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ABSTRACT

A general kinetic; model which aécoﬁnts for
diffusfon—cbntrol?e& termination = and propagation in
free-radical coﬁo]yme%ization -up to 'high converﬁiohs was
developed. This model was tested on batch kinetic data.fo;
styrene/p-methyl styrene thermal copolymérization anmd date
on the chemically-initiated bulk copolymerization of methyl
methacrylate/p-methyl styreﬁe; TEZ model gave reasonap]e'
predictions of conversion, copolymer composition and
molecular weights for these copolymer systems and’ thus
should find uée' in the design;'optimizatfon and control of

,

copolymer reactors.
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* INTRODUCTION

.
13 U - 2

. é
»  The expanded industrial’ use of capolymers. has

[

< motivated vresearch, both, theoretical ‘amd .experimental,
. R <y <

»
"

in uthq field of free;raﬁical copolymerization reactor
’ .

»

3: madelling (})."Classical | copolymeri;atiop -kjnefics with
. ¢ AN .

4

all reactions "chemically-controlled are reasonably
it . + ¥

well wunderstood.” This, however ;cannot be said for

a 2 . ¥

‘;commerpialiy, ifportant copolymerizations which- are

) 4 ¥ . y ’ N ."' 3 ' .
donpe « at high conversions . {(high  polymer
N . vt
concentrations). - ; -

. ) s W7
)
. K

The study of high conversion kinetics s

most iﬁébrtént for poiymer *reaqtor modeTling, as’ ‘most
of the characteristics of these. processes - :such.. as 1)

the rate  of "polymerization .2) the mplecular Weigﬁfv

averages and otheis, "show a marked -departure from

"élagsica] kinetic behavior éﬁf highi pdlymer

concentrations. AJthguéﬁ' substantial work has beéen

'done on diffusion-bontro]]eq: 5termﬁnatjon dnd

[

proRégatigg reactions in homopolymerization, there il

*

a  dearth of Tliterature -pertaining to these phenomena

in high conversion copolymerization. There thus exists

X

f
-7
N
. - / *
- . [}
" . ' . » “ Y
. ‘ ——
v,
. ¥ ~
‘ » ]

.
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IS

a need for high conversion copolymerization kineti¢:'®

i

data with commercially relevant monomers and

predictive kinetic 'models which account for

diffusion-controlled termination and propagation

, reactions. Such models -cduld accurately predict

~

copolymerization rates, chain microstructure and
molecular weight distribution (MWD)_ development to
high conversions in -different reactor types and

configurations for ™ both isothermal and nbn-iso;herma]

r =3

conditions and generally under .conditions ~far remcved

from those used in  model . parameter estimation.

3

A The objective of the resedrch reborted héfein.
is _to develop "a model capable .of describing .

~copolymerization kinetics ‘wp to high <conversions and

to test  the vali&ity of this médgl for bulk

thermal ~copo1ymerization of styrene/p-methyl styrene at .
' high températunes and convérsions. The tests to be

used include model . predictions of conversioh/time and .

of the development of number and weight ayerﬁde

motecular weights versus conversion for -an. isothermal

batch reactor. Thermal bulk polymerization is p’-bheaﬁ

and " théreby cbmmErcij]1y ~attractive means of

producing styrenic polymers and this particular -

copdlxﬁer ~was . chosen for this study because of its



‘ a, v /
4

*
L«

potential for. commercial _and industrial use-(2).

*.

i

Two approaches found to. be. equivalént_'for”
“this system, have been used to account for

diffusion-controlled termination and propagdtion”

reactions; 1) free-volume theory 2) an émpiricai

appraach based on direct <Fitting of \ihe‘ kinebic

deta. The free-volume theory has already been dbp%%ed’

successfully- lto "model styrene/acrylonitrile
cspo]ymerizatton (3). The ‘present. free-véjume model
a?so accounts for ~ segmenta]p‘qiffusion-cohtrdl of
termipation -reactions af 1§w cdnvergionk,'and has been

apptied. . successfully. to' mode) the. bulk

copolymerization of - methyl methacrjiate?p-methy1

fstyrene(PMS) as- well as the styréne/PMS system,

In the latter parts of':this thesis a
kinetic model. has .been developed. to describe - the
diffusidn{gontrolleq homopolymerization ' of vinj]

i .
acetate,. to “illustrate. the."effecp of long" chain

braﬁching reactions and molecular weight- deielbpmgnt s

.on diffusion-control]ed términation. In the <concluding

part of this dissertation, some ‘bptihal feed poticies

-

for semi-batch copolymerization processes lto minimize

bompositidn drift ‘and "maximize production, have been

!

[}

&
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<

( presented for the

acetate‘/viny] chloride.

~

copolymerization

o.f
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. - LITERATURE REVIEW

?

2.1 ~ Homopolymerization Kinetics
2.1.1 Introduction . ; )

The development of a ‘comp}ehen&ive kinetic
model for any indusfrial palymerization process
requires a phenomenological unqérstanding - of
po]ymerizﬁtion kinetics up to high ~conversions. The
following 'is a review of the fchemi al and physical
phenomena which 1gad to the diffusibn—contro]led
term%nat1on and propagation reactions .at higﬁ
conversions in free-radical homopolymerization. The
same phenomena are largely .relevant in free-radical

copolymerizatipp;

2.1.2 Low conversion kinetics

In the very early stages of polymerijzation,

at - very low polymer concentraﬁibns, the rate of_

4



ﬁo]ymérization.(Rp) has begn found to- decrease with
increasing polymer <concentration (c) (5,5)8L This
decrease s greater . than' can be explained on the
basis of monomer of° initiator consumpfiom The
initial rate decreasé was, qualitatively explained 5&
North and Reed.(5) for methyl methacrylate (MMA)
polymerization. Treating the terminaéion mechanism as
a diffusive process which s controlled by
segmental diffusional res?gtance at low 'monomer
conversions, they formulated an empirical relationship
between the termination ‘constant (Ky) and <. This

relation 1s based on the «consideration:* that the

reactive chain end of a polymer radical diffuses-

~

across a segment concentration ‘gradient into a

region of Qery . 1ow segment , concentration ,aﬁd reacts

with -another such chain end from a neighboring

-

polymer radical, This process s akin to mutual

dirffusion of radical <chain ends and solvent- and‘

hence Ky  is proportional to the mutual diffusion

coeffictnt (Dp,¢) Of these chain reactive ends. fﬁé
increasing polymer concentration makes the monomer ﬂé
thermodynamically poorer solvent for the polymer and
causes the macro-radical coi]; to contract, thereby
increasing the chain end concentrétibn ‘gradient.

across the coils and, thereby increases Kyo Ky was

-

PR



e;paﬁded as a po1yhdmiaj in ¢ with the intrinsic
viscosity (17)~ and the' éhermodynamic. virial coefficents
of the solvent as:~paramexers (5).

Ludwico and. Rosen (6) reported an initial
decrease in the rate of styrene polymerizatian ‘with
pre-dissolved * Bol,ybtjtadi ene and po1)rsty}*éne

respectively, and found the rate to decrease with

Increasing ¢ and polymer molecular weight. Their

resultS indicated no correlation between the rate

reductron and the viscosity of the reaction medium.

Manabadi and 0'Driscoll (7) have presented a

theoretical dérivation relating Ky and ¢ with the
second virial coefficent of the solvent, (1), the

number of monomer wunits in the polymer molecu]eﬁ(N),

“

the linear expansion factor of the polymer and &

flexibility parametef (No). At very low -c, Ky was
found to be linear in c, and of the .following ‘form

Kt = Kt0(1+ dC) ‘ (1)

where d = B (¢hd>2/M)1-5M:57 -~

Ktg 15 the terﬁinatipn rate constaﬁt at ¢ equal to
zero, B is a constant, Z' is an interaction pa;hmeter
kh)ois the mean-square end-to-end d{stance of the

unperturbed chail of molecular weight M.

&



d is- increased by any -factor that .decreases

. N “ .. N
the macro-radical coil si{& Thus increasing molecular

weight of .the pdfymér formeg/ or . décreasing géodness
of the solvent tesults .in a higher value of d. The
effect of solvent ‘on K; has been 1nvestfga%éd by

Mahabadi and Rudin (11) who expressed; d as wN, where
N is the- number averége‘ chainlflength of the dead

polymer and w depends gﬁ the goodness of the

. solvent. Matthews -and Rogen (12) have prgposed an.

empirical relation of the form . . \
Ky=Kpgh" .~ @

where N is the kinetic chain length. They " have

reported vdlues of n for some aTkylf\acrylaEes

polymerized -upto less .than 1% conversion.




-
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2.1.3 Moderate 'to high -conversion kinetics
) . . {

_The viscosity and related transport properties

"of the po]ymér solution 1nc§ease abruptly at a

“4

‘certain critical concentration (c.n.j¢). Some authors-
have. attempted to - relate c..qy with the ebserved

point of autoacceleration

}in the. rate of
pofymerization.kTurner (13) /has proposed that -the
_point of molecular overlap /due to thq close packing
of ;ﬁe _discrete macromolegular’ coils corresponds to
the -onset of the el-effect. Treatiqg the polymer
molecules 1like uniform id spheres with a radius
of gyration éa%culated f}ém their : unpertgrbed
dimensions, .he ‘bropqseq a latian of the fﬁj]oWing ’

form tc hold at the onset f gel-effect
Nec . itde = constant (3a)_

where. d. is the density of the polymer solution at
C=Ccpjt and a = 0,5. Turner -et al (?2-95) obtained
values for a of 0.4, 0.35, and 0.34 for .MMA, styrene
and vinyl aéet;t? homopolymerﬁzstions respectively.
Tulig and Tirrel (9) used a 'tempg}ature—indgpendent
,Kc}it to fit equqiion (3b) fgk\ thq‘ MMA/PMFA ;ystem
in fhe tempera;ure range of 45.90 °C, with a = 0:24;



- .
Kerit = Ccrit My (3b)

where RN is . the number average molecular weight of

the accumulated polymer.

.  “Theories of polymer L dynamics and rheology

have 'attributed the abrupt cross-over of transport

properties, to the “onset - of EntangTements Iand predict

the following equation to .hold (10)
I 4
Ccéit EK = constant - C T (4)

’

where RK is the kth average molecular ~weight of

~the accumulated polymer. 0'Driscol]l et al (14)- found

o

"K=N- for styrene .polymerization though . the: value of

‘the constant was observed ‘to be lower than found

in rheological measurements on the same system. On

the basis. of experimental evidence obtained thus

far, the exact form of ~an equation relating polymer

.

concentration and ‘molecular . weight at. the onset of

gel-effect, cannot be estab]ishéd.

-3
»

While at low. polymer concentrations, polymer-.
solvent interactions are dominant, po]ymer~polymer

interactions influence Ky at  higher conversions..

s



o

1-1
These interaetions may take three forms ; first the
intermolecular hydrodynamics screen the ihtramd]ecuiar'
hydrodynamic bintgractions which dominate diTute
so?utidn: ﬁehawior, second the "polymer .chains may
impése topological constraints . upon the .motions of
§u}founding polymer molecules.” In this .Fegionr the
frarfs1ati onal diffusional mobility of the =
macroradicals determines ‘the cverall rate of.
.po}ymerizatﬁpn. At higher polymer cphcentrat%ons,
po]ymé% chains may exert "dirgct f}itt}on upon one
&nother.“ - ' . \ ‘ ' o

-

B .
N - )

P
Undet translatdional diffusion-controlled
cénd{tfons‘jxt. is lekﬁéttgd to depeﬁq. on the self-
. 3 hiffgsigﬁ_ éﬁgffﬁceni (bsf of the ‘maEroradical;-
; aéfofdipél_t& th; zsmoluchpwskiz éqyation (isz |
S T kg ae(otg) L (8)
khere DA q£¢:‘qh é}e; the §q]fﬁdiffdsion c;efficentf
' of tﬁe-;maérq;adicéls ‘and xP'- s ‘nthe interraéica]
i s;parﬁk%gn at rgaétiohl~l%' should 'be mentioned tha;»
thq‘JQaTidiff lbf .@quatioq'(ﬁ) fp? macromolecular
.5 - reactjons hasf'hof‘ been eétaﬁ]i?hed‘ theoretically or
. ' ekperihen{a]Ty. L ? L H > .
' ' K3 A
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deGennes considered the effect of topological
constraints upon the motion of a polymer molecule

and probdsed that the motion of a gi&en

‘ . . . . . . : -
macromolecule is confined within a virtual tube .

.defined by the locus of its intersection Wwith

adjacent polymer mo1ecu1es (16). The _molecutle is
constrained,.to wriggle, snake-fjke along its own

tength by ~curvilinéar propagation of length defects

such as kinks, or twists along' the  tube. He called
~ . . . .

the motion reptation. In the absence of significant

poiymer-po]ymer féiction, the reptation model leads to

the following dependence of Dg on N and c°

Ds N-2¢=1.75 _ (6)

However, it should be noted that deGennes'
treatment does not account for the growth of the

macroradicals by monomer addition via the propagation

reaction and the treatment has not been ‘generalized

forl systems' polydispersed in mq]ecular weight.
e

‘ Klein (17) has conddqted experimenxs' using five

deuterated 1linear po1yeihy1ene sqmp]e; Qf vafying

weight average ‘molécular’ weights and polydispersities




s

Ktseg = Kttrans Where Kitpans 1s given by

13

\ »
O
+

as the diffusgn; .in a matrix of- ]inear, po]yetﬁyTepe

of a.vVvery high polydispersity (~15). A" least-squares -

fit of the diffusion\fcoeffjcente(o) ‘measured ’ from'

the slope of the diffusion-broadened’ concentration

» - * v

- profiles and the weight . average molecular ‘;;rght (ﬁw)

of the diffusing species * gave the followin

£

equation

-

t x

. . D = 0.2 M‘w-Z.Q:,l S 7 (7)"

~ ¢ s

Hcwever, the scarce experimental ‘findings for

polydisperse ~ ‘systems, do . not permit - any:

. ¢

generalizations: - ; ' ‘ i

r . . . LN
LY

Tulig and Tirrel (18) hqvé reviewed the
recent advances made: in polymer 'diffdsion \theory-"in‘i

the context '~ of modélling ~ diffusion-controlied .

teérmination. They propesed a kinetic- model for MMA

polymerization- by identifying three . different

conversion régimes. At %nfinite]y Tow to -Tow pofymefi
concentratidng-(dilute _regiﬁé), Ky is. aséumed' to be
equal to Ktségﬂsegmentai:Vdiffuéibq~coqtr01]ed Ktﬁ and
is given by - . ‘ | . X
Ke = Keg(1 + kqhNc) I e .
where k; is a constant. Equation (8) ho?ds';tilﬂ

\

¢

x
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N N

Kttrans = Koll - kpe) 7 . . (9) N

where k, is another constant.

At higher' coricentrations an entangled, sem#-.’
dilute regime has been defined, which does, ﬂoi

incorporate significant .poiymer7p01ymer fmiction. Using -

reptation . theory (16) -to ’prédict Dg . and Smo1uchowsk%‘

“equation to predict Ky, ihey obtain”

- t
’

- Ky o N2 AT : ‘I (ié),
asguming P 'is a constant “inﬂépendent of mo]ecd}an:
weféﬁt of the maqroradfca]s.(Heré N is ’;he numbef“
avérdgé‘t de‘ree of . poTy&erfzétjpn of - the
mﬁcrocadicaﬂgf%Usjng this kinetic _model 'tﬁey have

Sﬁccessful]y yredibted' conversion' upto 70% aﬁong@ith.

-

" the number and weight average molecular weiéhts.
,- ! ‘. 3 ' ' R

. Ito postulated that macroradicals - with NN,
(Mg is/"a ‘critical - chain length). terminate with a

1 4
. 4 . -.5
rate - gonstant . proportional to N.

(Einstein and
gtBEE‘s' relation) and those with N)N; terminate’ with
.a K¢ proportional to ‘N—2 Qregtation fheory, 19). He
foFmulated Kkinetic - equations® with a chain {éngtﬂ

dependent K, and computed My and the weight average.



+

N

‘hq]ecufgr weight ot thei\accumulgted. polymer (ﬂw) .

which .were compared ~ with experimental data on "MMA

“bulk po]jmerﬁzhtion.'Hervef, -the model Hiq' not

"‘account * for 'pbﬁymer. concentration dependence of the

diffusion coefficient of the macroradicals .and the

o only effect .of c. entered Ehrough the: calculation of

”Nc, based on ine‘ fgrmglaA proposed by Q]ein (20)

;;:Q,NC_: (181r2)'5/(Ac‘]~'25). (11)

where A is a constant _debending on the size ,of

the monomer.. a .

s

Ito's‘_Modeﬂ does not correctly describe the

high conversion kine;ic" behavior - because..of the

f'jnadEQUacy’ of the reptation scaling .laws in “this

region. Hé‘ also . ignored diffuéionai-control of

propagation reactions. Boots (21) derived équations. for .

_ Instantaneous avérage degrees of pd]ymeﬁization,'by‘_
't?eating thg chain length as a continuodus -yaridee
“and allowing for chain 1length dependence of: L Hé_

studied .the TIfo. model ~in detail and his computation

of the inétantaneogs MWD ~is- ﬁof .very sansit{vé to .

the 'precise reptation- behavior .as “used -in Ito's

1

model, ' LT ..



"Hamielec. ‘and others({23-25) have - correlated Kg with x

An ;empirica] appnﬂéch to  model diffusion-
controlled polymerization up to high ‘conversions has

been used by some authors (22-25). They have used

thg‘ cﬁassical"ra;e expression to fit - the
kxperimenté1 ‘conversion datg by tﬁeaging' K¢ and’ th?
’prépagatioh rate constant (Kp) | as ..adjustable
lpgrémétgré. Rbss’ and Laurence (22) have expressed ‘Kt'
and K, as a function "of free-volume to. f%; réte‘

.and” molecular weight data for MMA polymerization.

. for some commercial po]ymerizétions. The general form

of ‘these models is as follows

-

Kp= Kygexpl Ax+Bx2+Cx3) - (12) ¢
" where A= A1+ AZT
"B ="By+ B,T
c=

C1+ Cé
-The linear dependencé of the paramefers A,B

and C bn"fempératuré -permits easy' interpolation " and

. réliqblé extrépo]at%op over- rather Targe ranges of

--temﬁeratuﬁe. The .predﬁéiiye. power of such models in

non-isothermal conditions has been  tested by : Wu et.”

’

al (26) for §tyréhe 'pélyherizhtion under ,bptimﬁl

¥

S .16
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temperature conditions to maximize Rp and keep RN

" and ﬁﬁ”’hithin specifications.

However, suéh ﬁeris are 'incapab]é ‘o% handling
‘ sftuations/swhére transfex reactions to an external
chain ‘traqsfer ragent contrels the mo1ecuia; weight
of the‘\prymer Qs the. empirical apgroach tfen does
not aclount for the molecular weight of either the
macroradicals or the accumulafed polymer.
: [

Horie et. al (27) were the first to
qualitatively use free;volume theory in order( to
relate ‘the variation of Rp to the }ateé of

"diffusion of monomer molecules and polymer, radicals

in_-théiq study of .the bulk poelymerization of MMA

and styrene upto limiting conversions.. Following’ the

rate of isothermal’ polymerjzatidn' using"d{fferéntial

-

scanning éaTokimetry (DSC) thermograms, they cohstrucped .

plots of the ratio of. the product of K, .and the

total radical concentration ([Rﬂ)'to the: same at zero

conversion versus x and concluded ‘that the. -mechanism

of diffusion-cantrolled " polymerization could be

explained by relating K, and Ky to the rates of

P .
diffusion of ‘monomer mo]ecuies and: polymer _radicals.

y
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Arai and * Saito:(28) considered the role of -
the diffusion. process in the - encounters of the
reactants in each elementary reaction viz, 1n{tiation,

”

propagafion and termina%fon over ' the en;ire range' of
conversion and the rates -of _qli these réactfons
were ‘correla}éd\ with conversion in. terms of the
Jump frequency of a polymer .segment; The modg1 was
used to éredict x, ﬁN and EN for the chemic$T1y-
initiated pu}f polymerization of MMA and styrene.
Soong et al (29) have usgd .;he ﬁuji%a-Doo]jtt]e
theory to predict the -diffusion cceff%éients of _both
the macroradicals and monomer mglecujes.-Kt‘ énd Kp
we}e assume& to be a funftion of the diffusion
coeffjcients and the overall expression - for thése
coefficients was written as a product of two
functions ;1) a molecular( weight ﬁependent term 2) a.
concentration dependent term. These authors rejected
the use of séaliné laws to express the molecular
weight dependence in favour of -an émpirica] relation
between the _molecular we{ght function andk the
process variables ; temperaturé an& 1nifiator loading.
One .1mportant feature -of this mo&el "was the
“introduction of mass transfe; considerations from :thé
beginning of reaction so that break-points for the.

impésition of* de]-effeét'etc{ Qere- avoided, Bulk

~

-
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-

po]yme}izﬁtion of MMA over three temperatures . and
two initiator levels was modelled. '
-~
The two most widely discussed seﬁi-mechanistic
( attemﬁts to model diffusion-controlled polymerization
afe those of Cardenas and O0'Driscoll (€0D modél)(30)

and Marten and Hamielec (MH model)(31).

he COD model is based on entanglement
ideas., Here the polymer radical population -15. dividéd.
into two groups, those‘ witﬁ chafn, length 1) greéter
and 2jless than a crﬁfical length N.. N; is <calculated
from the. followin§ equation based on Bueche's

entangiement tﬁeory (32)

where @pis the dead polymer volume fraction and K.
v ' 14

RN is a constant far ‘the polymer and debends on the

thermodynamic quality of the monomer and/or- solvent.

Raé1cals A .and 'B, are assumed to tégminate with a~
rate constant Kyg if Np, Ng< Ny with Kyo if Np,Np>

. 'Nc‘ and. with 'Ky if either Ny or Ng> Ne. K¢ -is
assumed to be given by

Y
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- v [ ] 5
Kg= (KgoKpe) . ..

-

Here K.y s the .chemically-controlled rate constaﬂf

"and Kte s assumed to - be inversely proportional to

the ¢éntanglement density .

Kpeee 1/(8,N) © . T(14)

o

t

The COD . model has been tested on the bulk
polymerization of MMA (30) and ethyl methacrylate [MA)
and ;oiution po]yme;izatﬁon of EMA (33): The
assumption of a constant Kyg .throughout the course
of reaction is- -questionable, especially at higﬁ
gonversions. Also, . the COD modg] iT incapagTe of
ﬁredicting 1ipiting_'coqversions observed in " most
polymerizations conducted at te&peratures _be1ow the

glass-transition point of <the polymer (TgpL

.

The MH model ‘uses free-volume theory to
predict the diffusion coeffident (Dp) of the
macroradicals. Ky is >assumed to be proportional to

D, under diffusion-controlled conditions

v

- -

" -
- Ky = kgD (15)

;

wherer kl is a . temperature ‘dependent prgportibnality”



éonstant. U is given by (32)
Dp= $oaZexp(-A/Vg)/ (kpH") (16)

where ) is the jump freﬁuency‘ of a polymer
segment; A is the Jump distance, Vg is tﬁe
fractional free-vclume, M is the molecular weight of
the monodispersed po%&mer, A, kz .and a are constants,
M is replaced by M, in the case of a polydisperse
polymer (as ﬁw is proportional to viscosity and Dp’
is assuméd to depend on the. viscosity of the
medium, Combining equations {1%) and (16), Ky was

written as

Ky= ky((8ga?)/ (kpMy™)exp(-A/Ve) (17)
m was arbitrarily set at 0.5 and 1.75 for
unentahgled and entangled conditions for both styrené
(34) and MMA (31) polymerizations. A parameter K3 was
defined to signal the onset of diffusion-controlled

termination

v

k3= k1 00a%/ (Kgerikp) = Mucr1 ' exp(A/Veer1) (18)

“where K= Kiepys Mys Mycpl 2and  Ve= Vpepq at theﬁ onset

- .

[
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“

v

of difusion-control. Finakly it was assumed that the

onset of diffusion-contpo1 corresponds to  the onset

.of entanglements, thereby :giving

Ke=Kpo(Mycry /M)l Pexp(-A(1/VE-1/VEc ) - (19)

. The MH model accounts for diffusion-controlled
propagéiion (d;scus§ed.§1a%er) and therefore could.
predict limiting conversions. If has been successfully’
employed to model the .bulk and solution
polymerizatjbn of styrene (34) and MMA (31) over a
wide rpnée of init#agor levels and temperatures. This
model has- also been extended to model diffusion-
controlled  copolymerization kinetics (5,4L The model
howeVer, does not account faor 1ow-con;ersion segpental
diffusion-controlled kineticsa’Further as ﬁointed ~out
by Tulig and- Tirrel (18), the use of accumulated

P

polymer molecb]ar weight averages alone in the

 expression for the diffusion-controlled rate

constants may be theoretica]]y:fncorrect,as the diffusion

coefficient of .the ‘diffu§ing radicals should depénd'

on ;ohé” characteristic size of. thé' diffusant and

noﬁjusi Ehe matrix it diffuses in. It should- also be.
; [

pointéd out -that Bueche's theoretical der{vatién of

equation (16) was. for the diffusion of dead polymer

: / ) ‘
molecules. He proposed - a value of a =1 for

g
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unentangled polymer. and a=1,3.5 for entangled small

and large polymer molecules respectively.

Soh  and Sundberg (35) wused free-volume theory
and concepts cof‘ chain entanglement to'*arriye at the

following chaip. length dependeﬁt model for K

CKe = Keyps(f(i) + f(3))/2 . (20)
where f(i) =1 i < Ne
and = (i/Ng)"2% i N
and ¢ch= constant

These authors have rightly noted that the
total termination rate (Rt) may be related to a
mean termination rate constant Ke as follows
Ry = [R123Keln,n) X, = K¢ [R]?2 (22)
where - Xp = Np/ (R]

and ﬂtherefgreﬁ'a11 chain 1length independent models
would be capable of fitting “the rate and EN data.
However, the accurate 'prediction__of higher molecular

weight averages might “~require a. chain length



-

dependent Kt? Soh and Sundberdx were ab1é( to predict
sucpessfu]lyh ﬁu, EZ and ﬁZ+l for the bulk
polymerizatjon of ‘MMA over‘ th&‘ entire Fangg of .
conversion (36).‘ They 'a1so mode]fedt‘ thé . bulk
polymerization of EMA, ethyl acry]atetfproby1 acrylatg,
styrene _ and vinyl acetate (36).-Low cohvérsidn
segmehta] diffusion-control was not -accounted for inl
their (work. ' ‘ ‘ '
<J The chain. length dependence wused  in the ébpve
mgde] is Based on the: entanglement :cehpT{ng factor
determined ‘eXperimentaf1y.(37).'Though. the quel"does'
not have a sound theoretical ‘basis it is evident
yhat a semi-mechanistic . model jncompo;qting‘ ideas
frof bqth.’entahg]emeﬁt' and free-yo]ume' fhep;ieg
‘serves .as .an adequate engineé%ing"'mbde1’”fpr

predictive purposes. H

N
N
~

¥
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éi;ti High to “very -high conversion kinetics

P

¥

g - s e
o .

-

“The tréns]éiiena] mobility of macroradicals

“reduces greatly at high polymer concentrations. At

these, concentrations the ~overall rate of termination

-

© ¢an _be’-visuaJized as 'a sum of two components viz;

1) the very Tow’ raté. of translational diffusian of

~

-

3

the macroradicals 2) the/ rate ‘of motion of thé- chain
end * of * the "polymer radical growing via propagation.

Gradually as _the radicals ‘bécome trapped in the

polymer ‘matrix, terminatién occurs solely when

-

the macroradical chain ends approach each other

s

through propagation, . g

I3 N ™ £

©OAt these ‘high comversions pfpbagation reactions
may also become diffuSion-controlled and if the
temperature of polymerization is below the *Tgp’ a

transition of the polymér-mbnomer solution from a

highly viscous: lfquid'fto ~a glassy solid - occurs with''

* the-’polymerization rate ‘falling to essentially zero

“in  the normal time scale of commercial

? (]

polymerizations. A Timiting conversion is reached when .

-

the b]assltrpnsitioh temperathre (Tg) of the . polymer-,

monomer mixture equals the polymerization temperature(27).

o

~
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The growth of nearly immoBilized polymer
radical chains during" vitreous so]idification of. the
r;action ‘was"investigate& by - Schulz (38). He . proposed
that the only. movement. of the <chain enés of thése

-radicals occbrs via reaction diffasfo;"- a term
proportional to the rate of propagation, and is
given by

g = (ng1g2/6) X,M] o (23)
where ? ,'DR = reaction diffusion coefficient .

Pal

ng = numbgr of monomer molecules in a
| polymer segment

10 = length of the monomeric unit

{M] = monomer cpncentgatian

Hdyden and Melville (39) followed - MMA

-

. polymerization up to ‘véry high conversions by

measuring the ‘heat of .polymerization .thh time as

. 4

ihe exothermic propagation heaétions proceeded under
adiabatic conditionst At ’the {ast stéges of reaction
the} -ﬁbtea that ‘the. termination 'réaction resembled a
dni&oleéu]gr process wiph‘ the extreme " reduction of-
" the mobility of the macroradicals. With each addition
of a :monomericd unit the_‘chance of effective

' physical terminatign process becomes dependent on the
: : e
f s

-
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- ' A

propagation pchess,' which is ‘what -.equation (23)

suggests. ‘ " . S

Soh and Sundberg.(40) <considered the excess

chain' end mobility of a. frozen radical which- is
incépab]g af trans1atiopé]"mofion but whose chain
end moves in é sphere of radius (r) w}th ~ the nodé
of,'eﬁtang!ement fqt_ the ceptre: They obtained the

) o
following expressdion for -Ktp(residual termination 'rate

~

- v

constant) . .
Ktp= 6 DagwriNay/(1000 1) L (24) ;

<
e LI

where dABis the mutual fdiffusivity, Nayis Avagadro's

number and 1 s the avergge‘ Jjump ienéthf -

And finally

A

\\

.where "~ f, _¥s, an efficiency factor, a 1is the " average

L

r.m.s. end-to-end distaqpe per square rodt ;of the

number of- monomer wunits in the -« chain .and jc . is
the entanglement spacing.

-
I A

/ " .

'

—_—-

'Stickfer {(41) used thefdeguation derived by

£
&
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.Schulz for the reaction diffusion coefficent . to.

obtain a mutual diffusion coefficent (Dpp) ’

14

Dpg="2 Dp. . 1 T : (2(15‘)“

The. bimolecular 'rate .constant was -then obtained by

inserting’ Dpg ~ into Smoluchowski's. equation

K= ArNgyaDag/1000 ey

Here A is ‘the'. reactiod radius (28) and .was obtained
from the following dpproximate equation .

\

A= (6 Vy/(nNgy )13 | S (28)

where Vy= molar- volume of the monomer. Ky as

Ed

_"obtained - from equation (27) wgs . used . ta sgckessfdliyj

.model ‘the hulk polymerization -of " MMA" "at. very high

“conversions (x >0.8).

ﬁayden' and Melvf]]e.(39)"first' reported. that

;

"t 225 C  the X,

began  to decrease’ at about 50%
v qohﬁerbjén in ‘the ‘buﬂk &pdlymé%izaﬁibn of MMA. They
s postulated that at the last stages of. polymeriéation
‘ nihé mob@lity of _the mo#ﬂhef molecules may bg
lgeverely Iimited ang‘ the po]jﬁeriza;ion may. terminate

before 100% ‘monomér conversion.: They 'rgported' a
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1}Mitinb'»cohversion‘—of‘ bhodt 80% at ‘ZZLSWL- .

_ Horie cet.~a1<(21k .wfrej:thé*‘fifitﬂ to °
mgéhanistically' di&cusé diffusion-pontno?]éd. propagation
‘%eaﬁtioAs: at very hjgh conVe}s}onsx They hse&_nffge-
\‘volu@e theory .to _interpret ';hese"reactibhs‘:jh ‘tgrhs'
of rhe‘.rgte of diffusion of ‘ﬁbfomer moleéuLes,'THey
%o]fowed' thel rate- of‘fEhlk. pqumerizafiqn-.of lﬁMA ahq
found lg’ distinet mfﬁi@dml,ﬁépandtjng Ewo %eaks.irﬁig
was thOuéht to be. due to the simultéhéoqs ‘Fedﬁqtion of
Kt.,ada Kp.tTﬁg» limifingl.p61ymef &pfqu }fraction.?pf EE
the monomer-potymer mixt@me‘~wasf‘cﬁlcu}ated ‘using

‘Kellgy and Bueche's retation (42) " for. the ‘T of thé

g
mixture and the calculated .value§,\égr¢ed iWeTJ\ with™ -

-
v

the experimental 1limiting .conversion values. .-

-

v
-

Under diffusion-contrb]led' propagation
conditions Kp is proportioné]r to Dﬁ; the self- .

diffusion <coefficient of the monomer - molecules. A

suitable theoretical  equation for a small penefrant .

t
molecule in a polymer matrix below *~the T of the .

LY
polymer ‘is not yet available. Fujita et al (43) ‘have
derived an equation on the basis of free-volume ‘
~theory which has been tested on po]ymér-penégrant

systems above the Tgp. The experimental data of




‘
-

Chalykh and Vasenin (44) suggésts an experimenta[
idepghdehce: qf Dy on. éy. A similar dependeﬁce has"’
Lbeen - predicted. .for the " self-diffusion coefficient” of

- ,ﬁopdmer' méﬁeﬁuiés”z;n, pure monomer by Bueche (32).

Marten and Hamielec (31) proposed '

a -semi-

empirical - equation for diffusion-controlled Hkp based
on Bueche's equatfon. Their model accounted for a

\

of

'g1é§syéstafé transiiion and success¥u11y predicted
11mit?n§. cqnvgrsi%ns_(3r,34): The occurence of. "a
:‘gla§éy—§tate ‘tnaﬁsi£1on’_ﬁa§ been cth{}mgg for
' §e%e}q1‘ polymer ‘'systems in - bulk ‘and emdlsioq

polymerization -by Friis and Hamielec (45), Berens (46)

' ;aﬁd ,Harnistlét'-él (47). The semi-empirical model for.

Ké"has"thé . following.’ farm

v
<y .

© Rp= Kpoexp(=B(L/Ve-1/Ve o)) L (29)

¢

e

Lt —
]

where B ‘is an adjﬁ;table parameter and Vecro s,

‘the " value 10? VF' at. thch ﬂiffhsioqal fTimitatiqns

are' assumed . to origihéte: Spick]er (41) - has used a
slightly different form of equqti&n‘(zg) to mode 1
MMA polyme%izatibhs at very high conversions over a

x

wide range of of initiator Tlevels, Using . the “initial

¥

. 30

N

conditions’ Kp;_kpo " at .VF Vo ‘for' x=q, he obtained L
~ : ' o '. ‘ L "’

4 <
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Kp=’Kp0gXp({Y #1/VF—§/VEO)) .ot L ; (30)
where v ois an adjustable parémetgi‘”

. - \ ;,. ¢ ) ; ) ¢ 2

"

“Arai - and Sa%io (28) and .Suhdberg et al {(49)

have also . independently proposed.-an equation similar’

= .

to ?that _pfbgqseq-_by Marten and Hamielec. The former

authors .used B =.1 to’ mocdel the 'giffusion-pontéol1ed~

«

T p(opagatjon--of. MMA, as ‘used. by «Marten aqd“Hamiglec

-qnq'.StiEkleF' et _é]—(48)~ while Sundberg et:-all‘u&edg‘

B = .88 for: styrene apd MMA pglymerizations. Retently

v

Soh dnd Sundberg (50) .have proposéd the following

S ; O
.equation S -

X!

, KovpaKT/gy .
Whér? gm;.(gs)pﬁéxp(i/vF‘I/VFp) ‘ (31) v
where K is the  Boltzmain constant, T s temperature,

- K3

\

[y

factors . resbéétiyéLy.

-

- , The - above équation ' was -developed . by

Al

cidentifying ‘a .chain. segment’ of * a. polymer radical. as

-

-The ~}imitiug"conyersion$':obtdingd..wiph sthe Juse of-

equation (31} arﬁ ,don}isténfly 'highe}‘ than the

experimental -values.

.

9p o and fgg.-aré the” monomeric -and segmental -friction-

a_ monomeric .unit and .therefore equating: g, to gg.
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. 2.2 Tﬁerma] Homo- and Copolymerization of Styrene

2u2u{ 'Ihtréduetién

The study of the thermal homppolymerizétion
.§§\'$tyreﬁe has, received considerablelfattention in
?ﬁhe- past «and' ﬁork devoted” to wunderstanding the
\%Herma]' initiation process is still continuing, This
~.section includes Z review of relevant work done on

bulk and solution thermag po]f?erization of- stywrene
up to high convers%ons.Tﬁe r?viey focusses primarily
on: the ma}n thermal initiation reaétfon (creation of
the .prfmafj 'radicalé), hdwever, pertiﬁept lTiterature

involving side reactions during thermal initiation

' has ‘been quoted, wherever cappropriate.

ot
2
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.

2.2.2 Chemical and diffusion-controlled ' thermal homo-

and copolymerization of styrene

Styrene thermal b&]ymerization kinetics were
first studied ap early as 1936 by Schulz and
Husemann (51) who 'reported that the bulk
polymérization rate was ~ first order with respect to

{
styrene concentration up to about 60% conversion.

Breitenbach and Rudorfer (52) found that the rate of
solution polymerization was second order in monomer
concentration. In the same\~}ear 'Flory (63) proposed a
thermal ‘nitiation scheme based on the  formation of
a diradical from two styrene molecules which led to
‘subséquent po]ymerization. This implied a second order
‘dependencé of the rate of 'pé}ymerization on monomer
concenfr&tion. Suess et al (5&) and ia}er Schul}\‘ay
al (55) also supported a second-order thermal
initiation mechanism which was ~qu§§tioned by Mayo
(56) who found a- third-order initiation of polymer
radicals‘ for the thermal polymerization of styrene
in bromobenzene. Zimm and Bragg (57) refuted Flory's
-hypothesis of' fhev thermal initiation based on their

statistical <calculations on the existing data. Studies

conducted on diradical initiators by  Russell and
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Tobolsky (58) a;d Overberger and Lapkin (59) and more
recently by Kopecky and Evani (60) all indicated
that diranéals formed ‘cycltize too rapidly to
initiate: polymerization. Hiatt and Baytlett,(Gl)
confirmed the third-order nature of the reaction

proposed by Mayo. Aso et al (62)  propased a similar
. N N t . ~

initiation scheme involving the formation of a

Diels-Alder ‘intermediate as the first step in their

étudy of the thermadl polymerization of’ 2-vinyl

thiophene and 2-vinyl furan. They concluded that all-

vinyl monomers undérgo self-initiated polymerization

by a similar mechanism. Mayo's hypothesis (56,63)

indicated the presence  of two independent reactions.

One being the polymerization' reaction by a free-
t

radical chain mechanism involving a Diels-Alder type
of intermediate with an ap;anent order of about 2.5
and "the other parallel bimo%e;ylar reaction Tleading
to various dimers. Eleven Clsk hydrocarbons were
identified in the dimer. fr;q%ion (63) with the main
products being 1,2-diphenyl chlobuianes (ocB) and 1-

phenyl tetralin (PT). Mullezf(64)° had earlier claimed

, &

fhat PT was the majors oligomer formed. 'Brown (65)
} ’/"

refuted his «claim, finding <c¢is and trans }-2 DCB  as

the principal 'dimeric products alongwithsometrimeric

ol igofrersTBuchdlz and Kirchner (66) have identified the
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Diels~Alder (DA) adduct > using spectroscopic: techniques.
Further spectroscopic 'studies by "~ Kaufmann et al
(67,68) indicated the presence of two intermediates

DA, “and GA,. Based on the work of Bucholz (66) and

" 0taj (67,68) Kirchner and Riederle (69) propbsed a

detailed thermal initiation scheme and investigated
the formation of oligomers and 1intermediates up Fo
very .high conversions. They showed that the thermal
initiation reactions do noF become diffusion-
controlled upto 97%. conversion. The thermatl
copo]yﬁgrization of styrene and acrylonitrile has
begn investigated by Kirchner and Schiapkohl (70) who

L4

found that the initiation step was -analogous to

“that of pure styrene polymerization. Most recently

Chong et al (108) have corroborated the ’Mayo-scheme‘

at 90°C, in their study of the idemtification of

the end groups of thermally-polymerized polystyrene

oligomers.

Chain transfer - reactions have also been

extensively studied. Chain transfer to monamer has

.been reported to be- negligibly small for styrene

polymerization (97,98). Pryor and Coco (71) have
corroborated the earlier findings of 0laj (98) who

had observed that the N at Tlow conversionsL is
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.higher than .at high conversions in L their simulation

Egudy. Both attributed this to the chain transfer to
DA, the _concentration of which rises with conversion
to a steady -state value. More recently O0laj et al

(68) have found that' nearly all chain transfer that

- gcecurs .is due to the DAl which is the more

reactive intermediate and is also responsible for
init{ating the - polymerizatfon. DA, the unreactive
intermediate is essentially . consumed %in
copo]ymerizatiop reactions with fhe polymeér radicals

(68).

Termination reactions have been studied by
Mayo- et al k97) and. Matheson et al (72) among
others" Both group of workers indicated that
termipation occurs essentially by combination. Pryor
and Cocé (71) obtained a similar result at; 60'; and
élso showed .that primarf radjca] termination was.
practically “absent. A kinétic model employihg'—the
kinetic ,scheme of>“Pryor “and ,Lasswely (73) ° was
develqped to study. the: bulk tHeréa] .pblxmeriégtion
of - styrene 1in the temperature range ‘of .IOQ;ZOOfC
upto high <conversions by .Hu1~and‘ Hgmie]ec(zﬁ): and
successful]y:,ﬁreaicted conversjods and FN‘ and ﬁw~

with time. They considered, two, limiting~ cases .of the

o
h
»
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initiation rate expression “viz; second .and third
order in monomer concentration and obtained best
‘results with the third-order model. Chain transfer to

monomer and DA was modelled as follows

CM= CMO+ le . - (32)
where (4= Kfm/Kp, cand . Kgpis the chain’ transfer
rate constant to monomer, .

/‘
/

{ .

Modelling high convers%qgf kinetics (up to nearly

100% <conversion) required a dif?usion-congrolled Kg ¢
and an empir{cél app}oach ‘referyed te earlier (23)
was used ;o express Kt' as a function of x. This
model has beeﬁ used by Husain and Hamielec (24) t&
model the bulk  thermal polymerization of styrene’ at-
ZbO—Z?O'C. The; found ‘that at these elevated
’teﬁperatures dissolved oxygen has .negligible ‘effect
on the rate andA molecular weight de&e}bpment. They
also concluded from their experimental investigations
that .the MWD s strongly infiuencéd"by tr&nsfen
reactions. Chiantore and Ha;ielec (8) have studied  ‘the.
thermal polymerization nof PMS in the temperature

range of 120-160°C in the <conversion .range of 0-

96%. They_’developed a kinetic model, accouhting. for

<

[

et -
- . v
] .
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& -

diffusion-controlled ‘term%natibﬁ, based on a kinétié
scheme ana]oéous to that of: sfyrene. A third-order
thermal initiation rate was uged and 'traﬁsfer
meéctions' to polymer Qere fncorporated in the model
as ~the molecular weight data ’suggested the formation
of some lbng chain branches thrqugh tLe abstraction
of p—meth}] hydroéen atomss Transfer to ménomer and
oligomers was modelled as Ifor styrene. Excellent fits
with . the 'exﬁerimental kinetic data was observed- for
all the’ temperatures. The: ge]}effect was observed to

be weaker than in the «case of styrene,



2.3 Copolymerization Kinetics

2.3.1 . Introduction

This section reviews the available theoretical
and- experimgntal 11terath}e in the area of hi-gh
conversion ‘copo1ymerizdfion Kinetiés. Low conversion -
\chemj;a11y—controlled copolymerization kinetics of mog£
‘commerfial vinyl - monomers are reasonably well
understood. High conversion kinetic data are' however
lacking. The t%ggtmgnt of diffusion ;controlled
copolymerization reactions parallels that of
homopolymerization .oreactions, As copo1fmerization
involves many more kiﬁetic parameters, a bureiy
mechanfstic model would have to follow ‘thel change
in all these parameters with conVe%s{on etc. Therefore
Tumped parameters havé been used b& most authors

y

wherever Jjustifiable  +to simplify the kinetic:

3

_equations’ and reduce the parameters to be estimated.

’

v

. hY
2.3.2 Propagation reactions &

Wall first proposed' a copolymerization

composit%on equation (74) which neglected the chain
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struciggé including the  terminal wunit in determining
the ireactivjty of the .radical towards a monomer
mo1gqﬁ]e.'Mayo and Lewis (75) and A]frey and
Goldfinge} (76) “independently proposed a kinetic
\scheme which considered the te;mina] unit of the
radical to influence the rate of :addition of the
moﬁbﬁe( to it. Th5§ is .called the ultimate effec£
modei '%d -cﬁpglymerization literature and requires
fﬁur .propagatioﬁ ’con§tant$ (Kijf ilj=1,2% The‘”u}tkmate
effect'_mode1_ h&s’_servéd: aS~,approp%{qté in. mosﬁf:
‘free-rgdicé] Eogolymerizatiéné, however,' iﬁene a}g‘

insténcegy'wheré pepultfmate or even unitﬁjfbeyonq the -

peantimate substantia]lf af?gcf, the ‘proﬁagatfoﬂ..
reaét{qhs.(77), iq general, theséa'effecis “have been
'.att;ip;ted ‘to polar and steric factgfé. |

.
© <

‘ 'Thé Ma}o-Lew{s‘Jeduétidn.(7b) was jntégraied by
Meyer and Lowry (9%): This "~ equation ;elétg§ _Qhe* total
monome r- fcqﬁ&grﬁion " to the. ’rés{daal ‘monamer
compoéitipn with the reactivity ratios (aésumed'.td be'_
'“consp{nf)- ﬁerQiné .as  parameters. The Mayd-Lewisc'
_equation has -been used to estimate reactivity ratios

(77) as” discyssed ‘later in the Apﬁgﬁdﬁx. aeButt§ k?&)
intggraiéd-'phe‘_instanténeous rate of po]yqérizafiod.

3

as dgrived?‘byl Walling (79) on tﬁg"mgsis of"a ‘

o

%
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‘constant initiation: rate and ' no _ggl-effedt. 0'Driscoll
-.and’” Knorr (80) have integrated ‘the “individual monomer
cbn§bhption rate equations _ assting iconstant
propagation rate “constants, but  ‘their derivation .
..requires lthat riro= 1. -

Y
L

Johnson  et al (81) first reported that the

>

Meyer-Loﬁry equgfiqh was inadequate in exp]ainiﬁg
- th:ir gxpgriment;1j§. méasu;ed gopolymer composition
data for .the free-radical “copolymerization of 
Jstyrene}MMA at h%gh“ c;nversions. ﬁhesef\authﬂrs ha(e.
‘ disputed the constaricy of ‘the“ reactivity “ratios
(rl,rz) Wwith conversion and hhypo“chgsized thatv*
diffusion-conpro{1edkiprbpagation caused the .changes in
B ry and ro. Dionisio and . 0'Driscoll [82) observed
'simj]an differences ~between _the data‘,é%d ‘theoréyicaﬁ'
'preqiétiaﬁs -but\ reje@ted .Johnﬁon's hypothesis on ‘the
gkounﬁs. #haiﬁ'tﬂé reactivity ratios being ratids of:
bropagation bongt@ntﬁ éhou}&i bé_ {&Qgﬁendgnt of . the{
"diffugional characterjstics of ,t%e"reqctign medium.;‘
Tef}amdphf' ep' 61\(83) _and_'O’Dri§coi} et :af.(84{ have, "
, poth( cofrobg;aﬁea: fﬁe._vd1ié{tyi 9%' the"MeyeF-Lowry
édué;ioh,~fé;: thé“,%tyﬁenelMMA‘ s&stehﬂ o -

~

“'Qiff&sibn-cbntrql}pd; p}opagattpn~ ha's been .

o

"o . N . b
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modeTled by Lord et al (3) for the bulk

.copolymerization of - styrene/acrylomitri1p. The

»

“propagation »rate constants were assumed to be
constant till> high conversions, whereafter _each of

.

the propagation reactions yas modelled as fin
diffusion-ééntro]]edi homopolymerizatiaon us{ng the MH
.-_ﬁﬁﬁeﬂ.:The,{fa§Qest of these react{dns Qas éssumedl to
become "diffusion-controlled first. Next it was
(asse?tgd. that gdder diffusion-controlled conditions

' ‘Kiiﬁ‘K34(3n= i)s-. ;o;_thgt ;wo critical free-volumes
.'paramqpers'_had to bé: estimated.hfhe rlﬁ and ra,

Cﬁxggysequent}y,’changeq . with conversion. !

!

~ . . . o« N
§3% .
»
[
~

a 2.3.3 Termination, 'reactions
. . - N hl . . N .,

The .kinetic model” of Mayo and Lewis*(75) and

Alfrey -and. Goldfinger (76) assumed that only the
terminal cyhif;.ofv the polymer radical influences

‘ termination. reactions,.This necessiates the estimatiop

»

- . oz A ~ . .
of three parameters K¢y (0 1,i=1,2 Kyy3% Kegi ) to

“calculate the \oVeFall ratei of .termination (Ry)

..".R.t' =;?;§Kt_,'fj£R.ij['Rj']' " . ‘ - .(33)

4 - . ¢ ’

¢ . . '

~r
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The chémical;cgntrol model :of wailing (79) and
‘Mellvile et al (85) -used a nparémgter @ to calculate
the' cross-termination constant Kt;b' ¢is Exbegted_ to
-be equal :tﬂ one, baseﬂn4on pure]j statisiﬁcp]

-

arguments anq any deviation from this value has’

N

been ascribed. to. polar . effects.

-

"It has now been generally accepted that
termination reactions in free-radical coponmeriiations

are diffusion-controlled (14;86a88). Atherton and North

£

(86) proposed an empirical expression for the oveFalI‘

. v . A ’
termination constant in ‘the form of -“a weighted"

average of the individual homopolymerization
termination coqnstants. The;'weigbtiné fadtons"émployed\

%

‘were thie instantanedus mole fractions . of the

) . L ' o .
individual monomers in the <copolymer. "Russo and

Munari (89) interpreted &iffusion-cbntrol ziﬁ.”térms' of:,
. the ;egmfmtél rearrangement of tﬁe llagt four *carbon
atoms in‘ the copolymer radica].‘Thejk equat%on\ which
requires two - adjustable parameters could explain the
datai on boﬁolyﬁerizat}on of styrehe/MM{ and
SN . styrebe{buty}‘acrylate. 0'Driscoll et al (14) considered

\ -
. the terminal dyad. concentration in arriving at an

i M

equation which (gequired one parameter. Most recently'
. Chiang and Rudin (90) ‘have proposéd a variant of

Y
€

-

&
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eduaﬁibn‘(33) where the weighting factors. are the
" ‘instantaneous mole fractions of the monomers, - in ihé
" copolymer’ and . Ktlé=~¢(Kt11Kt22)'5 as in ﬁhe’fqhémipé]

- contrb}‘:modé[. Prochazka and, Kfatoqhvii (91)‘dhave

’ 8

\ ¢ [ - ) . o i
reviewed " the major models proposed. for ,termination

on the . basis -of :éxpgrimenfal‘ datda. for the

_ dependenge of  the initial rate on the comonomer

L}
’

" composition. .They found Ihat‘;none, of the models
~~discussed ;aboJe fqoﬁ]d fully \qescribe this depen%ilfe.

" Howeyer, the . models - proposed " by Atherton and - Ndth'

'(36) and ‘Chidng and Rudin (90) were ‘the best among

"single K¢ as in- homopolymerization kinetics. It was

the'ydiffusion-contro1 models, whichi were better as a
rule than ‘the chemically-controlled = anes.

Lord et al (3) used the.-chehical-control
model ~ to calculate the overall termination rate
constant at _zero conversion in"iheir“study of the
styrene/acrylonitrile _system. Under diffusion-controlled
conditions free-volume theory Qas used to. mod%1 a.

+

asserted that the onset of diffugion-control occurred -

.at  zero conversion,
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EXPERIMENTAL = B

3.1 Chemicals Used

”Styrene was supplied by Canadian rndustrjes
Ltd., Toronto, Ontario. PMS_  was supplied by MoDi]
_Chemical, Co., *Edison, N.J. Monomer purification
teﬁhniques ‘used aré discussed latér. A1l the solvents )
used in the course.of wvarious analyses were. used-

1 AN

directly - without further purificatiom. ‘These are

listed in Table 38, '

(/3” .+ TABLE 3-1
Solvents : Grade , . Used 1in
1.4 dioxanév Figher certified copolymer dissolution,
methanol Fisher ceAtified copolymer precipitation
toluene " reagent 4 GPC (solvent)

~

GC (internal standard)
LALLSP (solvent)

45



3.2 Experimental ‘Conditions

K

Experimental conditions were chosen to

. : ' »
generate data that would complement existing data on

the homo}o]ymers, in ”order to “providen a. .

copolymerization model which would be valid over -the
entire composition~ range. First a set of vrandomized
runs (w.r.tx‘flo) were planned . at 120° C. Further
polymerizations were done Qitﬁ a high and low
initial styrene., composition (f10=(0”?5, 0.2)
fespectively at the fo]lowjné' temperaturesk

T = 120% 140,.1607, 180 C

-

LY

3.3 Apparétus and Experimental E;ocedure§
, o : ) \

. Thermal copolymerizations. were carried out in
seéled Pyrex. dgﬁs ampoules. T;o sizes . of ampéuies
_we}e ysed; 5 mm. 0.0. ampoules ‘wére employed for'
copolymerizations at 160, and 180 C and 8 mm_.‘ 0.D..
ampoutes were‘ used at '1go' and 14ofc:_These two

N

sizes correspond to' .3.,4 mm. and 6.0 mm. L.D.

0 N =
. —
- -
f
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‘respectively.

A test '~ of the validity .of isothermal’
conditions in these ampoules’ has been previously
done (§15). The monomers were washed several times
with a 10% KOH solution to remove the inhibitor (t-
butyl catechol in both styrene and PMS). Ségfk
solutions of tiese monomers corresponding to f;,= 0.2
and 0.75 were prepared and stored for no more than
a week before polymerization. Oxygen was removed from

the <contents (about 2-3 mis. of the solution) by

vacuum degassing as described below

1) The reaction_ ampoule was connected to the wvacuum
manifold and  immersed in 1liquid nitrogen.

2) Tén minutes later the ampoule <contents were
evacuated for fifteen minutes.

3) Evacuation was stopped. The liquid nitrogen ‘was
removed, allowing the frozen ampoule contents to warm
upto room temperature. -

4) Steps 1 and" 2 were repeated. The level of vacuum
was maintained at < .001 mm. Hg. |

5) With the aﬁdou]e contents frozen, the ambgu]es

were sealed wusing a gas-oxygen torch. - -

-
‘
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The sealed ampoules were warmed wup to room
temperature and then immersed 1in an oil bath set
at " the temperature of polymerization. Foﬁr temperature
levels of 120, 140, 160 and 180 C were used in this
study. After polymerization the ampoule was first
immersed in cold water and then in a liquid
nitrogen flask to ensure that polymerization had
stopped. . Next the ampoule was broken in an Erlen
Meyer flask and dioxane in sufficient quantity to
dissolve the polymer was added to the flask
contents. Adequate‘ time was allowed - with the ampoule
contents being.ﬁftirred if require&, for complete
d1;so}ution of the polymer. A small measured amount
of toluene was then added to the solution. A few
micro-litres of this solution was then injgcted into
the . GC for residual monome% .analysis and the
determination of monomer\ conversion, Details of GC
analysis are vreported in the Appendi}(4.}).The' remaining
solution solution was slowly poured' into ‘atleast ten
times the volume of‘ methanol. The gla§s pieces were

washed repeatedly with dioxane to ensure the removal

of any <copolymer adhering to them. The precipitéte¢

copolymer was filtered and dried wunder vacuum at ~

40 °C for atleast 24 hours. The @amount of dried

copolymer, expressed as a fraction of the total
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monomers copolymerized gave an independent measure of

conversion,

Thé copolymer was now ready for molecular
weight ~determination. A few milligrams were dissolved
in the required amount of toluene and the solution
was used with a 1low angle 1laser 1light scattering
photometer (LALLSP){(Chromatix-KMX-6) to obtain ﬁw of
the sample. Another portion of the <copolymer was
dissolved in to]uenefiand injected 1into the size-
exclusion chromatd@rapﬁﬁ(SEC-waters 150 C) for molecular
weight distribution and averages determination. Depai]s
of LALLSP and SEC analysis are given 1in the
Appendix(4.2,4.3).Some of the copolymer gamples
synthesized at 120°C were wused to determine the Top
of the <copolymer by means of DSC. Details of thi§

measurement are alsg given in the Appendix(4.4).

s
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MODEL DEVELOPMENT

4.1 Introduction

This _chapter describes the 'development of a
ratheg genefa]_kinetic model fo; bulk copo}yﬁerﬁzation up
to high conversions. Equatjons'for the rate of consumption
of monomers,cbpo]yme} compesition dri?t apd molerﬁlar
wefght development have been der{ved>based on a kffetic

scheme presented herein. These -derivations are presentecd in

this chapter with chapter 5 illustrating the application of

this model to two specific copolymerization systems;.

1)thérmadl copolymerization of étyrene/PMS 2) chemically-
imitiated copolymerization. of MMA/PMS. ~ = °

-

' E . < -
%.2. Kinetic Scheme for Copolymerization

The “following - system - of elementary reactions

‘has - been employed to model the' bulk thermal

copo1ymerizhtion gof sty}ene/PMSLMonomer 1 1s styrene

¢

and monomer 2 is™ PMS) and the bulk cbﬁolymerization

of MMA/PMS(monomer 1 is MMA and monomer 2 1is PMS).

T

- . ’
& ' A )
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INITIATION

—

Thermal
M.+ M _K!l- i
A S
-11
K. -
I2
M2+ M2 ;f.(::’_' 22
-12
3 -
. I3
M1+ M2 ;;_-._"_... 23‘ .
-13
. K.
sll
Zy+ &1 --22% 2
X
sl2.
Zl+ M2.---—¢-2
. ¢ .
s21
22+ Ml .""""“2
K
522
. .,22+ M2 SusEe2
K
Z'3+ Ml !--s-:}}bz
K
13+ M, --23%
. Chemical
KI o
[ g=z=w= ZRi
K
-F K
., 1
Ry + My “-2-=R
. . kz '
Ry + M, "--=

reactive
Diels-Alder
adducts

monoradicals

rs



PROPAGATION. .

. K11 . 2
Re,1t My--==- - Rrsra
Rp- 2% ”1'Tgl" Rre1,1
Ry 1* Mz‘ﬁlg‘” Res1,2
R;;é*.Mz‘f?g" RY+1,2
| 0
CHAIN TRANSFER ;
Ryt My st Prt Ry 4
| Reoit Mo 2z, Pg*hRi,z
Reot M) L2l Pet BRI
R; gt My -T2 p .
Rr."1+ Y --’ffu; P +'R:
R;’.2+ Y --lffgl.. P + R
R;_’1+ P, -ff?.l.g P+ R',2
" K
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TERMINATION . ’

,3{,4',‘ K
%&‘x’.”“" .,' [ tll
”'g;,1+ Rs,l """" * Pris (P + Ps) .
‘ Keyo g ) chemically-
R + R —-Zc- = P P+ P controlled.
r,l $,2 r+s r s termination
K
. . t22
Rr,2+ ES,Z """"" = pr+§ (pr * ps>
Ky -
Re1 ¥ Rg qmma ( P+ Pe)
~ ‘K 4 :
‘ t {
Rr’1 + Rs,l----— (1-a) P

"R! + R ey (pP.+P_) diffusion-conﬁro1]ed
s$,2 r ) !
’ ‘termination

. K¢ C )
Rr,l + RS’Z----D (1-b) Pﬁ+s

. Ky
Rr’2 + RS’2-~--> c ( P+ Pg )

. oKy .
r2 b Rg, T (1-0) Py

In  the _thermal initiation scheme, reactions

not affecting ‘ the initiation rate of polymer
radicals have been  excluded.” Y 'représents any
unidentified molecule produced via thermal initiation
whjch could act as a cﬁain traﬁsfér. agent,
Termination by d(séroportiqnation is congideréd
‘ negiigiﬁle for s;yrené/PMS system(24)L Traﬂsfer- to 3
styrene moleéﬁle bound iﬁ ;he éopo]ymerz- hagc been

neglected with transfer to " polymer occuring when a



polymer radical ébstracis a hydrogen 'f¢6m éhe -methyl
Cgroup in, the bound RMS. For'the MMA/PMS sysggm .éhé%n
transfer to PMS via abstraction of:p-mefhyl hydrogens ‘{s
expected to be much gfeater than chain transfer tol MMA .
bha1n transfer to po]ymer has-been neg]ected The 1 refsrs

to an azob1s1sobutyron1tr11e (AIBN) mo]ecu]e B

A

4.3.1 Rate of thermal - initiation ' / !

The }adicaﬂ génerétibp rate (R{)‘js given by

"Ry= 21 (KsllfM ]+K 2[M J)y+212 2 (Kg oMy ]+K522[M 1) ‘ )
+274(X 31[M J+*<S32[M 1) S (34) .
where [M 1 and [M ] are concentrat1ons of monomers 1
and 2, and Z are the concentrations of the reactive

J:ntermed1ates

t
Iy

~Application of " the SSH to Zi(i=1,3)_ yields

Zi = Kpy[mM DM ]/(K S1it P KgyIM D) | (35)
where j =1, k = 2. for i =3 '
and . j ="k = i for i = 1,2

Substituting the expression for Z, in equation (34)

and assuming K-li>> %;Fsi][v]] gives

~

Ry = Kpo[M1® S (36)
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‘an  initiation . rate which’ is.- third - order in _ total’

monomer _concentration, where .

3 3

. ‘ /(
T o Y -
K10 = ¥1fy LRI PALVAERY!
NI - DM 1k (M »

f. are the monomer mole fractions

¥Kéf2

- U

1

L4 ‘. f

17 2Xnks/kon
2 = ZKiaksao/ Ko
Ky # 26Ky 1Koqp/Kopy * KygKeay/Kogs)

Vol
n

g = 2KK o /K 15+ KpgKggo/K 13)

. In the absence of compositional drift during‘
an isothermal ‘batch copolymerization KIb remains
constant independent of x till ‘very high conversions

{69).
4,3.2 Rate of chemical initiation

RI for isothermal polymerization is given by

Ry =*2f¥d [I]0 exp(-K,t)/(1- €x) | - (37)

where f is the initiator efficiency,[I] is the initiator
" concentration,t s time,x is molar conversion and € is the
“volume contraction factor as defined below

Y = vo(lg €x)

where v is the reactor volume at any time



4.4 Rate of Monomer Consumption (Rb)
\ ¢
. P pl Rp2

B y 12
where RP}= K11[M1][R1] + K21[M1][R23

and Rp2= Klé[MZJERi? + Kzé[Mz][Ré](

.where, [Ry] and [R,] are the concentration of polymer

+

b

radicals having monomers- 1 and 2 as _ their chain
ends ~ respectively. It ° should be noted . that
: the 1long chain approximation ’(LCA) has been . used , ang

‘penuitimate effects have been ignored, hence only

/ .

four ﬁropagatioﬁ rgact{ons need be cgnsidered. Noting
tthat foq“copolymer fhains monomer 1 follows monomer
2 " the same number” of times that monomer 2 follows .
monomer 1 +£1, it follows that for lorng copolyrer
chqﬁns o ’ N
Ko LM JER,D = K, IH,00R]
tetting [RI+= [R}] + [R}]
it can be readily shown that

[R;1/[RY = [$;1 % K12f2/(K21%1+K12f2) . (38)

and [R;1/IRY = £6;] = 1 - [$;3°
substituting these definitiqns‘,in R
p1= ( Kpp D972+ Ky [951) [My1IRT
[¢é]+ Kyp [¢i]) [MZJ[RU

pl and sz o,

R

Ro2™ (K22

-
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-

for -

p . .
Ry = Kp[M.][R‘\JO = Ry1*Roo /7 (39)
gives A
(f, 2K +2f K £, 2K ) |
K = emmon F1f2200 K 11_21 ..... 3_18_21_ T2 X22*12) (4
P f + K
- 22 1 11 21 11 2 22 12 .
By rdefinition
Rp = -(l/v)d(Nm)/dt =([MJO/(1-ex)) dx/dt (41)
where Nm’ the number of mo]es.of‘monomers 1 and .2
the reactor at any time may be expressed in te
of x as
N Nmoﬁl - x) . . | o
. [M] =N /v = [M]O(l - x)/(1 - €x) (42)
Applicatiion of the steady state hypothesis (SSH)
polymer radicals gives
. S
[R] = (R/K)™T _ | (43)
. From equatidns (39,41-43) -one .gets
dx/dt ' Kp(y - X.) (RI/Kt) (44).
where K, (diff.controlled)= Kee -t Key . '
and - Kye = Ky((1-2)[670%42(1-b)[9;106;1+(1-¢)[6,12) ‘(45)

Keg= K¢ = Kee 0 0L .46

)

-
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Under chemically-controlled conditions Kt is obtained .as

follows

rate of terﬁination = Ktll[R']2+Kt2é[R']2+2Kt12[R'I[R']' :
cor, KgIRIZ = TRIZ(Ky ) [€]1%K 5L 0; ]2+2Kt12[¢ 10¢,1)

subst1tut1ng for [¢1] and [¢2]

2,2 +X 2. 2

t11%21 F1 t22K12 fo7+2K 10K 2K Hi f

t12812%21 71 72"

4.5 Copolymer Composition

Defining F1 as the instant@neous cSmpositon

of the  copolymer formed and ‘then wusing the

{

‘definitions of x, f1 and F1 one has

CI R L L O TV (48)

thus Fy v = d[M{1/dIM] - (dfF,/dIM]) DM 1/

| - (dfl/d[MJ)[m]/f1

or dfl/(Fl- fly =d In (;\- x) : (49)
. 2 -
[( +f ] « s

“where F, =__,__--?l ------- Ffurhd T Ceemea- e (50)

(K Kpp# 22K12‘2K12 21)f "2K12("21’K 2)T1#Ko0Ky5

Solution  of- equétions (49) and (50)’ yieids fy . and

Fy as function ‘of x. g
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) " A simple balance on monomer 1 relates ‘?1, the
cumulative copolymer composition, to f1 and x, to
give,

Fio= (figm f1(1 - x))/x ‘ (51)

i

4.6 Molecular " Weight Development

4.6.1 Linedar ccpolymer

Considering transfer vreactions to monomer °~ and

other small molecules (Y) only and fneg]ecting
} .
transfer to polymer molecules, one obtains the
{ . ‘
following expressions for the rate of transfer

reactions
rate of transfer 50 monomers 1 and 2 =_Kf12[M2][Ri]
Koy DM IIR 14K g [MpJTR I4K £ My JIR T (52)

Expressing equation (52) as .=‘Kfm[M][Rj
‘Substituting for [Ri],{Ré] one has for Kgo
Kpy Keppfro+ ff(K +K J+K 5 2K
21 "f1l'1 21 fl2 12 f21 f22
Kep = mmmmeemmmmmosase- B e I G I
. (Kz}f1 + K 2)

rate of transfer to [Y] = Kfly[Rl][Y] + Kf2y[R JL Y] (54)
.Again expressing equat1on "(54) as K¢y CYILR] .

o
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one has( for Kfy

Key= [O7IKey #1850 Kep - : ‘ _ (55)

Analogous to homopolymérization kinetics ‘the -following

1

equations . may be _written for ry and r,, the
number qndl 'weight- average chain length of the
copolymer (instantaneous) and the instantaneous
differential chain length distribution (W(r,x)) for

linear <chains

- b

o= 1/ Te8/2) | (56) "
ry = 2( 7+ 1.58)/( 7+g )2 (57)
W(r,x) = ( T+8 )( T+g/2(7+8)r)rexp(-( T-+8)r) {58)
where 7= Kfm/K f Kfy[Y]/K [MI + KygRy/ (K IH] )2. (59)
and 8 = Ky Ro/(K IH] )2 ‘ (60)

The .&umulative number and weight average molecular
weights, HN and ﬁw, and the differential
chain length distribution of the accumulated copolymer

(W(r,x)) are given by

..
-

_ - . :

My = €,/ LdCN/MN : (61)
M, = (1/cy) f“w dc,,- (62)
W(r.x) = (1/x) j’w (r,x) dx | (63)
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CMOM

where MN = Ty
' My = ry CMOM . o
CHOM = FiM .+ FoM .

Mol and M, are the molecular weights of the two
monomers and Cw is the monomer conversion on a $
weight basis.
4.6.2 'Coﬁo]ymer with long <chain branching

When transfer to po]ymet becomes significant,
the wuse of W(r,x) 1is not appropriat®. One must then
rggort " to the method of moments to calculate the
lmolecutar weight averages. MWriting the differential
balance equations for polymer radicals and polymer
molecules and then applying the SSH to the | former,
provides the foi]owing equa?ions for the leading

moments of the MWD (QO’QI’QZ) and the average ‘number

of long chai

(l/V)d(QOV)/dt

(1/v)d(Qv)/dt =

(I/V)d(sz)/dt

(1/v)d(QqyByv)

n “branches per polymer molecule (EN).

1]

(64)
(65)

Kp[MJ[Ri (T+8 /2)
Kp[M][Rﬂ

pIMITR] (14,0, [H]) (27+35+2C 0,/ THI+C 0,/ M)

fa
L.

: (6
( ts+cp01/[§]

]

LHITRI(C 0, /TMD)
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P ‘
and Kfp’ a pseudo transfer to polymer rate constant

where C_ = Kfp/Kp

for copolymerization 1is obtained as follows

rate of transfer to copolymer
= KepnalRd FyiQp * KepalRi) 7 4
P Rep21 LRIy O+ KeppplRpd Fp Q) = KeplRT Q)
whereby Kg =l J(F Kepy 1 #F Ke g ) #0071 (F Ko #F ) Keppp)  (68)
Here Q; = g rl Pr
Unlike the other pseudo rate constanfs, Kfp.is defiﬁed

only for copolymerization without composition drift.

4.7 Diffusion-Controlled Reactions

Under diffusion-controlled conditions K and

te

K would change with conversion. Two approaches

1J
have been used to model these reactions,
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4.7.1 Empirical approach

/

Here the Kijls were assumed to be constant /
throughout. K, was assumed to vary with conversion /
in the following manner . /
K¢ = Kto‘”p(—Z(‘\><+B><2+Cx3)) (69) //
where A = ALt A T !

B = 81+ BZT
C = C1+ CZT
and Kt= KtO at x = 0

where KtO’ the segmentally-controlled rate- constant for

termination was assumed to be given by equation- (47).

4.7.2 Application of the free-volume theory
The initial increase 1in Ktj with ¢, due to
ségmeﬁtal diffusibwicdntrol, was accounted for in the T
model by .using the following equation JE " the
beginiding of'w;opolymer}zation
Ky= Kol + de) | (70) |
. Equation (70) was used until the onset . of
entanglgments which was assumed ‘to change the mode
of confro] of termination from segmental . to
translational diffusion. It should be noted that this
represents an approximate attempt to model the real

situation since segmental diffusional resistances may



3

4

become important before the radical chains  get

entangled. Howevpr, the situation where tranglatfona]g

diffusion-contrel (hereafter referred to simply as

diffusion-control) occurs before chain entanglements,has
: ~ .

not%}ee% accounted for in the present. model.

-

Free-volume ftheéry has bsfn“usgd to ; predict-
self-diffusion coefficdent of the macroradicals under
diffusion-controlled conditions. This  Mmodel follows the
MH - model in definiqg expressions for “the Dp ‘of
unentangled and- entaﬁg]ed .polymer vradicals. Kg as

defined by the following relation was used to

“identify the onset of entqng]ements

K3= ( Ficry)mexp(8/Vec,y) ) o

~ Under di%?usion~contro}1ed condititons Kt is given~ by

the following -equation

Ke= Keerl (Mycr1/Fiy) Pexp(AQ1/VE oy -1/Vp)), (72)

" where Kt=.5tcri when equation (71) is satisfied.

/

1

At very hdgh‘ conversions as the polymer

chagns‘ become e§sent1al1y immobilfzed, the chain ends

»

Aty o

of. the grow%qg -macroradicals’ mqve only by -reaction
diffusion. Followjng Stickler (41) the following

expression for Ky.4 was used

Kepg= (87Npy/6000) nslozkp[ﬂ] = . (7g)k‘7
= D Kp[M]_

y . . ‘ 64

A OO Ny e ST L e« eotw - a0 -
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Chain propagation is also a diffugfon—
controlled” .reaction at’ high conversions. Following

Marten and |Famielec (31) the diffusion-controlled

propagation rate constant was defined as follows

Kig= Kijoexp(-B(1/Vp-1/Vpcrpij)) at

Pl

. X > X(C7¥'4l)t2:lj
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, " DATA INTERPRETATION S

5.1 Introduction . u

-
o+
»

NS -~

This chapter describés the application of the

“previously derived kinetic models to first, the bulk |

" thermal COpolymerizatiqn of styrene/PMS -and

!

second, the
chemically-initiated bulk copolymerization.of MMA/PMS. = -
. v v ’ ¥ . )

®

-~
"

!

5.2 Parameter - estimation

5.2.1 Styrene/PMS copolymerizatfon

*

Application of the kinetic models to both

comonomer systeﬁs' reddires vé]ues for r1 and ro.. The

following ression vrelating total conversion .to the
residual and ‘finitial monomer composition was used to

calchlate ry and r,.

L

O = 1= (N/NG) ((F My +FoMp) / (F10Mn 1 +F20Mn) — (75)

1

66 ° .

e,

4



)

where N/Ng = (fl/flo)ﬁ(fz/fzo)s((flo-n)/(f1~a5)A (76)
an& a = ro/(l-ry) ‘
- ry/(1-ry)
@ = (1-rp)/(2-r -1p)
A = (l'rlrz)/((lfrl)(ler))c

The simplified error -in variables approach

#

(102) was wused and the non-linear estimation -routine
was fed with the best starting values avai]able on
tﬁe styrene/PMS system (107) viz;-r1¥.83qnd ro=.96. A
set of randomized runs scanning the full composition
range' of fy1q at 120° and conversibn ‘ranging from

0-90% was used in the estimation. Converged estimates

of the reactivity ratios were as follows

-~

[

ry = 0.8710.007 vy = 0.907:0.0135

‘ corre ation -coéfficent.= 0.35

| - As further pol)gerizations at 140, 160 and
180 °C revealed no ‘discernible composition drift
with}n ,expérimenta] “error, it was’ déoidéd to model
lthis system assuming no composition drift with

conveﬁsion. As the individua]' propagation constant Koo
o !

Kwés ot: ayai]ab]e, afd since styrene ‘and PMS have

been }observed‘ to follow similar <conversion-time
. .

. prbfihes (25, K22~ as ésSdmed,_to’ be equal tp-_'

K11(24).In other. wor&s =$11 = Kzz ='K12'=_K21u




o

The empirical model can account for.
diffusion-coptro]]ed Ky and Kp. In the present
.application pfopagation reactions were assumed“to be
chemfcaf]}-contro11ed throughout the course of

p
particular temperature.

reaction so that K remains constant at Kpo for a

Defining ¢, and Py as follows

Ox = (KpZKiolMIg™/kee)™® 5 g = (KpgPKyolMIg3/keo) S
one has from equations (36,42,44)
dx/dt = @, ((1-x)5/(1- €x)3)-5 (77)

_ ' } .5
Also ¢X/¢0 = (KtCO/KtC)
where Ky.q. is given by equation (47),
. . . '
Oy was expressed as{ .
¢x = ¢0 exp(Ax+Bx2+Cx3)' (78)
L ’ f‘"}

¥

Substituting equation (78) into equation (77) ore has

LY
1

dx/dt =@y exp(Ax+BxZ+Cx3)((1-x)5/ (1-€x)3)-5 (79)

@y was estimated " for eachq~temp%?aturg 'ahd fig from

.

. -
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the x-time data by integrating equation (79). over a

small time interval

b = st [1(1-€03(1-x)5)5 ax T (80)

l ¢ < l *
where x=xu -at t=at ~

The parémeters A, B, C wefé ‘estimaged b&
fitting the so]ution' of équation (%9) to“thé
experimental data for each temperature and fig- These
were regressed - on tebperatu}e and then on Fi» to
obtain a mdde] applicable over the composition
Tevels investigated in thé .prgsento work (f10=0.2,0;75)

~and reported earlier (f;4=0,1).

/ ' | ,
A =" Ay - 0.00505 T- '
B = By - 0.0176 T
C = Cy - 0.00785 T
where Ay = 0.405+2.11F-1.51F;2+1.56F;3 .
By = 16,65-16.17F;+15.97F,2-6.9F 3
Cy = 8.98-16.48F;+16.627F 2:6.095F;3

|

~~

Parameter estimation ‘was done by "using a non-linear
least squares vroutine which uses a combination of
Gaussian linearization and the method of steepest

descent. ' e - !



The molecular’ weight <calculations. require
values of 7T and g. It was- decided to employ the
following relation for 71 assiming [Y]/[M]Jocx, as * has

beer done earlier for. the hombpo]ymers (8,23):. -4

T = Ken/Kp+T 1B x+[¢518,x ‘ ‘ (81)
where B.‘ = KfiS/Kp i = 1,2

¥
Al

" The value = of Ky was ' estimated in the-
fo1fow1ng§;ﬁanngr$ the " transfer coﬁstants“ Kgoy and,
Kfo -wére assumed to be equal .to known values of
K%ll and - Koo (references 24,8)'hespective1&.‘1n other
words the rate of hydrpdén abstraction Cfrom  the
ménomers was éssbmed_ to be aependent ‘on the monomer
itse]f"ﬁnq .iﬁdepéndent of; the rgdical 'typeqlThis
gives -a value for, Kfﬁ'jﬁh oStaingd by” FALL&% Cat

Tow conversions was then used to calcg]a%e. Ktco

"

- 7 ‘ - N s
at x a0 C ' .
My = \(f~CM0MIQ'T+1.535/CT+ g)2) . o . (82)
CT s KeplK, | '
B s KeeoRy/ (K [M1g)2. - 7" .
Rp. = [M]y -dx/dt - | T S ':'

Rp at  x~0, was obtained. from the initial slope of

. X=time profiles and fhen equation (82) was solved

) 7!
. B

' ‘fOY" Ktc00. . \ . I3
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~ Values of Ky, Ko and Kgqpq- were obtained froﬁ
(8) and (24). Setting Kéz equal to K17 renabled the
calculation - of K£22 from .the ‘known value of
K22/Kt22'5 (8). =Kt12, K3, and K4'_were then obtained
from the Kteg and ¢0 values. \ ‘

K3
Ky

.189E7 éxp(-26070/(RT)} Tit.2/mole?, min

]

. 134E7 exp(-23470/(RT)) 1it.%/mole?,min
Kepp = -141E12 exp(-1976/(RT)) 1it/mole,min
Kepp'= -142E13 exp(-3974/(RT)) 1lit/mole,min
Ky = 2.628E7exp(-27440/(RT)) 11t2/mole?,min
.136E7exp(-24560/(RT))" 1it2/mole? ,min

K2
K£11 = ,753Ellexp(~1677/(RT)) ift/do]e,min

The crossiinigiafipn consiants Kg and K4' are found
fq be comparable ' in ﬁagnit;de to K; and.,Kp. The
vilues of the actjvafion eneréy and °fréquency_ factor
%gund for Kiyp “are higher than those , for K¢yp  and
K¥22' This is cleariy due to the high .correlatian

between these two parameters. )

The use of the free-volume model _required
the'.éa]cu]atfon of the free-volume ffaétionﬂ\The
fo]lowing.‘eﬁuat}on was used to calculate Vi '

Vg o= | ‘0_25+“M1 (T"Tgb‘ﬂ ))VMl/VT+( .025'+aM2(T-TgM23 )Vﬁz/vq
| +(025+ap(T-Tgp))Vp/vy 1 (83)

-

A
\
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AN

'whewe'Ml,Me and P denote monomé}s‘i,Z and polymer

L 4
I

-

#esgectively;f is“rpo’ymerization femperatgre;v is
vo1uﬁe;VT ‘tﬁtal vé]ume;a=a}-gg;a. ig expangiow
 -éoefficient;},g denote liquid and glassy state respectively.
. The following equation after »Fedo‘r:s,(los) was  used

- v 4

to estimate{tTng and TgMZ

where }T ¥s a characteristic temperature ‘ratio,TM and
'Ty, are the mejting and boiling points of the monomers.

TMI’ TMZ’ Tbl* sz_were obtainedﬂ from Kaeding et
al (116)." ajy; aqd‘ﬁaMz were both set . at 001 and ap -

at  .,00048 as these’ values have been used to model .

styrene  polymerization at\\ToW\ %emperatures (34). g
Ty = -31°% L
Tvo =‘-§4 °c
Tpy = 145°% , ‘ ’ ‘ S ;
Tys = 170 T | |

. ‘Tng = -1176(1 .- . . e
Tome = -123 %
rr = 1.15

\ p
Three regions of conversion - have been

identified in the present model. These are :
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‘Interval 3//\ x%%{xcritZij

Interval 1 t

I
o

-to the point where - equation (71)
i's satisfied, with m = .§
Kte = Kgep (1 + d c)

.  Kij = Kijo 41,2
Kt; = Ktcrf when ~equation (71) 7s .

&

‘ *satisfied
- . - ,,V‘ﬁw ='Ewcr1 when equation (71) s
satisfied - . e
BT )
Iﬁ%eryal 2 Ky, fﬁKtcrlexp(-A(I/VF—I/VFCfl))+DKp[M] {85).
Ki5 = Kijo0 )

/Ky = Kj0exp(-B(1/VE-1/VEcroii))
K = X as in interval 2
te S A
\..-—-/
» Equation (85) was wused in intervals 2 and 3
as" the experimental data .showed no evidence. of My

increasing with conversion. Such an equation .has been

“used by Soh ‘and Sundberg (36) for low temperature

styrene po]ymerization_ upfq moderaté to high

' b
conversions.

A- rigorous theoretical «calculation of d for
segmentally~-controlled Ky requires paramefgrs that were

unavailable in the ]igerapure (7). The plots of' Kt e

" as. a  function of cdnieriﬁdn obtained by using

Sy

-
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Equation (69) were .used to estimate dﬂ Assuming a
]ikear relation between Kte and 'c at  low
conversions (x < .1), q‘ was found to be approximately
equal to .001(1it./gm).-This value for d compares
wé]] with 'that found by Dionisio et al (108) for
styréne polymerization at. 77° and was -found to be
largely indepehdent Cof temperature and comonomer

composition, permitting a single to be wused in

‘the model. The calculation of trd requiréd the
values ‘f ng and 1g. Schulz (38) ives n.= 10 an&
10; .25 nm. for MMA and these values have been . used
by - Stickler (41) for MMA po'ly'merization‘. The
corresponding values for styrene/PMS system were
unavailable, hence the same values were used here,

The model predictions are quite insensitive to

values used for /ns and 1o (see ‘section 6.2).

Aq initial parameter search nfor styrene
thermal- hamopolymerization, at temperature ﬁeve]s of
140 and 170° wusing experimental low to mod?rate
conversion versus time data yielded a value of A =
0.85. A sixth-order .Runge-Kutta differential equation
solver wifhin a Gauss-Marquadt optimization _scheme.
wast~used to fit "the conversion-time profiles. Th{s

value for A was also found to fit experimental 1low

-
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to moderate x-time profiles for PMS thermal
homopolymerization at temperatures of 120, 140 and
}60‘@ as well as all the thermal copolymerization
data. A was then fixed at 0.85 and B and x i,
were next estimated by -visually fifting all the x-
timg data available on th{s system, since the
parameter estimation vroutine proved to be inefficient

becatse of the high correlation between these

parameters, A value of 0.5 for B was found to fit

. adequately all the x-time data. A single value of

Vecrp Wwas searched for -as. Kij = Kji (i,j=1,2).

Other physical and kinetic parameters used ina

this work are as follows ‘

€ =(1/(Wy1dma+Hupdny ) )/ (dp (Wyy dyp+Wypdyy ) -dyydyz)/dp

where d is'density and W is the weight fraction in monomer

phase:

dy;=0.924-.918E-3(T-273.1) gm/cc  reference (24)
dyp#0:9261-.918E-3(T-273.1) gm/cc assumed
dp=1.084-.605E-3(T-273.1) gm/cc reference (24)

The composition dependence of dp has . been neglected.
Kyp= 6.306E8exp(-7068/(RT)) lit/mole,min reference (24)
Kgpg= 1.38E%e¥p(-1§670/(RT))]it/mo]e,min, referehce (24)

,Kf22= Kzz*.ISexp(-5630/(RT))Iit/mole,min - referénce (8)
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B)= Kf15/Kp=-1.01E-3109)g ((473.12-T)/202.5) reference (23)
Bp=Kfas/Kp=-(.0015+2.5E-6(T-393.12))10g,(473.12-T)/202.5

K3=3.0exp(3423/T) non-linear least squares fit
Tgp(F1=0)=113'C ' reference QZ)
Tgp(Fy=0.2)=108°C measured -
Tgp(F1=0.75)=104 % 'measureq,
Tgp(F1=1)=100° ' reference (%)'

" -

The .specific refractive index:(dn/dc) for the
copolymer was found to obey the following
relationship for the levels of composition
investigated (109)

(dn/dc)cop = W (dn/dc)1 + Wy (dn/dc)2
- (dn/dc), |
(dn/dc),

Both measured in toluene at ZSfC at A =632.8 nm."w1

0.11 cc/gm
0.0913 cc/gm

and Wy, are' the weight fractions of each monomer 1in

the. copolymer,
°.

2
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5.2.2 MMA/PMS copolymerization

Reactivity ratios were estimated in a manner
similar to that discussed earlier in 5.2.1. a was
set equal to A, the fraction of radicals terminating
by disproportionatjoq in the homopolymerization of"
.MMA; as obtained by Stickler et Xal (48) ‘and b‘-was

assumed. equal to 0.5 with ¢=0 in equation (45).

A= exp( 3.55 - 1460/T ) . '\ (86)
KpO could be ca]cuiated as Kll(referenCe 31) "and Koy

were known. Kyg and d were obtained by fitting the
initial x-time data- as the Ry could be fﬁdependentlyv~
calculated.The va]ues for Kto appear to be
independent of femberature and' at high MMA
concentration, approach the Ky1; for MMA

homopdlymériiatién a; reported by Meyerhaff(110). This
"value for Keqi was  used to simulate MMA
homopolymerizations. d(segmental_difﬁusion-contéo]).was
found to be‘independent of temperature;initiator'Ievel and
comonomer compositions. -The initial vaiue - for Ly (Cpp)
was obtained from M, .measured by LALLSP at low
convers}ons. The Cy qu set equ?l to CMO 'upto
x=xc;it2 sfnce the . individual rate consiants .Kflz
and  Kgpy were not avéilable.J,Xhis is felt

Justifiable because of the small>» value of the
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-

bseudo rate -constant and lack of appreciable
composition drift until very high ‘conversions.
Equation (71) was used with m=0.5 to identify the
onset of di%fusfon—control]ed termination. The mo&e]
divides the copolymerization- into the following th}ee

intervals

Interval' 1 t = 0 till equation {71) is satisfied
K.ij‘= K1JO . i,j=1,2
Kt = Kto ( 1 + dC‘)

Kt = K¢epy when equation (71) is satisfied

Interval 2 K, = Ktcrl(ﬁwcrl/ﬁw)l‘75exp(-A(17VF—1/VFcr1))

+ DX, [(Mm]
Kij = Xij0
Interval 3 X > Xcritz.ij

K¢ = as in interval 2
Kij = Kijo exP(-B{1/Ve-1/Veeppij))
where -Vecrpij = VP2t X = Xcpjgpy

D was obtained from values given by Stickler (41)
for MMA homopolymerization as: the appropriate values

*for the copolymer were not available.
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Fitting only the azeotropic runs from low to
moderate convers&uﬁ a simultaneous éearchu for K3 and
A gave a «constant value, fbr A of 1.24 for all
conditions. It was then found that @h}s value
satisfied the remaining runs as well. With A ffxed,
a search for Vpipoij “for a]]i the x-time data was
conducted.AA single. value for Vfcrz was found to
satisfactorily fit all the data. The significance of
this finding is‘.discussed in section 6.3, Experimental(
"details for this system may be found in reference
(). The parameters found for cop_o]fymer

characterization have been listed therein. The complete

list of model parameters appears in the Appendix(7).
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T=120 %

f10=0.2 (hours)

T=120 %
y
f10=0.75

time

0
1
1

12.

.5
.0
.5

0

20 .O

TABLE 5-1
Cy(GC).

0.058
0.138
0.192
0.231
0.204
0.323
0.378
0.465
0.602
0.715
0.815""
0.902

0.092
- 0.228
0.291

©0.421

0.568
0.754
0.882

Cw(grav.)

0.06
0.14

0.21
0.28

0.45
0.60
0.70

0.84

0.90

0.09

0.27
0.42

0.57
0.75
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T=140 C
f10=0.2

=140 %
£1050.75

T=160 X
f10=0.2

time

7.0
15.0

6.0
7.0
15.0

GC
0.203

-0.321

0.534
0.618
0.723
0.798
0.881
0.945

0.138
0.213

0.394

0.621
0.848
0.549
0.948

0.252

T 0.348
0.637

0.79%

!Cw
grav.

0.18

0.51
0.62

0.77
0.95
0.14

0.21
0.36

0.62

0.83

0.25

0.40

0.64

0.81

81



[P -

time

3.0

4.0

5.0

5.9
T=160 T
£100.75

D
L]
S

C{6C)
0.893
0.901

Q.91

0.91

0.158
0.382
0.794
0.847
0.882
0.902

0.447

0.731

0.828
0.923
0.94

0.96

0.247
0.699 -

Cylgrav.)
0:86

0.92
0.95

0.16

0.40

'0.82

0.91

0.45

0.80
0.89
0.92
. 0.94

0.25

82,
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time ¢y (6C) C cylgrav.)
1.0 0.795 a 0.75
1.3 0.883 © 0.89
] 4.0 0.94
- ‘ TABLE 5-2 | : v
T=120°C ¢, My(.1E-4) ﬂw(ulE-;) My(.1E-4)
f10°0.2 | (SEC) (LALLSP)
0.06 2.32 - 3-77 -
0.14 - 2.3 3.7 . A
0.2 ‘ | 3.75
0.32 2.3 - 3.9 4.15
0.38 : - 4.25
0.07° g 4.0 4.20
0.60 - ‘ 4.37
LU | / 5,13
. 0.84 . 2.6 - 4.7 5.20
T=120 %C
f10=0.75 ] (
10,09 o | 4.1 .
0.27 2.2 4.6 . 4.5
0.42 . 2.27 .. 4.95 1 ' 4.5%
- 0.57 2.0 4.9 ' '
0.88 " | 4.93

l:'/ .



T=140 C
f10=0.2'

LCN

My(.1E-4)

1.65
1.65
1.7
2.01
1.6

1.44
1.43

1.32
1.41
1.4

1.43

1.15
1.21
1.1
1.15
1.1
1.1

My(.1E-4)
(SEC)
2.6
3.03
3.20
3.75

3.12
3.4
3.3
3.35

1.95
2.0
2.12
2.2
2.23
- 2.18

My (. 1E-4)
(LALLSP)
3.12,
3.12
3.28 -
3.95
3.3

3.2
3.0
3.12
3.3

3.1

2.05
2.0
2,15
2.25
2.3

84

mF



e

Cy
0.95

T=160"°C ~

f1320.75

0.16

0.38"

0.67
0.79

.85

0.88"

0.91

7=180°C

f1030-2

0.45
0.73
0.83
0.92
0.94

TABLE 523

1.

My(.1E-4) © My(.1E-4)

1.1

0.98

0.93
0.92
0.93
10.93
0.96

0.82
0.7
0.7
0.64
0.6

2.25

[ 4

1.9
2.05
2.05
2.05
2.15
2.07

1.42

1.4
1.41 -
1.43
1.4

Reproducibility . studies

copolymerization

l

conversion by gravimetry

f1o=0.2- T=120%

t=12 hrs.

1) .827
/
2). .813

856

My (. 1E-4) -

2.25

2.05
2.05

2.15
2.25

1.42 o=
1.5

1.45

1.43

1.4°

for styrene/PMS
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3) .796
4) .823
014

mean = .815' std.deviation
2. conve?sidn by GC 1)-.821 |
| ¢ 2) .815

3) .823

4) .805 -

_ mean = .816 std.deviation = ,002
s residual monomer analysis ‘
frp=-2 T= 120% "
t = 12 hrs. 1) .019
2) .017
3) .017 , L
C 4) 018

mean = .018 std.deviation = .001 %

4

4; My, by LALLSP My by SEC
flp = 0.2 T=120°C frg = 0.2:F=120°C
Cy = 0.715 . Cy=0.47
1) 5.13¢5 . | 1) 4.0€5
2) 4.82E5 - 2) 3.8E5
3) 4.78E5 , 3) B.5F5 .

mean = 4.91€5 std.dev. = .19E5 mean = 4.LE5 std.dev = .36ES

L4
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5. Fy by SEC
fio =-2 T =120°C
Cy=0.47 1) 2.52E5
2) 2.38E5

[

3) 2.33E5

‘mean = 2.41E5 std.dev. = .1E5

TABLE 5-4 Variation of K4 and Veepp with temperature

f10 T () . K3('1E'3) VEch
1 120 1.78 ' 0.12
140 1.14 0.11
170 0.65 ©0.126
0.75 120 1.83 0.121
140 1,26 0.116
160 0.95 0.127
180 0.67 0.13
0.20 120 1,9 ©0.113 .
140 1.28 0.116
160 . 0.88 0.126
180 0.65 0.13
0.0 120 1.6 0.12
140 1,06 . 0.117

160 0.78 0.125

87



RESULTS AND DISCUSSION

6.1 Model for Styrene/PMS Copolymerization Using
Empirical Approach »to Model Diffusion-controlled

Propagation and Termination

The fits of the experimentally measured
conersion data with model predictions are shown in
figures 1, 2, 3 and 4. The model predictions are seen
to overestimate the conversions at the  higher
temperatures beyond 90% conversion.\An explanation for

this discrepancy 1is deferred till section 6.2 where

the free-volume model predictions are discussed.

The model predictions are compared with the
measured EN and ﬁw data in figures 5-9. No
systematic deviation from experimental data is
observed in figures 5-8 for any of the ‘experimental
conditions. Agreeﬁent between model predictions and EN
data for copolymer with a styrene content of 75%
in figure 9, is- rather poor. The model follows the
trend in EN data which sths an almost continuous

decrease with conversion, suggesting that the rate of

- | 88
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.



-r—

/ 1 0
P
o -
4
w
4
-
>
. =
O .
Q .
l‘ 040 | i - | 1 |
a ¢ 8 12 16 20 24
TIME HOURS '

Fig. 3: Measured (0 :120, 8:140°C) and predicted conversion
“ vs. time, f1o = 0.75 (S/PMS) .
¢ ) >



CONVERSION

22

0.0  — 1 '
0 2 4 5 8
TIME HOURS
Fig. 4: Measured (b :160, @: 180°C) and predicted conversion

vs. time, £, = 0.75 (S/PMS)
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Fig. 6: Measured (@& :SEC at 140, 160, 180°C; 0:LALLSP) and pre-
dicted My (1,3,4:CP = 0; 2:CP = ,00011) vs. conversion
at 140, 160 and 180°C, f,, = 0.2 (S/PMS).
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chain _transfér‘ to ‘the oligomers and 1ntermediafes
keeps on increasing . throughout the . course of
‘polymerization as foJ%d in earlier work on thermal |
- )
quopolymerization of styrene (98). The ’04:resgjmgﬁi§%i/]/
Vof the HN Qata could be due to the inadequacy of
édhaﬁjpn (81) to model chain transfer to oVigomers
and other by-hroducts of tﬁerﬁa] initiation for
‘styrene richi Comonoﬁer. The model predictions for
, linear copolymer underestimgte‘ Ehe ﬁw "at the lower .
temperatures, especially at high 'conv;rsions. The ﬁw
obtained by LALLSP at high conversions for
copolymers rich in. PMS .a;e generaliy- larger than
those measured by SEC and this may. be cbnside%gd
evidence for 1long chain braéching. An ‘estimate " of Cp
equal to [.1E-4 was found by fittigg' the My ya]hes
measured by LALLSP -using ‘the. method of mOmenté.ﬁThe
" site  for transfer to polymer was assumed to be
methyl ﬁydrogens oﬁ PMS molecules boﬁnd' in  the
copolymer chqfns as 'branchkng appéars to be
insignificant for copolymers rich in styrene.'THe
level of branching decreases with increasing
temperatures as the tqté] number of polymer
mo]ecu]es formed at the ﬁigher tempera%ures-increases

thereby. the number of branches per molecule.

, decreases, which is reflected in the LALLSP

[y
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measurements. Figure 10 shows the branching“lfrequgncy'

(By) as a function of «conversion :at 120 °C. and

0

f10=0.2, where maximum branching occurs. Clearly much"

higher Tevels df' branching would be. expchéd for a,

chemically-initiated polymerization where  the radical

population would be much highef at comparable levels
of conversion. Figures 11 and 12 compare predicted

and measuired MWD for two samples  synthesized at Tlow

rand ngh conversion respecfivély. The' theoretical

glurves are the cumulative MWD. Satisfactory- agreemeht

is observed, although- the MWD's éhange little with‘

conversion and are all unimodal..

LS
v

F%gures 13 and 14 show the predicted decrease

in Ki. with conversion.This is seen to be more rapid-

for the styrene rich copo]ymer‘and *is consistent with
earlier ‘work (8). Figure 13 shows a‘ small increase in
K¢{c before a gradual and then a steeper fall, as

is expected to happen due to the initial segmental

diffusion-control followed by t}anslational diffusion~

control of termination reactions. Yhis again has been

reported earlier for pure PMS (8). Interestingly

styrene does not show the 1initial increase (24)_ and

this again 1is reflected .for f10=.75‘ in figure 14.

N

a
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x = 0.06, My(meas.) 4 3,8E5, My(meas,) = 2.4ES, My(pred).
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6.2 Model fcg Styrene/PMS Copolymerization Using
Free-Volume £ Theory to Model Diffusion-Controlled

Propagation @and Termination

-~ This model was earlTier applied to fit the
bulk rate daté for the homopolymerization of styrene

(24) and PMS {(8). Figure 15 <compares the model

predictions, with the rate data for styrene_at 120, |

140" and 170C. The agreement. is excellent. Good
agreement is also observea betﬁeen model predictions
and experimental X dat;‘ for PMS polymerization in
figure 16, at 120, 140 and 160 C. Figures 17-20 compare
mode) preéictions’ with experimental x data‘ on the

copolymerization of styrene/PMS for flO = 0.2 and

s 0.75. Reasonable agreement is observed for both the

4

compositions. Better agreement at high conversions is

observed than with the predictions of the empiricaﬁ
model ‘because of the inclusion of diffusion-
controlled propagation at these conversions. This
however may not be va]iq at the high :temperatures

employed in this work ( above Tgp.) and serves merely

I

» o - ’ ’ . ' ’ 3
as -an artifact to explain the excessive decrease in

4

the: rate of polymerizatibh at high to very high

conversions. This ~kxcessive decrease in rate may

4 [

ok

¢
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~

redlly. be ‘due to the “retarding inf]uenée of one or

more of -the ‘byrﬁroduct§; of thefmal initiation, not
¢a6counted_ for in_ both 'mode]sl~As poinéed out earlier

chain transfer to these by-products ma§ lead to the

‘ ‘creation of _trans%er, radicaﬁs of 15wer reécfivjty
"with régard- to propagation reactions. Figures 21-°3
compare ‘model predictions with 'expeFimentaf ﬁh data
for the _two compositions of* the? coepolymer, Agreemept
is seem to be reasonable, considering the fact
‘that tkg wmodel  predictions are for 'a linear
—copolymer (some long chain branéhing may o;cﬁrL
S{@ilar agreément‘ is found 1in Figure 24 where the
experimental EN data are compared "with model
predictions for Fi = 0.2. The fit off the HN
.  ' ' predictions with fﬁe data s poor for F1¥.75(Figu?e
f'.25) and tﬁis may be due to the reasons pi;ed
earlier. The temperature dependence of K3 was

"+ ' determined using all of the reported data (8,23) as/

well as the data geqerétedz in the present work.

“ Figures 26 aﬁd‘ 27 show K3 “and VFcrzl plotted as
"fﬁnctfons. of tempgﬁaturef K3 is shown to exhibit an
?A}rhenius‘ déﬁendenée on temperature Qhﬁle' Veicro is
ﬁearly independent . of temperature. Figure 28‘ shows a:
ltypica] variation o% étc and  K¢pg With cbnversjon.

The formef =is observed to fall by about five

- - )
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decades over the entire conversion range. Kt rd

remains negligibly small .in comparison throughout,

121

showing _the negligibly small. effect the values for

ng and 1, have on the model predictions. Evidently
Ky, decreases more in this model to offset " the
falling Kp. However, the empirical model gjves 'tﬁe K¢
variation only when it s ;alid to assume that K

p
does not become diffusion-controlled.

4

The following non-linear least- squares (NLLS)

estimates of an and a for PMS and polyPMS,

P
respectively, were obtained from the T

g data (measured
by DSC) received from Mobil" Chemical Co.syafter the
development of the present model

ap = 0.00193 x~! = 0.00057 k-¥

°p

Figure 29 compares the experimental data with
the 1limiting conversions predicted wusing 1) parameters
as used in this? model 2) NLLS éstimates. Fiqure 30

compares model predictions .using NLLS estimates for

,am andup with the experimental. x data for PMS

- polymerization at-7120°C. The poor fit of the data

may- be due to 1) the Tgp values measured usi@g -DS@

. ' s
could be different than those obtained -using_ kinetic
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.measurements of limiting <conversions (medsured Tg
values differ with measurement tetﬁnique) and 2) the
account for diffusion-controlled prqpag}tioh may be

invalid due to reasons <cited earlier.

Equation (44) was also ” solved wusing the
values for atll prbpégation constants obtained from
the estimated reactivity ratios. The effect on- x-éime
histories was negligible. No cbmpbsition drift was
observed for flO = 0.75; however, compo;ition drift
upto a maximum of 20% was obierved for fyg = 0.2

‘ %
as shown in Figure 31.

Figure 32 shows the chemically-controlled
Kt(equation 47) plotted as a function of flO for the

Styrene/PMS copolymerization system.

N
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6.3 Model for MMA/PMS Copolymerization Using Free-
Volume Theory “‘to Model Diffusion-Controlled

Propagation ‘and Termination

Figures 33-36 show the fits of the
experimentally meésured conversion data (A) with model
predictions. The model reasonably predicts data at
various temperatures, initiator 1levels and 1initial
comonomer cdmpositions upto limiting obnversions. Figure
37 co&pares the data of Balke and Hamie]ec~(111)

~Aor fi9 = 1 at various temperatures with modey
predictions. The model predictions are fair at éot
but quite 1inadequate at low temperatures. Figures 38
and .39 show the change 15 residual monomer
. cémpos{fion with x at §0 and 80°. Reasonable fits
upto limiting conversions,.indicateé that the
assumption wused to impose diffusional Tlimitation on
the individual propagation constants at the_ same Vg
is consistent with the data. A corollary of this
approéch is that the react}vity ‘ratios are
independent --of conversion. However, under d}%fusion-
controlled <conditiens, it. is expected that the

propagation rate constants, are dependent on the

[
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(Il = .0057 mol/1) and predicted conversion vs.- time,
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Fig.34: Mgasured (0:80. 0:60°C) and pfedicted conversion vs.
time [I], = .0157 mol/1, f,o = 0.83 (MMA/PMS).
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Measured ([I1]o:0:.0252, 0:.0157, ©:.0057 mol/1) and
predicted conversion vs. time, T = 80°C, fjo = 0.21
(MA/PMS) .
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predicted conversion vs. time, T = 60°C, f,, = 0.21
(MMA/PMS) .
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vs. time, [I]o = 0.0252 mo1/1, f,, = 1 (MMA/PMS)
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diffusion rates of the two monomers, implying that,

Kij» Kjj {i=j) would be -approximately equat, and
therefore the r; and r, should “change With
conversion such that ‘ryro=1 as x-1. Ta. test this
hypothesis ,Lhe differeptia] form of the Meyer-Lowry
equation was solved with r{y and ‘r2 changing with
convergion. As shown in the Appendix(6) and in
Figure 40, the data at very high cénversions ‘are not
suffic%énf]y ‘accurate to either prove or disgrdJe
this hypothesis. Figures 41 and 42 .compare My of the
copolymer of the,azebtnépiq compositioncobtaiped by
LALLSP with model redictions shoﬁing reasonablé fits
for all the co;g;:ions. Figures 43-45 compare My and
My data for. MMA polymerizatiﬁns with model
predictions -which are fair for RN but gﬂeafly inadequate
for wa at moderate to high donvérsions.-The poor
performance.  of the model in simulating MMA
homopoiymerization data is likely due to the large value of
d used to model segmental diffusion-controlled termination.
This postpones the gel-effect.to hjgher e;nVersiong than
the x and ﬁw data suége%t. The'hodelwthen.requires also a.
higher value of A than used earlier by Marten- and
Hamielec(31), causing the‘]imitiqg convers{ons to be highgr

than the observed data. ‘However, the d_and A together

satisfied the copolymer data based on the other.kinetic

.
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sion, [I]o = .0057 mol/1, fp = .54 (MMA/PMS).
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parameters‘used in the modetl. It should be noted that the

calculation of" KtO through 1n1t1al rate measurements may

not be wﬁo]ly re11able and therefore may ‘Tead to erroneous

values,of d. Especially, w1th known ' va]ues for Kt22 and

142

K¢1o» the Keg could be calculated with better accuracy and

thus more re11ab1e values of d and consequent1y A would

then be obtained.

Both K3 and Vg .., -were found™ to e

independent of initiatébr ~concentration .with K3
’ -3d

exhibiting a strong dependence on temperature. Refer

to Appendix(?)lfor the; values of these perameters.

rigure 46 shows the predi%ted' decrease *in Ky with"

conversion sﬁowing a slight increase followed by a

"dramatic decrease shortly -after the onset of the

gel-effect and the eventual fall 'te. approximate?y

"zero during the glassy-state transition.

L}

Figure 47 show the predicted K; (chemically-

controlled) obtained ﬁy regressing Kt' on  fyp, using
equation'(47), plotted as a' function . of f10 for the

MMA/PMS copolymerization. Kt22 and Kgp12 were estimated

for’ the MMA/PMS .system using the Kgy3 Vvalue

reported by Meyerhoff (110) at both ‘temperatures of

60 -and 80°C as it was felt,that the Ktz -Obtained for the
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thermal copolymerization of styrene/PMS could not be

reliably extrapolafed to low temperatures.

It is worth mentioning thaf the probable
reason lwhy one value of A could be wused to model
each of the coﬁo]ymerization systems for all
compositions was, that the TgR of these copolymers
did not change much with <composition. A more
interesting and severe test of the model would be
its application to a copolymerization system showing
a stronger dependence of Tgp on copolymer

composition such as MMA/butyl acrylate. .



CONCLUSIONS . AND RECOMMENDATIONS

A general kinéfic‘ model accounting for
diffusion-controlled propagation and.- termination
reactions’ was developed to model - bulk
copo1ymerizat19ns. The model requires few adjusgtable
par.meters, and these have Dbeen correlated with

temperatur®e wherever possible and are expected to be

independent of the type and level of initiator. Such

a predictive model provides a quantitative

description of the .polymerization reaction over the

. . .
entire range of -~conversion, It can be . used to

generate conversion and molecular weight versu§ time

}

ﬁrofiles for commercial production systems and may

. L.
be employed for the optimization and control of

these processes.

This model should be applicable io free~
radical copolymerization systems ‘otHer than the ones
testea herein as it was shown \to reasonably model
two quite different systems; the high temperature

thermally-initiated bulk copolymerization of styrene/PMS

and the chemically-initiated bulk copolymerization of

146
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‘MMA/PMS in bateh reactors. The second system is more
complex in that it exhibits camposiiéon drift and
‘the termination reactiOAS occur. through both“
combination ' as well diSpropbrtionation. fn adﬁitioﬁ,
an embirica? model ' has been developed for the bulk
capplymerization of styrene/PMS, Th;s empirica] model ‘Ts
valid when the mo]ecu]ar:,wéiQQﬁ 'ofh the macroradicals
depends ‘sé]ely hbon‘ température and the termination
constant depends solely on temperature apd'bpo]ymeﬁ
concentratioh./khe usefulness of © this model stems

>

from its simplicity and ease of application. '
. e

~

) ¢

Batch kinetic- data comprising x, EN and ﬁw
versus time for the sf}rene/PMS system have been
measured at four iemperatuﬂe levels and two levels

of comonomer compositien.

Thé bulk polymerizatiqn of vinyl acetaf% (VAC)
.has been modelled £o illustrate the effect of
diffusion-controlled termination on conversion/time and
ﬁwf development fd( .a polymerization where long chain’
braﬁchihg reactions are significant. The model. though
limited ;in its ,applicability to conditions not

widely different -from “those examined“ in the presént'

_ work, correctly predicts trends in the conversion/time,
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ﬁw and branching. frequency histories for VAC
polymerizations. -

\ |

Some optimal feed policies to., minimize
composition ‘drift . for .semi-batch copolymerization of
vinyl chlori@e/VAC héye been studied. The studies
consider the effect of these: policies on the ":
"molecular weight development .and the rate of
polymerization and include the effect of di}fusion-

controlled termination on the same.

x

, .

Kinetic wmodels not accounting for chain length
dependence of the individual rate constants and using some
avérage molecular - we5gh¢s of _either the dead< polyner

b
’

or. the live .radicals are simplistic attempts -.to:

!

model ;Zality; tﬁough these hdve obvious éomputationa]
advantages. Itg is felt that as polymer diffﬁsion
theory advances, the mechanism of all diffusion-
contro]ieé reactions in a polymerization process will
be - bgtter understgpd.LReptatﬁon theory has gfven . new
iﬁsight - into the? mecHanism nof polymer d{ffusion.
Unfortwnatelly, the scaling. laws vpﬁedicting the
diffusiv?py of‘“pblymef\ molecules have  been applicab]e

oﬁly to monodispersed systems so far, These have to

be extended to treat the general case of a
5 . ( , .
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polydisperse ,system which are the rule fbr free-
radical polymerizations. The scaling laws have to be
refined to inco%porgte chain growtﬁ of ‘the diffusingﬂ
polymer radica]é. Work should also be directed to
model the diffusivity of macroradicals . in ‘é highly
concentrated_ environment where polymer-polymer friction
is sjgnificant. Substantial work remains to be done
to model diffusion-controlled ‘propagation reactions iq
free-radicai cobo]ymerizations as well ,as to géneraté
reliable experimentéT data on copé]ymer -compositions
at high to very high conversions. It is felt that
the incorporation of di‘ffllsi on-control 1éd
initiatioﬁ(decreasing initidt&r efficiency) at e]eiated
conversions would provide - better predictions of the
fadical toncentrations and - hence ‘improve the overall

3

performance of the model.
gThe mechanism of thermal initiation @fter Mayo
is ~vélid,-howéver{'work has to be done to elucidate
the mechanism of thermal initiation  for
copolymerization involving styrene, Special ‘emphas%s'
shbu;d be placed on the s£qdy' of the effect of
the by-products of thérmal initiation on the .rate
of polymerization ‘and molecular weight. development.

A

Detailed- work on <chain transfer to intermediates *is
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k' ~
j

. required- to improve the molecular weight
_gr,., " * ' )
%ﬁL?ﬁmediqtibi]ity. of the kinetic model.

‘

~Modelling diffusionlcoﬁtro1led'VAC polyme#izapién
poses a difficult prob]ém' in  that the theories
of polymer diffusion have not been extended to
include polymers with long chain branching., It s
known that -branched _do]ypers generate -excess free-
volume around the molecule b t/ whether this 'should
lead to ‘enhancéd mobility '155 questionable given the-
higher- jndidénte of po]yme?ipolymer contacts and
therefore ~increased polymer—po]y%er fric;ion.

These are some of the areas . which need
better wunderstanding to pérmit the development- of
predictive models suitable for application in .polymer

* production technology.



APPENDIX

1. Reactivity Ratio Estimation

The reactivity ratios ry and rp, have to  be,
estimated as thei first step_ in the modelling of -
any ‘topolymerizafion system. Traditional mef%ods
employed for this pufpose have: used the

instantaneous copolymer composition equation. However,

‘there are experimental and statistical errors

associated with this scheme (77). The experimental

. sources of error ‘can be removed by using the

integrated form of the .composition equation or the

»

Meyer-Lowry equation.

Thé choice of a statistical paramefer
estimator 1is governed by the consideration of *errors
associated - with the measurement of each of the
varfapfes of the Meyer-Lowry equation. The host
desirable ‘of these, would -be onre , which considers
errors in the measurement of all the 'variables as
opposed to a non-linear least ‘gquares scheme which

aséumes the ﬁndependeni. Varfable to be free of
\\ ‘

151 1



152

error. It is evident that none .of the variables of

the Meyer-Lowry equation can be called independent.

Patino-Le§1 ef al (100) have applied : the
error-in-variable (EVM) estimation scheme to this
problem wherein the mod;1 is’ linearized at each
stage ‘about the begf estimates of ’the true values
.of the respbnses (variables) pnd' the maximum
aposteriori estimates of fl and r, are obtained
subject to - this linearization. Sutton and MacGregor-
- (101) . have- suggegtéd an approximate version of -the
EVM which is equivalent to .an eéror propagation

1

- weighted least squares technique (102). This approach

.
by

has been wused to estimate the r and ra for both

styrene/PMS and MMA/PMS (4) cdpo]ymeﬁization systems.

Uﬁder ‘the assumption of model ;adequacy,:
’indepenﬂent experiments and ‘normality of residuals,
maximization of the likelihood . function L( 8/ Y} is
équiva]ent to

.

min §e12/(o1-2 - S 6D

where @ arée the unknown parameters,'Y represents the
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vector of observations, e are the residuals and ozgi the

corresponding variances.

.where .es = Cy - Ew - (2)

i
Cy being given by equation (75) and (y the experimental ob-

~servation of the same.

° c(9e.y2 de. 12 de; 3f2
C,26. - {___l 0-2C Y _1 o?.f + [a—-'fl . a_R_l 02R
Voot W (af 1 °h S S : ‘
T \2
SR L (3)
| Ry
where 3¢ ’
T, 1 (4)
e, i} (Mr N o . ; B . Y Mm, -Mm, (
Eflo MO Ni) l f'io/fo. f10-6 - Mo (5)
aei _ Mr NY o . B8 Y Mml-Mm2 - : .
) ) T FEE T . (6)
' 2
3f,y NIK, R K. R ] ,
N S - 2'p .
— "= K; K, R/ (Mg M L2y 7
aRS 1 ™2 "ps ml m2) Mm1 MmZQJ ( )
. . 2 . .
K (M M) b Rs K Ryl ‘ (8)
’BRp - .l‘ e»zm S Vm,m, Mml L MmZ .

ks and Ry are the meashreﬂ_ratios of the areas of the monomer

" tg the ared of the internal standard for.st}rene dand PMS, res:‘

pectively, obtained from the GC. Ki

bration ‘censtants for styrene and PMS, respectively. The data
.. ~u L. . . : -

and K, are the GC cali-

‘listed in Table 7 - 1 was used 1in the . non-linear

estimation routine leading :to

.the following" éonvefged
o onver

~
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.

estimates for r and ro

971 + .007

H

rl.
rp = .907 + .0135

co}relation coefficent = 0.35

Figure 48 shows the joint confidence region (95%) for

l"l ‘and 7‘2.

g,

Table 7-1

f1o fq Culorav.) RS RP ’

0.19  0.18 0.205 .  0.95 170 - )
027  0.26  0.32 1.44 - 4,44

0.18  0.17 0.47 . 1.05 5.51

0.21 "0.21." 0.845 0.41 - '1.74

0.25  0.22 ~ 0.91 ' - 0.30 1.20

0.24  0.24 0.06 0:98  3.35
0.45 © 0.43°  s0.10 . 2.75  3.42°

0.66  0.67 0.23- 2.056  1.04 '

0.77 . 0.77°  0.25 4.75 1.53

0.78  0.74 . 0.88 ©1.06 0.4l \

'0,81 0.81 . 0.32 6.09 1.62-

-
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2. Modelling the Homopolymerization of Vinyl Acetate

2.1 Introduction

The bulk po1ymeriz§tio>\vof‘ VAC provides an
intereﬁting example of of the effect of diffusion~
controlled termination réacéions on its rate behavior
and molecular weight &evelopment. The latter .has to
include. the effect of branching . reactions via 1)

‘transfer to po]yﬁer ‘and Zf terminal double bond

pq]ymerization reactions,

For the presént study the kinetic model of
Hyun et "al (99) was modified to include diffusion-
controlled terminatiom Batch kinetics (x-time, ﬁw . and

By versus x) have been simulated upto. complete

conversion and compared with experimental data (103),

\
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2.2 Model development

i
¥

The following kinetic scheme has been wused
to model the bulk homopolymerization of VAC after

Hyun et a1(§9)

INITIATION
Kd » R
| == 2 R
» KI‘ .
R+ M- Ry

_ PROPAGATION

CHAIN TRANSFER ‘ e

Ke ' ¢
. fm *
RS + M ——» Rl + PS



" F
RS + M —"'A'Rl + P
Kfp
RS + Pr—"" +
. I‘Kfp< W
BS 4+ P a—t Rr +
R Kfp /
RS + Pr—~—-+- s
K
. / fp ./
RS + Pr—-——>P +
TERMINAL
Kp*
Rg + P Ry
! K * /
R; + Pr—-p- Rets

158
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-

Termination by <combination 1is assumed negligible (99).

In the above reaction scheme R represents a
po]]mer fédica] of chain 1length s without a double
bond and Rg is a radical with a double bond. P,
represents a polymer molecule of <chain length r
without a double bond and P; is a pclymer molecule

with a double bond.

-

r

2.2.1 Rate of monomer consumption

< Rp = -(1/v) d(Ng)/dt ='([M]0/¢1- ex)).dx/ét = KpEMJtRﬂ

) PN (9)
" [RI = ( Ry/Ky )*° (application of SSH) (10) °
where Ry = 2 f Ky[1Jgexp(-K4qt)/(1~ €x) (11)

and v = vg(1- €x)

From equations (9), (10) and (11) one has

/

dx/dt = #, ((1-x)/(1- €x)-%)exp(-Kqt/2) (12)

where ¢, = ( 2K 2fKq[1)g/Ky) "5

¢x can be considered a measure of diffusion-



controlled termination, since both Kﬁ and Kq are
assumed "~ to be independent of <conversion at the
temperatures used to model VAC" pd]ymerization.

Valei

' /

2.2.2 Molecular weight development

The method of moments has to be used to
compute ﬂN’ ﬁw and §N' Writing d%fferential ba1$nce
equations for polymer radicals qu pd1ymer molecules

and then summing the individual equations with

160

respect to r to obtain the leading moments, one has-

d%&n)/dt = (€/(1- x))Qpdx/dt + (Ken[MI+Ke [PI+K Y)Y,
- “KepYeQna - | (13)
d(Qn)/dt = (€/(1- x))Qpdx/dt + (KeuIMIek¢[PI+ky Y)Y
“Kep¥elner -Kp Ve Qp (14)

Application of the SSH to five radical population

gives' for~'thq moments of the polymér radical
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‘molecular weight distribution .

@

N i - % .. [ . .
Yn(K.fm[,M]+‘Kfp[P]+Kth+Kp Qp) = nKp[MIYp j+KepIMIV,

+Kpf;;kr+s)n[P;][Rgﬁ+KprtQ%#l (15)
Yn(Kfm[M]+Kfp[P]+Kth+Kp*QO) = nKp‘[M]Yn_lJ,Kferth” .
/+Kp*7r;§(r+s)"[P'rJ[‘R;]+2de.[1] ' . (16)

\ ( | ’ i [I' ‘
where [P] = conc. of‘polymer

0; = Zrilr,) ‘ \

0y = .Zrifp}] “ . : |

Yi = 3sIRY] | o 252;

Vi= FsUIRGT | -

Ve s BIRGIMIR] |

?

deidinj :equations (13) 'and (14) by equation (12) to
write these 1in a _more convenient 'fdrm with x as

the independbﬁt variable and "then substituting for

Y, and Y;, one has
. .
d(Qg)/dx < T/(1-x) + BQq , (17)
])' ' .. : ’° ] \‘ﬁ
d(Qg)/dx = Cy([M] /{1-x)) - KQp7/(1-x) + BQy _  (18)
4(0y)/dx = ([M]/(1-x)) ((1+KQ}/TM) (CpQy+T)/A) + T/(1-x) -
. . A . . ‘t'
o . +.BQy ' N (19)
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4(Q))/dx = ([MI/(1-%)) ((Cp0) +CyINT-KQY (C,Q;+T)/TMI) /A +Cy)
+ BQY S (20)

N
1

d(0,7)/dx = ([M1/(1-x)) (2(1+KQ} /TMD) ([MI+KQ)+C 0, T+ CyTMI+
T)/A + Cy + T/[MI) + BQ,' x . (21)

4(0p"By)/dx = KQg/{1-x) + Cpx/(1-x) + B(Qy'By)  (22)

?

A

1"

where A éM[M] + Cp[P] + T

B = €/(1- x)

2.3 Results and Discussion . ‘ . ~

1 2

2.3.1 Parameter  estimation

Al

The data qsq&l;;p estimate kinetic Qaraméters
for modelling the bulk polymerization .of VAC were
obtained from reference (103). The . empirical appFoacﬂ

hY
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. Myac = 86 gms/mole -
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to model diffusioh-confrp]led termination was used as
free-volume theory cannot be ‘applied to predidt the
diffusivity of branched _mo]écules.((éx wé§ expressed

as follows
&

-

¢X = ¢0 iEXp(-(Al X *'AZ Xd2 +A3 Xa)) .
giving K%‘f Ktaexp(2§A1x+A2x?+A3x3}).
The - initial slope 6f the x-time curves

provided with the values for K,/Ky'® at <50, .60, 70

and 80 °C. Equation (12) was dintegrated . within§ &

Gauss-Marquadt épfimization procedure to estim&te the

14

diffusion-control parameters. Cy 'was estimated from

the 1initial ﬁw data @as has ~ been shown. earlier in

! t

the modelling of MMA/PMS copolymerization. Eauations

(1f~21) were then- solved ‘simulitaneously and the

model predictions’ were 'fitted to the eiperimepta1
‘ . . )

data - for My to best estimatee K -and Cb.,A consfant
valle for K was found for all the conditons. The

kKinetic model parametes used "in - this work are "as

3

fo]]ows.
dVAC = 930 gms/litf g ' B reference (104)
dpyac = 1150 gms/1it , reference (104)

-

T



it

Kd °=

Kp/Ky'® = " 545.2 exp(-1765.6/T)

0

-53.246 +.,155 T
11.393 -.0358 T

.5

1.1754E16- exp(-295007 (RT))

-
. Om
.0002
.00027
.0003

‘Cp

<00014

.00016
.00018

C -1

min P
S

(non-linear least

e

164

squares estimate)
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2.3.2 Comparison of model predictions with experimental

data

Figures 49 é;&;‘ 50 compare the model
p}edictionﬁ with the ékperimenta] x-time data at 50,

60, 70  and SE'ET’KE?EEEEEZ‘“B¥ the bulk rate data is’
observed to ‘be satisfactory exbept at v;ry high

conversions for 66’C, where ‘the model" underéstimates

the data. Figures 51,54 ~compare .model _.predictions

with the Texperimental ﬁw data. -The model provides

satisfactory predictions for the high initiator

Wevéls’ at 60 °C Sut' seriously underestimates the .ﬁw
‘ép the "lowest iﬁitiétor level. A similar trend is
observed at 70 °C. The égplanation - is -obvious in that
the predictions are best where the  ‘initiator 1levels
corfespond. to those uséd to- extract the diffusion-
_control ﬁarameters from the x-time histories. This is o
borne out by thg; excellent agreement between tﬁe
datg and model - predictions atﬁ}BO.C in Figure 52.
When the initiator' concentration is high, termination
reactions pléy dn important ‘role in  the -mofecu]ar
weight development and therefore the model® wdulq
prove inadequate when ‘applied tb situations where
the ’3nitiator level. is significantly lower than
| k_/’ﬁ ’ . ,

[y
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Fig.49: Measured (0:50°C, [I]g = .004, X:60°C, [1], = .004;
0:70°C, [I]o = .001 mol/1) and predicted conversion
‘'vs. time.
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Fig. 50: Measured (0:80°C, ([I]5 = .0002 mol/1) and predicted
" . conversion vs. time. .

N\



.- . 168

J.C}:1 1 L L L L .
«0 2 ot <6 . «8 1.0
CONVERSION -

pY

' Fig.51: Measured (0:60°C, ([I]o = .004 mol/1) and predicted M.
vs. conversion . _ o0
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Eig.SZ: Measured (0 .002, m:. 00002 mol/l and. predlcted Mw Vs,

conversion, T = 60, C)
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Fig.53: Measured (0:.001, u:. 00002 mol/1) and predlcted My Vvs.
conversion, T = 70°C. .
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- Fig.54: Measured (0:.0001, @:.0002 mol/1) and predicted Fy vs,
conversion, s -

T =-80°C.
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those used to estimate the diffusion-control
parameters. This shows. the inadequacy of the
empirical mode]v for K, as the polymer. molecular
weight 1is not a primary variable of the model. The
molecular weights are 'strongly influenced by the
initiator levels and temperature and in turn influence the
Kt. The presence of high 1levels of branching makes
“the inteﬁyretation of ‘diffusion¢controlledf Ky more
difficult as it decreases the .effegtive' size of the
polymer radical. Figure 55 shows the predicted By as
a function of x for three temperature levels witﬁ

L 4

a constant [I]. Figure 56 shows the calculated values

of r plotted as a function of (1 /T) alongwith the
predicted Arrhenius plot usﬁng parameters obtained

via a non-linear least 'squares fitting routine.
?

1727
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Fig.55: Predicteg BN vs. conversion; T < 60,70,80°c," " (1),
: 004 mo01/1. .
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3. Semi-Batch Copo]ymerizaf?on of Vinyl Chloride/Vinyl

Acetaté : Investigation of Some Feed Policies to

Control Copolymer Compoéition

3.1 Introductiop
]

Controlling copolymer composition is one of the
most important features of copolymer synthesis.Depending
o” the the individual rates of consumption of the
monomers, there might arise significant drift in the

L, : 4 .
overall composition of the resultant copolymer, in a
batch process. Semi-batch monitoriné of the monomer
feed rates intuitively suggests a good control
scheme.

There aré‘ many semi-batch feed policies that

can be used to maintain constant copolymer

composition, The optimai choice would be one which

‘not enly controls the composition but also satisfies

the - fequirements for long chain branching’ and cross-
linking and maximizes the rate of production of the
copolymer without causing major heat removal

problems, '

L
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3.2 Policy 1 A

z

5 This policy involves adding -all of

slower monomer and some of the fast@r monomer at

time ~ zero to provide the

desired monomer ratio

therefore, the desired copolymer composition.,

faster monomer-~s then fed

rate that maintains N1/N2 constant. In this

in over time at a feed

176

the

The

illGstration -all of‘ the VAC (slower) and part of.

the vinyl chloride is added at the 'beginning. Within -

this policy various initiation rate ‘'contraols

are

possible 1eadiﬁg. to different rates of production of

the copolymer.

5

d(Ny/Ny)/dt = 0 | (23)
wﬁere Ny = number of moies of monomer i i=1,2
let Ny/Ny- = ¢ ~ . {constraint ’equation)_

“or dN;/dt = ¢ dN5/dt (24)
and Nig/Nog = ¢ at t=o (25)
Now  dNy/dt = Fy - Rp1 ¥ . (26)
and  dN,/dt = -Rpp v % (27)

where Fi is the feed ®rate

of monomer i(mols/time)



where Rp&

and Rp‘2

Ny (KpqlRy + Kpq[R1) /v
Np ( KpalR3) + Kyo[R{1)/v

i

For 1long copolymer <chains one has
CKpp Np [R11 = Kpp NyIR,]
(R + [R5] = [R]

From equations (26-29) .one has

where D = K12 + C K21

From equations (24) and  (32) one

(28)
(29)

(30)
(31)

177

" (32)

(33)

Substituting for F; in equatioﬁ +(32)

dNg/dt = -(KypKpp + cRypKp3IRING/D = -kp Ny[R]

where [R] = (.R'I/Kt)'5

has

(35)

Néglecting volyme change of the reaction mixture

due

L0 changing ’density of the monomer-polymer mixture,
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gt L

one may write

Fy = Pyp dv/dt | " (36)
where Pﬁiks the numberofmolesof monomer i/volume.
The heat generétion rate Q .is given by

Q = Rpy(- AHIV + Roo(- aHy)v ‘ \ o (37)

where (=aH;) is the heat of polymerization of monomer 1.

Case A Maintaining ‘constant ' [R]

This requires changing the radical initiation
rate (Ry) in a manner such that (Ry/Ky) remains
cﬁnstant. Equation (35) may be so1ved‘:anaTyt1ca11y to
 give : o ’

Ny =-Nyo exp(-kZERjt) ' g
and N, = Npg exp(-kz[Rﬂt)

Evidently "in this case the feed rate F; would

Y

L]

decrease.‘exponential]y with time (equation 034)).
‘H&wever, this case .is only of ‘-academic interest
-since in practice K¥ ‘bégins to fall ‘sharply with
”1néreasﬁng polymer concentration, due to di%fusioh—,
cont}olled' termination, necessiating the removal of

"initiator to maintain ‘a constant [R].



Case B Adding all

Ry is given by

Ry = 2 f Kg Nig exp(=Kq t)/v | _ ‘ (38)

. ' ‘
v(t) = (1/9M1)J;F1 dt + v(0) ‘
Using equétjon (36) -and “Some algebra, one has #

F1 = (1-ky/kp) dNy/dt o (39)

or. v(t) = v(0) + (1/pyy)(ky/kp=1)(Njg-Np) . (40)

-

inftiator at time zero .

179

And the diffusion-controlled Ky can be 'emp{rically

expressed as . |

K¢ = Keg exp(AyW+AW2+A5NH3) _ (41)

. where W wt. fraction” of the copolymer

WN Mml(N10+ Fldt-N1)+Mm2(N20-N2)

Nﬂ = Mm](qu+ Fldt)+Mm2N20

Using equations (38), (40-42), qne.‘can.4compute '[Rj

a function of t, solving equations (35),

simultaneously for N, and Fy.

)]

WN/WM ’ o , (43) -
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Table 7-2 Semi-batch copolymerization of vinyl
~chloride/VAC producing a c'?copo]ymer with F; = 0.79.[1],
= 0.01 mol/Vit. ' ' |
- * M) N FiQ o Fy(107%) Fu(107%) By wi.cop.
(min) (mol/1it) (mol) (m‘ol/mi‘n)(KcaI/min) ( . (Kg.)
] 8.2 46.4  1.57  18.4. 0.112 0.23 0. 0.
2 7.3 430 1.78  19.3: 0:115  0.23  0.02 0.72
4 6.3 ° 39.0. 2.0  20.8 .,0.117  6.25  0.05. 1.34
6 5.3 36,0  ~2.3 .22.8-  0.12  0.26 0.1 2.08
8 4.3 29.4 2.6 24.7 0.125 0.29  0.16 2.94
10 3.3 23.7 2.9  25.6 .  0.135 0.35 . 0.29 3.90
15 . 1.17 _9.62 2.2 16.9 0.37  2.84 2.9 6.25
16 . 0.9 7.55 1.8 14.0 . 0.642 7.89 6.0 6.60
17 0.69 5.8 1.5  11.2 1.28 ° 29.3  13.6 6.88
18 0.52  4.46 1.2 8.8 2.65 154.0° .30.0 7.11
19 0.39  3.37 0.92 6.8  4.84 1018. _ 58. 7.30
20 © 0.29 . 2.52 0.71 5.2 7.13  4650. 89. 7.4

’
I4

3.3 Policy 2

Heré both monomers are fed in over time -to
maintain constant’ [M3] and [Mz] and hence copolymer

composition in the reactor.

~

4
{
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dlMy1/dt = d[M,1/dt = 0 o (43)
dNp/dt = Fp-kgNy[RT = Fi-cqN T (44)
dNp/dt = Fp-kpNo[RI = Fp-cpN, (45) ’

where Cj = ki[Rj i=1,2

Equation (43) implies that® NJ/NZ = conétant‘= ¢

dv/dt = F1/Py; + Fy/Pyp (46)

e o \
Again © dN;/dt =[M,]dv/dt 181 2 (47)
Mainthﬁning a constant [M1] ‘and [MZJ‘ implies a

constént W. Therefore Kt” is -constant from equation:

(41). One. desirabfg initiation _rate control would be

to maintain a constant Rp.This implies a constant

"(§/v). With a cylindrical reactor; the surface  area

.y

of the reactor wall in contagt with the reacting

mixture 1is ‘proportional to its. volume, hence in the

"‘absence of fouling, the heat removal system should

be able. to accomodate . a ~constant (Q/v).

. A constant: (§/v). requires a constant [R] from
) R

equation (37). Thus ¢y angd C» are constant.

Fl - c1 Ny = §(Fp - cp Np) | (49)

t
\
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From equations (48)

Fo=NpPua(IMyJey-DMyJcp+ey yt)/ (P Pup-[My 1Pyp- Py [M2])
' (50)
- | (51)
Equations (50)- and (51) <can be solved to obtain
Nz(;) and Fz(t). F, s then obtained from equation
(49). o

Since [Rﬂ‘ is a constant, R is also a constant

or Ny o= [1]p v(t) : " (52)

Thus initiator has to be fed in at fne

rate that provides for a free initiator level given

by equation (52).

~
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From equations (48) and (49), one has

F2=”éPM2([Mllc1‘[”1]Cz"CzPMl)/(p‘Ml”Mz-[“lJpMz'pm[”z])
| - (50)

and dNp/dt=Ny(cpLMy 1Py /c+PypIMyIcy)/ (Pyy Pyp=[MyT0yp-TMy 1Ry )

| | - (51)
Equations (50) and (51). can be solved to obtain
Nz(t) and  Fo(t). Fq s hen obtainedn from equation
(49).
Since [R] is a constang; Ry is also a constant ‘

ie NI/V(t) = NIO/V(O) .
or Ny = [1]g v(t) E ' (52)

'f%us initiapor has to be fed in at the
» .
rate that -provides for a free initiator level given

by equation (52).
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Table 7.3 Semi-batch copo]}merizﬁtion of vinyl
chloride/VAC wusing policy 2 and producing a copolymer
with F11= 0.8 at a constant heat generation rate
(Q/v = 19 kcal/lit,min),[M;1=1.66 mol/lit,[M,] = 0.79
mol/1it. and [R] = 5.45E-7 mol/lit.

&

‘ :
t(min) Ty(107%) TW(107%) By wt.cop. Fy(mol/min) F,(mol/min)

(Kg.)
0 0.18 0.75 0.89 0.064 ° 0.07 0.02
2 0.30 2.0 2.0 0.075 ofs - 0.0
& 0.43 3.8  -3.6 0.086 6.09 0.03
6" 0.556 7.2 5.5 0.1 011 0.03
8 0.68 13.3 7.2 0.115 0.12 - 0.03
10 0.8 24.6 8.8 0.134 0.14. 0.04
15 1.01 123.6  12.4  0.195 0.21 £ 0.06
20 1.20 696.0  16.0 0.282  0.30 0.08
25 1.38 4382.0 ’19.8  0.407  0.43' 0.12

The following table shows the effect of
total monomer concentration on heat generation rate

when producing the same copolymer wusing policy 2
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TgQJg“ligi Effect of ([My] + [M,]) (4/v),

with policy Il with [Mll/[M2] = 2.

(Q/v) (1,14 0,1

. kcal/(1it.min) mo1es/]1t
0 0

11 | 1 )

19 2
24 3
. 27 4
27 5
27 6
25 ) S
- 23 8
* 20 - 9

£14

R

s
[

ThéT[R'] decreases with increasing ([M;]J+[M,]) due to diffus-.
ion controlled termination causing the maximum in (4/v).

When the reactor heat removal system is being used at its

full capacity, the monomer feed rate may be .used to control
the polymerization temperature provided the total monsmer
concentration is at a value less than its value at (Q/v)

max’

are more pro-

Thus, operating points to the left of (é/v)max

ductive as well as inherently stable.



3.4 Policy 3

A variant of policy 2 and a common
]
commercial practice 1s to maintain very Tow monomer
4

concentrations so that the <copolymer composition

produced 1is the same as the «comonomer composition

185

in  the feed. This permits a constant pre-mixed feed

rate of ®the monomers,

Table i.s Sem:-batch copolymerization wusing policy 3
showing the instantaneous compositon (Fy) and monomer
concentration drift with Fl = 6 mol/min, F2 = 2.5
mof/min. Reactor is empty at time zero and Ry =

6.1E-6 mole/lit,min

2
3

t{min) Fy [Mlj [M2] wt.cop(Kg.)
1 0.82 " 8.61 3.65 0.017

0.82 8.30 3.58 0.069

0.81 7.98 3.50  0.156
4 - 0.81 7.65 3.43 0.281
5 0.81 7.32  3.35 0.445
6 ' 0.81 6.97 3.26 0.649
7 0.81 6.62 ¥.18 0.896
8 0.80 6.26 3.08 1.189
9 0.79 5.89 2.98 1.530
10 0.79 5.50 2.87 1.925
15 ~ 0

.16 3.43 2.22 4.765
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The preceding <calculations show that the wuse of
this policy 1§ accompanied by some ~copo]ymér
composition drift. The total monomer goncentrétion
decreases and wultimately reaches -a value where Fiq
equals the monomer compos{gioﬁ' in the feed. Hereaftér‘

there 1is no drift in Fl and monomer concentrations,

A comparison of policies 1 and 2 brings out
the following additional points; policy 1 begins\ with
hygh monomer concentrations in the reacting mixtur:
as all the slower monomer 1is_ added at time zero.
The volume of of the mixture contihuously _increases
with time, thereby the [M;] and [M2].decrease with
‘time. This concentration behavior is similar to that
in. a batch re;ctor; Molecular we?ght, long éhain‘
branching and cross-]ﬁnking ‘development would also be
similar with low levels of branching in the
beginning and high levels developing only later.
Policy 2 on tﬁe .other hand has the major
disadvantage of producing very high levels of
branching and cross-linking especially when operating
with very 1low monomer concentrataons‘(to ingrease
polymer production rates)t On' the other hand as <can

be seen .from Table 7.3, the optimal feed rates F,

and F, change rather modestly with time and F1/F2
’ .
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. ) . \
also changes 1little with time suggesting ‘that the
monoﬁers may be premixed and fed together. As

. 1 N
discussed before, policy 2 can also be extended to
policy 3 for weasier operation. if .one can tolerate

some composition drift. ¢ . .

-

3.5 Kinetic paramelers used

-

*As the préceding calculations merely serve to
11lustrate the qffect of various feed po]iEies on
the polymer properties,- no_ attempt was made to
estimate -parameters that were unavailaple in  the
literature. The diffusion-control _ parameters were
obtained Ifrom the bulk ‘pqumerization model for VAC
;t 60 °C, and simpiifying' assumptions were made to
calculate the pseudo rate constants for molecular
weight development equafions which have been derived

. . -~
in .section 7.2 for VAC polymerization.

»

T=60TC dml = 13.6 moyes/lit

. . 0 ) ‘
Kg = .85E-6 sec dmz 10.81 mol%s/11t

4

ot
f=10.6 "~ . S Mpp = 62.5
Kyp = 1.23E4 Ti¥mole,sec My, = 86

-



K22 = 2.09E3 lit/mol,sec

Ay = -2.854
ry = 1.68 Ap = -4.5
rp = 0.23 Ay = 2.513

Keoy = Kepg 12 1it/mol,sec

188

Kerp = Kgpp = -3724E-Texp(-9895/(RT))Vit/mol,sec

 Kfp21 = Kep11 = -1E-3 Ky

Kfprz = Kepez = -18-3 Ko
IR

Kpo exgg;u31y+82w2+s3w3)) -

Kpo » = .9096E-7exp(-5510/(RT)) N

B, = -6.878+0.019T
- 64.7 -0.185T

o0
[aN
{

By = -149.1+0.43T

AHy =-26 Kcal/mole
AH2 =21 Kcal/mole

rewny

A11 kinetic ‘constants and- parameters

)

from reference (104).

-

have been taken



4, Experimental Techﬁiques .

4,1 Gas chromatograp!y (GC) -

>

Procedure

QE\ analysis was employed to .obtain conversion
on a wg?ght basis and lhe residual monomer
composition. After polymerization, the ampoule <contents
were dis;oﬂved in sufficient quantity of dioxane and
an accurately measured amount of t01u9ne‘(inte;da1
standard) was added to the solution., Toluene was
chosen as éhg internal standard (I.S.) because; 1) it
1s structurally ™ similar to ‘the monomers of
hnerest‘and therefore exhibits similtar eluticn
behavior 2) it shows adequéte separétion from othe
other peaks of interest viz.,dioxane, styrene, PMS 3)
it provided with a 1linear calibration <curve  for
both the onomers 4) it .is available readj]y: {n

pure quality.

The calibration was done by injecting known
O
mixtures ‘of . the monomers and toluene and plotting

the ratio of the weights of each monomer to that

189
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of\the I.S. 'versus 'the ratio of thﬁ?areas of the
two. The slope of the linear parb® of the curve .
gives t;e cqlibration constants K1y and ko for
styrene . and ‘fMS rgﬁpéctive]y. The calibration
constants were <checked routinely during ané]ysi§ of
the polymer solution by injecting 'the calibration
samples.

A «
GC operating conditions

-

GC . used : H.P. 5880 A

Column used : 10 ft. 0.125" 0.D. Chromosorb T 10%

Carbowax 1500 (sample and reference)

Mesh size : 40/60

carrier He ' injector " detector column progfamme
flow rate - temp' C temp °C o
30(cc/min) 175 200 2min
150 ¢
| '1& C/min

50°C
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. Calculations

kq (wt.styrene/wt.I1.5.)/(area styrene/area I.S.)

ko (wt.PMS/wt.1.S.)/(area PMS/areabl.S.)
residual wt. of styrene = k{(area of styrene/area of I.S.)(wt.of 1.9

residual wt.of PMS = k,(area of PMS/area of I.S:)(wt.of 1.S.)

. , 3
conversion(wt.basis) = (wtg-wty)/wty . -
where wty = total weight of monomers at time zero

and wty = total residual weight of monomers at time t

L

fy = reé.wt.of styfene/MmI/(res.wt.kf styrene/Mm1+rqs.wt.ofPMS/Mmz)

4.2 Light  scattering (LALLSP)

Procedure

N

™

LALLSP was wused to measure .the ﬁw of almost v..
all the copolymer samplés. The instrument used was
(Chromatix,KMX-6). The 1light source -for elastic

Rayleigh scattering was ° of wavelength - 633 nm.

i 4 ~
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Continuous measurement. of the output voltage signal
was do%e using a strip-chart recorder. The solvent
used was toluene at room temperature. Polymer
concent}ations ranged from .1 to .5 weight %. The
- {(dn/dc) for the copolymer of both compositions: were
measured in . toluene using a lTaser differential}

refractometer of the same aneIength(Chromatix,KMX7

16).
Calculations

Treating the copolym?r as random - and witﬁoyt
_composiﬁiOn drift, the well known equgfions for the
deéermination of ﬁw of homopo]&mer§ can be  applied
as follows. . '

| Kc/Rg 2 1/My + Ape (53)
neglecting higher powers of c.
.where‘uK = 4n2n02/(NAV)?) (dn/dc)cop2

ng = refractive index of toluene = 1.4921

F% “ Rg,soln -~ Rg,solv

.where- ﬁe= measured intensity of the scattered beam
at 9= 6-7" '

and Gy = measured inf. of the incident beam at @ = 0°
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A = wavelength of the incident beam = 632.8 nm.

<

4.3 Size .ent1u§ion chromatography (SEC)
Procedure

SEC was done on homogeneous copolymer samples
to obtain the MWD, My and My of 'the samprZ&
Toluene at  room temperature was used as the solvent
_for the Waters 150 C GPC. An on-line refractive index
(RI) detector was wused to ﬁeasuré the eluting polymer

concentration. 7

|

Calculations
Two broad standards of known ,ﬁw (obtained by

LALLSP) weEe used' in conjunction with the ’universal

¥
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calibration curve based on linear polystyrene to
estimate the Mark®Houwink parameters and finally the
calibration curve for ,the copolyﬁer (106). Th
< = - \—
following calibration curves were used to anaTyse
the fractionated <copolymer data, one for  each

copolymer composition

Fi = 0.2 : ‘ .

»

10g1oM = 8.22636 + 0.090014 V - 0.01032 v2 + 0.000129 v3 ~

Fl = .75

TogyoM = 2.9877 + 0.11687 V - 0.0134 v2- + 0,00016749 v3

dThe two calibration curves ‘were found to
'give reasonabie estipates of the ﬁN “and ﬁw of all
the copolymer éamplés, the treatment being analogous
to linear homopplymer sagples.

-

M = (SEOOMOV)R-Tdv) (fF(vIm(v)K-24y)-1

-

The above equation defines ‘the kth average molecular

weight for the ‘copolymer. No <correction for peak

broadening or imperfect resolution was made in this
. . \

-work.

~—

p— .



195

4.4 Differential scanning calorimet;yl(DSG)

A differential scanning calorimeter can be
used to measure the transition energy of a sample
as it s heated from an initial teﬁperatu?e at a
programmed rate to a final specifiéd temperature.
6uring ‘this period the sample uqdergoes va£iohs
thermodynamic transitions, depending "on its nature. An
amorphous polymer sample, as used here, shows - a
second order thérmddynqmic transition whigh is
recorded as its g1ass;transition temperature by
noting the point of discontinuity of "the base 1;ne

. 0n ‘its thermogram.
. .The principle of operation is as foilow 3 A
DSC apparatus essentially consists 6f .a sample and
a reference cell both being maintained at the same
temperature throughout. An outer temperature control
loop controls the ‘tota1 energy supplied to the
'system to’" maintain the average tempe%atureh at the~
desired level while an inner diffgﬁeﬁtia] temperature
control loop controls the differential enérgy input
,required to maintain the sample and the ‘reference

"-ce]ls at ntﬁe same temperature; Analytical data aré
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P , .
recorded such that the ﬂeak amplitude directly

represents energy/time 'of transition energy and the

peak area represents the total energy
liberated/consumed during the transition. The abscissa
provides a continuous record of the temperature of

L 4

the sample. A second order thermdédynamic transition

in an amorphous polymer sample occurs at the point

&

where . the specific heat,(Cp) of ‘the sample undergoes
a change. This. causes the differential energy input
to the sample/reference to dncrease depending on the

direction of change in the C.. A base line shift

p.
is observed at this point of transition. Generally,

the quantitative performance 1is independent of the

fcp of the sample, its geometry anc the temperature

scanning rate. However, it is <commonly known that the

-Tg measurement of the polymer depends on the

heating ~ rate. For a detajled description of ‘the
ﬁheory and. application of DSC techniques, the reader
may refer to (113,114).

-

A SETARAM DSC-111 dinstrumént was hsed* to

measure the Tg of the styrene/PMS <copolymer samples.



5. Derivation of equations (45) and (46) in text.

“Based on the kinetic scheme outlined for the MMA/PMS
copolymerization system, the rate expression for dead copoly-

~ mer is given by
i .
% ) -

(17878t = Ko NIR) + (alR:

I+ i

1

r.

- ’ r-1

. (1-2)/2 I[Ré’ll[R;_S,]] + (1-b) % [R; 1][R}-3,2] \
;.‘: oo
1

3

DIRE AT RIRG 2D # O IR D D IR G qT + eIy )

=1~ Q

r-1 .
(Re2d + (=2 THIRG GIIRL 5 1) K, (56)

4

Where Nr is the qumber of moles of dead polymer containina r

M

(monomerrun1ts and[R}] = [R;’]] + [R;, ]

| [R*] = [R{]+[R3] and  [Ry] = (R

r,l]

ot P P

Substituting for [Ri] and [Ré]

(1/v)d(N )/dt = - Ko IMI[R:] +-(a(fo;] [R1][R"]) +
.r-1 r-1
(1-a)/2[:217 T (RGVIRL 1+ (1-b)ejller] | (R
1 . 1
ble J0el) [RTVIRLD + ble Yloy] [RLIR) + clol) (RIT[R" ]+
r-1

(1-c)/2le T

] A

r-s .

][R

S

!
[ROVIRL . DIK, (57)

—~1 1

Now [R;]

' Rp(r' +a')/Kp[M] (by SSH on radical population) (58)

1

where ¢ "= 1/(tT'+8' + 1)

and T and B'vepresent the effective v and B as defined in

equations (59) and (60) in the text.

3

! 197
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Substituting for R; into the previous equation and defining

{y yrelds after some algebra

4

- r '+' I+l .
(V/v)d(N )/dt = o Rp<r g ) ((x'+8" )[R HKt/(ZKp[Ml)

((1-2)Le117 + 201=b)a] Tlo31+ (T-c)[e317) + Cyp + IRTIK/
74
Klen(aun7 P NINITH RIS . 159)

) .

S1mp1if1ca£1on of the above equation yields -

. ‘ 2
(1/v)d(N )/dr = &F Rp(r'+s')(r'+a'd/2 +ra’ o+ 1')  (60)
where vt = Rk /ZGGIND (aledl” w20 leil 0] 0
C[::‘g) + CM (61)
&' = Rpxt/(Kp[M])z ((1-a)le7]” *+ 2(1-b)fel) (2] +
(-¢) [eal” | : (62)

These equations are analogous to those used for homo-
’

polymerizations and it follows that

(o = (1) (717 + 200-D) (71 (a]] +(1-0) [8317)K,

>
1

e (aleilte leillel + clelllIK
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6. Effect of <changing ry and r, on copolymer
composition drift |

3

In order to investigate the effect -f
imposing diffusional limitatiions on /propagation
constants at different values of Vg, an  extreme case
of tﬁe variation of reactivity ratios with
conversion was studied for MMA/PMS copolymerization,

The differential form of the Meyer-Lowry

equation 131s given by

df /(Fy-F) = d ( Tn (1-x)) Toon
This wequation anngwith ~the instantaneous copolymer
composition equation was wused to predict f; with
conversion for the <case where ;1 and r, are
depehdent on conversion after the onset of
diffusion-controlled propagation. Taking Xeritp s 85%,
thl reactivity ratios were assumed to vary with
conversion‘ as

ry = a + bx (6})

rp = c + bx (62) ”

andr the product was assumed to follow ryrp =1as x-1"

The constants a,b and ¢ were obtained by solving

199/
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equations (61) and (62).

The predicted values for f, are plotted
versus x for three. different f;, in Figure 45.
Compa}ing Eh1§ plot to the data at high
conversions, {t can be seen that the data are not
suf¥1cien€1y accurate to either provg\‘%r disprove’
the hypothesis that ~the reactivity ratios are

dependent on conversion when propagation reactions

become diffusion-controlled.



-

Parameter list for MMA/PMS Copolymerization

>

Reference

Ky = 6.32E16 exp (-15430/T) min~! 31

f=1.0 ' )

- _rn0°
CmO = 6.E-6 (T=60" C)
= 20.96-6(T1=80° C)

K11 = 9,72E8 exp (~3500./T)1/mole,min 31
K22 = 6.31E8 exp (-3560./T)1/mole,min

ry = .498 + .02
ré = .419 + .03 "i'
Oy =‘aM2 = 2.2E-3°K’% estimated from limiting

. conversion data
. »
o, = .48£-3%1 : 31
Tgp(all compositjons) = 114° ¢ )
Tamp = -114° € _ estimated from limiting
conversion data

T . =-123%¢ : ' ‘ v

gm2 3 ' /
' dy, = -973 - .001164 (T-273.1) g/cc 31

dM2 = .9261 - .000918 (T7-273.1) g/cc

d=1.11 g/cc (all compositions)

p '
ng = 10 d = 3.36-2 lit/gm A=1.24
10 = Zsﬁnm B'= 1.0
K¢p1 = 1.269(1/mole,min) Koo = 2.43E9(1/mole,min)
Kepo = 2.23E9(1/mo]e,min)a

" Activation energy for all termination constants

is assumed to be O.

201
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T [I]O f1o Kig*-1E-8 V

Ferp Kg*1E-3.
°¢  mole/lit 1/mole,min

60 0.0157 0.21 2. 0.08 1.7

60 0.0252 0.21 2.1 0.09 1.8

60 0.0157 0.83 1.1 0.09 1.9

60 0.0157 0.54 2.1 0.08 2.2 .
60 0.0057 0.21 2.3 0.09 1.9

60 0.0057 0.54 2.3 0.08 2.3

80 0.0157 0.1 2. 0.11 1

80 0.0157 0.83 1.2 0.1 1

80 °  0.0252 0.21 2.6 0.11 0.9

80 . 0.0057 0.23 2.6 0.11 1.2

80 0.0157 0.54 2.4 0.09 1.1

80 0.0057 0.54 2.4 - 0.09 . 1.2

50 0.0252 1.0 1.0 0.11 1.9

70 ©0.0252 1.0 1.2 0.11 0.9

90' 0.0252 1.0 1.2 0.1 0.4

‘

The large value of d(segmental-diffusion ‘control) suggests
ﬁhat either 1) the copolymer coils contract significantly during
the initial stages of polymerizat{on due to the markedly low
"goodness" of the solvent or-that 2) the calculation oé Kto
and d from the 1limited initial rate data is inaccurate, due to
the high correlation -between these parameters., Extensive low
conversion rate data would be required to obtain the best value

of d.
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