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CHAIN COPOLYMERISATION
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Copolymerisation Equation
-
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Copolymerisation Equation
-

In order to remove the concentration terms in M;* and M,* from Eq. 6-8, a
steady-state concentration is assumed for each of the reactive species M, * and M,*
separately. For the concentrations of M, * and M,* to remain constant their rates of
interconversion must be equal. In other words, the rates of Reactions 6-3 and 6-4
are equal,

ki [M2*][M,] = k12[M;*][M.] (6-9)

Equation 6-9 can be rearranged and combined with Eq. 6-8 to yield
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(6-10)
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Copolymerisation Equation

Dividing the top and bottom of the right side of Eq. 6-10 by k,,{M,*] [M,] and
combining the result with the parameters r, and r,, which are defined by

(6-11)

one finally obtains

d[M,] - [M1)(7:[M,] + [M,])
d[M,;] [Ma]([M,] +73[M;])




The copolymerization equation can also be expressed in terms of mole fractions
instead of concentrations. If f; and f; are the mole fractions of monomers M, and
M; in the feed, and F; and &, are the mole fractions of M; and M, in the copoly-
mer, then

S L..1Y 6-13)
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and

F,=1-F,= d[M,] (6-14)

d[M;] +d[M;]
Combining Eqs. 6-13 and 6-14 with Eq. 6-12 yields
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IDEAL COPOLYMERISATION

A copolymerization is termed ideal when the ryr, product is unity. Ideal copolym-
erization occurs when the two types of propagating species My* and M,;* show the
same preference for adding one or the other of the two monomers. Under these
conditions

=_k_'2_ or rzzl (6-28)
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Random copolymerization

O When r.=r. the two monomers show
equal reactivates toward both
propagating species . such behavioris
referred to random




When r, =r, =0 (and ryr; = 0), the two monomers enter into the copolymer in
equimolar amounts in a nonrandom, alternating arrangement along the copolymer
chain. This type of copolymerization is referred to as alternating copolymerization.
Each of the two types of propagating species preferentially adds the other mono-
mer, that is, M;* adds only M, and M,* adds only M, . The copolymerization equa-
tion reduces to

d[M)
d[M;]

=1 (6-30a)




If both ry and r, are greater than unity (and therefore, also r,r, > 1) there is a ten-
dency to form a block copolymer (structure H) in which there are blocks of both
monomers in the chain. This type of behavior has been encountered only in a few
copolymerizations initiated by coordination catalysts (Sec. 8-4d-2). The extreme
case of both r; and r, being much larger than unity—corresponding to the simul-
taneous and independent homopolymerizations of the two monomers—has not
been observed except in one oz two systems [17].



Tabie 6-3 Relative Reactivities (1/r} of Monomers with Various Polymer Radicals®

Polymer Radical

Vinyl Vinyl Methyl Methyl
Monomer Butadiene Styrene Acetate Chloride Methacrylate Acrylate Acrylonitrile
Butadiene 1.7 29 4 20 30
Styrene 0.7 190 50 2.2 5.0 25
- Methyl] methacrylate 1.3 1.9 67 10 2 6.7
Methy! vinyl ketone 34 20 i0 1.7
E Acrylonitrile 33 2.5 20 25 0.82 1.2
=11 Methyl acrylate 1.3 1.3 10 17 0.52 0.67
- Vinylidene chloride 0.54 10 0.39 1.1
Vinyl ¢hloride 0.11 0.059 4.4 0.10 0.25 037
Vinyl acetate 0.019 0.5% 0.050 0.11 0.24

21/r values calculated from data of Table 6-2.




Table 6-4 Rate Constants (k7 for Radical-Monomer Reactions?

Polymer Radical

Methyl Methyl  Vinyl Yinyl
Monomer (M;} Butadiene Styrene Methyacrylate Acrylonitrile Acrylate Acetate Chloride {4 €4

Butadiene 100 280 2,060 98,000 41,800 319,000 239 -1.05
Styrene 70 165 1,130 49,000 10,045 230,000 550,000 1.00 -0.30
Methyl

methacrylate 130 314 515 13,100 4,180 154,000 110,000 0.74 040
Acrylonitrile 330 413 422 1,960 2,510 46,000 225,000 0.60  1.20
Methyl acrylate 130 215 268 1,310 2,000 23,000 187,000 0.42  0.60
Vinyl chloride 11 9.7 52 720 520 10,100 11,000 0.044 0.20
Vinyl acetate 34 26 230 230 2,300 6,490 0.026 -0.22

%}, values calculated from data in Tables 3-11 and 6-3.




RESONANCE EFFECTS

The monomers have been arranged in Table 6-3 in their general order of reactivity.
The order of monomer reactivities is approximately the same in each vertical column
irrespective of the reference radical. The exceptions that occur are due to the strong
alternating tendency of certain comonomer pairs. Table 6-3 and other similar data
show that substituents increase the reactivity of a monomer toward radical attack
in the general order

—(,—CH=CH, >—CN,—COR >—COOH,—COOR >
—(1>—0COR,—R>—0R,—H
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The rates of radical monomer reactions are also dependent on considerations of
steric hindrance. This is casily observed by considering the reactivities of di- tri,
and tetrasubstituted ethylenes in copolymerization, Table 6-5 shows the k, values
for the reactions of various chloroethylenes with vinyl acetate, styrene, and acrylo-
nitrile radicals. The effect of a second substituent on monomer reactivty is ap-

proximately additive when both substituents are in the 1. o a-position. However, a
second substtuent when in the 2- or Bposition of the monomer resuls iy o ecrease
in seaciity due o steic hindrance between i and the radical to which t adding,
Thus 2-10-old increases and 2-20-f0ld decreases in the reactivities of vinylidene

chloride and 1 2-dichloroethylene, tespectvely, are observed compared to vin]
chloride.

Steric effects

Table 6-56 Rate Constants {k,,) for Radical-Monomer Reactions®

Polymer Radical

Vinyl

Monomer Acetate Styrene Acryionitrile
Vinyl chloride 10,000 9.7 725
Vinylidene chloride 23,000 89 2,150
cis-1,2-Dichloroethylene 365 0.79
trans-1,2-Dichloroethylene 2,320 4.5
Trichloroethylene 3,480 10.3 29
Tetrachloroethylene 338 0.83 4.2

k12 values calculated from data in Tables 3-11 and 6-2 and [66].




Q-E SCHEME

Ky = PO, exp(-e,e;) (6:57)

where P; and (), are measures of the resonance stabilization of M, radical and M,
monomer, respectively, and ¢, and e, are measures of their polar properties. By
assuming that the same e value applies to both a monomer and its corresponding
radical (that is, e, defines the polarities of M; and M;-, while e, defines the polari-

logous to

Eq. 6-57. These can be appropriately combined to vield the monomer
ragios in the forms

(6-58)

n= QL expl-ei(e; - €,))
2

O

r, = == exp[-ealey - €1)] (6-59)




Table 6-7 Q and e Values for Monomers?

Monomer

e

t-Butyl vinyl ¢ther
a-Methylstyrene
Isoprene

Sodium methacrylate
Ethyl vinyl ether
N-Vinylpyrrolidone
Allyl acetate
1,3-Butadiene
Indene

Isobutylenc

Styrene (reference)
Propylene
2-Vinylpyridine
4-Vinylpyridine
Vinyl acetate
Ethylene

Vinyl chloride
Vinylidene chloride
Methyl methacrylate
Methyl acrylate
Methacrylic acid
Methyl vinyl ketone
Methacrylonitrile
Acrylonitrile
Diethyl fumarate
Vinyl fluoride
Acrylamide
Fumaronitrile
Maleic anhydride

#Data from [107].




Table 6:9 Steric Effects in Copolymerization of o- and

f-Methylstyrenes (M, ) with p-Chlorostyrene (M, o
M; n "y
Styrene 2.31 0.21
a-Methylstyrene 9.44 0.11
trans-f-Methylstyrene 0.32 0.74
cis-f-Methylstyrene 0.32 1.0

aData from (129-131].
b3nCl, in CCly at 0°C.
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The most extensive studies of monormer reactivity have been those involving the
copolymerization of various meta- and para-substituted styrenes with other styrene
monomers (styrene, e-methylstyrene, and p<hlorostyrene) as the reference mono-
mer [120,124-126]. The relative reactivities of the various substituted styrenes
have heen correlated by the Hammett sigma-sho relationship {108]

log (;l”) =po (6-74)

1

For example, log (1/r,) values for a series of meta- and para-substituted styrenes
copolymerized with styrene were plotted against the sigma substituent constants to
yield a straight line with slope p of negative sign. The sigma value of a substituent
is a quantitative measure of that substituent’s total electron-donating or electron-
withdrawing effect by both resonance and induction. Electron-withdrawing and
electron-donating substituents have positive and negative sigma constants, respec-
tively. A negative value of p means L/r; is increased by electron-donating substitu-
ents as expected for cationic polymerization. (A positive value of p would mean
1/ry is increased by electron-withdrawing substituents.) Substituents increase the
reactivity of styrene in the approximate order

p-OCH; > p-CH, > p-H > pCl > m-Cl > m-NO,
(-027)  (-0.17) 0y (+0.23) (+0.37) (+0.71)



Effect of solvent

Table 6-10 Effect of Solvent and Gegenien on Monomer Reactivity
Ratios?

ri 2
Isobutylene p-Chlorostyrene Solvent Catalyst

1.01 1.02 Hexane (¢ 1.8) AlBr;
14.7 0.15 Nitrobenzene (€ 36) AlBr;
8.6 1.2 Nitrobenzene (€ 36) SnCl,

¢Data from [ 132]
bTemperature 0°C.




ANIONIC
COPOLYMERISATION

6-4b-1 Reactivity

The reactivities of monomers in anionic copolymerization are the opposite of those
in cationic copolymerization. Reactivity is enhanced by electron-pulling substituents
which decrease the electron density on the double bond or resonance stabilize the
carbanion formed. Although the available data is rather limited [122,123,140,141],
reactivity is generally increased by substituents in the order

—CN>—CO,R>—@,—CH=CH, >—H




EFFECT OF SOLVENT

Table 6-12 Effect of Solvent and Gegen-lon on
Copolymer Composition in Styrene-Isoprene
Copolymerization?

% Styrene in
Copolymer for
GGegenion

Solvent Na* Li*

None 66 15
Benzene 66 15
Triethylamine 77 59
Ethyl ether 75 68
Tetrahydrofuran 80 80

“Data from [146].




