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Copolymerization '
By Robert Simha and Lec A. Wall

A gritleal discussion of the mechanism of formsation of copelymers by addition pelymeri-
gotion iz presented. It desls mominly with the lollowing three fundamental aspects: First,
the quantitative trestinent of the reaction starting with a soheme consisting of initiation,
growth, end termination mechanisms, Exprossions for the Instantansons snd total copolytoer
eompoaition and for the over-gll rate of reaction as function of monomer somposition and
of sonversion ave decived in terms of quantities characteristio of the reaction,  Graphical
sod numericsl methoda for the determination of these parameters from exporimental data
ard given in detail, Ths atatistical distribution of molecular weights and compositions in
the product is considered in relation to tho constants of the reaction and to the analogons
ease of simple polymers,

Becond, mcthods for the analyels of copolymer cotapositions sre disguesed and expreri-
mental resulia are aummerized. Heactivity ratios deseribing the hchavier in growth of a
ghven radiesl toweard a pair of menomers am tabyglated for 4 series of systems,

Third, these results are ioterprefed on the basis of reaonanee and of eloctrostatic and
aterle effoets an enconntered in the study of sertain crganic resctions,

In addition, degradation of copolymera 12 briefly consldared in the Uglit of tha possible
types of Gequences in the chain, A oumerical relation between yield and copolymer com-
position ia derlved.

The praoblems remsining are principally the following: Experimental methods of
copolymer analyele, deternination of over-all rates of resction and of individes! rate con-
atanta, and & more fundamental correlation between structure of monomera and behavior
in gopalvinerization,  Also, syetetnatic date on the thermodynamic and rete propertics of
copalymer zolutions should be of great intercat, and studies of tha bulk propertles and their
relation to eopolyiwer structure represent g field where research hasa only recently been

initiated.
1. Introduction

Following the extensive experimental and theo-
retical attack on the general problem of chain
polymerization reactions, recent years have
hrought a series of fundamental investigations
regarding copolymerization reactions. A frame-
work for the analysis of over-all monomear con-
sumption sad resulting change in average polymer
cotnposition has beeh crented [1, 18, 26, 31] ¢ and
teated experimentelly [5, 18]. Equations for the
size and composition distributions hove also been
developed [26, 28], Howaver, no gystematic ex-
perimettal reaults on such distributions are avail-

1 Thisarilels ir achombed to npraar 36 & chapiber iy o Hrtheym ng Amerionn
Ohentical Boslety Mogogvapl, publishad by the Renboll Publlabibg Oo.,

Hew York, N, Y.
! Flgote io brickeols Indicate the litemmtur nforoneed #t khe end of this

Tajrer.

Copolymerization

ahle ot present. Finally, interpretations of the
differencea in relative resctivities have been made
on the hasie of the electronic structure of the
individual monomers [15, 24]. 1t is fhe purpose
of thia article to review the main points of these
theoretical and oxperimental investigations, In
regpect to the former, stress will be laid on those
aspects which also hnve been examined expeti-
mentally,

II. List ol Impertant Symbols

A B =rezpective numbers of monomar molecules of
copolymerizing speciez.  Alzo used fo indis
cate species.

Ay, By . =initisl valuos of 4 and I

£ =ratio 4/8.

I =initiel value of 2.

C =eatelyat eonceniration.
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=number of radical chalna with an active A4-
eénd eonteining r A-unita snd » Bounita,

n,ld)

fi.iB) —=number of radical chains with an sctive B-
end, vontaining r A-unite and s B-unita.

A" =fotal number, = #,(4) of radical chains

[

with an sctive sd-end.

b =total number, E st [ of radieal chaina

[

with an active A-end.

Nea =number of stable polymer ehsinz contain r .-
units and & B-nnits.

Ta =firnt arder rate copetant for initistion of mono-
mer speckes A,

Ig =firat arder rale constant for inktigton of mono-
Wer apeciea A,

I mrate constant for produetion of radlesls from
catalyet,

kealA}l  =rate constant for propagation by sddition of
A-mopemer t0 a radical with an active A-
and.

krz(Ad) =rate constant for propagation by addition of
E-monomer to & radical with an anctive A4-
endl.

kalB  =rate ronstant For propagation by additien of
A-monomer to a radies] with sn active B-
end.

k.'H)  =rate constaot for propagation by addltion of

B-monomer to 8 radical with 20 active B
end,

k alrs A} =rate constant for propagation defined in the
SALNG MIARTEr 83 k. .(A) above, but depend.
ent on compogition r.& of growing radical,

A, AY =rate copatant for mutual tenoination of two
radicals with Beotive A-ends,

k{4, B) =rate vonstant for mutual termination of two
radicals with active A- and B-endg, respeet-
1valy,

k(B B =rate copstant for muiual terminatlon of two

radicals with active B-ends.
o mrepctivity atio ki (A) FmlA)

M =refactivity ratio koplH ik (B

Vat+Va =overall rate of copolymerization per unit
number of radicals,

Wy e=fotal weight of polymer at 8 given Instant,

1. m jnitial weight of monomer.

I mdegree of polymerization of radicel or atable
froly e

y =pompoeilion deviation of individeal chain
from the mesn.

wil, )  wdistribution function of composition and chain

length expressed as weight fraction in terms
of above gquantities § and g,

n =number of aversga degreo of polymerization of
radical eheina.

Pl =probability of otcurenge of £ A-units in sue-
eagsion in & copolymer ehain,

Fag:) =probability of oceurence of £ B-unite in sue-
capsicn i a copolymer chain,

wlA) =probability of formation of an A-A linkage by
propegation.

B2

wl By =probability of formation of B-B linkege by

propagation.

III. Quantitative Treatment

1. General Remarks on Chain Pnlymenxatmn
Reactione

It is well established today that initiation,
growth, and termination are the prineipal, al-
though not necessarily the only mechanisms that
determing the kinetics of chain polymerization
reactions. The rates of these individusl steps
vary widely. The growth reaction is the fastest.
The initistion, which produces, by one mesns or
another, out of & stable monomer an activated
radical is by far the slowest atep, whenever long
cheina are formed. Otherwise, the supply of
active monomer would be toc lerge comparcd
with the demand of the growth reaction for stable
MONCNLET.

The crurial step then, t¢ begin with, is the pro-
duction of a certain number of radicels able to
grow before they are terminated. Their total
concentration is determined by the {nitistion and
termination only, sinee the growth merely changes
their moleculor weight. If they are tormingted
ruch faster than they are produced, an equilibriom
is established. The exact condition for this to
be trua requires the mean life time of the active
radieals to be smell in comperison with that of
stahle monomer. This defines & quasistationary
atate and allows the expression of the “steady
state’’ eoncentration of free radicals by means of
an “equilibrivin™ constant given by the ratio

Equilibrium _ rate of production of free radieals
constent  rate of destruction of fres radicals

This additionsl, and in most cases of inferest,
valid assumption simplifies considerably the
quantitetive trestment. It is then possible to
develop completely the kineties of the polymeriza-
tion resction and the resulting molecular size
distribution [12] on the besis of a postulated reae-
tion machanism.

[t will be shown here how 60 carry this program
through when two or more competing monomer
spocies are present.  Additional problems then
ariza. One of the most important questions is
concerned with the change in average polyiner
composition with changing eomposition of
monomer residue, The mean composition de-
pends on the relative rate with which the Jdiffarent

Jourhal of Reasareh




species enter the growing chain and hence, upon
the relative growth rates, if we exclude the
insignificant number of dimers, trimers, and other
vary shori chaina. In sddition to the inhomo-
ganeity in respect to choin length necessarily
oceuring in polymerizing systems, thera will now
exist also fluctuations of the eomposition from
chnin to chaim, These fluctuntions depend vpon
those in the long chain radicals. All three steps
are essentisl for the determination of the distribu-
tion eurves,

2. Basic Reaction Schems and Equations

Aftor these peneral remarks, we tum to the
treatment of the copolymerization of » bhinary
system, arsuming the simplest possible resction
scheme, as indicated above, No kinetic studies
exizt &f prezent that would necessitata fhe consid-
eration of additional elementary acts, as is the
case for one-component systems, In view of
what was said previously this would not effect
the calculation of average polymer compositions.
In what follows, let n.{A) be the number of
growing radical chains, each of which contains
sltogether r units of componeat A and 7 units of
component F, while having an activated end
consisting of an A-type monomer. #,,(F) is then
correspondingly defined. N, represents the num-
her of stabilized chains of apecified composition.
( is a catalyst molecule and B & radica] produced
by its decomposition. The following schems may
then be eonsidered.

Initiation:
AT‘mM{A}: B—"nn(B)
———2R
Growth:
kealA)
T () + A——Fﬂ;+||,{A:|
kel A)
fir gl AV B, 1 { B
k!& (B} El}
Ty {B.} + A_'__‘ﬂ'r+] J{A:I
k:B(B:l
L (B} + 5B m———==3fir 1+l (B}
Termination:
kA, A)
A} rpld) —— III"ll-r--:’ i.xpy OT Nt N
kdA, B)
ﬂ'u{A} +ﬂ'lk|:B} — Nr-}:t.l-l-k or Nr.r+N!k
kAB, B)
ﬂ'ra{B} + g {B) —— Nr+f,a+ x0T N+ N
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In writing the initiation equation we have con-
gidered two types of activation. In the eatalyzed
activation the elementary act consists io o de-
composition of the catalyet €. In the squations
for growth and termination, we have differentiated
between A-A, A-B, B-A, and B-B addition of
monomer to radical and radical to radical, respes-
tively. The rates of consumption of moncmer
are given according to eq 1 by

_ﬁ %:;1=L+ kea( ) T ol ) +ku(B) T 1ar(B)
LdB_; ..
—5%= T ﬁ{A}gm,(AHkm{ngn,a[B}_

(2)

The terms f, and Jp are omitted for & catalyzed
plymerization. Otherwise, they are small and
can be neglected in comparison with the growth
terms in eq 2. ‘The summations are carried out
over al] velues of » and 5. The concentrations of
frea radicals Er. (4) and Zn,(B8) in n steady
state obey the following ralations if the initiation
terin is omitted:

DAL (B AT 0 B — b (Bl A)—
B, DSl el A)—
FAR T D SnaB)=0. @)

An analogoua equation resulta for En,,(F).
Equation 3 exprosses the fact that A—type radicals
are produeed by addition of A-type monemer to
B-type radicals, and they are destroyed by adding
F-t¥pe monomer and by termination with an A—
or B-type radiezl. The terms contributed by the
chain-breaking reaction are small compared with
the growth terms in eq 3, if long chains are to be
formed. Hence, they may be neglecied, and we
obtain the simple relation:

)= T B). 30

It expresses tha faect that free radicals with an
active end 4 are preduced as rapidly by addition
of monomer A fo free radicals with an active and
B g4 they are destroyed by addition of monomer
B to freo radicals with an active end A,

3. Compogitional Reloticnships: Average Com-
poesition, Belation to Conversion

Insartion of e 3a into £q 3 leads to the following
823




relation for the change in composition of monomer
residue:
dA_ Ak (B} b {D)A+E{AVD (1)
4B B k() E (B AT BV E

It has been assumed in eq 1 that the rate con-
stants are essentially independent of chain length,
s assumption commonly made in chain polymer-
ization resctions and shown {0 be true in polycon-
densation resctions [11].2 Furthermore, they are
independent of chain composition re in eq 1.
Herington and Robertson [12] have esiablished
equations that aliow in principle & deduction of
such a dependence from molecular-weight dis-
tributions. Analogous relations for copolymeriz-
ing systems have been developed by Bimha and
Branson [26]. However, the equations ara oo
complex and oxperimental results nonexistent to
merit further disevssion here. It may be noted
only that eq 4 is unsfiected by any such assump-
tion. If the growth rates depend vpon the com-
position, then the constants .. (M} in eq 4 repre-
sent mean values avernged over the radicals n. (M)
with the particular end M, that is, for instance:

kﬂ{rﬂ=2k'£;i ﬁ?”’m}

EoaiB) =Ek‘.l {r,8,Bin,{B) .

toal

Equation 4 gives the relative rates of consump-
tion of the two monomer species A snd B under
the approximations stated previously, It alse
represents the instantaneous average compoaition
of copolymer formed at an instant in which the
monomer residue eonsisted of A moles of apecies
one and B moles of species two.  This composition
can not depend on the absolute magnilude of the
growth tates &, but cnly upon the relative rates
of addition of each monomer species. Honge,
the following parameters are defined [18:]

A4AT i?u(A} [ B] _tege{ B)
(8)

A+B| " kp(d) ,,.{B}
The symkols in the brackets indicate the modes of
gdditiom to which the constants ¢ and u refer.?

"H, W Melviie (keotiure presented at the Hatiobal Bereset of Standards o
Aprl 11, 1T} finds that growih and kermimation ratex decoense but slightly
with ingreasihg ¢obaih lengtl In tha pelymerization of vinyl scetate in the
[T T

1 Yarious olhor yymbalz bave been used for the ratioe deoobed bere by w
and w, nemely, Ve, &1 = o (3], = 6250 5 (T Alrey, F. B Mayo F, T.
Wail, 7. Polymer Sei. 1, BEL (M6,

524

Both parameters express the prowth rate by
means of addition of monomer of the sams kind
to an activated end relative to the addition of a
monomer of the other kind, Defining further-
more the mole ratio A/F as 2, eq 4 ie transformad
into
[az-i- l}
EB 2ty ©

1 (z1p}
dA-l—dE [Hz{uz:l}
{4a}

Figurea 1, 2, and 3 show plots of eq 48 2z
function of the mole fraction 4/44+ B in the
monomer residue for a seb of verious values of
the parametera o and 4. The straight line corres-
ponds to a situation in which monomer composi-
tion and instantaneous polymer composition are

L0
A
Bl
T
[
E
» 6}
8
-}
[ -1
-
-+
2 4l
e
3
]
2
AF
1] - L . L
o A 2z k] 4 5 & T k:] g [Lv]
AFA+A MONOMER
Fravee 1, Plot of thalanlanecus mole Jraclion of com-

portent A i polymer o furction of mele fraction af A in

monomer wmiziure,

A, p=l, aml: B, p=% r=1; C, p=5, rul: I}, pmb, o=bi; E, pm5, r=lf;
Fp=F, =i U, =21, a=0.

always equal. That is, » and u must both agual
unity. In some mstances, (fige. 2 and 3} it will be
noted that the curves intersect the diaponal,
indicating that for a particular moncmer charge
the sbove-mentioned equality betwesn the two
compogitions holds true. The meaning of this
special coso 15 dizcussed below. It ig easy fo

- wisualize the limiting trends of these curves. For

inetence, Intge u and small o, that iz, preferential
B-B and A-B addition must have the effect of
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Ficuwe 2. Plot of instonioneous mole fractfon of coni-
ponent A in polymer as funcltion of mole fraction of A fn
MANOMEr MITIUTE,
A p=r=I0; B, gwrw5 C, pwrwl; D, p=rab5 F. y=er=0 DL

producing & copolymer deficient in A up to rela-
tively high percentages of A in the monomer.
The corresponding plots in figure 1 must therafore
be of the type of For . If both « and p are very
amall, the copelymer will be predominanty of
the alternating type and dA/FA -+ 48 will ba close
to 0.5 over & wide rauge of monomer compositicn,
as shown in curve £ of figure 2. Finally, if both
o and 4 are very large no copolymer is formed,
except in & very narrow range arcund A/A4B=
0.5, whera there occurs a transition from pure
polymer B to pure polymer A.  Curvoe A in figurs
2 illustrates the approach to thiz situation. In
principle, it is poesibla to determine from graphs
of thiz type the valucs of the constants « and u,
if the limiting slopes when A and B, respectively,
approach zero are known. Substitntien of
Afd+B=zf2+1 into eq 4a leads to the result

- l5 when - A—-—}[I
umg[_ dAd /d[ A ]= w A+E
dA 348 A+ B 1. A

;: “‘hEDWl

{db)

Integration of eq 4a gives the number of moles
of monomer 8 left at any instant of the reaction

Copolymerization

a6 function of the composition z of the residue,
namely,

B, g
]nf——ll fﬂ-l-
l—ou o\ (o—1) 2 —(u—1)
=00 P fo—1) a—(p=D

where B, and z; are the initial values of B and =,
This equation forms at present the basia for the
determination of the parameters # and x from an
annlysis of the copolymer composition. Applica-
tions will be discussed in the next section. Firat,
however, we shall consider aome general propertios
of the function represented by cq 6. Figore 4
ghows a series of plots of log BB veraus log 2/g,
for fixed values of 2;=0.4 and p=5. If the ratos
of addition are indopendent of the natore of the
active ends, o= 1}y, and a straizht line iz obtained.
If active ends .4 increasingly favor the addition
of monomer B, and ends 7 pizo favor the addition
of B-type monomer {u=25), the lnes are still prac-
tically straight. The slopes bocome smaller due
to the slower disappearance of monomer A,
although the variations are smell and hence
determinations of g from such plots insccurate,

]

S

dafdarde FOLYMER
i

. 2

I
T

o 1 2 3 4 8 & Tt ® 8 o
B A+B MOWONER

Ycure 3. Plof of dnslenfoncous mele froction of com-
ponenl A in polymer as function of mole frociion of A in
MOROMET MiTfure. 1

A, p=lb, o=d: B, ueb, e=3 O, pel, o= 1Y, =kl el E, pof 8
=T
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[Lefe)

L]

1 L 1 J. 1 1131l | | 4 ] |11}
[ = 0 Eo 160
L
Frauvee 4. Flots of log By’ B ve log 2/ 2.
206 am5, A, o= B, omle €, 222 D, gm,

The final polymer formed consists, In these cxam-
ples, entirely of species A, z=w, for B=0D,
When p7>1 and o221, 4-A and B-B linkages are
raore probable then eross-overs. The correspond-
ing curves exhibit an vpward curvature and poasess
8 vertical asymptote shifting to the loft ag ¢ in-
creases.  In other words, the final polymer formed
is8 8 copolymer of fixed compesition. Under such
conditions the ratios beiween the rates halance
tha concentration ratios in the monomer residue
in spch & way that the polymer composition
equals the composition of the mengmer mixture or

dA_ A

dB B
Relation 4a then gives for the critical composi-
tion z,

n—1

3;‘=m' {7}
Thus = and x must hoth be either emaller or larger
than unity.

The fact that there exisis & mixture of definitc
composition that eopolymerizes without changing
its composition, sugpeats an analogy with the
familiar azeotropic mixtures often encountered in
distillation processes [31]. Onc can constroet
curves analogous to distillation eurves by con-
sidering the zum of the rates of consumption of

828
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k-]
18—
[
(R4 o

= s
= s
12
1
rh =
1+]
Fore) I N N N I I N Y I Y W
a I 4 & [] T LK [L4]
&S A+
Frovee 5 Plof of omer-oll rafe for unil concenfrolion of

vedreal Vio+ Vo on an arfilrary scole v3 smple froction of
A i moanomer (M) and in polymer {(F}.
byafdl=Pkp sl B); pm 1.5 rmibd,

each monomer species a3 a function of the com-
position.  Specifically, one may plot the over-all
rate of polymerization V,+ Ve {or unit concentra-
tion of free radicals [31]:

1 4 1
Vit Ve=—zi3a W8 im0y

By combining eq 2 and %a the following resuli is
obtnined:

_#lez+ 42t 1
Vit V= 'z-l-_l ___u'_z- .;_‘u
kgl A) ' Rs(B)

Figures 5 and & show such plots, assuming A-A4
addition to be twice as fast as B-8 prowth. The
curves for the polymer {P) are eonstructed from eq

Zs
22
21

2o
k]
1]
U d
16
15
14
I3

L
LF

Nty

| I
4 &% £ T B 89

A neE

Fraure 6. Pl of V4 Vi en an arbifrery seale e mole

Jraction of A tn smonomer (M) and in polymer {F), show-
ing "necotrapic’’ composition X.
Bpatd) =2k g H} wmaa b
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4a. The cutves for the monomer (M) represent
V.4 V5 as a function of AfA+EB=2z/z+1, ac-
cording t¢ the expression shove.,  The abcissas of
conjugate points on the two lines P and M in-
dicate the composition of the copolymer and the
composition of the corresponding monomner resi-
due, respectively. Figure 6 depicts an “‘azeo-
trope.” It will be noted that here the composi-
tion X does not eorreapond to an extremum in the
curves, which represents a necessary thermodyna-
mic eonditicn fer nzeotropic boiling mixtures,
Clearly the second intersection in figure 6 does not
indicate a common composition for polymer and
monomer. The dizenssion of these curves follows
otherwizse familiar lines. If 4 and ¢ sre hLoth
smaller then unity, that is, if cross—combinations
are preferced, one derives from eq 6 that z never
‘reaches the eriticel value 2z, but approaches zero
or infinity, depending on whether 2z, is respectively
smaller or preater than z.. If both reactivity ra-
tios excead unity, then the azeoirepic cormposition
ia graduzlly approached.

It is of interest to follow the changes in com-
position taking place in the course of the eopoly-
merization, Fipure 7 depicta the relation hetween
the instantaneous and total copolymer com-
position and the percentage econversion. Such
curves are computed in the following manner,
The extent of reaction, that iz, the ratio hetween

14
0.9 = ""'"""“'-A—'l-—-"—--...--._
—— .y bl ™
) M"H
LR ""--..h-... ] y
LT
-n._‘_-_“
- o7
o
2 S
P e —r
3 ¢
T oash )
P B
3
§ vl
@ gak
Q.8
31 =
[4] 1 1 1 1 L [ r [l 1
4 04 HE 03 04 05 06 OF 08 08 o
EXTENT OF CONYERSIOM
Fraure 7. [nefanioneous {full fnes) and pdafd composition

{darked lfmes) ar funciion of the evfend of convorsion.
A, AN umd, w= L ag el ] B, B b, 0=, el 4y O, O, gk, oy zguafl7,
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the weight. of polymer &t s given instant and the
initial weight of the monomer mixture is given by
Lhe equation:

Bz B
Wy I_EE)ME“_L(I_E)M"_ ®
Wa —lﬁzh'{‘juz

BB, and z{z, have the samo mesning as in eq 6.
M, and M; are the molecular weights of the two
monomers. With the aid of eq 6, B/E, can be
climinated and wpfun obtained as function of
zfz;. The instantanecus copolymer composition
iz directly given by aq 48. The tetal composition
resulting vp to & given inslant equals;

B
e IR B
L —— /SR O
o ATt —Fe)
L1
and is again obtained with the aid of eq 6. A= is

chvioua, the difference between instantaneous and
total values increazes with time and is more pro-
nomneed for systems with widely different re-
activity ratios. In case an azeotrope exisis, and
the initial compesition has been suitably chosen,
the changes are slight &3 shown in curves € and C'.
On the whole, the total copolymer composition
docs not change very much over 8 wide renge of
conversioh. These variations ecan be eliminated
by compensatory addition of the more active
species during the course of the polymerization.

4. Over-all rate of reaction

i is evident that the caleulation of the average
copalymer composition does not regaire & knowl-
edpe of the total coneentration of free radicals but
meraly the ratio of A- and B-type radicais. For the
over-all reaction rate, however, thia information is
required and obtained in the following manner.
In u steady state snd for the simplest caso
of a catalyzed reaction, we can write

FA BY= 10—k (A, 4 A%~

% (A, By A* B*— ke (BB B**=0),
(3b)

whera
Ar=""an,(4A)
Combination of eq 3a, 3b, and 2 then leads to the

BY=3"n,[8)
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{ollowing expression for the over-all rate of
copolymerization [26]:

kS e 2ABL B
T AT BT T g AR B
whare: (2a)

2t keal A} KA AB).
““[k y A}]k‘” A= Fo(B) kA

_ 1k AV bl B BY_ (8 kA )k (BB
=g kit TFEAA} () k{4, B)

1t should be noted again that in this derivation the
initiation is described by s single constant I, This
restricts the generality of this equation. For il is
posaible that the rata of production of the initial
radicals varies with the ecomposition of the
mixture. In the most general case of the reaction
scheme deseribed, nine eonstants altogether would
be nceded to deseribe the process complelely.
Ag i3 to be expected under the assumptions made,
the rate is proportional to the sguare root of the
vatalyst concentration, a familiar result in pely-
merization kinetics. Fguation 2a contains besides
& and u, three constants. A knowledge of these
allows a determination of the product

k(A AW (B B)fk{4,5).

No nse has as yet heen made of these relations.
Rate studies on the system styrene-methyl metha-
crylate have been presentad by Norrish and Broolk-
man [21]. However, they have been interpreted
on the basis of an equation that assumes the con-
centrations A" and B* to be independent of the
menomer ratio 2. Plots of the rate (eq 2a) as fune-
tion of the monomer composgition A are ghown in
figure & for a few extreme casea.

5. Compeoeition, Size, and Intramolecular
Sequence Distributions

For the considerstions hitherto presented, it is
noecssary only to know the total concentrations
of radicels Zn,, (A} and Zn, (B, regardless of size
and composition.  Inorder to obtain the disteibu-
tien of polymer slzes and compositions, we must -
consider the mode of production of individusl
radical chaing of apecified chain length and com-
position. From the pestulated mechanism f{eq 13,
we find for the rate of production of these radicals:

W) b () A, (A ega(B) A 1a(B) —

kr,d (A AR (A)— Kol A :"Bﬂ'n{A} -
kA, A (A)En,(d4)—

kA, Bn,{A)Zn . B)
(3c)

WesB) o BYBn, (B ko A)Brs ()
ben{ B By BY— ke pa (B An, (B)—
k(R Bin, B Zn,Bi—
EfA, By B1Zn A

Equation 3¢ may be comparcd with the corre-
sponding eq 3 for the total concentrations of A-
and B-radicals and interprated in the same man-
ner. The positive terms refer to the growth of
smaller chains to the desired size by monomer
addition, and the negative ones measure the rata
of disappearance of the radicals in question by
gither further growth or termination. Equation
3¢ holds for  and s both larger than unity. The
rate of production of species mg (A) and #n (E)
is governed by the rate of initiation such that in
the firet sat of ey 3¢ the positive terms sre replaced
by f.A and in the sscond ove by IzE or corre-
sponding expressions involving the catalyst con-
centration. In a steady state the left-hand sides
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of eq 3¢ vanich. The following guantities may
he defined :

kaldid
Foal VA K il B+ A A, AR Ay ko[ A, B Ena (5

(B = kes{B)B
® ke s(BWT+ k(B +k dB B Ent i By kLA, BYEn;ud)

_Renl At lB) 1
EpalA)kpn(B)

wld)=

It will bo noted that w{A) represents the prob-
ability of formation of an A-A linkege by propaga-
tion, w(XB) that of a B-B bond., 2 measures the
probability of occurrence of 8- and A-E linkages
relative to that of A-4 and F-B bonds. The
solution of eq 3¢ has been shown by Simha and
Branzon [26] to be

il A}_[EH(A} =(7GI) =+
B (Do
,.<B}=|:k#.;3 (Gt

2T (7 |etaremr o

Equation 3d may be interpreted in the following
manner [26]: The terms multiplied by I, give the
total number of possibilities of producing a chain
of specified composition by initiation throogh an
A-radical. For each combinatory factor in the
sum is a measure of the number of ways in which
one possible mnternal arrangement charaeterized
by a fixed number of A-4, B-B, 4-F and 5-4
gonfigurations may be realized by permutations.
The exponential factors indicate the probability
of oceurrence of these configurations. The sum-
mation is theh carried out over all poseible internal
arrangements compsatible with the condition of
having » A-units and & B-units. It is taken be-
tween the extrames of having one long zequence
of A-units followed by one sequence of B-units,
{j=1), and the opposite extreme of a checker bonrd
arrangement of these two monomers. The fj
terms then stand for chains initiated by » B-
radicel. The meaning of the last equation may
be seen also by =pecializing to the case ou=1, in
which propagation is independent of the naturs of
the growing end. Equation 3d then reduces to [10]

Copolymerizaiion

Brim gAY rs(B) = %} S

kxf{TB} """:__ )]m{A]I*u{B]‘. {3e)

Clearly the first termn enumerates all ways of
obtaining the polymer #,, from a mueleus =,,; the
gecond term from a nueleus sy,

Frem the known radieal distribetion, eq 3d, we
obtain the distribution of stabie polymer by mcans
of the relations:

Combination:

D —kaa, AN sl Ainan(A)+

k(A B}Zn red, g LA M0 (B
&, (A, B:'Zﬂ'r—t sk (Bl (B

Disproportionation:

d};;rs_n"{_d :{A A}Eﬂli{A}_l_k‘{A B}Eﬂii{m]—i_

A Bk {8, B}Zn ol B)+k 4, B) Eﬂ' i#{A}}
(10}

Equation 10 determines the instantaneous distri-
hution of sizes and compositions in a eopolymer
formed from & monemer mixture of a given
composifien A/A4 B, which, in turn, determines
the values of w(A) and «{B). If thc rate of the
reaction has been mensured, integration then yields
the total distribution obtained up to a given
inatant or degree of conversion.

For the practically important case of long chains
¢q 3d has heen eimplified by Stockmayer [28] in
& manner anslogous to that for simple polymers
[12]. It wil be noted thet for the latter case
(#=03, ¢q 3o reduces to

the result obtained by Herington and Roberison
[12] for the distribution of radical lengths. Its
physical significatice ia obvious. Since w devistes
from unity only slightly because of the smail con-
centration of radicals present, " can, in 8 good
npproximation, be replaced for largs r by e,
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The finel result ia best expressed in terms of the
number average chain length » of radicals, which
cquals the ratio between the rate of reaction and
the rate of production {or destruction} of radicals.
Inserting this value and noting that the total con-
centration of radicals is obtained from an equa-
tion anglogoua to eq 3h, one finds for the fraction
of radicals of specified size [12];

r

i, 3

Eﬂ-|=

[

o]

To obtain the corresponding expressions for copoly-
mers we denote the total chain length r4-5 by [
Deviations i the compoeition of a chain from the
averaze value as given by eq 4a will be measurad
by the quantity

T84 _r_
YT s dA+dR 1 P (n

As we mre concerned with larpe values of §, the
sums in eq 3d may be approximated by integrals
and the individual terms cxpressed by means of
Stirling’s formula. Considering that the devia-
tion from the averape composition will not be
vary Iarge in long chains, one can furthermore
expand the relevant expressiona in ferms of .
The final result may be cxpressed as a function of {
and i [28]

AW {
w(l, ydldy=exp ("ﬂ) aedt [m]

SR
mp( EPn(I_Pn}K) &, (12)

which givea the weight fraction of radicals with
polymerization degrees between ! and [+d4f and
composition deviations batween y and y+dy, ir-
respective of whether they terminate in 4- or B-

units.  x iz defined by the relation
A 2oy AB4 o B®
—[1— - — a1 =2 Lnld
x=[1=4p{1—p,) {1 —ou}]l= e A T2 ABT i
(13)

It is & mensure of the spread of the composition
distribution. A is again the number average
degrae of polymerization of radicals

N=—3 A+ B) (A, A) A%
2k ,(A,B)A*B*+L(B,B}E¥], {14}
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employing the notation of eq 3k and noting that
the factor in the bracket represents the totel rate
of destruection of radicals which equals the rate
of production in the steady state. The first factor,
the over-all rate of the reaction can be axpressed
a& in oq 2a or by corresponding expressions for
gther reaction mechenisms. It iz #ssumed in eq
12 that monomers A and B have equal molecular
weights.

The instantaneous siza distribution of the stable
polymer follows from eq 10, If termination occurs
by dispropoctionation, the weight fraction of -
copolymer in the specified range of { and y iz
directly given by eq 12. If a fraction g of the
redical chains is terminated by combinetion, the
weight fraction is obtzined by multiplying eq 12
by & factor

{
1“P+%‘

Thus in the approximations uaed to simplify eq 3d
atd granted the validity of the reaction scheme 1
and of eq 4, the distribution function consists of
two factors, One characterizes the distribution .
of molecular weights and the other the distribu-
tion of molecular composition for & fixed molecular
weight. The specific nature of the terrination
process affects the former factor, but not the
comnposition distribution.

Finally, one derives from eq 12 the chain-length
distribution irrespective of composition by inte-
gration over all commpositions,

t
A

wil)dl= J; “w(lydydi=e 5 dl. (122)
Equation i2n has the same form as the result
obtained for the instantaneous distribution in pure
pelymers produced hy disproportionation [12].
The distribution of composition Auctuations is

_i= _ 3dy
w{y}dy—.[; w(fsy}fﬂ-ffy—mm
with -

12

h .

”_(?Puil'—m)x v

Plots of the expression (eq 12) as function of the
redueed variables Ifh and » are shown in figures
and 10, respectively, a8 presented by Stockmayer
[2B]. Tt will be noted that large values of 4, 1. 2.,

large deviations from the average- composition,
oceur primarily in shorter chaing, the lenger chains

{12b}
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Full Tinee: Chain length distribution, eq 12,
(weight fraciions)y, ar funclion qf reduced chatn fength I
for fized imiuer of the reduced compostiion devfolion i,

Diotted lines Chein length distribulico, eq lin, irreepecki=o of chain com-
pozition.

Fioure 4%

having mainly the average compposition. Finally,
the composition distribution f{eq 12b) iz shown in
figure 11 for different values of the parameter e
With incressing value of «, that is, increasing values
of ¢ a for a fixed py, the fluctuations in composition
bocome larger. This i3 onderstandable, sinee
in thiv instance self addition of A- and H-unita
becomes increasingly preferred.  However, it will
be seen that the deviations from the mean valte
#=1 are not large. Actually it can be derived
from eg 12b that 83 percent by weight of the copel-
ymer is found in'the range |y|<l[2ps{1~poxfr]",
which is small for large values of x It
should be noted apain that application of these
results to a complete copolymer product requires
8 knowledge of the complete reaction mechanism
which determines the variation of the parametera A
and x with average composition and conversion.
Ko quantitative data seem to be available
Fractionation of various copolymer systems has
sctually indicateod the existence of & disperston in
respect to composition [13, 17, 27).

The discussion of eq 3d has shown what is
obvious, that even for & fixed composition in &
given chain, there are a variety of possible in-
ternal mrrangements of the specics 4 and B in
the chain corresponding to sequences of identical

Capolymeriration .
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Frovre 10. Composition distribution, eg 12, a8 funelion of
the reduced conposition derialion w for fized vofues of the
reduced chain length I,

units of varying lengths. The Trequency of oo-
currence of such sequences can be ealeulated and
is of interest in connection with questions of strue-
ture [1,25,31] in copolymera.  For sufficiently long
chains the probabilitics P{A) and P{E) of se-
quences of 1 A- or B-units produced by propags-
tien are given by

Pid)=[1—w{B)lu{d)]"1—wld)]
B By=ll—u{ANw{B)"[1~u({BY
PylA)=w(B}; PyB)=wld)

(15)

The w's have the same meaning a= in eq 3d, namely,
that of propagation probabilities A-A and B-B.
The validity of eq 15 is thon immeadiately evident.
Here the £,'s are normalized g0 as to represent
fractions of the total number of A~ or B-sequences,
regpectively. If besed on the average concentri-
tion of A, P4} is multiplied by d¢B/FA+£8.

iyl
a0

0

-y -.25 o LX ] +7

Fioure 11. Composition distrifedion, eg 18, ns funcion
af the composition deviction § from the meon for fized

palnres af «, eq 15, and aseuming mf*:*m‘
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If termination iz effected by eombination, the dis-
tribution feq 15) of sequences in the radical chains
in not strictly identical with that in the stabla
copolymer. Neplecting the effect of termination
altogether, we simplify the equation for w{d} snd
wl( B} to:

wld}= {18)

A B E
Tf the polymer in question has been obtained for
instance, by copolymeriging mono and diviorl
units, eq 15 gives the distribution of chain lengths
between cross links and & number average chain

1

T—wld) ™ 1-|-c:r

length for a copolymer prepared from & monomer
mixture containing B molea of cross-linking agent.

IV. Experimental Studies
1. Determination of Reastivity Ratice

The first, thorough exparimental investipation of
copolymerization resctions has becn roade by
Lewis, Muayo, and Hulse [15, 18], in which tha
patameters ¢ and g were found for sevarsl paira
of monomers. As eq 6 cannot be solved readily
for # and 4, the following procedure was adopted:
Equation & ean he transformed into

__] 1—pz
F I—Ezﬂ (6a)

]ug +logB+1og1 5:0

where

={1—e}/{1—p).

One experimental run gives a set of 2,3, and BX,
vilyes. Arbitrary values of p are then chosen,
and the corresponding u is computed using eq 6.
The valua for # is obtained from the expression
for . A plot of ¢ versus u pives practically a
giraight line. A second rum is utilized to get
another o-u line. The intersection of two or more
such curves then gives the unique walues for «
and i, satisfying theoretically all runs, In prae-
tice the intersection of three lines form a triangle,
the area of which ie 8 measure of the exparimentsl
errors. On this basiz [18] table 1 and figure 12
represent, as an example, the best data obtained
by Mayo and Lewis on the copolymerization of

a5 ¥

¢ 08—
o I 1 l ] | |
o .9 0.8
L
Frcure 12.  Determination of g and o voluee from dala fn
labile 1,

etyrene and methyl methacrylate. The difficuities
invelved in the analysis of & partially polymerized
system have besn emphusized [14]. Separation of
monomers from the polymer has beesn in most
cases opetl to improvement. The wsual techniques
hiave been the precipitation of the pelymer by
svitable combinations of solvents and vecuum
distillation, In generzl these methods do oot
adequately separate the polymers, as shown by
the fact that the results obtained by the above
workers [18] differed considerably, depending on
the procedure used for the isclation of the polymer.
The technique finally developed utilizea the rela-
tively hizgh vapor pressure of frozen benzenc at
temperatures ncar 0° €. This method, known as
the frozen benzene technique, involves several
precipitations, after which the polymer is dissolved
in benzenc and then the solution quickly frozen.
Subsequently the benzene is sublimed off wnder
vacuum. The polymer is then in the form of a
very fine powder, which is ensily handied. By
using such means for the isolation of polymer,
resulta [15] were produced that are very accurate
for work of this nature.

Almost all of the monomer pairs so far studied
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TabLk 1. Siyrene-mefhyl melhacrylalte copolpmerization
Concehtrition of Whbgacted oAkt
Experimetit gl Finat %ﬁm Polymer v u
A By A B
a | witn | Corbon “’;‘;%

Ao . TOEQ 0. X Q, v4at 0, 1813 b 7. 57 a5, A6 {Elﬂl
- T NG | .dEB0 | .ASTL | daE6 | 5 LA TR Y mog [ ME00SE | 048 L0050
L, -1 T S 188 i [ 2rE T 08 &, 14 W 1L
Booeead| (BB [ 0986 | o8 | 17w | A0 7.5 X1 P
E o . B + e AME 120 [:1] o] 76, 70 To. 53 0,38 Ly 052 048 L 0,52
P et | mmed | 160 | L7088 [ 4RS T4 LX) .07

have been those in which one monomer contained
8 different and easily znalyzed element or group.
In view of the availability and the high devclop-
ment of apectrometric and other physical methods
of analyeis [9, 18, 19], there iz room for techniques
using these methods for the study of copolymeri-
zation. Instead of anslyzing the polymer, it
ghould he pessible to determine directly the com-
position of the monomer residue,  Oneo could place
a sample of a polymerizing mixture in a high
vacuum system and remove monomers from poly-
mer by pamping off volatiles inko a large residual
volume or condencing in & liquid air trap. Then
the wolatiles could be analyzed by either mass,
infrared, or wltravialet spectcometry, depending
on the nature of the aystern. An analysis of &
relatively large bulk of residual monomers should
be less subjent to errors dus to small ameounts of
monomers trapped in the polymer than an analy-
gia of the pelymer itsell at low conversion, Soch
procedures should be particularly useful in eopoly-
merization studies of isomers or compounds having
email Jifferences in their elemental analyses.

2. Summaory of Reactivity Ratics

Takle 2 summarizes the published results on
monomer reactivities found by copolymerizing
various pairs of monomers.! It is seem, for in-
stancc, that in the remction of styrene and
methy]l methacrylate, the addition of styrene
monomer to styrene radical oceurs half as fast as
the addition of methyl methacrylate monomer to
styrene radical. Also methy] methacrylate mono-
tner adds helf as fast to o methyl methacrylate

* We ara indebted o K, B, Henery-Logan ahd B, ¥, V. Nicholks for plasing
thedr results ab our dlsposal prior to publication, The wark was sponssd
by ¢he OB of Enbber Reserve.
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radical az does styrens monomer.  Furthermore,
styrene monomer adde to gtyrene radieal twice as
fast as vinylidene chloride monomer to st¥rene
rédical. On the other hand, vinylidens chloride
monoimer adds to vinylidene ehloride radical ap-
proximately one seventh as fast as styrene mono-
mer. The estimated degrees of pracision are in-
dicated whenever given by the authors. In the
casa of relerences [3, & 7, 3B, 39], the roactivity
ratios were obiained from plots according to eq 42
by fitting the “hest"” curve. As an example, the
gyatem styrene-dichlorostyrene investipated by
Alfrey, Merz, and Mark [ 5] is shown in figure 13.

A specinl case investigated is that whereln one
of the monomers does not polymerize with itself

L.a

X ]
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Furure 13, FPlol of inslonioneous concenirodion of dichloro-
myrene in polymer pA concentration af dichlorosiyrene fn
monomer Gooprding fo eg 4G and dole in [Bl

833




36

g 1 A 1 I ] ] 1

) [ 1z K 8

afn

Fravne 14, Plad of {inslartaneous mole rolio th pelymer of
mele ralio in monomer for sysiem afyrene-diethyl ehforo-
malente qecording to dafz 4 [6].

hut readily enters int¢ copolymerization. Malaic
anhydride {29] and ite dorivatives form o cluzs of
compounds exhihiting such & selectivity. Set-
ting =0 in the first eq 4a results in a linear
relation. An experimental test on the system
etyrene-diethyl chloromaleate is shown in figure
14, The full line s=2.5 is taken az the “hest’”
value from a comsideration of the data when
plotted on & mole fraction hasis.

The foregoing results substantinte rather well

the assumptions under which the composition
cq 4 has been derived, at least for the relatively
low degrees of conversion at which it may be ex-
pected to hold. In attempte to consider the effect
of composition on the addition rates® equationa
have been derived [20] [or the case that the rates
depend not only on the nature of the radical ends,
but also on the preceding unit in tha chain.  The
effeets are amall, and their detectzon would require
considerable experimental aceuracy.

Extenzions of eq 4 to three-component systems
and generalization te n-components [34] have been
presented.  Analysis of one four-component and
seven three-commponent systems fortned from
styrene, methyl methacrylate, acrylonitrile, and
vityldene  chloride indientes sgreement with
theory within experimental ecror. It is assumed
in this compariaon that the reactivity ratios of a
pair A-F are independent of the medium and aqual
to the ratioa obtained in the copolymerization of
A and B alone.

Most of the published and snalyzed results refer
to bulk systems. In order to make valid compari-
gons for the monomer pairs studied, we shall con-
fine the further discussion to the data in table 2
Some investigations in emulsion systems have been
undertaken. For instance, the pairs given under
footnote 5 and also the styrene-acryloniteile com-
hination [15] have been analyzed hoth in bulk and
in emulsion. In the main no significant differences
between the o—p values under the two different
cotiditions are found,
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TabLE 2. Reacivify radise ¢ and p for varipus monomer pefri—Continoed
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S |
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V. Discussion Tavie 3. Relolive reactivilies of monomers urlh afyrene

1. Remarks cn

Reactions

Effect of Substituents in Organic

Tables 3 and 4 summarize the experimental
informatiom in & slightly differcnt way by giving
tha ralative reactivities of & seriea of different
monomers vs & given radical, e, g, styrene. The
scale is arbitrarily fixed by setting the reactivity
of & monomer toward a radical of itz own kind
equal to unity. Values above unity then signify
& higher activity than that exhibited by the radical
in gquestion toward the identical monomear, whersns
values below unity signily a lower activity. Some
of the values may be affected by large errors, as
can be judged by the limits given for the v and u
values from which they were calculated.

The interpretation of these resultz in terms of
the electronic atructure and internal geometry of

radical and monomer iz no easy task.

Heowever,

certain qualitative attacks, at least, can be made
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along the lines eatablished in the study of organic
reactions of small molecules. That we are dealing
here with large radicale iz no objection, sinee we
have established within the limits of the aystem
studied, that the growth rates are independent
of molecular size.

TArLE 4. Relofivg reuctieilies of varipy® monomerg with
verfous radioads
Hadieal type
DEl x| 2

Menormer E'E, E 25 ] E
IGIRE g 3z

£ |Ba | = |= & | o
Bievens. , .| LD | 25 T L1 -] arioz
\!Iﬂ.h;rlmemmlatc.. 20 1L T [ I I I 1.3 ...
Arrylominbe. ... a5 0| LY 27| 32| A1) .3

Vinrlldene chlerlde__ .. &3 P3N I O I P I RS R
U - [ NN I N I R B
4.0 L] N 1Lk ]
. |2 5| 120 l 14

It is perhaps worthwhile to precede the dis-
cussion 0of the subject proper with s cursory and
necessarily simplified summary of ecertain results
and concepts regarding orgenic reacticna. We
need to consider the influsnce certain substituent
groups such as CH,, Cl, NO,, ete., in vinyl-type
monomers ¢xert on the electronie configuration in
the adjacent double bond. The presence of such
groups in a benzene ring leads to s change, as
compared with benzene, in the rates of further
subetitution and affects aleo the locus of subseti-
tution. Theae factz have heen known for some
time in classical organic chemistry.” They aie
coused by the tendency of an electrophilic group
to attack the ring at the region of highest (relative)
eleciron density. Furthermore, if the over-al
density 15 reduced compared to that in benzeng,
the rate of reartion is accordingly reduced.

In considering the mechanisms of such distor-
tiocna of the charge distribution, we shall some-
what arbitcacily scparaie two factors, inductive
effacts in the sense of Ingold® and resonance
efferts. The former lead to an incresse or de-
creage of the over-all availability of elecirons in
the ring, the substituent acting as an electron
source o sink. ¥or instance, s moeghyl group

1 Bex for lnetance, (. E. K. Branch and M. Calvin, The theory m‘mga.ul.d
chemistry, (Brentice-Hall, Ine., Kew York, M. 7, I'Bﬂ]

B for inslatiee, L. P. Hammeet, Physioal argpanle cbemlalry (Morimw.
Eill Fuhlihing O, I, New Tork, 5, ¥, 190
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increases the electronic density in the ring and
thus should increase the rate of substitution by
an electrophilic agent whilo a chlorine atom, with
its strong electron affinity, hes the opposite tend-
eney.  Similarly, substituenta such as NO,, CN,
or COOR tend to diminish the electron density.
Analogous effecta by such groups &re obaerved in
addition resctions te deuble bonds in simple
olefing. Resonance effects can determine the
locus of attack. For instance, groups with an
unshared pzir of electrons such as Cl, OH, NH,,
CgH;, contribute structures to the activeted com-
pHex of the substitution reaction (see footnote 7)
which make the ortho- and para-positions more
negative

while no structurs making the mets-position
negative can ba written, The resonance effect of
KOs, CN, COOR, and sirmiar groups tends to
leave the meta-position relatively more negative.
Henee they are meta-diracting. These directive
effecte persiet in addition reactions to ¢lefins.
In peneral, ortho-para-directing substituents cause
addition o proceed in accordanrce with Markowni-
koff’a rule, meta-directing ones it opposition to it.
These directive effects have olso been explained
without inteeducing  explicitly the notipn of
regonance [23].

A guantitative measure of changes in electron
density produced by substituents is given by
Hammett's ¢ {sce footnots 8), constanta. They
are defined ay the logarithm of the ratio of the
tonization constant of the mets or para substituted
benzoic acid to that in the unsubstituted acid.
A high positive value of Hemmett's # indicates a
decrease in clectron density. The fundwmental
correctness of thesa conceptz may be judged from
the resulis of certein calculations regarding the
charge distribution in substituted henzenes [37].

2, Induction and Polarization Effects and Rela-
tive Reachivities

Reaverting now to the problem posed in the be-
ginning, it may be geen that several factors ought
to be considered in attempting to account for the
relative reactivities obtained and to prediet the
comparative behavior of monemers toward the
game radical. The first oncs arc the over-all
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availability of clectrons and, perhaps to a lesser
extent, the direction of polarization of the double
bond. Let ua take first the styrene rodical as a
basiz for comparizon. In the stable monomer,
the double bond should have a relatively high
dlectron density because of the character of the
phenyl proup 2z an electron donor as evidenced
by the direction of the dipole moment, which is
opposite to that in toloene [45]. It should be
remarked, however, that Hamunett’s ¢ for the
phenyl groups is positive. Thus
&
OB~CH 7

0

I iz reaspnable to assume that this over-all
negativity carries over to the radical end of &
growing vinyl chan [24]:

=
.. =0 Hr—'l.'a‘ H—

0

One can then expeet that, under otherwise equal
conditions {see below) addition to styrene of =
monomer in which the induetive effect decresses
the over-allavailability of eloctrons in the pertinent
double bond is favored in comparison with a
monomer in which it ia increased. 1t will be
neticed, for instance, in table 3 that out of the
threc dienes, chloroprene shows the highest
activity, isoprena the least and butadiens is
intermediate.

& =

- e ———

CHFBl_j_CH=GHj CH=C-OH=CH:
o CHy T

Also from tables 3 and 4 it can be seen that
acrylonitrile monomer adde preferentially to
styrene radical and styrene monomer adds pref-
erentially to acrylonitrile radieal brcause of the
opposing effects of the substituent groups. The
e¥anide group decreases the glectronic density.

&
P ri—
CHy=CH
1
N

One would similarly expect propylene to show
low activity with styrene.
1~

CH=CH
OH:

Even allyl chleride has a low reactivity with
styrene, as seen in table 3. Contrary to what one
might expect by analogous reasoning, methyl
methaerylate is slightly more gctive than methyl
acrylate. The difference however, may not be
significant.

The data on the substitieted styrenes [35] in table
3 provide further support for the viewpoint ex-
pressed wbove, They indicate the existence of a
correlation between Hammett's o values for the
respective suhatituent group and the correspond-
ing ralative rcactivitics of the substituted styrene
monemers with styrene radieal. A high s-value,
which i1 characteristic, as said before, for & de-
creascd  electron  availability on other groups
attached to the ring iz accompanied by greater
reactivity. A similar arrangement can be made
in respect to the methyl methacrylate rudical.
Exceptions are encountered with respect to
pOCH,, and p-N(CHjrstyrene. The reactiv-
ities are higher thean would coarrespond to the
position of the substituent on the s-sesle. The
authors [35] point ovwt that thess compounds are
particnlarly effective in forming complexes with
coniugated carbonyl syatems. Generally such
complexes ¢nn be formed by clectrom transfer
between constitizrents of the complex [36]. In
this connection the high selectivity (» and p very
small} of ally! acetate and maleic anhydride is of
intereat [7]. Here there exists & possibility of
resonones struetures betwoen radical and monomer
which correspond to charge transfer within the
activated complex. This poseibility appears likely
in view of the colors formed by maleic anhydride
in mixtures with electron donor-type molecules
such a3 stilbene, indene, wnd styvenc, The
diffarenes between maleie anhydride and a qui-
none-type inhikitor would be a matter of degree
end depond on the extent of resonanes stebiliza-
tion of tha new radical formed. Inhibition is
then effocted by thoe removal of the stable radical
through some further szide reactlon.

The direction and extent of polarization of the
double bond cen be of importance i favoring
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& high reactivity . A monomer such as the one

below

4] -\CH
fd
j

ghould tend to react with a styrene radienl hy
adding head to head, which would bring into play
interfercnee by the group X, resulting in decreasad
activity as compared to the case:

By
CH=CH

i3
Consideration of the resonance structures in
biphenyl (see footnote 8} suggests that the phenyl
group should be o-p-directing and therelove
polarize the double bond in the direction indicated
by the first of the abova formulas.

The relative stabilities of the radical ends are o
second factor governing the propagation rates.
Fhe styrenc radical is relatively stable hecause of
resonance through the benzene ring.  In consider-
ing two reazctions, the one producing the more
stable radical end will be favored. Thus in com-
paring vinyl acetate with methyl aeryvlate mono-
mers, the latter will cxhibit the grenter activity
because of econjogation. The inductive coffects
should be approximately equal in maznitude fov
these two isomers. Resonance in the styrene
railical would be more important than in the
acrylate radical.  The value for the acrylate mono-
mer is nevertheless slightly larger than unity, prob-
ably, because of the direction of the inductive
affect away from the double bond.  One might ex-
pect the formation of acryionitrile radical to be
somewhat favored by the resonance affect. From
this point of view all dicnes should represeni
favorable cases.

We have heen uging for the purpoese of illustra-
tion almost exclusively the styrene radical beenuse
of the wealth of data awailable. The concepts
developed are in fuir agrocment with experimental
resultz ohtained on other radicals. In the cuse
of vinylidene chloride, the radical resonance
stabilizntion can play no significant role. The
chloride groups make the monomer positive in the
gense previously discussed., Thercfore, it shows a
high activity, with styrene monomer and a leszer
cns with methy] methacrylate, which would not e
extensively polarized because of lhe opposing
eflects of the methyl and methyl substituted
carboxyl groups. With the more positively polar-
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ized acrylonitvile, the activity is still further
reduced. For the same reasons, 8 similar order of
activities is obtained, at least in & qualitative way,
for acrylonitrile radical and methyl methaerylate
radical! with the same monomers, The slectro-
static offects of proups on diene redicals should be
less important than in their monomers, because
the effecta would be most important on the double
bond, and the group is always one or more bond
distances sway from the activeted end in the
case of 14-sddition. The double bond itaelf
should act as an electron source. Actually the
few data available eould be interpreted by assum-
ing that the diene radicals are somewhat negative
regardless of the character of the substituent.
However, the values for acrylonitrile relative to
the diences de not appear to fit this picture.

The mass of data given can be summarized in
terms of constants that refer to pairs of radicals
and monomers (see table 2}, It would be desir-
able indeed to obisin constants scharacteriatic for
ench monomer as such. This would in principle
allow the preediction of reactivity ratios. The
complete realizetion of such a program seems
remote in view of the many factors involved and
the probable existence of coupling effects.

2. Semiempirical relotionships

The preceding diseussion maizes it evident that
the polarity of radical and monemer and the
relative stabilitics of the radicals are the most im-
portant factors to be considered. An attempt to
find a set of characteristic nombers in terms of
theae two effects has been recently made by
Allrey and Price [8]. It is suggested that the
various influctices are separsble and can be repre-
sented in the following way:

k;ﬂ{A:':PAQBﬂxPE_ﬂAﬂB}.

where k,5(4) is the rate of addition of menomer B
to radical 4. P, is churncteristic for the radical.
The ¢'s ure a measure of the effective charge on the
end of the radical taken to be identical with the
charge on the double bond of monomer A and on
the double bond of monomer &, respectively.
)y represents & mean reactivity of monomer B
obtained by forming the geometric menn of the
reactivities of B with a scries of radicals A, B,

. . and then assigning to one moncmer & rofer-
ence value of unity. This cquation implies that
the free energy of activation for the propagation
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step ia additive in respect to the above-named
effects. In comparing the behavior of monomers
A and B toward radical A, P, cancela out and one
obtains for the ratios;

gt Ll eaea—es]
{17}

I[B; gjwp[ eplen—eq]]
ap=exp]—{€s—en)?]. (18)

By the usc of theze equations, a set of relative -
and e-values can be derived from the experimental
results. They are presconted in table § for some
typical vinyl monomera. The result for the
polarities i3 in general agreement with the point
of view discussed before, styrenc being the most
negative and acrylonitrile the most positive of the
four. - The order of the s show a parnllelism to
the stabilities expected on the baais of the possible
reaonance structures for the radicals previously
mentioned. Furthermore, the set of values is
gelf-consistent in as much as they give ¢'s and u's
that are in agreement with the experimental data
on all combinations of these four monomers,

Tarle § ) and e-vafues for vinpl compovnds

J Motiptner | 2 || r
i
BEVreme ... 100 -1
Melhyl metbaorylats. ..., Nt 1}
Avrylonldcle. ..., au el L4 +1
Vinglidem: eldoride, .. . __. L i}

Some difficultics arise if one attempts to fit the
other olefins studied into the framework repre-
sented by table 5. The @-values are not always
coneistent with the interpretetion given to them
and neither are the polarties, No sutisfactory
results are obtained by applying eq 17 and 18 to
the date on dicncs obtwined by Henery-
and Nicholls (gee footnote 5). In deriving these
results the equality of effective charges for mono-
mer and radicsl iz assumed.  As mentioned previ-
ousaly, it 6eems to us that in the case of dienes a
differentiation onght to be made particularly when
the induetive effert of & substituent acts fo de-
crense the electren ovailabilicy (321, On  this
basis one can evaluate the pertinent date in con-
junction with the values for the vinyl compounds
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given in tahle 5. We modify the twe eq 17 and
18 by replacing the first factors ¢, and ¢p by &%,
and e*y and one factor {e,—es) in eq 18 by
(e*y—e*5), respectively. - The star refers to the
radical. The result of these calculations is sum-
marized in table 6. The differencea in sign be-
tween the e-values are in the expected direction.
All e*-numbers are negative, the one for chloro-
prene being the least. The few data available for
an independent check are rather well ceproduced
by using table 6. Ii can be seen from eq 17 that
a large value of the ratio #2,/%s for a set of 's
corresponds to large values of « and small values
of . Thus monomers with great disparity in the
&'s, will copolymerize poorly. Large diffeccnces
in the &'s, of course, lead to good copolymeriza-
tion.

TabLk 8. §, &, end & for dienea
5 MLiMuiisr Q £ e*
Chbwopwetm. . ... 2% 0. i =i, B
Biknadlene ... ..., a% -1+ -1z
Dopne. . a3 =1 —1.3

4. Steric Eifects

In considering the copolymarization of com-
pounde such as stilbene, indene, maleic anhydride,
the maleates, and the fumsrates, another factor
becomes  important, namely sterie hindrance.
For example, the symmetrical substitution of
anothee phenyl group in styrene leads to a com-
pound, stilbene, which does not polymerize.
Maleie anhydride and other symmetrical disub-
stituted ethylene derivetives polymerize with
difficulty, if st all. However, stilbene and maloie
anhydride form copolymers, The hindrance in
such & case should still ke great but is apparcatly
overcomne by the influence of polarity effects since
the pertinent double bond can ho expected to be
positive in maleic anhydride and negative in
stilbane.

A striking cxample of steric indvance i= pro-
vided by the comperison of maleic anhydride,
diethyl chloromaleate, snd dicthy]l maleate 14, 5.
The veactivities with siyrene radical are respec-
tively 24, 0.4, ond 0.2. There differcnces have
been aseribed to the opening of the anhydride
ring [24]. IMethyt fumarate has & reactivity of
2.5 toward styrehe monomer [24). The increase
over that of its cig-isomer can be understood on the
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Lasis of the geometry of the two moleeules, if the
respective resonance sfructures of maleates and
furnarates are eonsidered.

The preceding discussion dealt entirely with
relative rates of propagation in copolymerization,
which are the ones determining average composi-
tion. Ditferences between monomers are, of
colirse, to be expected in respect to the other steps
of the chain reaction. In considering for instance,
the rate of peroxide induced initiation, the polari-
ties of momomer and catalyst redical and the
stahbilities of the radicsals formed are of importance.
We would expect the phenyl and the henzo¥l
radicals to be negative, It iz not possible to
compare directly the rates of initigtion in two
binary systems, since the rate of decomposition
of the peroxide depends markedly on the mediom
22). This can be minimized hy using diluta
solutions of the monotners in an identical solvent.
It serves no purpose to discuss in any greater
detail possible offects of monomer structure on the
relative rales of elementary acts other than propa-
gation, until & complete kinetic analysis of the
copolymenization of at least some typical pairs
has heen obtained.

5. Etect of Intramelecular Arrangement on
Degradation

The whole disenssion has hitherto referred to the
building up of copolymer chains. It s of interest
to consider also the reverse process. It is not cur
purposs here to discuss in detaill thermal decom-
position of polymers.  We marely wish to point out
krcfly the relationship between the structure of
the copolymer as considered previouely and the
results to be axpected in ita degradation. Studies
of the thermal decompozition of various copolymers
have shown that in many cases the vield of mon-
omers are much lower than what would be
expected from the number of monomer units known
to be in the polymer and the behnvior of the simple
polymer [33].  For example, the yield of styrens
from GRS ie much lees then the corresponding
¥ield of styrene from pelystyrena,

Assuming that the effect of side reactions on the
yield of a given monomer remains constant in
going from simple polymer to copolymer depoly-
merizations, the pyrolysis yvield of certain types of
monomers obtained from a copolymer of given
composition may be calculated. Lei A represent
monomeis of the mono or asymmetrical disubsti-
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tuted ethylene type ({CH;CXY) with head-to-tait
arrangement in the simple chain and in the
copolymer, and B monomers of the diene of sym-
metrically disubstituted ethyletie typea. In com-
paring the expected yicld of A from a copolymer
with the corresponding one from s pure polymer
A, we proceed in the following manmer. Con-
gider u sequence of ¢ A-units, which in the case
of the copolymer is bounded by B units. There
are 2i possibilities of producing o split, 2i—1
in the interior and 23 ¥ at the boundariss, whera
the factor % i3 included to evoid twoiold count-
ing of the bends joining the sequence to the rest
of the chain. 2¢—1 of these splite produce
monomer 4. If the probability of oceurrence
of & sequence of length 1 is denoted by P {4} (eg
15}, the yield ¥, of A from the copolymer becomes
erqual to:

¥.=.33 552 Pia), (19)
whera ¥, denotes the expected yield of menomer
from the pure polymer A. In deriving eq 19, 1t has
been assumed that splitting occurs at random and
independent of the nature of the sdjacent units in
the chain, Alse recombination is excluded. One
would expect large positive deviations from the
ealculated yields to be an indication of head-to-
head and tail-te-tuil structures in the polymer.
For in such a cese, the effect of the soquence
boundaries considered in eq 19 is absent. In
practice, the number of auch configurations is
ueuslly small and obscured by other factors.
Using the expressions (eq 15 and 18), we finally
oblain from eq 19:

Y. 4 B B
ﬂ=A+pB[1+2¢AhaA+B]' (19a)

Binee the composition of the copolymer can be
dotermined from eq 4a, the thermal decomposi-
tion yield can be plotted againat the instan-
taneous polymer composition as shown in fig-
ure 14 for the siyrene-butadiene system using
the pertinent values of # and g. For certain co-
polymers, such as the polybutenes, where the
monomers ave somers or otherwise similar, this
may be a usaful tool for the development of a
prroirtic analytical technique, particulsrly since
most monomers can be determined spectrometri-
cally, while the copolymers cannot always he
snalyzed. The full application of this technigue
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4. Experiments] for GR-8.

will require precise conftrol of pyrolysis conditions
and highly refined nnalytical methods. At present,
the sbove concepte will secount for some of the
resulte found in the depolymerization of co-

polymers.
6, Conclusion

In conclusion, the obvious main lines for further
work may be sketehed.  Kinetic atudies on copoly-
mers are few and will kave to be extended tomnclude
over-all rates, and at leasi in some typical cases,
determingtions of the individual rate constants of
the chain reaction. It will be further interestang
to zee whether the obaerved reactivity ratios can
be related to the structure of the monomer throygh
other constants characteristic of the same. Con-
gideration of dipole moments, polarizabilities, and
ionization potentials may offer soms clues. Indi-
cations as to steric influences in the copolymer
chain may be gained by a comparison of the hents
of resclion of the pure and mixed apecies® The
preceding discussion dealb pritnarily with thermecha-
nism of formation arud the reaulting strueture of the
copolymer.  Apart from the work on GE-3, no
systematic studies of the relation between these
factors and the thermodyvnamic [26] and rate
properties of copolymer solutions seem Lo have
been undertaken. Some physical propertiss of
mnnmtlnn & remack made by M, 0, Evans, f. Chem. Soe,

i, 4. L. K. I Toog and W, G. Kenyoo, 113th mectiog of the A rmécleso
Chenieal Sootety, Chicago, B, Aprll 19 to 2, 1043
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certain copolymers besides synthetic rubbers have
been systematically inveatigated
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