Chapter 13

PO
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3.1 INTRODUCTION

Polymers are macrom .
.+« Their vast ra OI.eculeS which are composed of billi i
units- nge of applicationg posed of billions of repeating

. h 3 ] 2 .
_cientists towards study of their synthesisisnglsg'luﬁcﬁr;ﬂly en}llar.lced the attention of
al analysis.
The structural unit of polymer is its y

iteelf in structure thousands of times drt? Pbeating UL Hgpsaug s pepee

: - . and fabricat : )
bled in a repeati : es a polymer. Monomers are
ssem peatng unit. Sometimes repeating unit is made up of a single
is made up of two monomers as in

1 ree monomers as in terpolymer. Thus
er of monomers i ' : PRI
numb N a repeating unit may vary. In this way control on monomers,

controls .repeatmgdu;ut which in turn control polymer. This is how structure of
polymer is managed by proper control at such small level.

a
monomer as in homopolymer, sometimes it

copolymer and sometimes it is made up of th

bl Thexg)a .IS. a vast range of polymers, so many classification schemes are
possible.  Urigin,  nature,  structure, polarity, —homogeneity, functioning,
thermosensitivity an(‘l many more are used as basis in this chapter for classification
of polymers. Po}ymemzauon is a complex process which has its own kinetics. Addition
and condensation polymers are used nowadays in material science, electronics,
plastic industry, textiles, aerospace technology and many more. Thus their yield is
monitored by study of their kinetics. Kinetics provides information about ratios of
monomers incorporating into the polymer and left in reaction mixture at any time. It
helps to estimate reaction completion time without any experimental work. Moreover
100% conversion is also estimated under various sets of reaction conditions.
Copolymers are also significantly used nowadays. Study about their classification,
models, kinetics and reactivity ratios are also included in this chapter.

All polymeric chains synthesized at same time are not of same mass.
Polydispersity exists among them. Number, z, mass and viscosity average molecular
weights are normally used to describe molar mass of a polydisperse system of
polymer. Many methods like viscometry, osmometry, light scattering, sedimentation
and many other methods are explained over here by which different average molar
masses of polymers can be measured with accuracy. Analytical method like gel
permeation chromatography is also discussed in this chapter by which every molar
mass fraction of polymer can be separated and analyzed.
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Mg 181 Different classification schemes of polymers

(Y O the Nasis o Origin Uevurrenpe

N2 ikl = R A ) * ) .
Natural, svnthetic and semtavnthetic are three magor divisions of polymers

ot the baaie of thegy BNUFReRee 0F origin

i)

ih

fed

Natue 1 il s " es)

‘, ‘mm al l!ul\\ mers: As name indicates, g of natural polymers is natu
;- iiaiffsz\t:a = plants or rnocks., Examples of such polymers are: mtu;ai bbem
G ddiepolvisoprone), starch, quarts, proteins, celluloge ete. o

\' " ! ' ; ) "‘ i . & W .' . - N 4 l
- d N b LA ) Al l\ ' L ‘lx ‘\- . tb ‘E ~ -

‘ ‘ ‘ L L L " p
X l.‘l‘ ‘tl > I‘ ) ‘ !Ii(’rﬁ .
k ’\ “ ] 4.“‘ 9\ v \ RN »

Sembaynthotio Pol
palymers by ‘lfj’:h :‘\\:Tb»'\“mm  These are chemically  modified natural
hiave backbone of tmi .‘ \;\ ;mxwr\tml Purposes, Semi-synthetic polymers ‘s‘:},m-
o their one hlock iy :‘ ilil"(‘!\\’x!\(a‘m and pendent Eroup of synthetic 'xol\t'xlne::
maide W of g""”‘-'\’(gc ‘w‘l\ ,‘ m‘ ot Natural pﬂ[ynwm and cht‘l‘ ‘\“115 . N ,\
wellulose acotat g, POlvmers, Hydrogenated rubber, collu} \ponent is
¥ AP 2o e vx:uuplps, of SeMi-ay hets ey Nitrate and :
stmit-aynthetye polymers.
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\ m;m.m u‘ hnlvmn]-n ation are twe hanl i '
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Chindn Orowth Polyimeris

adilifion "“h"""’““"“'i‘ul\“(:'ll::‘;.“m" Solf addition of monomers occurs |
uwm'pm‘u(mi % shain l'lin:iu‘v "' ‘Hmwth polymerization). No forc‘-ign )r;x‘ol:xlu:lr;
otecular welght of pnlyu:’ “ﬂflwl'.h of polymer, No side prodl;ct. 9 f”";r;éd'
apomer Mostly uh:l’inu‘l'nlll“ o ”x,“,‘"“y multiple of molecular weight of
pn\_yhnlm\mun, glyrene gl ow addition pnlymerizution as butadiene g{vcs

lﬁ\‘m_'lul loride » +pives  polystyrene and Vi : , ,

poly vinyleh ride. inyl chloride gives

‘ﬂ‘

step Growth Polymer

\'n\'i‘m.\\’\ (.(‘Ul)l'h“‘“m“l'-“mo“: Monomers have functional groups like
i ol p-wi ) and amino (-NHz). Two or more than two m s t
i atopew A0 manney PN ' onomers reaC
moleonles ‘l‘hian:\:':‘ll( "'}(l P:Ud\lce(l a polymer along with elimination of small

4 of polymerization i
) - . 2 is called ste h i

olymeris ; , p growt condensation
pon sation. Nylon, polyurethane and polyester are ( les of :
;;m\\'th polymers. gome examples O step

{m

W n the Basts of Polarity

Matn chain ol polymers or their pendent groups often contain charges: Thus

on-ionie are two categories on the basis of polarity of polymers.

fonte :\\\d i
rs have no charge containing moiety

o « P¢ ¥ L : ]
Non-lonie 1 olymers: Non-ionic polyme

(®)
remar P
in polymer. Polyethylene and polypropy]ene are two examples of non-ionic
polymers.
(» lonic Polymers: [onic polymers have charge on pendent groups, 2S in
ulfite. These are also known

polymer (sulfouutcd polyethylene) of ethylene 8

an pnl_vvlect,rolytns.

Polyoﬂwlaw 80y 8Os §0s SOs
Sulfonahedpolyethyleme

f Structure of Polymers
ranched or inter-linked, but versatile pa
de range of different polymers

A non-branched and straight chain 0

(4) On the Basis 0

Polymers can be b
and interhinking gives & wi

ttern of branching

£ bonded monomers
hey are mostly

()  Linear Polymers:
which has only two ends 18 called linear polymer. b
condensation polymerization. Nylon and polystyrene are

synthesized by

linear polymers:
mall branches of fi

(b) Branched Polymers: Sometimes 8 nite length aré
termed as pranched polymers. These

attached to main chains of polymers,
branches can be © £ molecules gimilar or dissimilar to main chain.
Thus branched polyme divided into graft copolymer, star

polymer, comb-like polymer,

f made up ©
rs are further sub-

dendrimer.
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. ferin main chain and othe
w of el euples form 7 g }"'.,r

lymers: (e 17 main chains,

i o ’ o f‘};ﬁ_zu

: byl form :’;F””‘?";'A"I‘E i
o s arminals of many Linear polymers join g
Y 2 vl LATINIR
Wit et i ‘

- 2 jymers.

waint and form glar porymn I },

Boin ) g - v have
ave Lree fike 1IN giructur 2D ) A T
[jendrimers ar i codted I such a way which give
1onaive branching perpessars

seture called dendrimer.

s i
P o T)Z}ririi.';f;nrg e
tad polymers have 2 or
These yranched polym

1at like comb.

Different chains of polymers gey
Crosslinked or N tent bonds and form crosslinked poljmlerg, Point of
”)“3“1:” :’.:)im}f:ing point. Density of crosqlkmmd’ polymers
Aaom: 28 r _»‘—-»’i ‘ﬁf;;—(‘ Ling points or junctions per umt Vf‘!“m.e_
v density of crosslinking F b or Juackiom 2 it volume

k polymers i
p ‘king, network polymers are further

i § .- . - -
Comb Polymers:

which branches are hanging Jt

etwork Polymers:

by
PSSR -

Network Polymer Structures: Two dimenalo'nal C?;GSSImkmg
are called planar network polymer structures.
Ladder polymers are also planar
slinked just like

anar
containing polymers
Graphite s their common example: : ;
o main chains which are cros

ladder
(i1} Space Network Polymer Structures: Three dimensional qosshnkgd
polymers are called epace network polymer structures. Diamond is

their well known example.

(5) On the Basis of Thermal Behavior

(a)

(b)

Thermosets and thermoplastics are two types of polymers on the basis of

nse towards temperature.

PLET
sy

Thermosets: Thermosets cannot be softened again and again on heating,
once they get solidified. Heating produces chemical reactions which lead

s further growth or crosslinking. Thus these polymers cannot be
4. Epoxy resins, diene rubbers and unsaturated polyesters are some

za_naplr:s of thermosets.

Thermoplastics: Thermoplastics like polyvinyl chloride, polyethers etc can
be softened and solidified again and again on heating and cooling
respectively. Heating or cooling does not produce chemical changes in them,
%5 they can be recycled many times.

o

(6) On the Basis of Tacticity

Polymers having different spatial arrangements of atoms around asymmetric

carbon  have different properties. This difference in spatial arrangements
feonfiguration) is called tacticity. Tacticity make polymers optically active. Tacticity
prf::iu'a‘r:e optical isomerism in polymers. Optically active monomers can be R (rectus)
or 5 (simister) rotatory. Here isomeric polymers differ only in head to tail linkages of
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jye IONOIe e, 'lﬁhun MHOLaey) e “""""“"Z hom,s"y -

, - 1Y nedg o
{ l,nlynmlu an Lhe basig of v Y u,hm,m,l,u; and a1
J

' actic are three differe
ern of head " three different

7”] hnk:l;f_(}h‘ (_)f rup;};ﬂ/ing
jpotnetic: lsotactic polymers 1ive .
v B «:nnl'wllmlim{ f ' like ”r.‘/l.hmlh1::«,1,;;(-1;,. and t} .

e pepented ‘ lf'l OV every chiral carhon '”;' o e
. opepresented ng I f ! ' Us jeolactic sequence o
h;« | |t 3 Ao ‘f It-1t-n-1t o g 1$.5.9.9 | :ll . ‘:'*“'ML ;.(_qur_nce can
Jonont . ~ ol molecules o Drind-a). Isotacticity highly fq .
{ ol l i ll]l,h :1“(] ‘fr'j’ht,')]l[”ity P ' ",‘ “F’h]} flVUrq
and ataetic polymers, 'y among 1sotactic, syndiotactic

Sy.\(linl.xt(-,l,i(:: Il dextro  angd leve
““..rrlnti\/"W» then syndiotactjc I"ilyr‘np),- . r(;tumry repeating  units attach
G.R-S-R. Frythrodisyndiotactic and t}; o l(')rm?]d. e i
‘ I : Achie and threodisyndiotactic 1
P b ‘ ic are ex e 1
lind “.1 polymera, Thege polymers are legs cr stalli T than
igotactic polymers, ystalline and packed than

Au.u-,t.u: or Iletu'rm.uctic: There is no pattern of linkage of t ticall
aCLive Monomers in atactic polymers, Monomers can be liik (21 hwod(ir; Leady
tail to 11::!1 m:d h(:ud to head for some portion of chain, thus rzpre(;:nted as Ri
R-I-R-S-R-5-R-5-5-S-R. Atacticity hinders crystallir’lity and packing. Thus
they are least crystalline and packed among all three listed typfz)s =

(7) On the Basis of Geometrical Isomerism in Polymers

Arrangement of atoms or groups around double bond produces geometrical

< 1 3 N ¢ 3 ¥ .
jsomerism 11 molecules. C is and trans are two basic categories of geometrical
jgomers.

(a)

(b)

Cis I”olymgrﬁ: If Lwolsimilar groups are positioned on same side of double
bond then cis polymer is formed as cis-1,3-butadiene (synthetic rubber).

Trans Polymers: If two similar groups are positioned on opposite side of
double bond then trans polymer is formed as trans-1,3-butadiene.

(8) On the Basis of Morphology of Polymers

Amorphous and crystalline are two different kinds of polymers on the basis of

their morphology.

(a)

(b)

Crystalline Polymers: Polymers are not completely crystalline rather they
are semi-crystalline which have regions of crystalline as well as amorphous
polymers. This sort of polymers is characterized by melting point (Tm) at
which crystalline phase transform into solid amorphous phase. Thermosets
are crystalline polymers while thermoplastics decompose on heating to high
temperatures.

Amorphous Polymers: Amorphous polymers are characterized by glass
transition temperature (Tg) at which hard glass state converted into soft
rubbery state.

(9) On the Basis of Application and Physical Properties of Polymers

Rubbers, plastics and fibers are three principle types of polymers on the basis

of their physical properties and applications.

e n——C T
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(b)

Modest Ph)

gical Chem!stly

od elastomers. They are mechay;
prg are ::t‘:l‘blv and highly elastic polymers. Theiral]izl‘ly
u 300 to 3,000 psi. They have low molecular cohes; ila

. less than 2 Kcal/gmol per 0.5 np ch%'
hly crosslinked. If they become crosslinkeq ualn
become MmOre useful for better app]»icatio?];

d as vulcanization.

monly call

Rubbers: Rubb
weak, diu\vn.\mmully

e NR g 1 range of ‘
?K“(}l\:‘:htt:\‘e:r molecular t‘(vllf‘f*il)lx 8
length. Rubbers are not hig
Josived Lt then t.'hu_v

Crosslinking of rubber is terme | |
Plastics are dimensiona}lly stz‘lble and highly elastic substances
5.000 psi is range of their tens_ﬂe gtrength. They are strongey e
astics exhibit molecular cohesion 1n range of 2-5 Kcal/_gx}lol er 0.
as They can be soft and flexible or hard and rigid. Pheng

nylon, polyamides, polyvinyl chloride are Some

Plastios:
4,000 to 1
rubbers. Pl
nm chain length.
formaldehyde resins,
examples of common plastics.

\gest among rubbers, plastics and fibres. Their tengj),

150,000 psi. Molecular cohesion of fibreg is

Vgmol per 0.5 nm chain length. Natural and synthetic fibreg gy,
f their high mechanical strength, thermg)

llulose and silk are naturg

Fibres: Fibres are stror
strength lies in range of 20,000 to
4-10 Kea
largely used in textile, because o
insulation, flexibility and softness. Cotton ce
fibres while polyamides and polyesters are gynthetic fibres.

(10) On the Basis of Homo/Heterogeneity of Polymers

Homochain and heterochain polymers are two different types of polymers gp

the basis of homo/heterogeneity.

(8)

(b)

Homochain Polymers: Such polymers which made up of only one kind of
atoms are called homochain polymers, like diamond, graphite, and linear
polvmers of sulfur and selenium.

Heterochain Polymers: Heterochain polymers are made up of more than
one kind of atoms. This kind of polymers is more extensively found in list of
polymers. Silicones, polyethylene, polyesters, nylon and polyphosphoric acid

are some examples of heterochain polymers.

(11) On the Basis of Composition of Polymers

Type of monomer units involved in formation of polymers is the base o

classification here. Homopolymer and copolymer are two general kinds on this basis.

(a)

(b)

Example 13.1

Homopolymers: Homopolymers are made up of only one kind of monomers
e.g.; polystyrene, polyvinylchloride etc. Interestingly, all homochain polymenr:
are homopolymers but all homopolymers are not homochain polymers.

Copolymers: Copolymers are made up of two kinds of monomer units. Nylor
and polyesters are copolymers.

Identify which polymers are formed by addition and which formed by

condensation polymerization.

@ -(CH, -CH,), - (b) -(OC-CH, -CO-NH-CH, -NH), -
(© -(CH-CH(CH,)) (d) (O-CH=CH-0-N-CH=CH-N), -

o
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) ) hesized by additi .
(io! o) are aynt y addition polymerizati i
::“N 0 ”l‘\dlpnsntzi(m polymerizution. ymetisetiofi while (b snd, &3 axd
« Ot

‘lb.\ (&

W r
l‘““‘“ { ?lllZA I‘ION

0l ha i & ; i
1 ation 18 & process by which a polymer is synthesized. Route or

3

5.‘ 11 er i 1 i

! poly " jymerization of different monomers is different. Thus ste srowth
are two kinds of kinetic mechanisms of polymerization e

gTh ;
;8." ol yfunctionﬂl mon‘omers polymerize to form step growth polymers.
$9 monomers BIve a branched polymer as they have more than two

a

R ). O‘ . " -3 . p .
| umnitc“ while bifunctional monomers give a linear polymer.
gites

Ain 'Bifunctionﬂl monomer-1 HO-A-OH and 'bif_uncﬁonal monomer-2 Cl-B-Cl react

eg)ly form HO'.A'O'B"Cl along with ehm1_nat10n of hydrochloric acid (HCD.
pitie \.0-B-Cl reacts with HO-A-OH and yields HO-A-O-B-0-A-OH and HCL.
ocule of HCI eliminates at every step growth of chain. In this way,
ntinues and a polymer is formed. General scheme is

Lﬂt:‘f smnll mol

b ‘:1\\.;“ ization co

. HO‘A—OH+CI'B’01—iHO—A—O—B—Cl+HC1
Monomer-l Monomer-2

HQ_A—O—B—C1+HO—A—OH—>HOAOBOAOH+HCI
HO—A—O—B—O—A—OH+CI—B—CI-—)H(OAOB)ZCI+H01

H(OAOB)2 Cl+xHO-A-OH+ xCl-B-Cl—> H(OAOB)X‘2 Cl+xHCl
Polymer

Following are some examples of condensation polymerization of some

bifunctional monomers.

1 polyester
HO(CI—Iz)_2 OH + HOOC(CHZ)2 COOH——'—“&-)HO (CH.Z)2 00C(CH, ), COOH

1,4-Butanediol Succinic acid
HO(CH, ),_, 00C(CH, )2 COOH + nHO(CH, ), OH+ nHOOC(CH,), COOH
-0, HO[(CH,), 00C(CH,),C00| H
Polyester

2. Polyamide ‘
HN (CH?)6 NH, + HOOC(CHZ)

Hexamethylene Adipic acid

,COOH—"> H,N(CH,), HNOC(CH,), COOH

diamine
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e (CH,), COOH nH,N(CH, ), NH; + nHOOC(CH, ) Cooy
‘ s ”Nl)(‘ t . V o i o f 1 . l'- v

H,N(CH,), 9y H,N[(CH, ), HNOC(CH, ), CONT

—

Nylon 6,6 (polyamide)

' : yolymerization
13.4.1 Characteristics of Step Growth Poly
3.4.1 Cha AT X i olymerizatio;
llowi some basic¢ characteristics of step growth polyi N
Following are some DAsie o
| .« formed in steps, 80 small molecules are eliminated during
(1 his mer 18 e £ :
() This poly1
‘merization.
polymeriza 1
mers should be used, 8o that th,,

proportions of both mono
se polymer have that functigny

ated in polymer, otherwi |
hose monomer was used in greater quanti ty.
molecular weighs

(i1) Equimolecular
equally incorpor
group in excess W

(i11) Non-equimolecular proportions of monomers yield low

polymer.
Pure monomers should be used otherwise side reactions may occur ang
polymer yield decreases.

Reaction between two functional groups depends upon length of chain
attached to them in initial stages of reaction. But at later stages, 1t does not

depend upon length of chain.

(iv)

v)

13.4.2 Kinetics of Step Growth Polymerization

Let esterification of succinic acid with ethylene glycol as an example. This
polymerization can be catalyzed and cannot be catalyzed, thus following discussion
comprises on kinetics of both types of polymerizations.

(a) In the Absence of Acid Catalyst

Rate of reaction between carboxylic acid and alcohol in the absence of any
external catalyst is a third order reaction. Rate of reaction is directly proportional to
first power of alcohol concentration and second power of acid concentration, because
in the absence of any external acid catalyst, succinic acid itself acts as catalyst and
monomer, both at same time. Rate of consumption of —~COOH is equal to rate of
consumption of -OH.

_d[COOH]  d[OH]
dt dt

(13.1)

Rate of consumption of functional group ie.; -COOH or -OH, is rate of

reaction. Thus rate of reaction i i 1
e can be written in terms of rate of consumption of -

d[CO0H]
"~ < [0H][coon] (13.2)
_d[COO0H]
it - k[OH]JcooHT (13.3)

|-
mmﬂik
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g7 ed a8 ( WO of OH ard oo
= d[« . vHId (,()r)}{
e 1o
dt
S0, U paraunyg variahi, s, Wt
2 gei
dC
B ;-:-_—- B
g Eist et s (13.4)
By inteZrating above o . '
v} Sh ALy ATV -:'...Uat)_on_ e got
s We ge
AC
~f===k(d
Jo =k
| 9 1
sl 1
T i=Kt +0
| =341 |
i1
| 302 | =Kt
1207 ] (13.5)

C 18 concentration of succinie ae
ARTAC uccimie acid and ethy " e : :
itial concentration is C,. Th hylene glycol at any time while their

U2 on application of boundary conditions, we get

]
H !
| 2C: | (13.6)

A7 i
1

-~ ———=kt

2C°  2C;
&

11 o
c C
—éz— = é«s—zkt (13.7)

Equation (13.7) is rate equation for step growth polyesterification. Following
are results predicted on the basis of this equation.

(1) This is a straight line equation in intercept form.

(ii)* Intercept of the plot obtained from equation (13.7) is equal to inverse of
square of initial concentration of monomers.

i (i)  Slope is equal to two times of rate constant (Fig. 13.2). This equation shows
that value of C decreases with passage of time. It means reactants are
consumed during polymerization.

-~
ORI A T - é
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4]

lope=2kc,»

PR ——— -
"

}1

Fig. 13.3 Plot of 1/(1-p)? versus time

)

t

Fig. 13.2 Plot of 1/C2 versus time

It was assumed that concentration of water is negligible.

Extent of reaction (p) is stated as the fraction of fun.cq'o.nal groups thét have
consumed at time t. It is ratio of -COOH groups reacted to initial concentration of -
COOH [equation (13.8)]. As it is more convenient to eXpress rate equatlop in terms of
extent of reaction, thus relationship for extent of reaction and concentration is

B S (13.8)
C

]

p

pC,=C,-C

C=C, -pC,
C=C,(1-p) (13.9)
Putting value of C from equation (13.9) into (13.7), we get
1 1

R =—'+2kt
(Co (.1 —p)). C‘f

1 1

=2kt

2

c(1-p) G

2L -1|=2kt
C((1-p)

1
(1-p)’
1
(1-p)

-1=2C’kt
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“ ' { Foeruired ruts 2T
I ’ “’, ‘; ‘l’ ﬂ’,‘lt!.’l’“ i“ !/’,”l (If "" " / ’ l’
£ r it i’ & ,‘_A!’Ir'

fquat
= '] are resulls kich o
I‘Ou(mmg sults which cian be obtained from thi

14 N TRA TR t”'.'“
Order of reaction | fastion
chon s e
in equal 1o three in sl catalymed st
L I IvE/a sla “ﬂ"f-’u.‘

. ,
| pnlymerizntum,

Units of rate constant are d el Yu!

()
| . alf life peri !
| (i) 'H’d!flh& period frJr the reaction is inversel) j
E initial coneentration of reactant i e dy progertional Yo Wi square oA
i From equation (13.7), e ge!
] o
. 7 NG +kty,
B '
1
'l:v
g —_—
é z kt"ﬂ
’
]
£ 1
E (- g
4 1z
3
t, i  Fig 13.3 is obtained from equation (14.10) which 18 4 siraight line equation
b in intercept form.
E @) [nterlcept of graph in Fig. 14.3 1 | while its slope 1# gk Gz, ha Co 18 ko
& mostly, thus value of slope helps to find value of rate conatant of reaction
E‘ (vi) Maximum and ideal value of extent of reaction is 1. Thi# coquation nelps o
b find time when exent of reaction becomes |, As p-—rl, then (a-p? = O
applying these conditions to equation (1 3.10)
1 2
1-
(1-p)

o= 2C§kt+ 1
[gnoring vyalue of intercept 38 it (s very much amall a8 compared 10 infinity.
Thus

5 =200kt (13.11)
of 2. k, t and (2 is infinity. 2, k and (2 are
[t means infinite time s required 10 gtep

we that product
f reactants into products.

only yariable.
100 % conversion o

This equation sho
constants, Thu# time 18
growth polymerizatinn to achieve
f Acid Catalyst

f —COOH i# al
ction in the pre

a0 equal to rate of consumption of ~-OH

(b) Inthe Presence 0
sence of acid catalyst.

Rate of consumption o

here and represents rate of rea
dlcoOOH d[OH
Rate of reaction= _,__[_____,_J = ’..[_———]
dt dt
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aleahol in the presence of any
ja n seeond order penction. FrLete Uf rtmt:t’mr'l fl’ﬂl.dlrectly
cationa of aleshol, acid and catalyst, By,
tant during the progress of reaction, S,
(15.12)

ftate of vesction hetwesn carhborylic neid ond

ventarnal aetd pntalyet
pravipri tanal 1o fival jitiwir of caneant

comesdraiioy of vatalyal pemains Cons
Hostes oof gresicbhony # ,(l I ”lf().’) H ” i 1

: onaumption of O
Thivies vistes of renctinn ent be writbon in terma of rate of con 14 ) JOH

Ao | s [oHJ[COO0H LR ]
o -

dfcoon | K[OH[COOH j[H . J (13.13)
i ' ‘

I in rate conntunt of neid eatalyzed renction.

Catalyst s thit specie which does not consurme during reaction and boosts up
vate of renction only, Thus coneenteation of H* remains constant throughout
palymeriziation, So

b < e[ 1 | (13.14)

" I i another conutant which is can be substituted instead of k[H*] in equation
(13 1),

d { COOH ]

gt = k[OH]COOH] (13.15)
Concentration of each of the monomers at any time is C. So
dC
. ’ :2
dt 1
dC
== k'dt
& (13.16)
Integrating ahove equation, we get
dC .,
o =K fa
%
941 =k't+c

1
E =k't+e
, 0 1nitia concg ‘g .
tlmez() flvhu Ontrdtlon Of ac d .
+PHS o application of 14, 1t means C, ig :
oundary condit; ° °S concentration of acid at
ons, w
.- 1 , € get

C

0
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' OVe squntion | i
| o Monanto equation (13.17), we get
= k't 4 =m
C C

; (15.18)
[squation (14, :
y |cri}‘i(‘n(i()n l§1)11 18? W rate equation for acid catalys h
poly(;ﬂ ¢ mon. HOWINg reaults nre deduced fi‘()m o ca :ll.ylfed step growt
- Thia i walaht 1 i equation,
) Thia is a atraight line equation in intercept form
i Intercept of . Lo
(i) {itial (?Oncur:;ll:;lﬁz manipulated from equation (13.18) is equal to inverse of
entration of one of the monomera e sketched in Fig. 13.4.

(i) Slope of plot of Fig. 13.3 is equal to constant k' (Fig. 13.4).

On comparison of equation (13.18) and (13.13), we deduced that intercept 18
greater in the presence of external acid catalyst as compared to absence of
external catalyst. We algo inferred that slope is greater in case of acid
Cﬂtﬂ]Y_md Dplymerization as compared to that of no external catalyst, because
alope is ratio of 1/C%to time in the absence of catalyst while it is ratio of 1/C to
time in the absence of catalyst. Square of concentration in the absence of
catalyst more rapidly decreases value of slope and hence value of rate
constant of polymerization. Thus comparison of equations (13.13) and (13.18)
verifies that rate of reaction is faster in the presence of catalyst rather in the
absence of catalyst. :

i
(1-p)

1/C,

t 3
' 5 - me
Plot of 1/C versus time Fig. 13.5 Plot of 1/(1 p) versus ti
Fig. 13.4 110 0 . Pt
] egligible.
ncentration of water 18 11
S actant in terms of extent of

[t was assu |
3.9) available concentration of re

i t
tion into (13.18), we ge
i from above equa
Putting valué of C
____’};—-""' = F‘L + k’t
Co (1 T p) Yo
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I I =kt
cl(1-p)
-k
(1-p)
, (13.19)
e = CKt 4 ]
n terms of extent of reaction.

d rate expresgion 1 ‘ :
an be obtained from this equation.
ht line equation

4.19) which i

19) is require

[quation (13.
repults which ¢

Following are
g a stralg

(iv) Fig. 13.5 is obtained from equation (1
in intercept form.
(v) Intercept of graph in [ig, 13.6 is 1 while its slope is k'Co. A? Co 18 known
helps to find value of rate constant of reaction.
tion becomes 1. As

mostly, thus value of slope
Ips to find time
these con

when extent of reac
13.19)

(vi) This equation also he |
ditions to equation (

p—1, then (1-p)~ 0, applying

w=Ck't+1
Ignoring value of intercept as it 18 very much small a8 compared to infinity.
Thus
w=Ck't
and Co is infinity. k' and C, are
alyst, here

This equation shows that product of k', t
erization in the absence of external cat
growth polymerization to

constants. Similar to polym
d in acid catalyzed step
ducts. It means 100 %

infinite time is also require
achieve. 100 % conversion of reactants into pro
conversion cannot be achieved even with use of catalyst. However, that

Jarger period of time will be

polyme; which is commercially gynthesized in
synthesized in shorter time with use of catalyst.
rowth Polymerization

13.4.3 Molecular Weight of Polymer in Step G
Number average molecular wei h 1
ght (Ma) of polymer 18 equal to product of
molecular weight of repeatin ' '  egres
L ating unit of polymer (m) and number av
polymerization (x, ). So i
(13.20)

Mn =mx -—‘En
;n 1 & '
is equal to ratio of total number of molecules of succinic acid initially (No)

¢ ;
o number of molecules of acid present in reaction at time t, 80
- N ,
(13.21)
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xn=\1\ 3.23).

When p—1 then x
n—>aw j
degree of conversion, 1t shows that high 7, can be obtained at high
: at hig

Comparing equation (13.20) ang (13.23)
M, =mx—1
(1-p)
With the help of ahgye equation
shows that high M can be obtained gt hig

| (1-p) v (13.24)

n

we deduced when p—1then M 5w It
. i
h degree of conversion.

(c) In the Absence of Acid Catalyst

For Mn of step growth polymer synthesized in the absence of catalyst, put
value of (1-p) from equation (13.24) into equation (13.10) to get

M Y

ol =2kCit+1

f ( = ] " (13.25)

1 M 2

: Equation 13.25 says that (-—") is a linear function of time. It means M
m

increases with passage of time. For infinite value of times, Ma will be very high.

: (d) In the Presence of Acid Catalyst

For Ma of step growth polymer synthesized in the presence of catalyst, put
value of (1-p) from equation (13.24) into equation (13.19)

M, =Ck't+1 (323
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It is inferred from equation (13.2(?) that Mn 1
t. It means My increases with passage of time.

*\
a almost directly proportiona) ¢,

s le 13.2 ; -
Example h 1:1 mole ratio react with each,

« ® 2 't
and succinic acid w1 A
and degree of polymerization for

mn " .
l'etramethylenediamine
e the number average

other to form a polymer. Calculat
3% conversion of each reactant into polymer. ‘
Solution ‘l
Number of unreacted specie=N=3 v.
Total amount of species participate in reaction=No=97

Degree of polymerization= Xn=?

As we know that

_N,-N
NO

P

By putting values, we get

P 100-3
100
P=0.97

By using Carothers’s equation
%o = —
(1-p)
By putting value of P in above equation we get
N -
(1- 0.97)

Xn =16.92

Example 13.3

Calculate the number average degree of polymerization for a monomer

others’s. equation for the reaction of one mole of

Solution
(¥) No=100
N=2

As we know that
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N,
Contting values in ahove
Iy py Ve Rquation, wa et
S LU
100
=098

[ly uning Cavothers's equation

\ ) I8 .
By putting value of P in above equation, we get

(1-0.98)
;|‘ = 50
‘ = )
(i) No = 10(
| N=1
1 As we know that
p= N,-N
- .~___No
' 100-1
P=——-
100
P =099

By using Carothers’s equation
= 1
Xn =
- (1-p)

By putting value of P in above equation, we get

- 1
= 1-0.99)
Xa =100
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thronigh a resctive vantre o

LS
o el polymerizationg o, \ts

. Yir
13.56 CHAIN GROWTTHET OLYMI
1 cre
Chain growth 'mlunvnml;-m ““\ b o
‘ ‘ ) seomhning W
Serier BDeCHe Jrows l“ o
spece. Larnmel specte g
. " '
) ) volvmerization
T r owth Poly
3.5 pes of Chain G : N
e { chan growth }r“|?"H"H/~““"“ ot Lhie Fiomiy o
e of © J
: caliott, -
e nre free r:uh!ul; “ibia,

adical respectively

There are four bame ty . ke anion and oo ordinat,
. Ne 4‘,—,’, rie ‘4' f
 chain carrier apecie ree ‘
nature of chamn carri ¢ ohain carrier AP
polymerizations are these four types, h h“mn ‘well as free r
) ¢ "asharge as d ’
anion and specie having properties of charge a5
CoC zation
Steps of Chain Growth Polymerizati

3.5.2 _‘
1 ) are f,hr'f‘j h“;”(: HLI‘IH! (Ji H” t,‘/pg,.} of

Initiation, propagation and termination

chain polymerization.

(i) Initiation | | |

In initiation, initiator is added to generate a (:x;r;'n{:r ﬁ;;')l‘:(:lf; ?‘(/hlf-‘h(f::m ‘h:, a
radical or ion or have characteristics of radical along with tha ,]u ion, ‘.:’:'rm:un,,,”’
initiator is not added, light rays or heat is used to break l)()flflli ;H ‘fr;(l-’h‘ﬂ{;r And
generates reactive centers. Bonds in initiator are weak, l,hf:y easily break away gn4
reactive centers are formed. These reactive centers react with monomer and transfe,

reactive center to monomer.

(ii) Propagation
During this process, low molecular weight species formed in i.ni'tiati(m rapidly
combine with more monomers and a high molecular weight polymer is synthegized.

Thus this step can be called a growth step.

(iii) Termination

All reactive centers become inactive during this step. Combination (coupling)
and chain transfer (disproportionation) are two routes of termination. During
coupling two active polymer chains combine with each other and form a single
polymer. Thus molecular weight of resulting polymer will be sum of two growing
chains. On other side, disproportionation is little different from combination. Two
growing polymer chains are also involved here but some atoms transfer from one
chain to other. So that one chain develops double bond at one end and other chain
only satisfies its active center. Suppose we have free radical polymerization, then

termination by combination and chain transfer will be

Combination QWCH-CH_, WCH'?HI‘CH'CHM

Termination |
Chain R XX
transfar QWCH-'CH——» WCH-ICH2+ WCH:FH
X X X

|
|
|
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13.6:3 Free Radical Chain Growth Polymerization

That type of chain growth

: polymerizat; :
qdical called as free radical chain gm{,\,‘;r;’"}t“m in which carrier specie is a free
i PRI L S g " (8] ymeriz: 3 L) ’ ‘
pas three steps: initiation, propagation and “‘l‘lninu“(‘:”n' This polymerization slsc
< 2] ion.

(l) [nit-iﬂtion

During initiation, init; : : g
» Initiator (I) dissociates and produces two primary free

: epresented by I
radicals _rthpmonomer 1\Z R& Rate constant of initiator dissociation is ka. Then R
reacts ! v R-M an _PTOduces M, . Rate constant of this reaction is ki. Specie
M, 18 pasically R—M, so M, has R as neutral end group on one side and M as free

. Mther side. Thus R itself becomes neutral by developing bond
with M an converts M to a free radical. M, is birth mark of polymer chain.

radical end group on o

ky :

! 28 (13.27)
) i

R+tM—M, (13.28)

Among these two reactions of initiation, reaction represented in equation

(13.27) is slow while other reaction is fast. This is solely due to the high reactivity of

free radicals. Thus dissociation of initiator is rate determining step of initiation.

Initiator forms free radicals (R) in pairs, so there are chances that these free

radicals neutralize each other due to cage effect of solvent. As free radicals are
present in cage of solvent molecules which does not let free radicals to move apart

easily. So there are chances to recombination of R. Thus fraction of generated free

radicals gets wasted. Chances of recombination of R are much high under usage of
high concentration of L.

Moreover R can also react with oxygen, thus presence of oxygen is also a
cause behind wastage of primary radicals. Primary radicals also consumed during

termination. Some radicals join with growing chain (My) and produces dead polymer
(R-M,).

R iy My Termination R - My

Thus a number of routes are possible by which initiator efficiency (f) gets
reduced, as ratio of number of polymerization initiating radicals to total number of
generated primary radicals is initiator efficiency.

(ii) Propagation

Propagation is second and fast step in which monomers are rapidly added to
a growing chain and high molecular weight chain is formed. M, reacts with M and
forms M, . Similarly M, reacts and form a long polymer chain. It is assumed that

rate of propagation does not depends upon length of polymer chai_n, 80 a\.mqst all
monomers have consumed during propagation, thus rate of propagationis considered

equal to rate of polymerization.
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4o+ Moy M,
M, + M—t M, (13.29)
M, + M—tt M,

M, + M—2 M,

(1ii) Termination

. ] Y

Bl ses.
. : ation proces
them in this step by disproportionation and combin

()
(b)

(©

(d)

(e)

Following are some characteristics of combination pro-Cessl' ed in it

It is a bimolecular process as two growing chains are invo v it ab Copamd i
Combination results in a polymer of greater molecular weig

weight of individual growing chains.

) ination is half ag
Total number of dead polymer chamg produqed (;){ cf(())?nl?g:a d polyiner:
compared to that of growing chains which combined to

Polymers formed by combination have two initiator %rlglargd:i?zzfinp::
molecule of polymer, as initiator radicals are present at 20BENE heiih: Wetteans
end group. By determining number of end SREOPS) T & &

manipulate that this polymer is terminated by combination or not.

M, and M. are two growing chains, they combine and form a dead polymer

M.... . Bond between M, and M_ in M, just like thisM_ ~M_. In this

high molecular weight polymer is formed by combination as compared to that
by disproportionation.

M, +M_ — M, (13.30)

Following are some characteristics of disproportionation process.

(a)
(b)

()

()

(e)

Disproportionation is also a bimolecular process.

Number of dead polymers formed by disproportionation 1s equal to number of
reactant growing chains.
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¢s of Free Radical Chain Growth Polymerization

~

1.1 l(ind)ti

lﬂ,r’" ‘ ¢ i v ]
Kinetic study of chain growth polymerization is manipulated from kinetic

wo steps: initiati ; ,
Ll all three steps: initiation, propagation and termination, of chain

yn

lyr! orizntion:
P

o) l,lmution

As ra_tc deter miping step is dissociation of initiator because ka <<< ki, 80 we
onsider equation (13.27) for determination of rate of initiation (Ri). Ri is

pave 10 € : :
equal t0 rate of formation of M,.

g, -0
i (13.32)

Rate of decomposition of initiator is equal to half of rate of formation of M,
ause one molecule of initiator produces two molecules of primary radicals and two

bec
ft can produce two molecules of M, . So
,d[I]=}_d[Ml] 3.33
dt 2 dt (15.83)

From equation (13.27), we get
dl I
——(ET] = kd[l] (13.34)

/

Equating equation (13.33) and (13.34)

i lM:kd[I]

2 dt
| |
E - 13.35
E Thus Riis
R, = 2k, (1]

ained that all generated initiator molecules do not involved

g in initiation of polymerization. A number of molecules get wasted by oxygen gas,
| solvent cage effect and due to many other reasons. Therefore only a fraction (f) is

involved in initiation of polymerization, so above equation will be

b [ M
- R =_.[(_ﬁ_]=zﬂ{d il (13.36)

As previoue]y expl

(b) Propagation
| Rate of propagation is equal to rate of consumption of monomer M. Thus
using reactions of equation (13.29), rate of propagation is generally written as
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o d[M] [M]M] gt
P dt i
ination : 3 : .
e} 'rermma’ l d (13.31). both shows chain termination is a bu:nolecujar
Equations (13.30) and (13. in transfer. So rate of terminatigy is

process whether occurs by combination or cha

deduced as ‘
R =k [MIM] (termination by combination) (13.38)
w o e[ UGS J
R, =k, MM (termination by disproportionation) (13.39)
w = K [ LM
Adding equation (13.39) and (13.38) as termination occurs by both routes
R =R, +R,
ek IMUTMTIor Tadng
R, =k, [M][M]ek, [M][M]
R, «(k, <k, )[M]
R, =k [M] (13.39a)
And rate of consumption of M dunng termination is
p . 14[M] L (aT
PPN " e = ?4 , ;
T2 dt L
e TE(M] (13.40)

Pracucally quantity of M 5 neghgble, it means rate of formation of M
during initiation 1s equal to rate of consumy ' ) it
ng i : onsumption of M dyrin terminaty 3
application of steady state condition vrroa-Bo o
d'M]

‘.ézm = {

$V2 MLV
LI

e e (13.41)

Putting values from eacice: . on o . :
13.41) € values from equations {13.36) and (13 40) respectively into equation

oL (13.41a)
:M &#il_j 5

B 1 A P
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Y

| Slope= ‘ It,
| ke, M1 (F /)™

(w2
Fig. 13.6 Plot of R, versus [I]'*.

Mg, 1

Putting value of [M] into equation (1

can be deduced as

(547

kl

.

R, = 2fk,[1]
Results drawn from equation (1

@) Equation (13.44) i8 a straight lin
(i) It is deduced from this equation

that R: is linearly and positively
dependent upon concentration of
initiator as shown in Fig. 13.8. It
means by increasing concentration
of monomer, rate of termination

increases.
R, « [I]
Slope of this plot is equal to 2fka.

3.44) are

(1ii)

T ——————

3.99), pxpression for

Ay
/ ,ﬂlu}}u: <
e kgl

(M]
9.7 ot of Iy veretis “'/”

ate of eriminatio

(113.44)

e equation passing through origin,

| Blope= 21 ks
|

-ivd

So by calculating slope, we can
calculate rate of dissociation of
initiator and can manipulate speed

~ of initiation step.
In this way, expressions for rate of

[1]

Fig. 13.8 Plot of Ry versus (1]

propagation (13.43) and rate of termination (13.44) are derived which help v

calculate rates along with concentration of initiator.
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pegree of Polymerization

< 8.2
13.9°%

Number average degree of polymerization (%, ) i :

ate of termination. So

and ¥
- _ Rate of propagation
Xa =
Rate of termination
- R
Xn = £
R, (13.45)

Putting values of Rpand R: from equations (13.43) and (13.44)

() pany

) 21k, [1]

Xn =
1
_ w(e)e
b 120
2 (fk, )z [1]7
- k |M
Xz = (M (13.46)

1

2 (fk k,)? (I

|-

Equation (13.46) helps to conclude following results
() Equation (1 3.46) is a straight line equation passing through origin.

(i1) x. is directly proportional to concentration of monomer, means high
concentration of monomer helps to build polymer of long length.

(111) <. is inversely proportional to square root of concentration of initiator which
is contrary to equation (13.43), where rate of polymerization is directly
proportional to square root of concentration of initiator. It means if we

increase concentration of initiator, then rate of polymerization increases but
chain length decreases. Rate of polymerization increases, because larger
number of initiator molecules can generate large quantity of primary free
radicals, which have ability to react with a greater quantity of monomers and
speeds up polymerization rate. On the other hand, by employing high
concentration of initiator, there are greater chances of growing polymer
chains to combine with primary free radicals of initiator and terminates
polymerization, thus chain length decreases. In this way, concentration of
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chih UL {1 pind {iie
(R TS TTTRLALE il '=""F!”l ”“Wh‘ - .

~u|m\mwd hy @ rl 1

an e et inetie chain length

in ju CR

mnhﬂ"“
{ w chi

Numher ol wshonet \
|m-t.‘u|lll” 0

i initiaten pilyn
freotly

vadionl whi v
(3] X

. It
Kot vhain ITHLUREE pportiond

Xo @V (13.47)

Xa # H"‘UIIHHHH) v f _

onte 0 termination;

of nbove cquation .|,.,mncln upon mutf‘ n:
! (‘(l ')v Hr“\vill}{ p(,lyln(\,' ('h“lll.

Value of conatanl
anation, adopt

combination or diaproporti
yn., because in combination

(1) Combination
tic chain length. Thus

('nml»innt.i(

1 by
of kine

in 3 for lurminnlim
on double

Value of conatant
hecom

two polymer chainn combine and Xa

equation (10.47) will bo

AT .-5\'
. (13.48)
Putting value of Xu (rom equation (13.46) into equation (13.48)
k, [ M |
(I
2
1] k(M)
) T
2(“‘.1‘.1 )‘-‘[l]t
k,[M ]
(13.49)

v = —————— ——————————

1

4 ((k Koy )E [l]2
| Bquation (13.49) shows gsimilar results to equation (13.46). It also shows
inverse relation with [I]" and direct with [M]. In addition to X, kinetic chain length
is another parameter to study length of polymer chains. So, similar results are

drawn.

(it) Disproprtionation

] (a C . b ’ p .
1

only. Thu Xu be > 1
8 Xa becomes qullll to kmetic chnin length. Thus equation (1 { ) 11
3.47) w1 be
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(13.50)

9,‘.:0_:_"‘: ".,'4;7):’: i Xa rom equation p .
quation (13.46) into equation (13.50)

. (13.51)

13’5‘3’5 [pstantaneous Kinetic Chain Length

Ir-_" i ..26-2~f e g . l ) n
st ' s . }( aa e Cllaln 1‘vn Lh 13 ratlo Of rate OE {O[ In ]
P iJI IOTID G 1 ( 0] y -

"a’.li-""‘::er s
po T evides picture in terms of terminati : :
lgogtB PIY7 ¥ e o rms of termination processes rather effective fraction off
- guor primary radicals. 30
o= Bzte of formation of growing polymer chains
(13.52)

Rate of formation of dead polymer chains

1f a1l dead polymer chains are represented by Y, then
M —=3Y (combination)

Rate of termination by combination (Re:) is given as

di—“ 1 ro-.2
LYl k. [M] (13.53)

»
T P

| 5

R =+

and
gV —%« 32Y (disproportionation)

Rate of termination by disproportionation (R:d) is given as

dl Y] . 2
R, = "'l-"[—_j: k:..[‘\I ‘

*@—l -2k, [.\'1]’ (13.54)

Overall rate of formation of dead chains during termination is obtained by

adding equation (13.53) and (13.54)
Y] . ro? 2
s—=ky [M] + 2k, [M]
YT (g, 2, )[M] (13.55)

dt

Putting values of rate of formation of growing radicals and rate of formation
of dead chains from equation (13.37) and (13.35) respectively into equation (13.52)
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"k, 1 2k)[M]
k,[M] (13.56)
VB ey
bk, 2k, )[M]
: : meter introduced.
For more detailed and comprehensive vxew: .a }rllziv;spsle‘i termir%ation. a0, tha%
is used to express rate of formation of dead‘pol)-fmu c oo roportionation, orocat of
it can be manipulated that whether co.mblrmtlon or disp
termination is contributing more in termination. S0
Rate of formation of dead chains
Rate of termination
Putting value from equation (13.55) into above equation
.12
(ki 2k,)[M]
5~ 2
k,[M]
= Etc_i_zhé_ | (13_57)
kt
shows that it is a

Thus vi and £ provides a better study. Equa'tion (13.57) L iiiat
constant factor which is independent of concentration of monomer an initiator,
ively depends upon concentration of

while equation (13.56) shows that vi posit
monomer.

13.5.3.6 Chain Transfer
When a growing polymer chain becomes dead polymer apd a new one is
initiated, this is termed as chain transfer. Transfer agent 1n chain tra.nsfer is not
monomer only, but it can occur with solvent, initiator, polymer and modifier. Let we
t XY, both reacts and form

have a growing polymer chain ( M. ) and transfer agen
stable M, - X and free radical Y .
M +XY > M, -X+Y

(i) Monomer Transfer
When a growing polymer chain ( M. ) converts a monomer into a free radical

and itself become stable, then monomer transfer occurs.

Mn + Mty M, +M
Rate of monomer transfer can be written by using above reaction

Rooss = ki [ M, [M] (13.58)
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Where kienm 1a rate
of monomer tranafor i

CONm y . ‘
tant of monomer tennafor reaction. l'ranefer constant

. k
(‘h‘.h r~ ~-_l-'.'.M 'l
(,I’ r",)

k

Y

(ii) Solvent Transfey

SOIVQI“'. tranafi
\Ete L oee " ‘ |

olvent molecule .
B 8 (9). As result of ¢ culey convert into free

. ni y '
radicals ang polymer chuin to hain tranafer, solvent mols

comen stable,

y k :
M, +8—tu M 44
n B
Rate of so
Ivent tranafer can be written by using above resction

Ris =k,s[M, ][] (13.60)

Wher ' ' ANSiE
e kies is rate constant of solvent tranafer reaction. Yolvent transfer

constant is

C .= Kus (13.61)

(ii) Initiator Transfer
Chain transfer agent is initiator in initiator transfer, Here is its chain

transfer reaction
M, + 12y M +1
Rate of initiator transfer is
R, = ktr.l[Mn][I]

Where k1 is rate constant of initiator transfer reaction. Initia

(13.62)
tor transfer

constant can be written as

k
Cui = =

k

P

(13.63)

of polymerization (xa) is ratio of
re many chain transfer reactions are
to sum of termination rates by all

As we know number average degree
pagation rate and termination rate. But he

pro
ible, so xa is ratio of propagation rate

poss

processes.
Rate of chain growth

® = Gum of rate of formation of dead polymers by all processes

transfer,
cluded in dead polymer formation. Thus above equation will be

| In addition to monomer transfer, solvent transfer and initiator

nation i8 also in

termi
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1 R,y +R,+Ry R (13.64)
Ls Hp
Putting value of Re from equation (13.39a) into (13.41a)
25k, ’I = 2R,
(13.65)

R, = fk, —IJ'
Putting values of Reest, Rues, Rees, By and Re from equations (13.58), (13, 60),
(13.62), (13.37) and (13.65) into (13. 64)

L ‘”Mn][#‘"”*'kg.-s[m] +ku,[M ][I] [ d[I]J

[0
P Ky [N, ][M] ko [V, 18]+ ki [ M J11] + £, 1]
% kp[MJ[M]

1k [ML M) s [MG]IS] K [M 1] L 1k, [1]
%k, [M, |[M] k[, [M] " [ ]M] k[N, ][]

__1__ S k:.-_M . k:r.S [S]_‘_ ktr,l[I]+ ﬂfd [I] (1366)
;:"‘ k; | k? [AI] k? [M] kp [Mn ][M]

Substituting Cuwm, Cus and Cur into equation (13.66) by using equations
(13.59), (13.61) and (13.63) respectively

L, > _{_S..]_J_ [I] fk, [I]
‘;:‘-:' = Cf.,ﬂ.% + (Ju,S {M] t C",l [M] - kp [Mn ][M] (13.67)

Using equation (13.41a), concentration of initiator is determined as
.2
k[M, ]
[]=—tLa]
[Heeie (13.68)
Putting value of [I] from equation (13.68) into equation (13.67)

S 1[k=[MnTJ+ f, [k@f]}

—1._:0 $ 0 Bl i
o S o R L

n
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Equation (13.70) givea average degree of polymerization in terma of chain
tranafer conatanta,

(it}) Chain Translor to Solvent
If initiator of low Cua value o weed and Ry/[M)? kept constant by adjusting
the concontration of inttintor, then oquation (11.70) will be

1.1 . 19 (18.71)

- M

Xn (Xu)
0

Following resulta are drawn from equation (13.71)

Equation (13.71) is a atraight line pquation in intercept form as shown in Fig.
13.9. -

(i) Slope of graph is equal to Cus.

(i)  Intercept of the graph provides value of inverse of number average degree of
polymerization in the absence of solvent transfer agent.

W

If [S]—0, then
1

(),

1
Xn

_.'!mq.,_ ~ evsns ety
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Fig, 13.9 Plot of [S)/[M] versus ;r—

(iv) Chain Transfer to Monomer and Initiator
» 2 700y will be
If chain transfer to solvent is absent, then equation (13.70) will b

1 Coy+C (| =5
R TR tr,! ﬂ{,,k;l, [M] kl [M]

Xn
Previous discussion shows that initial form of above equation 1

-, g ulfowI']j [kZJ[M]

Xn

(13.72)

Following results are drawn from equation (13.72)

(1) Equation (13.72) is a etraight line equation in intercept form,

If Ry is plotted against =, then for small values of (1], [I}—0, equation

(1)
Xn

(13.72) will be

oo kR,

As Cun, ki nnd kp? are constants, 8o a linear plot obtained. Similar plot als

obtained if ~;- i8 plotted versus 1/[M]2,

[N T,
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For large values of [I], if Ry is plotted againat A

7« ~hy using equation 113.72),
P ® 1 ef - ¥ n

then a non ]u? ar graph results because role of chain transf

becomes I)rotnllle‘lt:. chain transier to imitiator

(iii)

is graph provides i :
Thus this graph p ! ides information about role of initiator on relation of s
}’ and, of [M]z and =—.
X

—

an

, n
Xn

Example 13-4

1f M. of polymer of glycol and 1,2-ethandiamine 1z 25,000 g/mol
a1culate its degree of polymerization. . 10l.
C

Sol\ltion
Number average molecular weight = Ma= 25,000 g/mol
Molecular mass of water= My = 18 g/mol
Molecular mass of repeating unit = M. = 86 g/mol
Degree of polymerization=n =?

Polymerization reaction 1s
HOC2H4OH + H2N02H4NH2 _ﬁ:O—)HO(CgH_iHNCEH ‘.\;_'H‘)- H
Molecular weight of polymer = (86xn) + 18

25000 =(86xn)+18
86 xn = 24982
n =290.48

13.6 COPOLYMERIZATION

That type of polymer which is made up of two monomers is called copolymer.
The process by which copolymer is synthesize known as copolymerization.

13.6.1 Classification of Copolymers

On the basis of arrangement of monomeric units in copolymer, copolymers
are divided five different classes. Structure of all classes is different from each other.
Classification scheme and structure of each class is shown in Fig. 13.10 while their
detail is as follows :

(1) Statistical Copolymer: 1f arrangement of monomeric units in copolymer 18
completely according to statistical laws, then that copolymer is termed as
statistical copolymer.

()  Alternate Copolymer: If two monomeric units successively alternate each

other in polymer, then it is alternate copolymer.
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Fig. 13.10 Classification of copolyme
copolymer

13.6.2 Kinetics of Copolymerization
on can occur through step as well as chain growth

polymerization. It depends upon monomers whether they prefer step growth or chain
growth. Here we use free radical chain growth polymerization to explain kinetics of
copolymerization. Initiation and termination are same as discussed before while
ferent in copolymerization.

propagation is dif
Let Mi and Mz are two commoners involved in copolymerization and M1 and

Copolymerizati

M, are their growing radicals respectively. Growing radicals may has M, or M, as
growing end group in binary mixture. So there are four possible propagation
reactions because there are equal chances for M, to bind with M or Mz and vice

versa for M, radicals.
Reaction I: M, binds with Mi, so terminal reactive end group and penultimate

specie is of M. ku is rate constant of self addition of M, to M1.

Reaction II: M, binds with M2 and product has terminal reactive end group and
};:nultlmate specie of Mz and M respectively. kiz is rate constant of M, addition to
2. '
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Reaction 111: Here M, bi .
» binds with Ms, and product hae terminal reactive group and

,nultimate specie 2. kooi
pen P of Mz. kazis rate constant of self addition of M, to M
s i 2.

Reaction IV: M. bir 3
2 binds with My, product has reactive end group of Mi and

penultimate specie of Me. ke) is rate constant of M. addition to Mi
2 .

Reaction-| . . k11 ‘
Ml "“M‘ — A~M, M & M
— Vi AAns 1
Reaction-ll NVM. .M K2 ) _
2 T A~~My —M or A~ M
Reaction-l| ' k
M’Mz + M2 _22. ' )
My —M of A~ M
2
Reaction-Vv ) k2 - .
AcoMy My —— A M —M; O Anr My
Penultimate Terminal

model model

Fig. 13.11 Brief sketches of products according to penultimate and terminal models

. .Termmal and penultimate models are such propositions which describe
reactivity of growing free radicals in copolymerization. Fig. 13.11 exhibits brief
sketches of products considered according to penultimate and terminal models.
Following is detail of these models

(i) Penultimate Model: This model suggests that reactivity of growing polymer
chain depends upon last two units of chain. It means reactivity of products of
reaction-I and reaction-IV are not equally reactive for further propagation of
chain and vice versa for products of reaction-II and reaction IIL.

(ii) Terminal Model: This model proposed that reactivity of growing polymer
chain only depends upon last unit of chain. It means reactivity of product of
reaction-I and reaction-IV, and products of reaction-II and reaction III have

equal reactivity for further propagation of chain.

We discuss kinetics of copolymerization within perspective of terminal model as

(a) It is not so complicated to describe.
(b) It gives general principle by which most of the copolymerizations have been
explained guccessfully.
By accepting general propositions of terminal model, following fruitful
conclusions from some suitable limitations can be successfully drawn

Casel ki>>kizand kge>>ka
If case-I is applicable, then terminal reactive group prefers self addition of
monomers and block copolymer polymerized. If ki >>>>kie and kap>>>>ka, then

homopolymer may formed because there is much greater tendency of self addi'tion of
monomers which may not give a single chance to bind with monomer of other kind.
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H 1 1 2. A
Reaction | i + M, ——5,
2. =a
2 z .1 ¢ vate pr ”,"a,,‘;:.'._’,‘.'.‘ "f Vi, 3
Rate of reaction-I i3 equal Lo Fas= =% =2
diM, ] e T (13.73
P L "i_“‘{'a 2k "{ L-"r 1 J
I'x — - - g » “ )
dt o

Reaction I1 MT + M, M,

Rate of reaction-11 is equal %o 12
(13.74)

Reaction III M, +M, —=—M,

Rate of reaction-1II is equal to

d(}'L.l Tag T 2 75
Ry =~ —dtu 1”22 "‘{2_‘;;\’1:3 (13.75)

Reaction IV M, +M, —f M

Rate of reaction-IV is equal to rate of consumption

LTS k[ M, ] (13.76)

of M, as

Rf'l dt
Monomer M1 is consumed during reaction-] and IV, s0

d M
——%{LJ=RI+RW

Thus, equations (13.73) and (13.76) are used to write equation for rate total of

consumption of Mi

_d[M,]
[dt k“[M ][“ ]*ku[“ ™,] (13.77)

Monomer Mz is consumed during reactions II and I11, 8o
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“U\!']

dt

=R, + R

mn

'l‘l\‘l\lh “( ‘ \ » ¢ v .
i rquations (13.74) and (13.756) are used to write equation for rate total of
Cﬂ"ﬂ\““pt,lﬂn ()r I\l]

d[ M, o -
N A TR

Dividing equation (13.77) by (13.78)

d[M, ]k [M M, s, [ M M ]
d[M, ]k, [M, M, ]+ K,y [ M, M, ]

Divide and multiply above equation by [M,]

d[M, ] [M,]( k[ M ]+ Ko, [, M)
d[M,] [Mz] K., [M,][Mz} k,e[Ml][Mﬂ])

[M,] [\'i,]
4] ] k,, [M,]m + k,l[Ml]-,.?

[M“- : (13.79)

M, and M, are two principal radicals present in reaction mixture. As
polymerization is a fast process, so steady state condition tells that net concentration
of M, and M, is zeroin reaction. It means rate of formation of M, is equal to rate of

consumption of l\"[l and vice versa for M, _Thus rates of reaction-II and IV are equal,
and rates of reactions I and III are equal. Self addition reactions of M, and M, are

not considered here as product and reactant are same gpecies. So

Ry =Ry
ky, [Mz ][Ml ] =k, [Ml ][Mz]

[Ml] _ky, [Mx]_ (13.80)

[Mz] 2 ki, [M2]

————— e —
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a 7q
{ i 3 GI,, into l"‘:',’.’!ﬂ“‘.'}n (li "‘”

Substituting equation

. A Tk:f.:‘-_,. ;".’.E_' i:‘IIE
Kygt ¥y | W 1
r} ‘{ B K ',_'__"{_.-,«.,_-—-—f--:
e b e 2
di ) r 1 “‘11
dpM,] (M ] kM I8
,_\.‘._,-Lc M, ]
fagl] °n L
di M, | }',.\1J

aM, | kg M, )k [M]

g ldoai 4 : ve equation with kai[M;
Dividing nominator as well 28 denominator of above €q (M)

K, kMT | ku[M]
d[M, ] »!k,,?.\g]hu ,1[\11.
dM,] k(M| ky[M]
ky[M,] ke [M,]

kaM]
dD’L] _ kzze{'\izj (13.81)
diM, | kQ_SEM?:LI
k, | M, |
Reactivity ratios r; and rz are
ks
1 k.lz
k.
and r=-%2

Substituting reactivity ratios r1 and rz from previous both equations into
(13.81)

™M, ]

5 lf 1 .
dM,] M, i (13.82)
d[M2] r.ﬂ.{.l |
‘M]

Equation (13.82) is a copolymer composition equation which gives
concentration of monomer M) polymerized with respect to concentration of monomer
M: in time dt. Using this equation we can determine feed ratio of monomers
([M;)/[Mz)) into polymer, as it is generally assumed that feed ratio of mixture is equal
to feed ratio of polymer.

It is always not necessary to mention data in terms of feed ratio, term of mole
fraction is also used. Monomers are continuously depletmg from reaction and
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incorporated into polymer, so |

nct_mna of monomer M, and Mz into B
mixture are f; and f2. So |

1and F; are mole fr

polymer, while their mole fractiong left in renct
*action

F,+F =1
(13.82a)
F = l—F,ﬁ, = d[Ml]
d[M,]+ d[M ] (13.82b)
Fg . 1_Fl =——~d-|_t&L
d[M, J+d[M, ] (13.82¢)
and +1 =
(13.82d)
fo1-f - [M]
[M,] +[M2] (13.82¢)
C1p o M
2 2] (13.82f)

To correlate mole fracti i
o . ions of monomers incorporating into polymer and left
in mixture, we modify equation (13.82) as : e

Multiply nominator and denominator of equation (13.82) with [Mi][Mz]

IVREEE e L et T

d[M,] M,
DM T (M M)
d[M,] = [M,T+[M,]J[M,]

d[M, ] B 1'2[M2:|2 +[M,][M,]
Rearranging above equation

d[M, ] _ rz[lzwz]z +[M1J[¥2]
d[M, ] r,[M1]2+[Ml][M2]
Add 1 on both sides of above equation

a[M,], , _m[M.T+[MJM:]
d[Ml:] rl[M1]2+[Ml][M2]

d[M,]+d[M,] n[M, T +[M,IM, ]+ rn[M,T +[M,IM,]

i ] L[] + DM, IM. ]

Now substituting Fi1 from equation (13.82b) into above equation
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B T M M

e equation with (IMi]+[Mz])?

1 .
"‘" i |'M ! ]2 '

: . hov
Divide nominator and denominate’ o [-M f
o P M. M, VR

e M@ﬂdﬂXEIMMJBQFiﬂdi

L. .(..l:}\?_.,,ll_i_l,_,.,,@? T
S L) (eI
g2f) into above equation

Substituting fi and fz2 from equation (13.82e) and (13.

r,f, + 2 fy + rff

1 nfy e 2fif Fhh
F‘T B r {7 + £,
) rf; + f,f, (13.83)
or K, = 2 72 2
o2+ 2071) + ]
e f2 4 £ f
p —F = 172 172
and 1= 5% = 0T 227 + nf)
F, =1 nfy + 4 (13.84)

T fE+ 2] 4 nff

Equations (13.83) and (13.84) give amounts of monomers into reaction

mixture and polymer at different mole fractions.

13.6.3 Reactivity Ratios and Composition of Polymer

tios r1 and rz are useful to predict nature of copolymer formed.

Reactivity ra
pecial cases and their immediate predictions

Following are some $

Special Case : r1=r2= 0
This is possible when ki and koo are zero and kiz and ka1 are not zero, it

means tendency for self addition of monomers is negligible while tendency to add
monomer of other type is significant. So both monomers are alternatively add into

polymer and a perfect alternate copolymer is fabricated.

Special Case II: r, =1, = ®

’I‘hig i's possible when ki2 and ko2 are zero, accordingly there is large tendency
for self addition of monomers as compared to addition of monomer of other kind. So
homopolymers are formed.
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Special Case IIl: nn=re: =1

Now ki, koo, kie
addition and non.qelf}-aizilcli?ti}:; of Cquel, B0 campetitioly developl bstween fe -
. 5 ‘-. monom r..‘ ., .
copolymer is synthesized. ers. Under such conditions, random

Special CaseIVirirz=1

mndomTl‘)}:tStl}iigacie gi_' 1.deal copolymerization, under this condition copolymer is truly 3
, A poncigon does not prevail mostly due to side reactions and non-ideal
reaction conditions.

Example 13.5

- If i:;*"d ‘i a_tio of styrene and maleic anhydride is 3:1 and reactivity ratios of
styvrene and maleic anhydride are 2 and 0.25 respectively, then calculate composition

of copolymer.

Solution
Concentration of styrene = [Mi] = 3 [Mz]
Concentration of maleic anhydride = [Mz2]

Reactivity ratio of styrene =r; = 2

Reactivity ratio of styrene =r2 = 0.25
Composition of copolymer= d[Mi]/d[Mz] = ?

Using copolymer composition equation, we have

M, ] 3[M, |
L1t | 2x—=—=t]
am,)_ L] "I _2x341__ T g4
d[M,] _[M,] M, ] 025, 0083+1
r, +1 025x—=—=+1
M, ] 3[M, ] 3

13.7 MOLECULAR WEIGHT AVERAGES

Molecular weight of a polymer cannot have a single value as all chains of
polymer synthesized at one time are not equal in length. Thus for this kind of
polydisperse system average molecular weight is quoted. Viscosity average, Zz-
average, number average and weight average molecular weights are different
molecular weights which can be determined different methods. A single method of

characterization cannot measure all kinds of weight averages.

(i) Number Average Molecular Weight

Number average molecular weight (M,) is summation of all fractions of
s multiplied by their molecular masses. Let fi is fraction of molecules of mass
of mass Mzand so on.

—

polymer
M., 2 is fraction of molecules

M. = £M, +£,M, +£,M, +... +£M,
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Generally it can be written as (13.85)

Sin L \‘, r‘\‘t J \
iy N and NTesl 18 1
~ Jocules i and Ntest 18 total
If Ni 1 \bher of molecules of fraction of mole
, 18 numlx '

number of molecules, then
2 QR
N { l 3.L b\
\l

f 2 e

NT\ul

I ]
where Napga = = Vi
; ) 3.85) as
Putting value from equation (13.86) nto (3.8

R—I Sl Nll\il
Vln =
NToml

(13.87)

Equation (13.87) gives formula for calculation of Ma.

(ii) Mass Average Molecular Weight

Mass average molecular weight ( M) is calc

fractions multiplied by their respective molecular m Y e
molecules of molar mass M, w2 is fraction of molecules of molar

M= =w,M, +w,M, +w,M,; +.... w,M,

ulated by summation of all mass
qeses. Let w1 15 mass fraction of
ass M:and so on.

Generally it can be written as

Ma =X, w,M, (13.88)
If m; is mass of molecules having molar mass Mi, and mTeal is total mass of
sample of polymer, then

= (13.89)

w, =
M 1)

Where, m,,, =2, 1,

Substituting value from equation (13.89) into (13.88) as

Mﬂ — Zi miMi
Mg
M. = X, mM,
2, m,
We know that
_ILNM,
m, = N , hence above equation will be
A
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Mm B -——Zi NiMlMl
2 NM,
M. = 2, NiMf
"L NM, (13.90)
Equation (13.90) g'l\.fes formula for calculation of Mm. Mn > Ma is applicable
for polydi_gpel‘se system, since longer chain has greater mass, so it can greatly

enhance Mu, while it is very rare that a large number of chains of single fraction is
present-

(iii) z-Average Molecular Weight
z-average molecular weight (M. ) is
IV ZI NiM?
T (13.91)
i i i

Equation (13.91) gives formula for calculation of M.. M. >Mn > M., this
trend exists because weighing factor is NiMiZ in M. .

Example 13.6

Sample A of polymer is polydisperse. 4, 8, 1 and 3 chains have weight 10,000,

2 000, 5,000 and 15,000 1b/mol respectively. Calculate Man, Ma and M. and compare
their values.

Solution
Number of chains having weight 10,000 1b/mol=4
Number of chains having weight 2,000 Ib/mol=8
Number of chains having weight 5,000 1b/mol=1
Number of chains having weight 15,000 1b/mol=3

Using equation (13.87), (13.90) and (13.91), we calculate Ma, Mn and M. as

0 el TLNM, (4x10000)+(8x2000)+(1x5000)+(3x15000)
" Ny (4+8+1+3)

— 40000 +16000+5000 + 45000 _ 106000

M, =6.625x10° 1b/ mol
16
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"/f, (J?,_(M 21 ”’1/1!10]) > Mu (](},‘//]U ]h/m/)]) > Mo (4 #«107 ] 1 )
14.6 MOLECULAR MASS DETERMINATION M JTHODS
Gsmometry, yisemetry, light
ceattering and sedimentation methods  are
commonly used methods for determination of
molar mass of 4 polymer, Some methods are
given here in detsil, e
14.8,1 Viscosity Method B
Vigeosity of a fluid s a fundamental
X2

property which has been described in section
11,11, Viscosity mensurements can be used for
determination of molar mass of a4 polymer.
Ostwald viscometer is the simpleat ':ppdmtlw
which is used for menssurement, of viscosity of
a solution, Ostwald viscometer consists of o
bulb I3 with markings %) and x2 attached to 4
capillary tube C and a4 reservoir 1) as shown in
Fig, 13.12. A liquid is introduced from C and
sucked from B side, Then time of flow of liquid
from %y to xz is recorded,
following formula,

D

Fig. 13.12 Ostwald viscometer

The value of relative viscosity can be measured using
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=£2

7
nr!l = _’ i
Mo Py t,

Where,

11 = viscosity of solution

M = Viscosity of solvent

t = time of flow of solutjon

t, = time of flow of solvent

p = density of solution

P, = density of solvent
Time flow can be measured b

det,errgined_ by filling gravity bottle.
viscosity using the following relation.

Myp =My —1

y Ostwald viscometer while densities can be
Specific viscosity is obtained from relative

The specific viscosity is converted into reduced viscosity by the relation
Mo

Ned =—

C
Where, C is the concentration in gmL1.

%’- is plotted as g

function of concentration of .
polymer as shown in Fig.
13.13. The intercept of the
plot is viscosity of the solution
at infinite dilution and it is
called intrinsic viscosity i.e.

Nsp/C
P ) M

Intrinsic viscosity =[] = Lim,_, =

The relation between /
[7] and molar mass of a =
polymer is given by the nl{
equation

[7]= kM" C
Whire. ‘w'and K aré Fig. 13.13 Plot of Nsp/c as a function of

empirical constants and M is concentration.

E . the molar mass of polymer. The above equation can be used for determination of
| molar mass of polymer for which K and a are known.

;
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P i .‘imllmmnullnu '
oy o pmlh jo of polymer in solution which moves under the (
i ""l"'|" il fiehd. The fulling parhe fo having magss Ma experiences g
PVt !
| uoyancy force. The net foree acting on ¢

I L
0 Yy and b

e nhlluuul vy W I i Hl]llnl i |
Jee gy e wriiien an |

thi paith
Ccontrifugal force

Mot foree — huoyuncey force
St t

)
mv’
s e == (1 IV,
-
'

2
mro) o,
A

r

mr (1
e /) rm

y
=mra’ ~o'rm, (13.92) ,
Where, @ is the angular velocity of the rotor in radius per second, r is the
distanee from centre of rotation of particle.
{

An we know thatm, = pv, by putting this value in equation (13.92),

= mra)’ —w’rpv
S0, net. force will be equal to frictional force

(/r
di y,

= mra’ —o'rpv

/

dt )

dr)
dt )

=mro’ -o'rpmy

/(‘('/"‘ =mrm2 —a)zrpm _v_
m
i

A %—:—] = w2mr(1 —p;)

) ©mr(l-pv)

a) T
Vi _ NA’”("'P;)

o'r N,f
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Where, Vis the partial specific volume, ‘1%” is the sedimentation velocity
| dr/
Left hand side 18 replaced by S because the term /;It is the sedimentation
. . wr
coefficient (8), Na is Avogadro's number.
M(1-pv)
S=——-+u 7
N.J
SN[
M = —4= (13.93)
1-pv
According to Stoke’s law frictional coefficient of a spherical particle is
S =6mnr,
By putting value of f in equation (13.93), we get
SN ,(6znr,
M= A i ) (13.94)
1-pv
According to Stoke’s Einstein equation, we know
oo kT
67r,
k. T
D

Where, ks is the Boltzmann constant, D is the diffusion coefficient and T 1is
the absolute temperature.

By putting value of 67nr, in equation (13.94), we get

SN kT
e D(1A—;§)
SRT
D(l—pii)

In the above equation, unknown quantities arev, D and S. vand D can be
measured by some separate experiments. The sedimentation coefficient can be

determined by the following ways.

d
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St = Inr I,
e =N’ 1 Ing, (13.96)

Fguntion (10.06) is an equation of atraight line in intercept form na shown in
g, 11 with islnpm\'m'.‘ I'rom the slope we can determined the value of
sedimentation coeflicient,

s
/ d
A
Inr " Slope=Sa?
”
/
P
r
yd
/s
/
3
'(/
t

Fig. 13.14 Plot of Inr voraus ¢
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‘ v - ] 1
rane csmometry are two principal types of osmometry
1 o0 far W0 mEASUTE OUMUET average malecular weight.

~

Vvapour Phase Osmometry
3 F

. _:inle: Addition of sclute molecules decreases the vapour pressure of a ligquid.
?ﬁnci? e v

C cgease in VAPOUT pressure depends upon number of solute molecules.

=~

_ ruction and Working: Vapour phase csmometer is shown in Fig. 13.15. Two
c:c:-:.‘,:rs zre connected to 2 Wheatstone bridge. Solvent drops were placed in
ETT T e ot thaprais S - . : : aame
= of both thermistors by using syringes. As both wires are in proximity of same
Fa— ~AF o

12w 25 T gL =V

evaporation iz same at both wires, so no temperature difference 18
b wires and a balance point is established. Now place drop of
srmistor and drop of solvent at the other. Now thermistors detect a

_-zwure difference as rate of evaporation at both ends is unequal. This

"5
_eatre CQLIETE
TE

nce is recorded in terms of potential difference by Wheatstone

S

Calculation of Molecular Weight: Output voltage AV is related to molecular
rmr MDY following equation

—
&
=

L}

AV K
— =—+KBC 13.9
C .‘i{n ( 7)

K is 2 calibration constant. Firstly value of K is determined by using polymer
of low and rnown molecular mass having less polydispersity. Then that value of K 18
.,-;:._ +o determine molecular mass. Voltage difference is measured for solutions of

Y ~eT
rent CONCED

1ifet trations, then AV/C is plotted against concentration as shown in Fig.
13.16. Value of slope is equal to KB, while value of intercept is equal to K/Ma.. Kis
imown already by calibration, thus M. is determined.

sdvantages: Quick determination of molecular mass along with use of small
amount of polymer is two advantages of this method.

Disadvantages: Only low molecular weight possessing polymers (~30,000) can be
successfully measured by it.

AT
AVIC
Solution
B Yo
Solvent 4
ey e m—— 0

C .
Fig. 13.15 Working of vapour phase osmometry Fig.13.16 Plot of AV/C versus C
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osmotic preseure, in return molecular weig
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it also

. T srfeatly P
Disadvantages: Time consuming and no membrans 'é g ﬂf /f“h A
completely prevent flow of solute molecules and permit flow of solvent
molecules

Dynamic Membrane Osmometer: Here motion
towards chamber of solution 1 stopped by applying equal and opposite

pressure on solution. Thus osmotic pressure is measured 1 terms that hiow
much pressure has applied to stop flow of solvent molecules

H" iil)lV"l”. tricilese e

(I

.‘\d\'untamm: "qu”lll)rlun’ 18 (‘h“!’)““h"d HOON lJl?t_W!"l’ﬂ b‘)',h ‘7’“”"!""1'&; e it ju

time saving.

High Speed Membrane Osmometers: Here an optical system is used 1
monitor flow of solvent molecules through membrane. As soon as solvent
molecules starts penetrate into membrane, optical system automatically
adjusts pressure by a electro-mechanical device to such level so that no
solvent molecules will move.

Advantages: Migration of very small polymer molecules ncross membrane is
perverted, so errors occur in static method do not happen here,

Caleulation of Molecular Weight: Van't Hoff law provides basis of osmometry. For

osmotic pressure 11, we have following relation

general gas constant while

n . . ; .
ol (A, +A,C+AC* 4 AC..)

A‘, A’ 3 ¢ 2] [ %, 4 .

¢z, As and Ayg are virial coefficients, € iy concentration of polymer, R
[ L X et
Fis temperature, Ay cqual to 1/M., wo above equation

will be
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wr[ !

TVIH FA,C4 A0 s-.A‘C”....J

quation wil] he

Mo 1 :

G -5+

_z—-l_ A 1

RTC T2 (13.98)

Following results are drawn from equation (13.98)

Equation (13.98) is a linear equation.

Pl?t of /RTC vere-ue C gives an intercept equal to 1/ M, and slope equal to Az
(Fig. 13.18). Thus inverse of intercept gives value of Ma.

Value of Az is measure of polymer-gsolvent interactions. High value of slope

indicates good polymer-solvent interactions . g
: t
good quality. ractions, go that solvent is considered of

Low value of slope gives an indication of poor solvent-polymer interactions.

;f valug of slope is zero, then graph will be parallel to x-axis, and that solvent
1s considered very poor and called theta solvent.

This is how molecular weight is determined by osmometry.

(a) (b)

- -
& 3
) ;:.'
= v
@ &
A ==
Sclvent & Solvent Solvent '._‘: Solution
~

I

Fig. 13.17 Functi

oning of membrane osmometers (a) when both chambers have

solvent, and (b) when one chamber has solvent while other has solution.
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Theta aolvent

v C
Fig. 13.18 Plot of n/RTC versus C

13.9 ANALYTICAL METHODS

Molecular weight distribution determination method is' analytical method,
Centrifugation, turbidimetry, gradient elution and gel permeation chromatography’
(GPC) are analytical methods. Among analytical methods, GPC is most, reliable and
gives detailed and accurate analysis.

13.9.1 Gel Permeation Chromatography

Relative movement of polydisperse polymer solution is studied through
chromatographic tank and analysis is done in GP

GPC is done with the help of a chromatographic tank filled with bead
as packing material. Then dilute solution of polymer is run through this ta
the help of pure solvent. Polymer molecules mov

8 61‘ gel
nk with

mo‘lecule'a of higher weight is collected first and fraction of moleculeg )
weights is collected later. By controlling crossli

Thus by controlling pore size, we can limit size and weigh ' ’
’ t of m .
end by GPC. g polymer collected in the
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