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POLYMERISATION

Polymerisation is a process which allows simple low molecular weight compounds to

ombine and forms a complex high molecular weight compound. For this process, each
molecule of the compound should have the capability to react at least with two other
molecules of the same or some other compound. In other words, they should have a
ctionality of at least two.

The functionality of a compound depends on the number of its reactive sites. Due to
e presence of the reactive functional groups, a compound assumes its functionality. These
groups are such as —OH, —COOH, —NHj, —SH, —NCO, etc. The number of these
functional groups per molecule of the compound defines its functionality.

As described earlier, the polymerisation is effected by two processes, i.e., addition and
ondensation polymerisation. These terms were based on the conventional classification by
arothers (1929) and have since been modified by H.F. Mark (1950) as chain polymerisation
and step polymerisation.

e)

1)

1) ADDITION (CHAIN) POLYMERISATION

This type of polymerisation is characterised w% a self-addition of the monomer
Olecules, rapidly through a chain reaction. The product has the same composition as that
f the monomer molecules. In this reaction no byproduct is formed. Since the

OMpounds containing reactive double bonds, therefore, can proceed by a chain reaction
Mechanism,

de.
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24 ¢ POLYMER CHEMISTRY

Typical examples are :
(a) Olefines (CH,=CHR)

Ethylene — CH,=CH,
Propylene — CH,=CH—CH;
Isobutylene — CH,=C(CHz)
(b) Dienes (CH,—CR—CH=CHjy)
Isoprene — CH,=C—CH;— CH=CH,
1, 3-Butadiene — CH,=CH—CH=CH,
Chloroprene — CH,—CH—CCI=CH;
(c) Vinyl compounds (CH,=CHX)
Acrylamide — CH,=CHCONH;
Acrylonitrile — CH,=CHCN
Acrylic Acid — CH,=CHCOOH
Styrene — CH,=CHC¢Hs
Tetrafluoroethylene — CF,=CF,
Vinyl chloride — CH,=CHCl
Vinylidene chloride — CH,=CCl,
Nitro ethylene — CH,=CHNO,
p-nitro styrene — CH,=CHC¢H4NO,
(d) Allyl compounds (CH,=CH—CH>X)
Allyl chloride — CH,=CH—CH,Cl
Allyl alcohol — CH,=CH—CH,0H
Allyl acetate — CH,;=CH—CH,0COCH;

Addition polymerisation reactions consist of three important steps : (i) initiation (i
propagation and (iii) termination. The entire process can be brought about by a free radica
jonic (carbonium ion or carbanion) or coordination mechanism. Depending on the
mechanism, we will discuss here three types of addition chain polymerisation :

(A) Free-Radical Addition Polymerisation

The polymer chain is initiated by free radicals produced by the decomposition d
compounds called initiators :

Initiators : The initiators are thermally unstable compounds. When energy i
supplied, they decompose into two identical fragments by ‘homolytic anonOmﬁo:\. Ead
fragment carries one unpaired (lone) electron with it; and called free radicals. ;

If R—R is an initiator, it may split into two symmetrical components at its bont
between the two R—R as :

R--R —3 Re + Re
¥ Free radicals
Initiator
The low molecular weight compounds mainly azo, peracids, peroxides, pe
hydroperoxides are useful as initiators. Initiators can be decomposed and form free ra

resters:
dicals
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BASICS ¢ 27

(a) IlﬁI~|A_uI+ OIN”h_”I'Jv lﬂmm,ﬂmlﬂmm In_u.m
X X X X
Head-to-tail addition
() Iﬁmnlm_um + _OIMOIN — Amnlﬁlwﬁlﬂmm

X X X X X
Tail-to-tail addition

(c) = A_HIIOIN + OIN”m_HI — ,h_HEI.nIN —CH> |ﬂI
X X X _ X
Head-to-head addition
(d) lmﬁl CH; + _OI” CH; — In_umlﬁimlﬂ_um —CH;»
X X X X
Tail-to-head addition

» TERMINATION

. monomer molecule to the chain is stopped. Termi
a polymer. On the basis of time, temperatur

. statistical probability of the two growing ch

- come close and collide each other. When

€, monomer unit and initiator concentration, a
ains is occurred (present in the system) which
this collision takes place, the following two

| reactions occur which resulted in the arrest of the chain growth :
znﬁmmw —H q. CH, lﬁ_.uf _Tﬁnmw —cH %nmml_mm :
X Iy X X X

) wlﬁﬁmm — muI w“r OIN.I_OE I_OI — OENAﬂEI OIJ\W

= X m X X X n,

or

) wt_/mnIn — m_“I gv OENIﬂEN +R HOIN — n_uI Mrhi"ﬂm

— X n X X n, '
In above reactions (1), it shows that the two chains combine by the coupling of

UNpaireq g]

b ectrons and form a sigma bond. Such type of termination is called ‘termination
¥ coupling’ because this process involves the coupling of the one lone pair of electrons.
—— In the reaction (2), one H-atom from one chain is abstracted by the other chain, and
m:nwawm Unpaired electron, whereas the chain which has donated the H-atom, gets stabilised
o] o a double bond, In this reaction, two polymer molecules are formed. Both the

len Scules consist of shorter chain length as against a single molecule of a longer chain
-8t Such type of termination is known as ‘termination by disproportionation.’
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28 ¢ POLYMER CHEMISTRY

Thus, i

doearngt nm“mwmww\m nmmmm@ the %3&:2 molecule is formed known as polymer. Thi
any free-radical site and hence, cannot - IS Plody
termination thus causes in deactivati . , cannot grow any further. The A
eactivation of growing chain. Th i process,

the end of the chain a & &  The groups which are
re called the ‘end f i present,
are R, and —CH—CHX. end groups’. For example, in above cases, these groy,

» CHAIN TRANSFER

nmmﬁ.‘;wz_w is w:omﬂmw method of chain termination, which takes place by the “transf;
ijon’. In this reaction, the growth of one polymer chain is deactivated and gets &%ng_
dical which starts a new polymer chai:

meanwhile, there is a generation of a new free-ra
growth. The transfer reaction occurs by the abstraction of a H-atom or some other aton

present in the system. This process follows as :
Wlﬁﬂmm — ﬂm %OEN — ﬂmia Eu\\vwxﬁﬁmm — mum.ﬂﬂmm.l %mw R
X dm o, X X n X
is generated and the growing chain gets terminated. Thus
R is ready to initiate as well as propagate a fresh chain growth. Here, the termination of or

chain growth and the initiation of a new one takes place mﬂd&»mbmocmq.mgnmﬁrm nrmg
mnoia.:m S.mbmmm?mm?ogobmm:mg another, the process is known as “chain transfer’.

» INHIBITORS
In the polymer industry,

killing the chain growth by uni
few examples

. Now, a new free-radical R

apable of inhibiting o
d producing inactive
hydroquinoné
bstances can bt

several inhibitors are used which are ¢
ting with the active free-radicals an
of these inhibitors are nitrobenzene,

free-radicals. A .
penzothiazine, dinitrobenzene, etc- The inhibiting action of these chemical sut
nﬂunmmmamm as:
0 «)Apo le) oC
NO, N7 N
«H
m + — «—
Growing o
i i Chain with resonance
o Z_Aﬂwﬂwwﬁwﬁ m"mmwm:mma end-group . y
i i orms ¢
In this reaction the inhibitor Aaqgmsnm:mv adds on the mnoi%mw%m._bmnmwwm Lo
nmmw: with nitrobenzené resonance stability end group wb;iﬁ%é:ﬁ . s
ﬁo@ﬁmn dical nature of the end groupP is strong mnoﬁmmﬂno re
s i i WS
Mwmﬂrmwm.mnoiﬁm chain and terminate the growth of it as follo
oC
W NO
o H + @ — O + ﬁn\O\\ﬁ
mnos‘.w:m Dead polymer molecule

= d
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BASICS ¢ 29

In this case, it is observed that a single inhibitor molecule has killed two growing
chains.
. The mﬂbo%.rman oxygen is a good inhibitor, therefore, the free-radical polymerisation
is generally nm_.dm..u o.c..ﬂ .c:&ma an atmosphere of nitrogen. Due to the biradical nature of
oxygen atom, the inhibiting action takes place in a powerful way as represented below :

C + Olmv —_ OIO.I@

Growing chain
€C—-0—0 + ¢ — C—0—0—C

(B) lonic Polymerisation

The ionic polymerisation is divided into two categories :
(i) Cationic polymerisation
(ii) Anionic polymerisation

(i) Cationic Polymerisation

In this type of polymerisation, initiators and monomers are used during the chain
growth; however, the initiation is done by a proton and the propagation carried out by a
carbonium ion.

In cationic polymerisation, the initiators used are strong Lewis acids such as
BF3, SnCly, TiCly, AlCl3 and are called ‘catalysts’. . ‘

The monomers, which can undergo for this purpose are styrene, methyl styrene, many
vinyl ethers and isobutylene.

The mechanism of this polymerisation involves an attack on the  electron pair of the
monomer molecule. In the chain reaction, first a proton is introduced into a monomer. The
proton attracts the m electron pair towards it and a positive charge of the proton is
transferred to the end of the monomer molecule; thus forms a carbonium ion. In this
reaction, a sigma bond is formed between the proton and monomer molecule .mbm .Em
polymer chain growth started. This is an ‘initiation’ process; where the carbonium ion
attacks on the = electron pair of the second monomer molecule and attracts it over. d.._m
positive charge is transferred to the far end of the second monomer molecule. dEm‘ a chain
reaction begins, where only a displacement of the electron pair and the @B..mao: of a
carbonium ion takes place. The whole process can be represented in the following manner :

\'/ +
s . .|I + lnm
. H w+ CH,=CH —/ H:CH,—CH" or CHj
_uno»EC | VW_A v~n
(o) Z_ozoimwa unit Carbonium ion
CH3;—CH' + CHy = mm — n.mwlmmlnmwlﬂ_uﬁ
V_A X X X
Second Monomer
Molecule
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30 o POLYMER CHEMISTRY

The above process occurs in the presence of a ‘catalyst’ (e.g., BF3) and a ‘cq ety

(e.g., water or methanol), and form hydrates as follows : Ly

i |
|
F—B+H—O0—H —|F—B—OH | ------ H*
| | Carbonium ion
F F (Cation)
Counter-ion
(Anion)

Now the H* ion attacks the = electron pair of the second monomer molecule, an
initiates the chain growth through the carbonium ion and the [BF30H]™ anion as follows .

[BF3OH]" - - -H* + CHy=CH —» CH3—CH?* [BEOHI"

_ _
X X

In propagation step, addition of further monomer unit and transfer of the charge to th
newly added monomer molecule takes place which as shown below :

CH wln_uﬁ (BROH]™ n:mnmm —CH ulmmlnmmlﬁ_uﬁ [BEOHJ”

X X X %
CH uln_umlmmnlnmﬁ [BEOH]™ CHa—CH —>
X X X
n:ulm_“mlmmwlﬁ_umlnmml_nm+ [BEOH”
X X X

Since, the addition of monomer units are increased, the chain keeps on growing, thes
electron pairs of the monomer molecules are pulled in opposite direction to the growth d
the chain.

After propagation process, termination starts when a collision between carbonium ior
and an anion takes place. Termination occurs by following two steps :

(a) The termination process causes the arrest of the chain growth, where donation of
proton to the counter-ion resulting in the formation of a double bond at the end of tht
growing polymer molecule :

BF;OH]”
Omuln_um A~ OINIO_E BROHT, nIuIO_E ~~~~ CH=CH + [BF;OH] H'
X X . X V_A
Growing polymer chain Arrest polymer chain
In this process, a proton is donated and BF; hydrate is re-formed. It is called “ion-paif

precipitation’. .
(b) In this process, termination occurs by simple “coupling’, when a covalent bond i
formed between carbonium ion (C*) and the counter-ion. It is represented as follows :

B
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OH
+ _
nmwlﬁ_“: M mmwlmz [BF,OH]T —> Q&Immg nmw|m: + BF;
X % X X

(ii) Anionic Polymerisation

In anionic polymerisation, a negatively charged ion attacks on = electron pair of the
monomer molecule and pushing it as far away as possible, i.e., to the end of the molecule.
Simultaneously. it forms a sigma bond with the monomer unit.

At the same time, a carbanion is also formed. This is represented as follows :

V) —
R + nmm bm — “—Nlnmwlnm
Anion [ _
- (Initator) X X
Monomer Carbanion
molecule

Now the propagation process starts. It is initiated by newly formed carbanion, which
attacks on the second monomer unit. Thus the nelectron pair pushed away to the end of the
molecule. Again a new sigma bond is formed between the carbanion and monomer unit. In
this electron pair displacement process, the negatively charged ion pushes the n electron pair
of the monomer double bond down to sigma electron level.

In termination process, some strong ionic substances are added deliberately. In ionic
polymerisation, termination is not usually a spontaneous process. If some substances are not
added, the reaction proceeds till all the monomer molecule is consumed. Thus, if there is no
more monomer is left for polymerisation, the carbanions at the chain ends remain active
which may initiates the polymerisation when a fresh monomer is added. Studies have
shown that by adding a fresh quantity of monomers, the anionic polymerisation can be
restarted, even after weeks. The polymers formed by this manner are called ‘living
polymers’ and such technique is known as ‘living polymerisation technique’. Example of
this type of polymer is ‘block copolymer’.

The anionic polymerisation is represented as :

R—CH,—CH™ + CH,= n_uI — Wulﬂmnulh_umulﬁmnlﬁ_uml

X X X X

Carbanion New monomer molecule . Carbanion

R—CH;— CH—CH,—CH™ + nmnn_nm —
_ _
X X X

Fresh monomer molecule
w|nmnln_umlmmn I._nm.lnmnln_umn
X S X X
Carbanion :
In this case the initiators used are generally the organo-alkali compounds such as ethyl

Sodium, butyl lithium, triphenyl : r &
:Enoxamm and alcoxides can also be used for the anionic polymerisation process.

methyl potassium. Similarly, alkali metal amides, -
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32 o POLYMER CHEMISTRY
The monomer molecules, which are used to undergo anionic polymerisation incly, &
styrene, butadiene, acrylonitrile and isoprene.
The fundamental difference between catio
cationic process consists of the movement om. E.m me
of the chain growth, while in latter case, it is in

growth.

(C) Coordination Polymerisation .
In coordination polymerisation reactions the monomer Boﬁmﬁ.__mm used are general
dienes and olefines. These reactions aré catalysed by onm:o-BmEEn compounds. In su¢
vc_vﬂﬂmammmop a monomer-catalyst complex is formed between the monomer ar

tween a carbon atom of ty

organometallic compound. A coordination bond is :mmm. be
monomer and the metal atom of the catalyst, thus formation of monomer-catalyst comple

takes place. The polymerisation process proceeds as follows :

nic and anionic polymerisation is th,
Jectron pair in a opposite direction to thy
the same direction as that of the chy,

5+
HC= CHY_

R 8-,
#,c + CHy=CH—CH=CH, —> R—CH, CH
M Diene monomer N .
Organometallic “M---- ﬂmm
catalyst 5+ 5-
Monomer catalyst
complex

where, M = Transition metals such as Ni, Cr, Mo, V, Ti or Rh.
A coordinated metal-carbon bond is formed in the monomer-catalyst complex. This
known as the active centre. The propagation process starts at the active centre site where

chain growth begins as :

\\nmn ..... CH N - CHy CHx\
R—CH, \nm — » R—CH,—CH,—CH=CH—CH, a
/Ilg IIIIII nm \\\ /IIII IIIIII \\\\\
Monomer nwn&vmn M e
complex
+ CH,=CH—CH=CH = .
2 New monomer 2 ¥ AHIN IZMAWM a.“_.m—.wﬁmw 4
~CHp=CH,
R—CH —CH,— = —CH,—C e 2 iR
»—CH,—CH=CH—CH,—CH,—CH=CH—CH, cH
“M------CHp?

Coordination _u.oﬂ.vq:mn.mm:”ob is also known as ‘insertion polymerisation’, because m
monomer molecule is inserted in between the metal ion and carbanion \

S-

bl 7]
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36 ¢ POLYMER CHEMISTRY

b

CH;—CH-CHy—CHATCH=CH

9 ©

activity and structural similarity as e -

s and, hence, have same re J\mm&moz reaction, the EEHBm&&m p

carbon atom:

2y

. . : lo) T
monomer. Unlike chain no_wﬂmnwmﬁu%h\%ﬂmmmmnmo: mixture. 35
is qui nd can be isolate ining reactive .
is quite stable a = action a pair of monomers noa.m:::m . functiony) Brou

In the polyaddition re le molecule in the following manner .

forms a polymer, without liberating any simp. -

O—C—N—R_N=C=0 + OH—R—OH — 0=C=N—R—N—C—0—R—_qy

Di isocyanate diol 2|

I i

I

*O=C=N—R-N=C=0 5 ~_N_R-N—C—O—R—0 llelwlzu =0
. _

H (@)
i (N
. I
THOR—OH . zle_,Tnlo —R—0O Imlzlwlﬂlnlo —R—0H
H O H
Polyurethane

In above case, the hydrogen atom from the hydroxyl group of the diol migrates ant
adds on to the nitrogen of the isocyanate group.

In another example of polyaddition reaction, polyurea is formed by monomers such#
polyamines and polyisocyanates. Polyurea is a very high molecular weight 85?%
which is formed by th

follows : ¢ migration of a highly robile hydrogen atom of an amino gowp#

n+1 O= C= Z,HN,ZM O” o + SINZlHﬂ.lsz —
Polyisocyanates Polyamines

O=C=N R—N— ! __ W.\Z“m“o
Where, R ang R’ are alky] groups,
(c) E:m.o_.o._m:u vo_u::m..mwm:o:

In this e o
‘Polymeriseq mmwmwmnmw ﬁ._o? Tonomers containing a ring structure can be %nw%%
€rtain favourap)e conditions. The cyclic compounds such &
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