Chapter 10. Chain-Growth Polymerization(

10.1. Introduction

Step-Growth

- high conversion  high MW
long reaction time

Chain-Growth

- radical anionic, cationic, reaction site
monomer unit
Sze
active species  active center

kinetic chain reaction

Free Radicd Free Radicd Initition
Cdionic } lon Caionic Initigion
Arionic one Arnionic  Initiation

Kinetic Chain Reaction( )
1) (Initiation)-
2) (propagation)-
3) (termination)-kinetic chain

(chain transfer)-physical chain
kinetic chain
Kinetic Chain Length( ):n
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10.2. General Kinetic Scheme

Dlnitiation
0 KR
active center (radicd or ion)

Ky:

~10%~10° l/mde- sec
. ki .
‘R+M —>RM o M
' active spedes or primary radicd or
initistor redical)
ki .

2)Propagation

Mf + M — > My
M¥ + M — > Mg

Mg* + M ——> M*

M* + M ——> M,.,*

Kp:
10°~10* I/mde: sec step-growth

3)Termination
(coupling or combination) : Kinetic chan length
o polymer
DR, =2v
kp
M, * + My* —= Muyn
( ,  digoroportionetion)
kingtic chain length polymer
DP,=v

Ktd
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M* + Mg ——> M, +M,

k
My* + My* % Mdeadpolymer
ke = Ko+ Keg ~10°-10% I/mde: sec
* ko, ki ?
@radicd gpecies
@ ki 12
4)Chain Transfer

M,* + S —> M, + S

\_»q \—mys'aal chain length
inetic

ic| chan length

—trnomer, poymer, solvent or chan trander agant

Kinetic Chain L ength( )

: V)
ex) 4 4000 disproportionation

v =4000/4 =1000
sep 1,2,3
, Chain Transfer

Physical Chein Length( )
Sep 1,2,34
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10.3. Kinetic Chain Reaction

10.3.1. Non-Polymerization Reaction
Peroxide induced bromingtion of toluene

1Dl nitiation
Two types of reaction
- RO-O-R  ——> 2RO D

. RO» +Br, —>ROBr + Bre ©
RO+ +fCH, —> ROH +fCHy (3

ROOR kinetic chain

2)Propagation
- Bre +fCH; ——=HBr + f CH,e 4
- fCH,» +Br, ——>fCH,Br+Bre 5)

berzy! bromide (4 Bre

active species
kinetic chain reaction

3)Termination
2Bre —> Brn,
2f CHye ——> f CH,CH.f
fCH,» + Bre ———=> f CH,Br
Kinetic chain

NET EFFECT OF KINETIC Chan rexn:
One ROOR molecule can cause the formation of Br, f CH,CH,f , f CH,Br,
HBr,
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10.3.2. Non-Chain ~ Chain Polymerization Reaction

nontchain  chain polymerization reaction

T Init. propagation termination
Chain reaction R-=R;

py) e e
g Steady state inhibitor
g.
>
py)
&
[¢]

S Time ———>

Induction period

Chain reaction (induction period)
inhibitor : active center
(steady state)
plateau region level

off : ,

Linear Chain-Growth polymerization : polymer of high DP, found egsily in early
reection

Linear Step-Growth polymerization : high extent of reecion vaue reguired to
oban high DP,
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10.3.3. Free Radical lonic Reaction

- lonic Initiation — multiple bond addition ring opening polymerization
- Radicd Initiation — ring-opening polymerization
Free Radical ionic , mechanism

B

CHz-C=CH, cationic initiation
CH,

will not produce free radical

H3C HZC.\ HZC\\
N — C—CHe
— e AN+ C=CH - , 5
_C=CH, H He 2 H.C
H,C 3 3
resonance stability
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lonic Free Radicd
Anionic Cdionic
Ring opening + - -
End-groups counter-ion gegenion
eg.R R0, © .
- Truly Free Radicd
Degree of assodiation: (o association)
Solvent-sysem polarity
End goup  dadlity
Type & dze of scounter-ion
Temp.
Degree of assodation influnences
Reaction rates
Temingion rae
Stereospecificity(stereoregular
polymer )
Teminaion Sep Radical
(bimolecular)
combination
Living polymer | (unimolecular disproportionation
Block | combination)

copolymer
(disproportionatio
n)

137




10.3.4. Free Radical Reaction lonic Reaction  Termination Step

A) Free Radicd Termination
——
q !_h_f_' .
S~ ACH;—CH f*CH CHy o~ CH—=CH CH— ™
X X X X 2
k.. (coupling | ky (disproportionation)
or combination)
|_|\
X X )I( x/

unsaturated group.

Two molecules involved
= bimolecular reaction

B) Cationic Temingion

® o
R e
/ EX) ACI,
o
X=Cl Y=AICI,
X
NTCHCH o+ Y
R

anionic capture  freeradicd  combingtion
MW : unimolecdar

reaction)
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H
AR

\
R

@
-H (proton release)

proton release  free radical disproportionation
(unimolecular reaction)

C) Anionic Termination

Termindion israre but can occur by loss of ahydride ion(HE)
C)
CH2_ CH
\/\/\/ \ + M@

R

|

/\/\/CH:CH\ + HM

R
Unimolecular type termination occurs
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Anionic Cdionic Free Radica
Tamindion  Teminaion Termingtion
Reection rate Unimolecular  Unimolecular Bimolecular
High concentration of growing Rdaivdy low
chans 10°~10molar Rates concentration of
10*~10° times higher then free growing chdns
radical 10°%~10°molar
occurs a high rates
DE Adivation Energies Smilar
Chan Trander Negighle | + -
Disadvantage Rigorous Purity or
precautiongfree of water)
Polymer System Solution or Bulk Wide vaiety of polymer
systems, Gas Solid,
Solution, Bulk,
Precipitation,
Sugpenson, Emulson
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10.3.5 FreeRadical Initiated Polymerization of Unsaturated monomers
Kingtic Scheme

1) Initiation

Two step sequence-Both enter into overdl rate

1. Initiator decompaostion

l, _Kd y 2
2. Intigor fragment , chain growth
Ki
l- +M———» IM-
-
Primary redicd species

Initiator  efficiency(f)  desired reaction  side reaction

, 05<<f1

a. Cage Effect — primary recombination

Initiator fragments surrounded by regtricting cage of solvent

solvent
molecule
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EX) . o
| ,
CHy—C—0—0—C—CH,  (c0dyl peroxic)

v

o)
/° N

I. Recombination possble |, <_2'I-

ii. free radical cage elimination reaction
O
/ _
CHQ_C\ CH, = CO,
O .

Radicd combination
Inective Species
CH ' —> H——
3 + CHR CH:2 CH:2 ahane

' 0 0
CH, y H, C_ — = CH,— C\

OCH,
methyl acetate

b. Induced Decomposition — secondary combination
I. radical peroxide

R+ REO-O-RE——»RH + - ROOR¢—» R¢-0O + R©O-

R +ROOR¢ ____5 RORG-RIO-:

peroxide

total number of radica
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ii. Chain Transfer to Solvent

- + SH—> |H + S

S + I, —> 9 + I

iii. Reaction with Chain Radical

I +M —> IMn-

I > IMnl + |-

efficdency faor
f: Initistor Efficdency

=mole fraction of initiator fragments that actually initiate polymer chains.

0.5<f<1.0

c. Reaction Rate

radical

by convention,
2

[M-] chain radicd
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M- =IM-

o = | mwy\wwM-
f»1 R [M] }
f<1 R [M] \ f=f [M]

[M] f f f

[15] f f # due to induced decomposition

d. Initiator
thermal decomposition

0—0 S—S N—N

O O

[l I i i ~100°
CHg—C— O— O— C— CHy Acetyl peroxide, or benzoyl peroxide, 80~100°C

0
C-0-0-C

(|:H3 |CH3 Alkyl peroxide, cumyl or t-butyl peroxide
of--fo

| | 120~140°C

CHg CHs

s
CHR_?_ o— o—?—CHs

CHQ1 CH2
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CH

[ 3 Hydroperoxides(cumyl or t-butyl)
H,C—C—0~0H
CH, 80~100°C
CH3—C— N= N—C—CHz EE— 2 C|—|3_l: . + N,
|
N 50-70°C N

AIBN  (2,2¢azobisisobutyronitrile)

3) Propagation

|- +M ¥35® IM,, -
......... 3/}73@...||\/|n.
__dM] _
Rp - - dt _kp[M][M]
+
3) Termination
/ktc \ktd
d[M -] _ . 2
R, = - dt _2(ktc ktd)[M ]
By convention
2
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4) Overall Rate of Polymerization.

R, =k[l-1IM]+k,[M-][M]

(#of propagation step >>> # of initiation step)\
R ~ Ry =k, [M][M-]

Radical concentration

° (~10°mdla)
o term

® ,[M-] Ro
[M-]

Steady-State Assumption

constant
reectionraechange O
(active centers crested and destroyed at the same time)
R=R
2fkd[|2]=2(ktc+ktd)[|\/|-]2
_fk v
\ IM1= ]
(R
or —[ﬁ]
1/2
d[ M
recall Rp:_ [dr ]ka[M][M-]
3 fk 1,
: d
R, = kp[ﬂf][fg]z(k y J 3




f<1 system [1,]2 : square root dependence

of [I]
r Odian FHg. 3-4
A .
MMA using BPO
Ro
Vinyl Acetate using
AIBN
> 1,42
-CO, H
c—o—o—c@ —_— C—0" — 3 :
| | A [
O O (@)
BPO 30°C
CN (|3N C|IN
CH3_IC_ N:N_C|:_(:H3 A 20"3_(|: + Nz T
CH; CH; 60°C CH;

Azobigsobutyronitrile
N 1
O Q) — runimn

f<1 SRD

N 1 3
O w + oD —— ruppmg
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f [M] dependent
Why?

Due to induced decomposition of toluenet[l,]
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10.4 Kinetic Chain L ength (KL C)
At Steady-State assumption

1) Digproportionation
KCL= ,
( polymer chain)
— Rp
R(=R)
Knowing thet
d[M -]
= + = -
R=Rq+R.=-—
2) Coupling or combingtion
1
== 2 1
ke )
__4dM-]
th dt erm
3
KCL = & = R'zl_ = 2Rp
R 2 Rs +Re + Ry
th + 2 Rc \ ]
— 2RP R(
B R
R1+-25)
R
define y =& . fractionof termination caused by disproportionation
2R
KCL= :

R(1+y)
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55 = __ - dM]/dt
" d[Polymer]/dt
1) Digpropotionetion
DP. =n
2) Coupling
DP, =2n
3
1
Polymer = Ry + ?th
= Rp
R 2R
DP = pl = P ... (D) where y =
th + _th Rt (1+ y)
2
op, = 2
1+y
1
. 1k, bz
knowing  that R, = kpik— fll z]g [M] - (2)
T Ky
R, =R =2fk,[I,] -+ (3)
1,2,(3 Chan trander Steady-Sate assumption
k [M
DPn: p[ ] e (4) )
1k, VE
@+ yki—=fll.ly 2.4
L K




10.5 Chain Transfer

M- + XY ——PMX + Y
&

Chan trander agat
Chain transfer Ry " DP,
( Ro=kp[M][M-] [Y-] )
&) H H H H
. [
R www»(C —— C - + ccl,, — R —C—cC—cClI
| |
H X H X
D chan trander gt trander
chain trander coeffident
(2 trandfer

Inhibitor and Retarder

® |nhibitor ( )

Y-

hydroquinone
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® Reade ( )

Y' y
MW mercaptan
chan trander
d[ Pol 1 o
%: Rid +?th +a Ru
\ DP, = R = 2Rp
" d[Polymer 1 R, (1+y)+2] Ry
dt
_ 2k, [M ][ M -]
2k(M 12+ y)+ 28 ky[M -1 XY ]
_ ko[M ]
K IM 1L+ y)+ @ Ky [XY ]
Knowing that [M -] =
OP . = "p“\"]l
Ke(L+ y>|—f x[lz]zz + 8 Ke [XY ]
t
1 _k(1+y)|kd % aktr[XY]
= Fxl,ly +S& 1 -
DP, KoM ik b TR IM
1 _ 1 + Ky s[S] + Ke [T
DP, DP,, ky[M] k,[M]
S SPS £ PN . B
DP DP . o S [M] TIM]
i See Odian P.235
DF)r| /

[S)/[M]

chain transfer codfficient Cs
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10.6 Temperatur e Dependence of R, and DP_n

Asume: no chan trander

1

Tak, O
R =f 5{1,]y [M
=iy

e ;U 1
In R, In[M]+|nSkp§kd gﬂﬂn[ f[|2]]2 ...... (1)

e 8]
k, =k pe ' E, 5~ 8keal / mole
ky =k ag =™ E, 30 kcal / mole
k =kwe®'F E, 2 ~ 5kcal / mole

From Eq(1), and assume [I,],[M]=const, f independent of T.

1
dink g"?
dIan: K o
dT dT
E E,
:Ep'7+7_7 2+15 >0
2 2
RT RT

\ dopedf INR,/T is podtive (+)

\ &sT- IR, -
but rate of increese as d InR,/dT



""R@+y) ' R R
E - B Ea
dInn P9 2 7-2-15
= 5 = 3 <0
dT RT RT
\'asT-, Inn  DP,
[1]- R,- but DP,
T- n DP

10.7 Celling Temper atur e-Polymerization-Depolymerization

Equilibria.
kp
My +M e Moo & T f
Kaep.
Equilibrium const _ Myl _ 1
[M,-1[M] [M]
DG = DH - TDS
= DG’ + RT In K for any chemical rexn.
at eg. DG =0
\ InK = - DG _ DH"-TDS' _ DH +DS
RT RT RT R
DG =DH " - TDS®
T = DH -~
° DS+ RIn M], Caeling Temperature




\ foreach[M]. g vaious T,

ko | N T,
k
sect
reOdian FHg 3-18
Monomer -DH kcd/g male T °C (bulk)
Syrene 16 235
MMA 13 164
Ethylene 26 407
Propylene 21 300
a-methyl Syrene 7 6
Entropy changes for dl polymers are not so different.
DS,= §- S S negetive(-) velue
DHp= Hy- Hi, - exothermic.
10.8 Trommsdorff Effect or Gel Effect.

d[l]
dt

Remember -

= ko[1] [11=1[1,]e "'

kd

[1] > [1,]




At CSTR, conc. is congt, Batch reactor, conc. condt.

d[M ]

vV, = - —a » const [M ]
% conversion :[MO]_[M]:L
[M ]

x=1- "\ onewould expect T~ ast -

80% Mg
60% Mg

40%

10% Mg

T- &[M] -

autoaccd eration
as[Mg] 4 drastic tx.



