat-
ment is known as the stationary-state apprdximation. It is
agsumed fhat the rate of change of the concentration of radie
cals in the system is very much lower than the rate of consum-

ption of monomer, i.e.,

. |d [;P'J/dtl << ‘d [M]/dtl (3)
This c£iterion is normally expressed by stating fhat d[?‘}/dt

can be get equal to zero, i.,e, that radicals are created in:
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the initiation step at a rate equal to that with which they

are destroyed by termination. Thus we have :

a [pJrat = 1 - k, [P] 2% = o (4)

-

where I = 2fK '_Initiator |; £ Peing the initiator efficiency.
Hence, _
1
[p] = (k¥

So that by substitution in equation (2) we obtain s
Tl 7 - Y% Y
- dul/ar = K /K" [w]. 1 (5)

Polymerization equation (5) describes the most common case of
radical chain polymerization and should apply to the initial
stages of radical polymerization. It shows that from equation
(5) the order of reaction regpect to the monomer concentration
is & f{first order and one-~half order resgpect to the initiator
concentration. This dependence has been confirmed for many
different monomer-initiator combinations over wide ranges of
monomers and initiatorss"a. Deviation from this behaviour are

found under certain conditionsg.

5. Free-radical copolymerization§§

Free-radical copolymerization may be defined as a process
ittt
whereby two or more monomers are integral parts of a high

polymer via radical chain reaction. A copolymer is the product
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resulting from such a process. . The importance of the frea-
radicel copolymerization, is a method for modifying the
properties of polymers, Hard polymers,'as for example, poly-
vinyl chloride, can be made gofter, by copolymerization with
monomers whose homopolymers are rubber like, such as vinyl
ether or acrylic esteérs. There ig a gerieg of monomers, such
as malelc anhydride, the fumarates, the maleates, and vinyl
ethers, which by themselves do not polymerize, or only slowly
by radical mechanism, are often used as the components of a

copolymerizatior and then copolymerize By a radical mechanism,

Copolymer coupcesition eguation

.The composition of the copolymer molectles which are
forming at a given time in a mixture of two monomers depends
on the relative rates with which the two kinds of monomer
units enter a copolymer molecule, When the rate at which a
monomer adds to the polymer chainﬂggg;nde only on the mgnomer
unit at the end of the chain and not on the next-last monomer
udit (penultimate), the composition of the copolymer is
determired by the molar composition of the mixture of monomers

and by the rate constants of the following four reactiomsiOr3l,

K

M2+ My 1l el M7 (1)
K
by o+ M, 2w (2)



ani. M‘Z‘ + N _____+K22 WMQMé (3}

K
y 21

L > MMy (4)

where K11 ig the rate constant for the reaction in which

'MM-Mé +

monomer Ml adds to a radical chain ending in Ml, K12 is the
rate constant for‘the reaction in which monomer M2 adds to a
radical chain ending in MI eeo etC, The compogition of the
copolymer that ig formed could be related to the concentration

of the two monomers in the feed as follows ¢

From the copolymerization reactions (1-4), M; and M, are used

in the reactiong ag 1

k[ ] + %y [0 ] [, | (5)
al1] ¢ Ry, ] o

The ratio of the amounts of the two monomersgs incorporated

H

-4 [Ml] /at

- alu,)/at

into the copolymer in an infinitieimal period of time is given

by dividing equation (5) by equation (6) to get

aju] il Ky ()7 5] + Koy
ae, ] ] Ky [Mi]/[M5] + Koo

The ratio K,,/K;, and K,,/K,, ave defined by r, and Ty

(7)

respectively, and termed the monomer reactivity ratios which

measure the relative gffinities of different monomers for the



two extremeg of ideal ang alternating behaviour. The altep-
nation tendency ig meagured by the tendency of rl » Product

T e

t0 approach zero, In this_case, when T, and T> are both legg

alw] i

e =

] T

(¢) when T, 5 1, thig ig @ rare case ang ir 44 exists, it
leads to the 8ynthesig of blocks of Copolymers op 8 mixture
of the homopolymers.

Methods of calculati monomer reactivist ratios
Tm—————CL8&’culating mo —25) ratiog
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All procedures depend on copolymerizations carried out td low
degreeg of converéions (Less than 10 %), and the experimental
data can be analyzed in several ways. The more established
procedures involving determination of monomer reactivity ratios

are :

(a) Intergection method  -M0)°

This method, originafed by Mayo and Lewis]l, depends on
the copolymerization equation (equation 8, page 17), which can

be expressed in terms of molar ratios instead of concentration

aslB :
N L
rz/a +1

where a and b are the molar ratios of the comonbmera in the
feed and copolymer respectively. In this method for each
single copolymerization result, ry is allowed to take a selec-
ted value in the copolymerization equation, and r, is plotted
as a function of Ty . The straight lines corresponding to each
experimental result should intersect at a common point giving

the ry and ré values,

(b) PFineman-Rosa method

. : 1
Fineman and Ross 4 were the first who arrange the diffe-

rential copolyner compositiosn equation in the following form:
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a ‘
8~y T 1%
a~-a/b as the ordinate againgt 32/b as -abcissa, the slope of

the straight line is ry and the intercep% is =Ty When the

polymer composition measurements are-précise, this method is
very convenient and frequently used due fb’itS'simplicity and

accuracy. ‘
. _/Sgﬁx
. 15 B
(c¢) Joshi-EKapur method ﬂ

o

This method is published in 1954 with a view to eliminat-

ing subjective error in the location of the best point in the

intergection method of Mayo-Lewis plot. a

(d) Tidwell-Moriimer method ' Y

In detailed critical treatises, Tidwell and Mortimert®
pointed out the defects of the different methods, and suggested
a standard computerized procedure; the noniinear least square
method. This method presumes that there is no possible experi-"
mental error in the independent varlable; the monomer compogi-
fion of the feed; and that the absolute error in the copolymer .

composition is independent of its value or constant,

(e) Yezrielev~Brokhina=Roskin method

Yezrielev, Brokhina and Roskin®’ transformed the linear

eguation of copolymer composition into the symmetrical form as:




a/b%.r1 - b%/a.r2+ fl/b%—— b%)-= 0

where a =.M1/M2(molar ratio of the two monomers in the
comonomer mixiure),
and b = M;l/m2 (molar ratio of of the two monomers in the

¢copolymer,

In this method the theoretical line is situated evenly
- between the experimerial points of positive and negative error

which le2ds to dotermination of reaetivity ratiog more accurate,

(£ Kelen~Phads method

- Thisg is the mogt rascent method published by XKelen ang
Tﬁdgsla for caleulating the morsmer reactivity ratios based

on a new graphiecally evalusble linear equation as follows:

v Teye X2

{ = (I’l + ‘a:‘“)u P
4y a{b-1) a2 8min, ¥ 2max,
here = v 0 b7 i i o - SBin.x Omex
%""‘ i - {bmin. x bmax-

The veriabls ¢, conrct trke any positive value, only those in

interval (0, 1), Thus, plotting the ¥/ values in the function

1
£
£

of €;= Cand &= 1 gives ~ré/a: and r, respectively (both as

intercepts).




zctore affecting monomer reactivity ratios

| With respect to frec-radical éopolymerization, it may be
atated that reactivity ratios are comparatively little influe~
need by st common varisbles such as conversion, solvent and
method of polymerizafionl9. In the range of temperatures from
roum temparature to about 100°C there is little variation in
reactivity raticz in binaxry copolymefizations. Howéver, thefe
is a terndency for the Ty, product to approach 1 as temperature

increases. Copolymerizetion has been affected at temperatures

as -78°C and temperatures as high as 130°C, with large change

in reactivity ratios. With respect to the soivent, numerous
studies have been made which indicate that a change of solvent
has 1little effect on monomer reactivity ratios. Accordingly,

a highly polar or nonpolar golvent, does not appear to influence
the value of resctivity ravios, The effects of dilution on
reactivity ratiog have been gtudied and it hag been concluded

that no subgtantial effect exists. Also, polymerization by

golvent-nonsolvent teﬁhniqaes gives reactivity ratios similar
to those of homogeneous system,'that ig the precipitation of
copolymers durinyg polymerization does not alter reactivity
fatios. Monomer reéctivity ratios have also been found to
vary with prsssure, for example, copolymerization of methyl

methacrylate and acrylonitrilezo, the product of T, inereased




from 0.16 (at atmosphere pressure) to 0.91 (at-1000 atmosphere)
indicating that increagsed pressure increases the tehdency for

this system towards blocks,

Terpolymer composition equation

- Chenigts sometimes polymerize mixture of three {or more)
monomers with the intent of preparing multicomponent polymers
that will have the properties requlred for a specific use,
The commercial importance of multicomponent polymerization
has rapldly increased in the last decade. Incorpofaﬁion of a
third monomer developed gross effects oh the properties of
copolymers such as heat resigtance, tensile gtrength, elagti-
city, tranoparency and solvent resistance. It is desirable
to know the relationghip between the ratio of a given get of
monomers and the corresponding copolymer compegdition, It hag
been shown by Alfery and Goldfinger21 that there are nine

propagation reactions in determination verpolymer compositions

‘ K
L] L KEl -~ e L] 31 - .
e M2 4 _L...M My M, S5 L My M4, -2 5 My Ml
K, Lo K
e} 4, _%.-Ml M |2 10, —25 g b ~US, 25 s
X %23 %33
""’M +M ﬂMl—.t' m B +M3 —_— wM2 —MB NM3+M3 L »-MB-MB

In order to pradict the behavicur of a three- component
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systém (Ml-Mé~M3), it‘is necegsary to know the copolymerization

tion as follows:

MM, M, -1 . M- i
A T P Koo/%p3= 1y, RS AT
ro= K50/%,,

In a manner completely anélogous to that described fopr

21 o7 Ky = vy rs K33/K5y = 1y

two component systems (page 15) the terpolymerization compo—
gition équation, which relates the ingtantanecug terpolymer
Compogition to the feegq of'monomers (uging the assumption of

a stéady gtate); eould be obtained ag.

*21 21732 T3Tp |

[ n MQ“'-MB“ M - M| [u
:[Mg]_l__;] LANNEN MJ+[I [_L]J

| I‘lzrsix‘lersaf%zrnj 2

-

| B i U w1l 0 M, ]
d[Ml}: d[MZJ= d[M3]= [‘Mlﬂﬁgi_] :' [ 2] - LB] [Mll-t» [-2.].. + [Elj

] o] o]
g Jf‘"lar'zfrefi? T13%23 ¥
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Ham 25 proposed a simpler expression for the terpolymer

Comp08+t10ﬁ equatlon when polar and gteiie effects are absent

or when polar effects between the various radicals and mono-'

mers are gimilar so that :

Tle o3 f31 = Ty T3p Tpy.

and the terpolymer composition equation was gimplified in

the form

d Ml] : d[ME

S
£a
LB
| S
i
B
o+
=
Hp“
+
H}jﬂ
bt

May026 reported that Ham'sg equation ig potentially ugeful
for brlnalng out 1nconsisten01es between experimental dats are
theoretlcal correlations and prediction of behaviourg of mono-
mers in copolymerlzatlons. Also, Ham'sg probabilities are

sometimes quite good and sometimes very poor,

Khan and Horowitz27 studied +the terpolymerizatlon of

vinyl acetate~dioctyl fumarate-N—vinyl pyrrolidone system

and programed the dlfferentlal terpolymer comp091t10n equation

on a digital computer in the follrwing form s
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d Ml s d M, : d M =

-

.
N, M1r23132 f Mér31r23 + M3r32r21j#y1r12r13 + M2r13 + Mjriz

-

2

M2¢M1r32r13 + M2r13r31 + Mjr12131];¥érélré3 + er?B + Mjrél.‘

p—

MBHE:r12r23 + M2r13r2l + M3r12rél] ?5151132 + er32 + M’2r31J

Organotin Polymers

Since 1950, systematic investigations have been carried
out on organotin compounds as biccides. There is a current .
trend away from the use of organolead and organomercury com-
pounds due to their high mammalian toxicity and their rela-
tively adverse effects on the environment. Organotin compounds
are even eventually degraded in nature to give non-toxic
inorganic tin residueSZB. The action of organotin compounds

towards fungi, bacteria, marine organisms, parasitic worms,

aguatic snails and insects have been studied. The most
important of these ig undoubtedly the use of organotin comp-
ounds as fungicides in agriculture, application in antifouling

caotings, and wood preservation.

Montemarano and Dyckman29 reported that the incorporation
of such biocidal organotin compounds on polymeric backbones,

such ag polymethacryletes, polystyrenes and polyesters,
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produced long~-lived, low-leaching organotin polymers. This
chemical conservation of the organotin toxin will provide
longer-term biocidal effect, while reducing the pollution
hazard attributed to presently used toxic compounds., Thege
organotin polymers were found to be transparent, nonwettable,
film-forming and effective against bacteria, algae and fouling

organisms.

The .literature dealing with organotin polymers is not
extensive due to the Secrecy which surrounds its most appli-
cations. Organotin polymers may be classified as éubstances
containing tin atoms, bound to carbon, in the main chain or

pendent in side chaing,

a) Tirn atoms in polymer main chain

Generally, the gynthesis of polymers containing tin atoms
in the polymer backbone are carried out by condensation methods,
For example, organotin polyesters, were prepared directly by
the reaction of organotin dihalides with the sodium salt of

diacids as follows :

RQSnCl2 + R'(COONa)E — —+Sn(R2)OOCR'0001“- + 2NaCl
L Jn

Alternatively, organotin diacetates or dibutyltin oxide can

be reacted with diacids %o form gimilar productsBo, which were
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characterlzed by a lower order of polymerization due in part
to cyclization reactions. Also, the condensation products of
a bisphenol and a mixture of a diorganotin dihalide and acyl
halide of a dicarboxylic acid were reported31 to be linear

chain as follows :

<t i,

Noltes and Van der Kerk32 studied the reactions involving
organotin dihydrides and diolefins to brepare organotin poly-

mers of the type :
RESnH2 + CH?= CH~R~CH = CH2 ——

?_ -
| n
R

Another route to the synthesis of polyesters having tin
in the polymer backbone has been described by Leebrlck33, who
prepared polyurethanes containing tin as follows :

0
HO~CH,~07_ R

0 ~
::Sn

N

R(NCO), +

0
- -
HO~EH, q*o
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o m o9 o B 9 ‘
HIC—N-R-N~C—OumL—C-O«?n*O—Cmﬂ%J)
R? "

b) Tin atoms pendent to polymer chain

Polymers containing organotin groups pendent to a carbon
backbone are generally obtained by free radical initiated
polymerizations of unsaturated organotin ester monomers.,
Montetmoso et al-? prepared a series of monomers through e
reaction of organotin oxides or hydroxides with unsaturated

acide as followa :
(R3Sn)20 + 2 R'CH=CR"~CO0H —— 2 R'CH=CR"COOSnR3 + H,0

where R, R' and R" = H, alkyl or aryl. These unsaturated
organotin monomers could also be prepared by the reaction of
organotin halides35 or tetrarylting with the unsaturated
organic acid. A considerable number of organotin polyacrylates
have been prepared from their respéctive monomers, and poly-
merized using bulk, solution and emulsion polymerizations;

which may find application as films, foils and coating534.

Adrova et a136 prepared poly tributyltin-4t-vinyle-q-
biphenyl carboxylate angd reported it to be eolourless
soluble polymer, stable at 165°C, aas :




)
COOSn(C4H9,3

Similarly, Leebrick 37 prepared an analogous sgeries of
polymers baged upon vinyl benzoic acid ag illustrated below :

e

{C’Hz - cP:I—n

COOSnR3

383

Koechitin~ 39

and Rzaev gtudied a geries of co~ and ter-
polymsrs prepared from the reaction of maleic anhydride,
styrere and organotin diester of maleic enhydride, with the

following gensral structure :

S SR

CH ~ CH ~CH,.-CH -« CH cH
I j 2 | b n
O=C C=0 - C=0 C=0
L ~ 0/ I | A
' 0 0 |

én(Bu)3 Sln(Bu.)B



- 32 -

These polymers were found %o be resigtant to ultraviolet aging

and have b

Montemarane and Dychman2

erylates b

methacryla

e é Ll ?
) 1
- “'HB SnPr, J n

actericidal and genersl anti-microbisl behaviour,

Q
” prepared organotin polymetha-
aged on tributyltin mevhacrylate ond tripropyltin

e with the following general gtrusture

s

!‘ :%:}13 “”'
CH,_ - - -

L 1]

They studied the toxin release of such copolymers and reported

that tributyltin nethacrylate-methyl methacrylate

copolymer

relcased 45 % less organotin ions $han polytributyltin methg-

crylate, iadicating that the degree of leaching frcm an organo-

metallic p

ite polyme

olymer may be contiolled by chemical modification of

r matriz, Therefore, the optimal cffective material

exhibiting 2 minimal amount of leaching can be produced'by

varying the ratio ol vrganometallic monomner to inert comonomezy

along the copolymer backbone,

Evans et al,

28, working on the same subject, reported that

the incorporation of two RBSn groups guch as tributylé and

tripropylting, into a polymeri¢ mnetwork widens

.the spectrum
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of effectiveness but would otherw1se prove too toxie for

genercl uge. .

F“jitun14o prepored emulesicns of orgonotin polymers,for
Lwee es antifouling peints,by terpolyﬁerization of triphsn&l—

tin nethaerylote ynethyl methecrylate and o hyl acrylate;

Alsoﬂuntifoul irg pointa formulations based on- 6llyl 2«4 -~
dichlorcpliencsy ucetalbee butyl acxylates. trlbuujltin

acrylate terpolymar were prepared and tested by Metsude et &145

Atherton and oonworkers42 examined copolymars prepargd
from tributyltin methacrylate with methyl methacrylate,
gtyrene cnd butyl acryldte,fdr the rate of toxin relense and
£ilm eroslon,und concludod that bettesr conirol of toxin
relonse 13 possidls by the coirect choice of the ccpolymer

constituenta,

Yo much work Los been dore to study tae kinetics and
copclymerization parameters of organotin monomers to 1lluse
trate fhe composition and distribution of the orgonotin
moiety within *Hercopolymar chaing.However ,in o comparison
study Xo= on4 notod that triphonyltin nethacrylate polymerlzes

more ropidly tici methyl mothocrylate,

Copolymérs off p-triphenyltin styrene and styrens or
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vinyl toluene,were prepoared and studied kinetieally Sy
sondler et al44,who reported that the rate of addition of
p-triphenyltin styrene mqn@mer to its own radicel is gracter
_than the addition of styrens or vinyl toluene monomafs‘ '
suggesting that small blockas of the tiﬁ monomer units should

be present in the polymer network,.

Zobotin and Maiysheva45 studied the copolymerizations

PSRRI

of tributyltin ccrylate with alkyl aerylates in solublon,
end roported that the redctivity ratios of alkyl ocrylate with
tributyl¥in acrylate decreased with increasing length of the |
alkyl chain, |

The monomer reactivity rotios of tributyltin methacrylate
with glypidyi methacrylate were determined by Subramonion et
a146 who reported that the copolymer produced could be self-

cured to & crosslinked product by heating;

Mode of action of erganoting .
It may be stated that only very fsw orgonotin compoundé4z

0.8+ triethyltin salts are highly toxic and the aconomically

important tributyle,dibutyl~,and triphenyltin compounds are

known which cre hardly toxic at all,

The main site of action of these compounds appears to be
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the outflow from the polymer is governmed by the chemical
hydrolysis of the polymer-pesticide bond, not simply the

‘dissolution of the toxicant.

5. The toxiec surface itself which prevents fouling by giving
the fouling organisms a "bad taste" wher. they attempt to -

settle on the surface.
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Aim of thé Present Work

Organotin compounds find widespread applications as
biocides against‘bacteria, fungi, aquatic snails, marine
organisms and insects. The incorporation of organotin com-
pouﬁds onto polyacrylates or polymethacrylates pfoduces long-
lived effective organotin poiymers that reduces the pollution
hazards attributed to toxins., It is evident that thé physical
properties of organotin polymers and-.copolymers is greatly:
affected by the orgénotin moiety in the polymer chain. Also,
the biocidal efficiency of sBuch organotin polymers is influen-
ced by the composition and distribution of the organctin
monomer in the copolymer matrix. VIn gpite of {the great
practical interest of polymefs and .copolymers containing tin,
no much work has been done concerning the kinetics and copoly-
merization behaviours of organotin monomers. Thus, in the
present work tri-n-butyltin acrylate and tri-n-butyltin
methecrylate monomers were prepared through the reaction of
tri-n~butyltin oxide %ith acrylib er methacrylic acids,
respectively. It was aimed to determine the copolymerization
parametérs and to discover any azeotropy df these orgénotin
monomers with alkyl methacrylates and aslkyl acrylates as well
as acrylonitrile and styrene, also to calculate the disfribu—

tion of the organotin monomer in the copolymers showing



azeotropic béhaviour. It was also aimed ‘{0 prepare terpoly-
merg involving organotin monomers as well as acrylonitrile to
illustrate the variation of both instantanecus and aférage
terpolymer cbmpositions'with:conversion on the basis of
determined reactivity ratios. These vaiues are expected to -
be very useful in selecting a suitable copolymer or terpolymer
with a regular distribution of monomer units for'bbtaining
optimum physical propértieslas well as increasing its bio-

cidal efficiency.

The bltimate aim of this work which will be continued
further to the present work is to reach such copolymer and
terpolymer compositions which satisfy all practicai require~
 ments.of molecular weight, épplication viscoslity, Uniform
distribution of the toxlc constituent, stability upon storage

and longterm effective functioning in the desired application.



MATERTIALS AND METHODS
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CHAPTER II

MATERTATS AND METHNODS

A. Materials

Acrylate and methacrylafe monomers, namnely, methyl
methacrylate (MMA), éllyl methacrylate (AMA), methyl acrylate
(MA), ethyl acrylate (EA), and n-butyl acrylate .(B4) ﬁere
E. Marck Darmstadt, products and were freed from inhibitors
bj distillation under reduced pressure and the centre cuts
Were retained for use. Acrylonitrile (4F) and styrene (St)

monomers were also purified by wvacuitm dis+illztion,

The bis(tri-n~butyltin) oxide (TET0) was obtained firom
M & T Chemicals, Rshway, New Jerbey, and the free radical
initiator, azo-bis~isobutyronitrile (AIBN) from Eastman Kodak

co., was recrystallized from absolute ethanol, m.p. 102°C,

411 solvents used were of reagent grade and were purified

by distillation bafore use.

B~ Methods

1. Preparation of n-butyl methacrylate (BMA)

n-Butyl methacrylate monomer was prepared according to
the method of Munch-Petersensl through esterification of

methacrylic acid with n-butyl aleohol. . Thus, to a solution
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- of methacrylic acid (258 gm, 3 moles) in 300 ml benzene, in a
1 L flask, butanol (370 gm, 5 moles) was added and about 8 ul

concentrated sulphuric acid was added dropwige to the reaction
mixture., Also, 10 gm of hydroquinone was added to.the reaction
mixture ag inhibitor. The flask was placed over a boiling
watér bath and provided with an azeotropic separator connected
to a reflux condenser. The reaction mixture was heated under

reflux for about 6 hours or until no separation of aqueous

phase occurred. The coocled reaction mixtufe wag diluted with
200 ml ether, washed with dilute sodium bicarvonate solution
until neutral to litmus and dried over anhydrous sodium gul-
phate. The solvent was distilled off and the n-butyl methac-
rylate ester was purified from excesg butanol by fractional

distillation, b,p. 160°C,

2., Preparation of n-propyl methacrylate (Prd)

n~-Propyl methacrylate monomer was preparaed according to

o1 uging the same procedure described before,

MunchmPeteréen
based on the esterification of methacrylic acid with n-propyl
alcohol. The prepared n-propyl methacrylate monomer was

purified by fractional distillation, b.p. 140°C.
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3. Preparation of tri-n-butyltin acrylate (TBTA)

The tri-nmbutyltin acrylate monomer was prepared according -

52

to a modified method by Cummins and Dunn’S, based on the

esterification of acrylic acid with tri-n-butyltin oxide as

follows :
’,H. (C4H9)3Sn\ E

2 CHQ_C\\ + {O — 2 CH2—7. f H2O |
. COCH (C4H9)38n g:o

: i
Y. ~8n
(()4}]29,3 7

Thus, tri-n-butyltin oxide (100 gm, 0,167 mole) was added to
300 ml light petroleum in a 500 ml conical fiask and the
golution was stirred with a magrnetic gtirrer. Acrylic acid
(24.16 gm, 0.335 mole) was added very slowly in a period of

2 hours at room temperature. After all the acid was added the
reaction mixture was dried over'anhydrous sodium sulphate and
‘filtered, The resulting solution was left overnight in a
refrigerator and the tri-n-butyltin acrylate monomer separated
out as colourless needlelike crystals; it was collected by
filtration and purified by recrystgllizatioﬁ from petroleum
ether, m,p. 75°C., The tin content of the monomer was found to
be 32.71 % against a calculated value of 32,96 %. The yield

was almost quaniitative.
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4. Preparation of tri-n-butyltin methaeryviate (TBTMA)

The tri-n-butyliin methacrylate monomer was prepared
according to a modified method by Cummins and Dunn52, through
the esterification of metihacrylic 2cid with tri-n-butyltin
oxide as followa :

CH
2 CH,=C-CO0H + 0 — 2 CH =
2 -
(C4H9)38n

Thus, tri~n-butyltin oxide (100 gm, 0,167 mole) was added *o
300 ml light petroleum in a flask equiped with a mechanical
gtirrer. Then, methacrylic acid (28.8 gm, 0.335 mole) wasd
added slowly to the solutidn while cooling down the flask to
-maintain the reaction mixture temperature below 30°C., All
the aocid was added dropwise in a period of 2 hours and the
reaction mixture was left overnight in a refrigerator. The
reaction mixture was poured over dilute sodium bicarbonate
golution, washed with water in a geparating funnel and the
organic layer was collected and dried over anhydrous sodium
sulphate, then filtered. The resulting solution was left
overnight at ~15°C to produce triwn—butyltin methacrylate as

colourless needles; it wag collected by decantation of the



supernatent liquid. ihe producf was recrystallized from
light petroleum af§ -15°C, and excess of the solvent was
removed by vacuum evaporation. The tri-n~butyltin methacry-
late monomer produced melted at 18°C, and its tin content was
found to be 31.30 % against a calenlated value of 31.73 %.

The yield was almosgt quantitative.

5. Polymerizaticn of ftri-n-butyltin acrylate

Polymerization of tri-n-butyltin écrylate was carried out
by solution polymerization in toluene %o study the effect of
both monomer anc initiator concentration on the rate of poly-
merization. Thus, the required amounts of the %in monomer
in toluene (0.77=1.,61 mole/l) were charged in pyrex glass
tubes. Azo~bis-isobutyronitrile was used as a free radical
initiator and the calculated amount (0,0077~0.031 mole/l) was
added to each tube. The ftubes were flughed with oxygen-free
nitrogen, and each tube was capped with aluminium foil, and
placed in a thermostatically contfolled waterbath at 70°C,

After poiymerization for a given time (20-80 min.) the cbn—
tenfs of each tube were poured on large amount of 85 % methanol-
water mixture. The precipitated polymer was purified by washing
several times with 90 % methanol solution, then each sample
was dried till cbnstant weight, The pércent conversidn-of

each gample was calculated as the weight of polymer produced

with'respect to the weight of monomer.
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6. Binary copolymerization reactions

The copolymers were obtained by the solution polymerizg-
tion method in presence of azo-big~isobutyronitrile as a free-
radical initiator, fThus, the pre~determined amounts of the
comonomers were placed in a smsll glass tubes, and diluted
with toluene so that the total monowes concentration wés
about 3 meles/litre. The copolymerizatinn waa commenced by
adding ATBN in i1 concentration of 1 mcle/100 moles monomers
to each fube, the tubss were flushed with oxvgen-free nitro-
gen for 10 minutes, capped and thermostated &% 70°C for 15-60
minutes depending on the comonomer pair ard the initial
composition: The copolymers were obtained by precipitation
from 85 % methanol—watér mixture, and purified by reprecipi=~
tation by 90 % methanol, and washing several times, dried
and Weighed. Conversions were limited within 7-10 %, since
the calculations of the monomer reactivity ratios depend on
the differential form of the copolymer composition equation,
The percent conversion of each sample was evaluated as the
welght of the copolymer produced with respect to the total

weight of comonomers.

T. Ternary copolymerization reactions

Polymerization of the threc component systems were

carried out by solution polymerization uging toluene as a
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golvent in presence of AIBN as a free radical initiator at
70°C according to the method described before for binary

copolymerization reactions,

8, Determination of tin content

The tin content of the prepared monomers, copolymers
snc terpolymsrs was determined through oxidation of the
sample %o tin oxide according to the method cf %ilman and
RosenbergSB. Thug, approximately C.2 gm of 4he tin-containing
sample was placed in a 30 ml crucible, To this were added,
with daution,'B ml of concentrated sulfuric acid and 3=5 drops
of nitric acid. The crucible was heated slowly over a flame
until the sample turned black, and then cautious heating was
maintained until the excess acid was Yemoved. Subsequently, .
the carbonaceous material formed by the action of the acid
was completely caleined for 1 hr over high heat, leaving the

gtannic dxide &9 @ pale yellow golid residue. From the weight

of this residuc, the tin content oi tha sewple was calculated
as follows ¢

‘weight of tin oxide x 119 x 100
weight of sample x 151

Sn % =
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9. Determingtion of nitrogen content .

The nitrogen content of the prepared ternary copolymers
containing AN, was determined according to = modified micro-
Kjeldahl procedure. Thug, about 0.3 gm of the sample was
digested with concentréted sulphuric ecid in preéence of
hydrogen peroxide, A solution of 50 % sodium hydroxide was
added to the sample solution in the Kjeldahl apparatus snd
‘the ammonia was distilled and collected in boric acid solution.
The nitrogen content of each sampie was calculated by titra- |
tion ageinst a Btandard hydrochloric acid solution (0.0IN?

using mixed indicator of bromocresol and metHyl red.

10, Viscosity measurements

A 1 % solution of each sample of the purified and diied
polymers ih toluene. was preparéd fof viscosity measurements
using Ubbelohde viscometer, in thermostatically controlled
water bath at 30°C, The efflux time of the solvent was of
the order of 180 seconds. The specific viscosity of each

sample was calculated asg

v .t~
{ Sp =2

where t and %, are the efflux time of the polymer solution

and the pure solvent, respectively,
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11. Infrared spectroscopy

The prepared organotin monomers, copolymers and terpoly-
mers were examined by infrared spectrophotometry using the

thin-film technique on Beckman 4220 infrared spectrophotometer.

- 12, Determination of the monomer riactivity ratios

The monomer reactivity ratios of the binarj copolyﬁeriza-
tion systems involving organotin monomers were determined on
the basis of the comonomer. compesition-copolymer composition
relationship., The copolymef composition of edch sampie was

calculated through its tin content as follows :

Sn of copolymer _ __ mol. wt. of Mp
%n % of My - mol, Wt of Wy + mol, wh, of N,/b

where Mllis the organotin monomer and b (= ml/mz) is the molar
ratio of copolymer composition, the molar fraction of Ml

monomer (Fi) in the copolymer could be calculated as i

F _ b
1 - I+
The monomer reactivity ratios of each system was calculated
according to the method of Fineman-Ross'* (page 20) and also
by the method recently proposed by Kelen_and TﬁdﬁslB (page 22),
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13, Preparation &nd prqperfies of Organotin Polymer Films

a-— Preparation of Orgapotin Polymer Filmg

Films were made byrpouring the solution of orghnotin
polymer {50 % in toluene) on the clean dry glass and metal
-plates. Each run was performed in duplicate or triplicate.
The plétes were left to dry in suitable supports near the

vertical position for two days at room temperature.

b= Determination of the Dry Film Thickness

An BErichsen mechanical thickness gauge Was uged to

determine the film fhickness.‘

c~ Determination of the Film HardneSSs4

The film hardness was measured at the abovestated
thickness ueing the standard Konig pendulum. The time (in
geconds) required to damp the oscillation from the initial
outwards portion marked by 6° to half amplitude marked by 3°
was taken as the hardness indication, the time for uncoated

glass is 210 sgec.

d- Impact Resistanc_e55

The G8rdner impact tester was used. The weight of

steel impact rod is 1810 grams,



e~ Determination of Water Resistanc656

In the‘present work, the films were prepared on clean
glass ﬁlates. The plates were immersed to half the lengthrin
2 litre beakers containing distilled water for 24 hours at
~room.temperature. In the case of hot water,'the immersion
period ranged from 15 minutes to geveral hours. The panels
were geﬁtly dried and left for one .hour after removal from

water;'and then examined from any defect,

f- Determinatibn of Alkali Resistag3357

The'test.panelé were coated by the resin material to
be tested end allowed to dry. The edges were coated by N
dipping in molten paraffin wax. The coated panels were then
immerged in an aqueous solution containing 5 gm of sodium
hydroxide or anhydrous sodium carbonate per 100 ml of water

for 4 hours,

The panels were removed, washed and the immersed portion
of the f1ilm was examined immediately after drying for one

1

hour for any defects,

58

g~ Acid Resistance

The panels were prepared in the same'way as in the

test for alkali resigtance and immersed to half the length
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in a solution containing 5 gm of sulphuric ecid (Sp. Gr. 1.84)
per 100 ml of water and allowed to-sfand for 24 hours at room
temperature. The panels were fhen removed and washed thorou-
ghly with cold water and allowed to dry in vertical position
for 2 hours at room temperature and the immerséd portion of

the film wds exanined for any defects.

h- Croga-~cut Adhesion Test59

A very simple method for estimating adhesion consists
in making a gérics of parallel cuts through the film in one
direction and a second seriea at right aﬁglés to the first.,
To make the,fest quaﬁtitatiVe, eleven cuita 1/32 inch apart in

each direction, forming 100 squares. The number of squares

remain intact gives a measure of the adhesion.

Applying adhesive tape to the cross-~cut area to aid in

removal of loogse film may be helpful;



