Chapter 12. Free Radical Copolymerization

( )

12.1 Introduction - Copolymer Eq.
Only Binary Case
Two Monomers M; + M,

Ml' + Ml —_ = Mll
k
M, + M, —= M,
MZ' + Ml L» Ml'
M, + M, L M,
Steady State Assumption
dMy3_ dIM,3 =0 and chain trander & termination
dt dt ardl
K,[M;3M,] =k, [M,3[M,] ared w/ pr o

(M3 _ ky[M,]

M4 kp,[M,]

_ d[gf 1] =l IMAIM ]+ KoM AIM ]

L UBEI S (v
d[M,] _ [My] kuu[My} + Ko [M o 3[M,]
d[M,]  [M,]lkp[Mit+ky[MF[M,] oo

T

Instantaneous retio of monomersin copolymer

From and
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L
diMy] " *[M,] k K
i _ 2| whee r, =2 r, =2 4 monome readtivity retio
d[M,] 1+|’2M Ky Koy
[M,]
COPOLYMER EQ.

122 r meaning

n>1 M* M; (M; )
n<l My* M, (M )

rn=0 M; HOMOPOLYMERIZATION

12.3 Definefy, Fy
f;, , : moefractions of monomersin feed
F., F, : mde fractions of monomersin polymer

f=1- f,=—Md
[M,]+[M,]

d[M,]

F=1-F, =
d[M;]+d[M,]

COPOLYMER EQ.

r1f12 +f,f,

F=——== - | ...
L2266, 4, 1,2

how come? Homework!

12.4 |deal Copolymerizaton ( )

r o, =1 diM,] _[M,] nr[M,]+[M,]

diM,] [M,] [M,]+r,[M,]
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ry :i :I‘l[Ml] yrl[M1]+[M2]
r [M,] r[M]+[M,]
_ My
— N
[M,]
nf
L=
I,l fl + f2
& x@ =1 & = &
k12 k21 k12 kzz
1<;
ratio of
2<:;
lonic(anionic or cationic) copolymerization
rn=1=r, equal
reactivity . random

rn>1r,<lorr<lr,>1

reactivity copolymer

portion  random copolymer
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12.5 Alternating COPOLYMERIZATION ( )
rhn=r,=0

F, 05
r,=0
0
1 f, 0

r, 12 0 dtemating tendency
r.=r,=0 perfect dternation!

d[Ml] :1

d[M,]

F — — d[Ml]

1= Y9

d[M,]+d[M,]

rn<1i, r,<1 F; vs f; curve F,=1 Cross
rn=r,=¥ homopolymer
Cross-over Point

AZEOTROPIC

COPOLYMZN( )
Azeotropic copolymeriztion

d[M,] :[Ml] [M,] :(rz'l)

d[Mz] [Mz] [Mz] (rl'l)

diM,]  _  [My]

FTAIMLIHdM,] M4 [M,]
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d[M,] _ [M;] yrl[M1]+[M 2]
diM,] [M,] [M]+1,[M,]

LMl +[M,] =[M]+1,[M,]

My, My,

I r
[M,] [M,]

[My] _1r,-1

[M,] r-1

f — [Ml]
LML +[M,]

1+[M2] —1+ n-1_r+n-2

[M,] r,-1 r,-1

1_
fl

_ rz'l _ 1' r2
r,+n-2 2-r-r,

1

r>>r, ( r,>1ad r <<1)

M, HOMOPOLYMERIZE

rir,=1 ided or random
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, r,=0.5

fix r,=0.5
rn=0=— A A*

dternating
05 copolymer

r,=0.5

azeotropic camp
dternding

r,=0.5

rn=1  no azeotrope

r,rn>1
copolymerization
tend to be ablock copolymzn
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Drift: Kir,rn>1 block azeotrope

A
A

K r,r, <1 dternating

r,>1, r,>1  nr,>1 —pBlock COPOLYMERIZATION

HW #6.

Solve S.S. expression for a monomer concentration and substitute into the
original composition equation which contains the active center. You can get eq.
in terms of active center concentrations and if necessary define new kind of new
reactivity ratio in eg,

12.6 Experimental Determinationof r, & r,

12.6.1 Mayo and Lewis
rearrange copolymer eg. and can get

_ [M,] \',d[Mz]é + rl[Ml]l;'_ 1u

TR TN SRR
monomer comp. copolymer comp.

[M]/IM,] d[M,]/d[M,]

then vary r; vaue (put) and iterate
r, 1,

A

1 2

12.6.2 FHnemann and Ross

Iy f12 +f,f,

Recdl F, =
L2 26, 1,60

183



2
f{1- 2F)) - f,o(F; - 13 ',
F.@a- f) F@1- f)
\—_Y_J \ﬁr_/
A B
a low convergon

12.7 Relationship Between ¢ and F4, f;
Materid Bdancefor M,

- d([M]f,) =-d[M ]F, where[M] = totd # of moles of monomers

decrease of M; monomer
+d([M]fy) ={d[M]} & =f d[M]+[M]df;
(Fy- f))d[M]=[M]df;

dM] _ df,
[M]  F- f,

im =g
Mg QF- T

£ df
x=1- ML _j_ HoRs
[M],

12.8 Structure and Reactivity
13 Resonance Sabilization

14 Polar Effects

15 Seic Effects
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12.8.1 Resonance Stabilization

Subdtituent Rdative Reectivity Sahilization Energy, ked/male
on Double Bond of Monomer Oldfire Redicd
-H, -OCH; 1 0 0
-OAc, -CH;, 155 25 4
-Cl 320 - 6
-COO0, -COOH 20-60 25 -
-CN, -COR 30-60 0 -
-CHs, -CgHs 50-100 34 25

* Wdling s“ Free Redicdsin Solutior?’

Define
Fa, I'g - MONOMer reectivity ratios
Ra, Rs @ adtive center reactivity ratios

r :k;"‘A r :@
Ak ® K
AB BA
k Kk
R :k;AA Rg — _BB
BA AB
k Kan K
RA - kAA >¢B - kAA kBB
BB BB "“BA
RB :&)q‘A
kAA

TABLE I. Propagation Rate Constants, Monomer Reactivity Ratios, and Active

Centter Reectivity Ratiosfor Radica Chain-Growth Polymerizations™

MonA® MonB° Kaax10°  Kggx10®° 1 I Ra Rs

AN MA 1.96 2.09 126 067 628x10° 1.34x10°
AN MMA 1.96 0515 015 120 457x10° 39%4x102
AN STY 1.96 0165 004 040 48x10° 34x10°
AN VA 1.96 2.30 54 0050 43x10° 63x10°
MA MMA 2.09 0515 025 322 131x100 6.16x10°2
MA STY 2.09 0165 020 075 95x10° 16x107
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MA VA 2.30 0. 01 9.x10° 1. x10"
MMA  STY 0515 0165 046 052 16x10° 15x10*t
MMA VA 0.515 2.30 20 0015 34x10° 89x10*
STY VA 0515 2.30 55 001 7.x10* 8. x10?

LAl values are basad on data collected a 60

2AN=acrylonitrile;

MA=methylacrylate;
STY=gyrene VA=vinyl acdate

Active Center Reactivity Ratiosvs Monomer Reectivity Ratios

d[A] _ [ATaR,[A]+[B*]0

diB] (B4 AT+ Ro[B*4

RA:k;AA RB:

kBA

when R, >Rg then r, <rg

Ra

Rg Ta

active center

“asle when Ry, >Ry

active center

(relative reactivity)

Odian Table 6-3. Rddive Reattivitie1/r) of Monomers

MMA=methylmetacrylate;

Monomer Polymer Redicd

Butadienre Sty VAc VC MMA MA AN
Butadiene 1.7 29 4 20 50
Styrene 0.7 100 50 2.2 5.0 25
Methyl Metacrylate 13 19 67 10 2 6.7
Methyl Vinyl Ketones 34 20 10 17
Aaylonitrile 33 25 20 25 082 12
Methyl Aaylae 13 13 10 17 052 0.67
Vinylidene Chlaride 054 10 0.39 11
Vinyl Chloride 011 0059 44 010 025 037
Vinyl Acetate 0.019 059 005 011 o024
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(Substituent Effects)

®, CH,=CH->-C= N, -COR > -COOH, -COOR > -Cl > -O-COR, -R> -OR, -

H

Table 6-4 Rate Congtant(k; ») for Radicd-Monomer Reections

Polymer Radical
Monomer(M,) Butar Sty- Methyl Acrylo  Methyl Vinyl Vinyl Q e
diene rene Metacrylate -nirile Acrylate Acetate Chloride
Butadiene 100 280 2,060 93,000 41,800 319000 239 -1.05
Styrene 70 165 1,130 49000 10,045 230,000 550,000 100 -0.80
Methyl
methacrylate 130 314 515 13100 4,180 154000 110,000 0.74 0.40
Acrylonitrile 330 413 422 1,960 2510 46,000 225000 060 120
Methyl
acrylate 130 215 268 1,310 2,090 23,000 187,000 042 0.60
Vinyl chloride 11 97 B2 720 520 10,200 11,000 0044 020
Vinyl acetate 34 26 230 530 2,300 6,490 0026 -022
Resonance dabilization of Active Center
H ™
| P/ /O / O
—C—C+C - —C—C=C
H, H, H
OR OR
Trandtion Sae Theory

AB’ &xctivated complex

AIA/ER A+B
A Hg

compound
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PE

AE' > AE

Increesng Separdtion of A & B

—>

AB Morse curve

A+B- repulson curve

Increesng Separdionof A & B

Reaction |
ction Il

Increesng Separation of Reactant

A Hes' < A Hg'

Active Center
Monomer

—>

then Rexn 11l is less gable than Rexn |

primary factor
secondary factor
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Radical + monomer
(before bond formation}

"New radicol

Potentiol anargy ———»

I 1.

Increasing seporation of redical
and unsaturgted carbon gtom —-

Fig. 6-12 Reaction coordination diagram for the reaction of 2 polymer radical with a monomer.
The dependence of the potential energy of the system (radical + monomer) on the separation
between the radical and the unsaturated carbon atom of the monomer is shown. The subseript
s indicates the presence of a substituent that is capable of resonance stabilization. Activation
energies are represented by the solid-line arrows; heats of reaction by the broken-line arrows.
After Walling [1957] (by permission of Wiley, New York).

-AH AFE
R +Ms - R 1.20 0.40
R +M - R 0.95 0.50
Ry +Ms - Rg 0.70 0.70
Re +M - R 0.40 0.80
FAH | > > >
A E > > >

Rule of Thumb

ative center
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Example) Syrene  rg =55

Vinyl Acgate r, =0.01

Xg =0.02 Xs=0.6
Xy =0.98 Xy =04
VAC: qy. nealy pure homo PS
- unreadtive Sty. consumed & argpid ratio
VAC monomg  unreective X, =055
Sy. nonomer  reedtive to random
Syrene - retarder in this case copolyrmer
Reection dows down urtil dight tendency
dyrene is consumed to dternate
rather than Blocky
12.8.2 Polar_Effects
FABLE 66 Vahnes of ryr i Raical Copolpmeriaation
a-Butyl vinyl
wrhier {-1.50]
Batadiem (5505
07k Srymene (=R
1531 :e-l:;l 1-ILEE) :
.3l o o35 ;rn:frlﬂe #.18)
o 024 0.3 Lo mlu {40y
[ W ] e
<Ll [ R -] [ %) 055 L83 chivrde {038)
Bdetind il
g [kl LEY L] leotiome {1 .Dd3)
[RELT L L0 rais o il s 3 il -ﬁzr_'.'hunlﬂl.l_!]
i [ [ | Ay 181 .58 ﬁ::!:lf 2-26)
Badeic
AL [ (M LRk D24 oz umﬂnd:
i (30551
:rr:uw, are .-l:::l-.l Frwr.dl:“: 'T:Jsl- 6 Clooatiry | 1D6in]
Tend to cause dternation in a copolymerization
e r,xg <1 for polar effects
e : tendency to give monomer a polar effects .
09 po (Polarity Values
Alfrey-Price Qe schame
Ae smd| reectivity ratio
polarity polarization of monomer active center alternating
effect
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Alfred-Price 0-e scheme

Fa, I'g randomness
polar, resonance effect r
Guidance to chemids

ki = PQ;exp( -ee;)

]

where P adtive center reactivity
Q : monomer reactivity
I, ] : active center, monomer, regpectivay

_ RQ exp(-68§)

r =
PQ; exp(- g€)

=K

; :%exp[-a(e.- &)l

I

dyrene  base Q=1

arbitr

(arbitrery) e=-08 ( B
far results, but not absolute in predicting r usng Q-e scheme.

kb Poeptee) €
ri = = = eXp[-el(eJ - e)]

_expl-g(g - )]

T expl-e(e; - @) medl-(6-6)]

> =expl- (g - ej)z] <1

- (g-€)*<0b (g-¢)°>0

\ dternaing tendency is correct
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Active Center Reacting Ratios

d[A] _[A] Ra[A*]+[B*]
d[B] [B*] [A*]+ Rg[B*]

P-eschame

_ RQexp(-ee) _ ki

il P.Qexp(-e8) K;

R =Lexpl-& (e - €)]

P,
P e Q e
S 1 -0.8 1 -0.8
AN 58.23 1.233 0.4 12
MA 21.03 0.577 0.42 12
MMA 2413 0.397 0.24 04
VAc 751.3 -0.027 0.024 -0.22
Q-eghame
1. Reference date arhitrarily set.
2. Alternating effect  fixed charges induced dipole
Exerds)
Copolymer randomness Q-e scheme
Q-e scheme aternation randomness predict
block ? (dgebraic gandpoint)

12.8.3 Steric Effect

1. 1,2-disubdtituted ethylene do nat homopolymerize reedily
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2. 1,1-disubdituted ethylene
X X X X X X X X
\C/ \C/ \ / \C/
C - 4+ H,C=CX
yd \C/ \C/ \C/ 5 5
H, H, H
planar conformation
tetrahedrd conformation

more reective

2

3. Cis-trans Effect

H H
AN N
C=cC C=C
/ AN / AN
X X X H
trans as (Heset of Hydrogenation)
as reective?  NO!

Fanaity! Eager for transthan as
Steric Effet!

( )
Seric Effect

Table 6-5 Rate Congtants(k, , ) for Radical-Monomer Readtions™

Polymer Redica

Monomer Vinyl Acetate Syrene Aaylonitrile
Vinyl chloride 10,000 9.7 725
Vinylidene chlaride 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
Terachloroethylene 338 0.83 4.2

?k,,vaues cdculated from datain Table 3-11 and 6-2 and [66]

1,1-disubs. Highly reective
Mono subs.

Tn subs

Trans1.2

Cis1.2
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