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PREFACE

The research reparted in this dissertation is divided into
four closely related parts. They are :

Part I. Copolymerization Kinetics

Part II. Kinetics of Sulfonation of Polystyrene Cross-

linked with Mixtures of Divinylbenzenes

Part III. Polymerization Kinetics of Pure m- and p-
Divinylbenzene

Part Iv. Computer Calculation of Monomer Reactivity
Ratios

Each part except Part IV contains : Introduction, Histarical, Exper-
mental, Results and Discussion, and Summary. Bibliography is
given at the end of each part.

I wish to express my sincere gratitude for the guidance and
help of Professor Richard H. Wiley and other members of the faculty
of the Department of Chemistry of the City University of New York.
I also wish to thank my parents and my wife for their support and
encouragement they gave me while I was pursuing this research.

I gratefully acknowledge my indebtedness to the U, S. Atomic
Energy Commission and the IBM Corporation for support of this study

through Graduate Research Assistantships.
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PART I

COPOLYMERIZATION KINETICS
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Introduction

Using the copolymer composition equation one can determine
the two constants defined as monomer reactivity rations. Each of
these constants represents the ratio of the rate constants for re-
actions of one type radical with its own monomer to that with the
other monomer, These constants provide some insight as to the
nature of the chain propagating steps of copolymerization reactions,
the mechanisms involved and the copolymer composition.

Since the copolymer composition equation was developed,
monomer reactivity ratios for many pairs of monomers have been
determined. However, for a number of monomer pairs it has been
impossible to determine the monomer reactivity ratios to the desired
degree of accuracy, because there are no methods available far
accurate determination of the composition of the copolymer. There
are many instances when considerable variation of reactivity ratios
for a particular monomer pair is obtained by different workers by
ordinary analytical methods such as infrared absorption spectra,
ultra violet absorption spectra, elemental analysis, and characteristic
group analysis. The utilization of cl4-labeled monomers has proven
to be of great value in determination of the copolymer composition.
This method offers a means for the analysis, in principle, of any

monomer pair, one of which is labeled. A convenient procedure of
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such an analysis has been developed using a vibrating reed electro-
meter and ionization chamber assay.l‘z

The purpose of this work is to evaluate the monomer reactivity
ratios for 1) the copolymerizations of methyl methacrylate with pure
meta- and pure para-divinylbenzene, and 2) the copolymerizations of
para-isopropylstyrene with styrene and methyl methacrylate to provide
a further understanding of the nature of copolymerization characteristics
of divinylbenzene isomers. Labeled monomers (methyl—Cl4 methacrylate
and styrene-B-CM) were used and the copolymer compositions were
determined by means of their labeled monomer contents using a vibrating
reed electrometer and an ionization chamber. This research also pro-
vides an additional insight into the nature of the structure of poly-

styr :ne crosslinked through copolymerization with divinylbenzene isomers.
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Historical

In this section the previous research on copolymerization
kinetics is reviewed briefly to provide the background for the ex-
perimental studies and discussions that follow. The topics covered,
which are treated in more detail in many treatises on polymer
chemistry, are: the derivation of the coplymer composition equation,
the experimental evaluation of the equation, the application of the
equation to the divinylbenzene system, the use of labeled monomers,
the ;;gni;ficance of the magnititude of the r; and ry values, the Q
and e system, application of molecular orbital theory, application
of the Hammett equation, and the statistical distribution of a monomer
unit in coplymer chain.

Monomers such as styrene are converted to polymer of high
molecular weight by either a free radical or an ionic mechanism
(which can be either cationic or anionic). These processes exhibit
the characteristics of typical chain reactions. In this thesis we
shall be concerned chiefly with copolymerization by the free radical
mechanism.

Free radical_ addition polymerization, which can be initiated by
light, heat, or peroxide, is considered to proceed at least by three
basic steps: initiation (introduction of one or more free radicals into

the system), propagation (attack of a free radical upon the double

bond of a monomer), and termination (destruction of the terminal
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4,

radical on a growing chain). Each of these steps will be described
somewhat in detail in the Part III "Polymerization Kinetics of pure meta-
and para-Divinylbenzene.,"

When two different polymerizable monomers are mixed in the
presence of an initiator the resulting macromolecules in general con-
tain monomer units of both types of monomers, since the growing
chain radicals can be attacked by either type of monomer. Such a
reaction is called copolymerization, and the resulting polymer is a
copolymer,

Bayer3

purposedly carmried out the first copolymerization of
isoprene with butadiene around 1911, For a number of years the
study of copolymerization kinetics lagged behind that of the properties

of copolymers,

A, Copolymer Composition Equation.

4

In 1936 Dostal * made the first attempt to investigate the mechan-
ism of copolymerization under the assumption that the rate of addition
- of monomer to a growing chain free radical depends only on the na-
ture of the terminal group on the radical chain and is independent of
the length or overall composition of the polymer chain., However,
Dostal made no attempt to test his assumption experimentally,
After several unsuccessful approaches, the first trial to treat
5

copolymerization kinetics in a systematic way was made by Wall" in

1941, Wall made an important advance by suggesting that the relative
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S

rates of addition of monomers to growing chain free radicals might be
dependent only on the nature of the monomers being added and on their

relative concentrations, These assumptions led him to the following

equation:

35

_ ki M
k2 M2 (1)

where M1/Mg is the ratio of the concentration of the two monomers in
the feed, Fm.l/-mz is the ratio of the concentrations of the added mono-
mers in the resulting copolymer, and ki/kj is the relative rate of
addition of the two individual monomers Mj] and Mg to the growing
chain radical., This simple equation is found to hold for many free
radical copolymerizations and for most ionic copolymerizations even

to the present day. The above equation says that chain endings

have no effect on the rate of addition of the two monomers.

However, it was soon discovered that this simple equation did
not apply to a number of copolymerization systems,

Almost simultaneously Mayoand LewisG, Alfrey and Goldﬁnger7,
and Wall8 independently derived copolymerization equations that took
into account the effects of the last added unit on the rates of addi-
tion of the two individual monomers, and assumed that the steady
state applied to each radical type separately. The four simultaneous,

competing chain propagation reactions in binary copolymerization are:
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6.

11
—Ml. + Ml ————p "Mlo (2)
ki2
"'Mlo 4+ Mz ————— -Mz. (3)
+ M kZl -M |
"‘Mzo 1] — 1-‘ (4)
k
—Mzo + Mz ————-)22 "Mzo (5)

where -—Ml- and —MZ' represent chains ending in monomer unit M1 and
Mz respectively. The k's are the characteristic propagation rate con-
stants for each of these propagation reactions, Accordingly, the rates

of disappearance of 1\/I1 and M2 by incorporation in the copolymers are

given by:
- d(Mjydt = K37 (Mp.) (M1) + ka1 (M2.) (M) (6)
- d(Mp)/dt =kgp (Mg.) (Mg)+ kg (Mj.) (Mp) (6%)

Also, since we are dealing with radicals as low-concentration inter-
mediates, and since chains are long so that the major path by which
radicals M;. and M2° are formed and destroyed is by interconversion
of one into the other, we may write the steady-~state expression

d(M, )/dt =d(M,.)/dt =kp1(Mg.) (M]) = kyy (M) (Mg) =0 (7)
By defining r; = kj3/kjg and ry =k22/k21, and combining Egs. (6),
(6*), and (7), it can be shown that the composition of the copolymer
being formed at any instant is given by

aMy) _ (M) | ry(My) + (Mp)
d(MZ) (Mz) (Ml) + rZ(Mz)

(8)

Equation (8) relates the composition of the copolymer being formed at

any instant to the monomer concentrations (M;) and (MZ) in the feed
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7.

by means of two parameters rj and rj. Here ry and rp are the monomer
reactivity ratios characteristic of the particular monomer pair. The
ratio of the rates of addition of the two monomers is also the ratio

of the molar concentrations of the two monomers in the resulting
copolymer., If we denote this ration by ml/mz, we may now rewrite
the above differential form of the copolymer composition equation in

the form:

ml (Ml) . N (M1)+ (Mz)

_ (9)
my  (Mp) 1y (Mg) 4 (My)

It must be emphasized that this form of the equation is valid
only for the composition of the initial copolymer formed at monomer
concentrations (M;) and (Mz). However, Eq. (8) in the differential
form is valid at any conversion for relating the instantaneously forming
copolymer with the instantaneous monomer composition,

The relative reactivity ratios, r; and rp, which appear in Eq. (9)
can be computed from the composition of the copolymer formed in a
series of mixtures containing different percentages of the two monomers
when the per cent of the monomer polymerized (yield or conversion) is
kept low, eg., less than 10 per cent, At this low conversiony,
when the reactivities of the two monomers are not vastly different,
the concentrations of the monomers in the polymerizing mixture are
substantially constant, and may be assumed to be equal to the initial
concentrations., The composition of the polymers must be measured

accurately to obtain reliable values of r; and rp — poor analytical
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8.

data account for many of the inconsistencies in reported r-values,

B. Experimental Evaluation of the Monomer Reactivity Ratios.

There are several different methods far computing the values of

r; and rp. Equation (9) can be rewritten as:
r2'=(_1\f_1_) 2 ( 1+ 1 (M)
(M2) m; — =1 (10)

This equation shows rp as a linear function of ry and each experiment °*
with a given feed gives a straight line; the intersection of several of
these allows the evaluation of r; and ry. Figure 1 gives a typical

plot for such a determination for the copolymerization of styrene and
methyl methacrylatelo. If experimental errors are high, the lines may
not intersect in a single point: the region within which the intersection
occur gives information about the precision of the experimental results,

Another method was developed by Fineman and Rossg. Substitu-

ting F for (Ml)/ (M;) and f for m3/my into Eq. (9) gives the following

results:
f = F _I:_l_F_i_l_. (11)
F'+rp
The equation is then rearranged to give:
(f - 1)/F=11 - 1y (&/F?) (12)
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1,0 F
)
S
0.5 }
0.0 |
i i\ 4
O°O N 0.5 1.0

Figure 1. Intersect Plot for Copolymerization of Styr%ne (r1=0.53)
and Methyl Methacrylate (r2 = 0.,49) at 60°C,

1.0 -

-4.0 'y i [ I

0.0 2.0 4.0 6.0 8.0

Figure 2. Fineman-Ross Plot for Copolymerization of Styrene (r1=0.,52)
and Methyl Methacrylate (ry =0.49) at 60°C.
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10.

Equation (12) states that a plot of (f - 1)/F against £/]E‘2 is linear,
and that the slope of the plot equals -rp and the intercept equals rj.
A least squares analysis can be carmried out to determine the line of
the best fit through the experimental points. The use of Eq. (12) to
calculate the relative reactivity ratios is illustrated in Figure 2 for
the copolymerization of styrene and methyl methylacrylate}0

A third method of analyzing the data is the direct curve fitting
on polymer-monomer composition plots. This is a less precise method,
since the composition curve is rather insensitive to small changes in
ry and r2.

If the conversions are so high that an appreciable drift in monomer
concentration occurs, corrections have to be made., One way of doing
this is as follows. The chemical analysis of the copolymer gives the
average composition, rather than the composition of the initial copolymer,
This average copolymer composition is now plotted against the average
monomer composition during the reaction, rather than against the ini-
tial monomer composition. This comrection appears to be fairly satis-
factory for small drifts in composition, but certainly can not account
for large drifts. A more elaborate method has been developed by Mayo
and Lewis.6 They obtained the following integrated copolymer compo-

sition equation:

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



11,

where P= ( 1 - r})/(1 - ry), M} and M% are the initial molar concen-
trations of the two monomers, and M1 and M2 are their concentrations

at the time when copolymerization is stopped and the sample is withdrawn.
The r; and ry can then be evaluated graphically or through use of a
computer11 from composition-conversion data. However, if it is desired
to calculate the change in copolymer composition with conversion for a
system in which ry and ro are known, the most convenient method is a

numerical a graphical one developed by Skeist.12

(M) + (My)
In —

—

(M) + (M3) x, - M,

In this equation X4 represents the instantaneous mole fracticm of mono~- .-
mer M;j in the copolymer which is formed when the mole fraction of
monomer one is M1 (monomer one, Ml' is assumed to be the more

reactive of the two monomers.). The ratio;. ( (Ml) + (Mz) Y/
( (M‘l)) + (Mg) ), is the ratio of the total number of moles of mixed
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monomers, which remain unreacted to the total number of moles of
mixed monomers which were present initially, The symbol (M)
refers to number of moles and the symbol M refers to mole fraction.
Copolymerization equations for systems of more than two mono-
" mers have been derived,13 and several experimental studies of copoly-
merizations involving three monomers14 have been reported. Six
reactivity ratios are required for treatmenf of the composition in a

three component systems.

C. lication of the Co mer C osi

Systems.,

Up to now the discussion has been only about monomers con-
taining one vinyl group or those unsaturated compounds which gen-
erally react to add only one monarer. The copolymer equation was
revised by Alfrey and coworkers!® for the vinyl-divinyl copolymeri-
zation, in which one of the monomers is a symmetrical divinyl
compound, The equation is:

d(Ml)_(Ml) T (M;) + 2(M,)
2rg (Mz) + (M)

= (13)
d(Mp)  2(M,)

where (Ml) and (Mz) represent the molar concentrations of the mono-
vinyl and divinyl compound in the feed, and d(Ml) and d(Mz) the
molar concentrations of the monovinyl and divinyl monomer respec-

tively in the instantaneous copolymer., At low conversion the above
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13.

equation can be rewritten as follows:

my =(M1) . (M;) + Z(Mz) (14)
my  2(Mp) 2rp (Mp)+ (M)
or r,= (M1) [mg (M)
25 —— | — - —_— - 1
2(M,) | m; (1+r1 2(M) L @9

In the use of this equation there was a question as to whether
the proper value to be used for mjp is one-half that of the analytically
determined per cent of divinyl monomer in the copolymer, as previously

suggested by Alfrey et al. .15

or the whole value.,

Wiley and coworkers 16, 17, 18 have determined the reactivity
ratios of the three divinylbenzene isomers and ethylene glycol
dimethacrylate copolymerized with styrene using equation (15). They
concluded that the above equation could be used to evaluate the
monomer reactivity ratios of independent symmetrical divinyl monomers
only when the mole percent of divinyl monomer in the copolymer was
used for my, but not mz/Z. However, they always lacked a defini-
tive solution of the copolymerization equation fa the styrene-para-
divinybenzene system.,

The experimental techniques used in the determination of reac-
tivity ratios in peroxide initiated copolymerization are usually relatively

simple. The method used in the present work, for all of the monomer

pairs, consist of sealing weighed amounts of the two monomers in an
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14,

evacuated tube with the desired amount of benzoyl peroxide. The
polymerizations are camied out in a constant-temperature bath and
the reactions are stopped before 10 per cent conversion is reached.
The copolymer is isolated from the reaction mixture by precipitation
of the polymers with a nonsolvent., The polymers are redissolved or
swollen in a proper solvent and reprecipitated with a nonsolvent.
This proced ure is repeated several times until the polymer is free
from monomers, and then the polymer is dried in a vacuum oven.,

A freeze-drying technique can be used to isolate the polymer in a
dried form. By weighing the dried polymer, the yield is obtained.
The compositions o copolymers are then analyzed chemically or
physically, and the r) and ry values are computed.

The composition of copolymer has been determined by standard
elementary analysis,lg' 20 characteristic group analysis, refractive
index measurement,21 U.V. absorption spectra,zz and I.,R. absorption
spectra.23 The above mentioned analystical methods are not suffi-
ciently accurate to provide reactivity ratios of the degree of reliability
that might be desired in many cases., Pairs of isomeric monomers such
as m- and p- chlorobenzene. or methyl crotonate and methyl metha-
crylate give copolymers which show no variation in elemental compo-
sition with change in monomer ratio. The nitrogen content of poly-
acryloni‘l:rilelS is consistently found to be lower than expected and
corrections have to be made., Gilbert and Williams24 repated that

I.R. analysis of isoprene-—butadiene copolymers was not satisfactory
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where the concentration of isoprene was maofe than 50 per cent.

D. Use of Labeled Monomers,

A possible solution to this problem is the utilization of labeled
monomers for determination of the copolymer composition. The most
useful procedures for the determination of the radioactivity of polymer
samples prepared from labeled monomers are probably those based on
combustion of the polymer to carbon dioxide, which is collected in
an ionization chamber, and assayed in a vibrating reed electrometer.10
The combustion technique offers advantages in rapidity and precision

in the assay but involves destruction of the sample and requires

quantitative combustion of the polymer.

E. Significance of the Values of Iy and rqp.

Since the rate constants for initiation and termination do noat
appear in the copolymer composition equation, the composition of
the copolymer is independent of over-all reaction rate and initiator
concentration. Moreover, the reactivity ratios are unaffected in most
cases by the presence of inhibitors, chain transfer agents, or solvent,
Even in heterogeneous systems they remain ‘wnchanged unless the
availability of the monomers is altered by their distribution between
phases. A change from a free’ radical to an ionic mechanism, how-

ever, changes r; and rp remarkedly, When the values of r; and ry

are available, it enables us to look into the relative reactivity of the

radicals-~-usually the arder of reactivity of the radicals is the
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reverse of that for the monomers, hence the nature of the propagation
step and the structure of the copolymer,

Wa118 paid attention to the close analogy between the copolymer-
monomer mixture composition relationships and wvapor-liquid equilibria -
in binary systems. He introduced the term ideal copolymerization for
the case Tyely = 1, in recognition of the analogy to vapor-liquid
equilibria for ideal liquid mixtures. When rl)l, the polymer is richer
in M1 than in the monomer feed. For r{(1l, the opposite nolds. It
is also apparent that the end group on the growing chain has no in-
fluence on the rate of addition, and the two types of units are arranged
at random along the chain in relatilve amounts determined by the compo-
sition of the feed and the relative reactivities of the two monomers,
The copolymer equation reduces to dMl/dM2 = rl’Ml/Mz-

If r1r2> 1, the tendency for radicals of a given kind to regenerate
themselves by the addition of a like unit exceeds their tendency for
alternation, Such a copolymer would contain sequences of like units
in greater abundance than in a random copolymer of the same composi-
tion, and this tendency favoring sequences should be greater the
larger the product rjrp. Wiley and coworkers!8 found that the riro
product is greater than 1 in styrene-para-divinyl-benzene copolymeri-

zation and rationalized it in terms of block-polymerization, If

=1, = 0, each radical prefers to react exclusively with the other

monomer and the monomers altemate regularly along the chain regardless
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of the composition of the monomer feed., The copolymer equation
simplifies to dMj/dMy =1, The last possibility, with both r; and

ro greater than unity, would exist if each radical preferred to add its
own monomer: in the extreme, the two monomers would simultaneously
homopolymerize, Very few cases are known so far, Most observed
copolymerizations lie between the ideal and the alternating systems,
i.e., O(rlrzd. There is at best but few established instances of
free radical polymerization in which the product rjrp is significantly

greater than unity.

F. The Q and e Scheme,

Mayo and Walling25 suggested the existence of a semiquanti-
tative relationship between alternation and the polar properties of the
monomers involved. The manner in which such polar effects bring
about changes in the rates of radical addition reactions has received
a good deal of discussion which parallels closely similar consideration
of the detailed mechanism by which electron supply and withdrawal
influence:: the rates of strictly polar reactionse.

In addition to such polar effects, it has been sugges't:ed19

that,
at least in strongly alternating systems, the energy of the transition
state may be lowered by the participation of resonance structures in
which electron transfer has occurred between radical and olefin, In

an attempt to explain the alternating copolymer of styrene and maleic

anhydride Bartlett and Nozaki26 analyzed a charge-~transfer complex
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which, they claimed, was the reactive intermediate. This work was
later supported by Ba1b.27 Complexes of series of substituted styrenes
and maleic anhydride, and their comresponding alternating copolymers
were studied by Walling and his coworkers.19 These researchers con-
cluded that the complexes were determining the nature of the polymeric
products of free-radical initiations, Recently, charge-transfer com-
plexes in solutions of comonomers such as divinyl ether and maleic
anhydride28 have been identified by use of U,V. spectroscopy. Of
course, steric effects also contribute to the tendency of some monomer
to alternate.

An interesting quantitative attempt to relate the concepts of polar
effects, together with that of over-all reactivity associated with reson-
ance stabilization has been made by Alfrey and Price.29 They ex-
pressed the rate constant far the reactimof a Mj. radical with My

monomer in the form:

kiz = P1Qp  Sx@(-e18) (16)

where P; is the general reactivity of the radical Ml" Qz is a quantity
related to the reactivity and the resonance stablization of the monomer
Mjy, and e and e, are considered to be proportional to the residual
electrostatic charges in the respective reacting groups and related to

the charges on Mj. and M, respectively by the relation:

-1/2
ey= Cy( (DKT ) * (17)
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where C1 is the actual charge on Ml" r the separation of the charges
in the activated complex, D the "effective" dielectric constant, k the
Boltzmann constant, the T the absolute terﬁperature. If it is further
assumed that the same e; applies both to the monomer Mj and to the
radical Mj., the rate canstant far the reaction of M;. with M,

becomes

k11= P].Ql Y exp(—elz) (18)

From the definitions of the monomer reactivity ratios and Egs. (16)

and (18), it follows that

r; = (Ql/QZ) exp {-el(el-ez)) (19)
rg = (Qy/Q,) exp | -e,(ey-e)] (20)
and Iyely =E€Xp \-(el-ez)z} (21)

Originally, Q and e were chosen for styrene as 1 and -1, re-~
spectively. Subsequently, Price has changed this base to 1.0 and
-0,8 as giving a series of Q values for monomers in better accard
with his experiments., Hence, assigning two parameters, a Q and an
e, to each of a set of comonomers, it is possible to calculate reac-
tivity ratios ry and ryp for any pair. In consideration of the huge
number of monomer pairs which may be selected from large number of
monomers the advantages of such a scheme over copolymerization ex~
periments on each pair are ocbvious,

However, the above derivation has been criticized on theoretical

grounds, In the first place, there is no a priori justification for the
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assumption that the alternating effect arises solely from electrostatic
interaction between fixed charges and far assuming equal charges for
monomer and derived radical. If this is the case, the alternating
effect should depend on the reaction medium, ie., on its dielectric
constant. This has not been found to be the case.25 The second is
that Egs. (19) and (20) do not uniquely define Q and e fa any mono-
mer, Rather, they must be arbitrarily chosen far one monomer and

the remainder of the system built up on this base as mentioned before.

Furthermore, the steric factors are not accommodated in the Q-e scheme,

G. Application of Molecular Orbital Theory.

More recently attempts have been made to formulate a rigorous
theoretical basis for predicting monomer reactivity in copolymerization.
Evans et al.30 calculated the activation energies of the various
radical-monomer addition reactions using Molecular Orbital Theory
under the assumption that fa a series of similar monomers the entropy
of activation is apmoximately equal, and they concluded that high
monomer reactivity correlates with a substantial gain in resonace
stabilization upon addition of monomer to radicals TFurther they made
the suggestion that the Q value of a monomer can be identified with
the quantity exp {(RA-RM)/RT} , wWhere RM and Rp are the resonace
energies of monomer and radical adduct, respectively. In another
approach Hayashi et a1.31' 32 have calculated the pi conjucation

energy in radicalMmonomer systems by using a LCAO molecular orbital
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technique and showed that the monomer reactivity ratios agreed well
with reported values. The pi energies of several vinyl compounds
have been determined by Fueno et al.,33 and correlations were shown
between the beta carbon localization energies and methyl affinities
of vinyl compounds. These workers suggest that there is a relation-
ship between P and Q amd the localization energies of radical and
monomer, and that the eje, product is probably related to the reso-
nance stabilization energy in the transition state between monomer
and radical adduct. Recently Levinson34 has improved the approach
of Hayashi, and included resonace and polar factors in his approach.
He showed the parallelism between the e value and the electron af-
finity of a monomer and between the Q value and the localization
energy. Even though the above calculation methods of monomer re-
activity ratios give quite satisfactory results, it may be noted that

these methods differ by a factor of 2 to 3.

H, Application of the Hammett Equation.

Hammeitstound that, for many polar reactions, the ratio of the
rate or equilibrium constant for a meta or para substituted benzene
derivative to that of the unsubstituted derivative could be given as the
product of two parameters, rho, which is specific for the reaction, and
sigma, specific for the substituent, and this can be expressed as

follows:

log (K/K))= Q¢ (22)
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In order to examine this relationship for a radical reaction,
Walling, Mayc & al.19 have studied a correlation between the
¢- value of a substituted styrene and the reactivity with the styrene
type of free radical. It was found that the plot of the logarithms of
the relative reactivities against the Hammett ¢ - values for the par-
ticular substituents fitted to a straight line with an approximate slope
of 0,51, However, styrenes with electron-supplying groups, especial-
ly para-dimethylamino and para-methoxy groups, showed abnormally
enhanced reactivities and deviated considerably from the line. The
same scheme was extended for the reactions of the substituted styrenes
with the methyl methacrylate radical and the plots of log (1/r)
versus Hammett's ¢ -values fell on a reasonably good straight line
(slope of 0.33) with the exception of para-methyl-, para-dimethyl-
amino-, and para-methoxystyrene,

Recently Wiley et al.36

redetermined the monomer reactivity
ratios of the styrene-para-dimethylaminostyrene, styrene-para=methoxy-
styrene, styrene-meta-methylstyrene, and styrene-para-methylstyrene
pairs using radioactivity assay for copolymer analysis., They found
that a plot of log reactivity ratios against the sigma values for the
ionization of substituted benzoic acid gives a plot with two linear
regions of different slope., Below 0,0 sigma (electron danor sub-
stituents) the slope is zero., From this observation they concluded

that electrostatic effects operate differently in determining the reac-

tivity of styrene radicals with electron donor substituents than they
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do in determining the reactivity of styrene radicals with electron at-

tracting substituents,

I. Statistical Distribution of a Monomer Unit in Copolymer,

Sakaguchi37 has derived the following relationships for ascertain-
ing the sequential distribution of syndiotactic and isotactic units in

a polymer:

n n-1
T fiso ry
ns 5 (23)
(14r7) 1417
A m-1
G =fis0 1+ _m-1 o (24)
l+r1 l+r1

where Fj is the fraction of polymer chains in blocks of isotactic units

n long, fijso is the total fraction of isotactic structure in the polymer,

Gy, is the fraction of polymer chains existing in blocks of isotactic

units equal to m and longer than m, and r; is a pseudo-reactivity

ratio for the isotactic units. A similar expression exists for syndio-

tactic units. By appropriate manipultation Eqs. (23) and (24) were
38

altered by Berger so as to apply for copolymers in general and thus

be compatible with the copolymer equation.

fos
i
et

(25) F__ f1-" MM 11

B 2
{r+ (M}/M,) 11} 1+(M/M,) 1y
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(26) n-1

m - 1 (M3/Mj) 11

1+ (M/My) 1y 1+ (My/M,) 1

where Ml’ and M 2 are mole or mole fractions of monomers in the

feed and F; the mole fraction of M; in the growing chain or copolymer
formed. F,, now means the fraction of polymer existing in blocks of
monomer Mj units n long. G, is the fraction of polymer existing in
M] units of m and longer. There are corresponding equations for Mjy.
Equation (25) tells us that if ry is constant, T, is proportional to the
mole fraction of monomer Ml in the growing chain.

Wiley and coworkers have studied the polymerization and coply-
merization characteristics of divinylbenzene isomers in some detail.
For the ortho-divinylbenzene and styrene copolymerization system,
noncrosslinked copolymers were obtained, based on their solubility.]‘7
They appeared to have approximately one double-bond per divinylbenzene
unit, based on the infrared absorption characteristics. This particular
behavior of ortho-divinylbenzene indicates that the two vinyl groups

therein are nonplanar, as is consistent with NMR clata?’9

for the isomers,
and that one of vinyl groups does not copolymerize, Fa the meta
isomer copolymerization with styrene the monomer reactivity ratio

18 At low

values obtained at different conversion levels are different.
conversions ry (styrene) is lower than ry (meta-divinylbenzene); at

high conversions Ty is lower than ry. The latter fact was rationalized
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by the increased participation of the second of the divinyl units in
the high~conversion copolymer. In the para-divinylbenzene case, no
well-defined monomer reactivity ratios could be obtained in its copoly-

merization with styrene, and the product of the best selected ry and

ry values was greater than unity.ls' 40 They explained this fact in

terms of block-polymerization tendencies, and this was proved by

several other experiments, for example, rates studies of sulfonation

of polystyrene crosslinked with meta- and para—divinylbenzenes,41

pyrolytic degradation kinetic studies of copolymers of styrene with

42

meta- and para-divinylbenzenes, and mass spectroscopic characteri-

zation of the divinylbenzene-styrene copolymers. 43
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Standard Cl4-1abe1ed Monomers

Methyl—Cl4 methacrylate was supplied by Tracerlab, Inc, with
a specific activity of 0.34 millicurie/millimole, The sample con-
tained 293.9 milligrams (0.314 ml,) with a total activity of 1.0 millt-
curie and was stabilized with hydroquinone. This sample was diluted
with 450 volumes of freshly distilled unlabeled methyl methacrylate
(Eastman Org. Chemicals), nIZDO 1,4135 (Literature value,44 1,4136),
and was stared under nitrogen at -10°C with a small quantity of
2,6 -di-tert-butyl-para-cresol as a stabilizer until used, This diluted
sample was used foar the copolymerizations with meta- and para-
divinylbenzenes.

Dilutions were carried out under nitrogen atmosphere in a poly-
ethylene bag and a well ventilated hood., The calculated amount of
unlabeled methyl methacrylate (141 ml,) was added to a 500 ml,
brown bottle, the sealed glass tube containing C14—labe1ed methyl
methacrylate was rinsed with unlabeled methyl methacrylate, and
placed in the dilution bottle which was being flushed with nitrogen.

A heavy glass rod, which was rinsed with unlabled methyl metha-
crylate, was introduced into the bottle touching the sealed tube.
The rod was tapped gently with a hammer breaking the tube containing

14

the Cl4-labeled methyl methacrylate. The diluted methyl-C~* metha-

crylate, thus obtained, was stabilized with the cresol used before and
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the sample was stored under nitrogen atmosphere in a deep freeze at
~10°C. This diluted sample had a specific activity of about 7.6x107!
microcurie per millimole. The second diluted labeled methyl methacryl-
ate was obtained by diluting 54 ml, of the first diluted methyl--C14
methacrylate prepared above to 60 ml., with unlabeled methyl methacryl-
ate to give about 6.84 x 10"1 microcurie per millimole and stored
under the same condition as used for the first sample, This second
sample was used for the copolymerizations of methyl methacrylate and
para-isopropylstyrene, The prepared samples were allowed to set two
or three days to reach equilibrium before using., All labeled monomers
were kept under nitrogen atmosphere and their containers were opened
only at room temperature.

Styrene—B—Cl4, prepared and supplied by Tracerlab, Inc. with
a specific activity of 0.17 millicuri/millimole, contained 612,7 mg.
and had total activity of 1.0 millicurie. This sample was stabilized
with picric acid. A quantity of unlabeled styrene supplied by Baker
Chemical Co. was puwrified by vacuum distillation in which the middle
fraction, n]Z:)0 1.5467 (Literature value,4% 1,5465) was collected and
used for the dilution of labeled monomer., St:yrene-B—C14 (0.665 mil,)
was diluted with 210 volumes (140 ml,) of freshly distilled unlabeled
styrene. This diluted styrene-B—C14 had about the specific activity
of 5.2 x 10 ~1 microcurie/millimole. This dilution was carried out
in the same manner as with cl4-labeled methyl methacrylate and

stored under the same condition used for diluted labeled methyl
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methacrylate. The sample was used for the copolymerizations of styrene

and para-isopropylstyrene,

Divinylbenzenes

‘meta-Divinylbenzene was prepared and supplied by Centre de
Recherches dv Groupe Petrofina, Bruxelles with purity of 954+ % and
was stabilized with 0,25 % tert~butylcatechol. The majar impurity
was found to be meta~ethylvinylbenzene by gas chromatographic ana-
lysis. This sample was purified using apreparative vapor fractometer
(Perkin-Elmer Model 154) and Bentone* column., The compositon of
the column support and the preparation of the fractionation column
were described in detall earlier,%® and the exact same procedures _
were followed in this experiment., As a result of several preliminary
experiments, it was decided to use a temperature of 150°C and a
helium carmrier gas pressure of 15 psi, as the retention time of meta-
divinylbenzene seemed quite reasonable with good resolution between
meta-divinylbenzene and the impurity (ethylvinylbenzene) peaks.
Under these conditions 2 ml, of impure meta-divinylbenzene solution
in benzene (2:3) was injected and the meta-divinylbenzene part was
collected, The meta-divinylbenzene thus obtained was 99.5 + % pure
by gas chromatographic analysis using a Perkin~Elner R column
(polypropylene glycol on chromosorb-W) and flame ionization detectar

(Figure 3). The purity was calculated by taking a small shoulder at

*An organo-clay whose composition is described as dimethyl
dioctadecyl ammonium bentonite,
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the tail part of m-divinylbenzene peak as that from a possible impurity
(p-divinylbenzene)., This material was stored under nitrogen at -10°C
with a small quantity of the stabilizer 2,6-di-tert-butyl-para-cresol
until used,

para-Divinylbenzene was supplied by Cosden Chemical Co. with
the purity of about 92 %. This para-divinylbenzene was dissolved
in equal part of benzene and 2 ml. of this solution was injected on
the column, The above mentioned Bentone column and column tempera-
ture of 140°C and a helium carrier gas pressure of 5 psi were used.
The purified sample had about 98,7 % of para-divinylbenzene by gas
chromatographic analysis with flame ionization detector. The para-
divinylbenzene thus obtained was dissalved in an equal amount of
benzene and purified once more by the procedure mentioned above.
The detailed procedures were described by Venkatachalam.46 Gas
chromatographic analysis showed that this sample was 99.5+ % pure
by Perkin-Elmer R column and flame ionization detector (Figure 4).
The purity of p-divinylbenzene was calculated by taking two small
shoulders, one at the beginning of the p-divinylbenzene peak and
the other at the tail part of the peak, as those from impurities,
The per cent values were determined as fraction of the sum of the

products of peak widths at half height times the peak heights,

para-lsopropylstyrene

para-Isopropylstyrene was synthesized by decarboxylation
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of para~isopropylcinnamic acid prepared from para-isopropylbenzalde-
hyde and malonic acid via the Doebner c_:9ndensation reaction. The
procedures are as follows:

1) Preparation of para-Isopropylcinnémic Acid; A mixture of 62,44 g,
(0.6 mole) of malonic acid (Eastman Org., Chemicals), 74.1 g.

(0.5 mole) or para-isopropylbenzaldehyde (Eastman Org. Chem.),

100 ml, of ethanol, and 12,5 ml, of pyridine (Fisher Scientific Co.)
was heated on a steam-bath overnight. The pasty mass was broken
up, and 200 ml. of 1 N hydrochloric: acid was added. Mixing well,
the precipitates were filtered off and washed with cold n-heptane..
The product obtained was recrystallized from ethanol. The yield was
49,3 g. (0.26 mole; 52%) and the melting point was 157.5 - 159°C
(Literature value,48 157 - 1590). Neutralization equivalent of this
acid was found to be 188,.6 (calculated value for C312H1402 is 190).
2) Decarboxylation of para-Isopropylcinnamic Acid; Sixty-five grams
(0.34:mole) of the above acid was dissolved in 220 ml, of quinoline
(Baker Analyzed reagent) and 7 g. of copper acetate (Baker Analyzed
reagent) was added. The solution was added dropwise to a 250 ml,
three neck flask which contained 7 g. of purified copper powder

{Baker Chemical Co.), 25 ml, of quinoline, The flask was fitted

with a stirrer and a distillation assembly, and preheated to 270°C

on the wood metal bath. A small quantity of inhibitor (2,6-di-tert-

butyl-p-cresol) was added to the reaction flask and to the receiver,
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The entire operation was carried out under a steady flow of nitrogen.,
After all the acid mixture was added, another 25 ml. of quincline
was added and the distillation was stopped. An equal volume of cold
20% sulfuric acid was added to the distillate, to which small pieces
of ice had been added, and the mixture was shaken thoroughly. The
upper layer containing para-isopropylstyrene was separated and washed
twice with 3 N, sodium hydroxide and twice with distilled water,
Additional product could be obtained from the quinoline layer by ex-
tracting with chloroform, The washed crude product was dried over
sodium sulfate and was kept at - 10°C under nitrogen atmosphere.
The dried para-isopropylstyrene was vacuum distilled under nitrogen.
The vapor chromatographic analysis with Perkin-Elmer flame ionization
detector and anR column showed the material to be 100% pure. The
yield was 45.2 g. (0.31 mole: 91%, calculated as para-isopropyl-

cinnamic acid).

Initiator

In all polymerizations and copolymerizations solid benzoyl
peroxide was used as the initiator. Benzoyl peroxide supplied by
Fisher Scientific Co. was purified by methanol precipitation from con-
centrated chloroform solution, It was very carefully dried under

vacuums.
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Preparation of Standard cl4-labeled Polymers
14

Standard polymethyl-C methacrylates were prepared in the same
manner as will be described later in the next section, "Copolymer
Preparation, "

After distillation of 1.,50602 g, of the first dilution of methyl-

C14

methacrylate (specific activity of about 7.60 x 10-! microcurie/
millimole) into a reaction cell, 0.2 weight per cent of solid benzoyl
peroxide was added. The cell was degassed, sealed under vacuum,
and placed in a 70°C comnstant temperature bath for about 30 minutes.
The polymer was purified four times as will be described later, freeze
dried, and dried to a constant weight for 48 hours in a vacuum oven
at 40°C and 1 mm. pressure. The polymer sample was removed from
the oven for weighing after 24 hours and every 8 hours after. It was
found that the weight recorded after 48 hours drying was the same that
recorded after 32 and 40 hours within+ 0.00002g, This polymer was
used as a standard far the analyses of the copolymers of methyl
methacrylate and meta- and para-divinylbenzene.

The second polymethyl-C14 methacrylate standard, which was
used as standard for the analyses of the methyl methacrylate-para-
isopropylstyrene copolymers, was prepared by using 1.91245 g. of
the second dilution of methyl—C14 methacrylate monomer and 0.1 per
cent by weight of solid benzoyl peroxide. Polymerization was carried
out at 70°C in constant temperature bath for 62 minutes., The purifi-

cation and freeze drying procedures will be described later in the
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next section "Copolymer Preparation." The polymer was dried to a con-
stant weight for 48 hours in a vacuufn oven at 40°C and 1 mm. pres-
sure.

Previously diluted styrene--B—C14 was vacuum distilled into a re-
action cell by the procedure which will also be found in the next
"Copolymer Preparation"section. Polymerization was carried out in
a 70°C constant temperature bat'h for 64 minutes by using 1.38520 g.
of diluted styrene-B-Cl4 and 0.1 per cent by weight of solid benzoyl
peroxide as initiator. This polystyrene--B—C14 standard was used as

a standard for the analyses of styrene-para-isopropylstyrene copolymers.,

Copolymer Preparation

All work performed with the cl4-jabeled monomers was carried
out in a well=ventilated hood. The general mocedures for copolymer
preparations will be described; variations for certain copolymer pre-
parations will be explained under the particular copolymer heading,

A stainless steel tray, with 1.5 inches depth, 20,5 inches width,
and 32.5 inches length, was covered with thin aluminum foil and
used to work on, The covered tray was lined with blotting paper.
The paper and the aluminum foil were replaced frequently., Handling,
cleaning of contaminated glassware, and disposal of waste were
carried out accarding to the directions given by Overman and Clark47

on radiological safety. All of the polymerization and copolymerization

reactions were camried out in a heavy-walled Pyrex tubes similar to
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those suggested by Alfrey et a\l..15 Small rubber stoppers were used

to stopper the cells, The reaction cell was connected to a vacuum
system as shown in Figure 5. This vacuum system was used to dis-
till volatile monomers directly into polymerization cells at room tempera-
ture just prior to polymerizations. Less volatile monomers (divinyl-
benzenes) were vacuum distilled in a microdistillation apparatus under
nitrogen just prior to polymerization and transferred into the reaction
cells with a long dropper under a blanket of nitrogen,

The Cl4-labeled monomer, which was diluted as described earl-
ier under the section "Standard Cl4-labeled Monomer," was placed in
a 15 ml. graduated céntrifuge tube at B and the other fnonomer in a
similar tube at C as shown in Figure 5, All monomers were stored
under nitrogen and the vacuum system was flushed with nitrogen prior
to attaching the centrifuge tubes containing monomers. Each monomer
was degassed by the following procedure: fhe stopcock to the monomer
tube was closed; and the contents were frozen either in liquid nitrogen
or in a dry ice-acetone mixture. The remainder of the vacuum line
was evacuated and the stopcock leading to the monomer tube was
opened for about five minutes while keeping the monomer frozen.
Closing the stopcock the frozen monomer was allowed to melt at room
temperature one or two minutes; this process could be hastened by im-
mersing the cell in a beaker of water at room temperature, The monomer
was then refrozen, degassed, and remelted, The process was repeated

at least four times, After degassing the stopcocks at B and C were
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kept closed, A weighed reaction cell was connected to the vacuum
line at A, After evacuating for 15 minutes, the reaction cell was
immersed in either liquid nitrogen or dry ice-acetone mixture. Stop-
cock D was closed and stopcock C was opened slowly, in order to
avoid bumping, until distillation started. After the proper amount of
monomer was distilled into the reaction cell, stopcocks A and C were
closed and D was opened, After the contents of the reaction cell were
allowed to melt at room temperature, the reaction cell was filled with
nitrogen, and then removed from the vacuum line and stoppered. The
vacuum grease on the ground glass joint of the reaction cell was re~
moved with a pece of tissue paper dampened with benzene, After
weighing the reaction cell was greased again and connected to the
vacuum line at A under a continuous nitrogen stream.,

Approximately the required amount of the second monomer was
distilled into the reaction cell through the stopcock B, and weighed
as was described before for the first monomer., The appropriate amount
of solid benzoyl peroxide was added into the reaction cell, After
reconnection of the reaction cell to the vacuum line, stopcock A and
nitrogen inlet were closed. The contents of the cell were frozen
in liquid nitrogen a dry ice-acetone mixture, stopcocks D énd A were
reopened, After .evacuating the reaction cell for five minutes, stop-
cock A was closed, and the contents were allowed to melt at room
temperature, The contents were refrozen. This degassing process

was repeated three times. The contents in the reaction cell were
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frozen and the stopcock A was opened. The reaction cell was sealed
about 2 inches below the ground glass joint unde vacuum by using
a small flame from a torch while stopcock A was closed,

The contents of the cells were polymerized to less than ten per
cent conversions (exact conversions are given in Tables6-10) in a
constant temperature bath maintained at 70°C. Trial runs with non-
labeled monomers were carried out in order to determine the lengths
of time needed to obtain conversions of less than 10 per cent., After
polymerization the cell was removed from the bath and quickly frozen
in a dry ice-acetone mixture or in liquid nitrogen. The cell was then
etched with a file on the neck and was broken open. The contents
were carefully transferred to a 15 ml. cetrifuge tube which had been
weighed, The polymerization cell was rinsed three times with approxi-
mately 0.5 ml, of benzene each time and the rinses were added to the
cintrifuge tube. About 10 ml. of methanol was added to the centrifuge
tube to precipitate the polymer or copolymer formed, and the contents
of the tube were thoroughly mixed by a pointed stainless steel spatula.
After centrifuging the tube at approximately 4000 r.p.m, on an Interna-
tional Clinical Centrifuge far ten to twenty minutes, the supernatant
liquid was decanted into a special container for radioactive waste and
disposed of at a later time, The precipitated polymer or copolymer
was redissolved in a minimum amount of benzene (approximately one
to two milliliters). The crosslinked copolymers from the copolymeriza-

tions with divinylbenzenes could not be diséolved, but were swollen
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in benzene, It was then reprecipitated with methanol as before and
centrifuged, This process was repeated four to five times to remove
all unreacted monomers. After final decantation the contents of the
centrifuge tube were redissolved or suspended in about one to two
milliliters of benzene., The tube was then rolled in a nearly hori-~
zontal position on a bed of fine dry ice allowing a relatively uniform
distribution of the frozen contents on the wall of the centrifuge tube,
After freezing the contents thoroughly and covering the tube mouth
with filter paper the tube was placed in a vacuum dessicator and a
vacuum was applied immediately. The filter paper cover was used

to prevent the loss which might occur from bumping dwuring evacuation
of the dessicators A 0,1 mm, vacuum was applied to the dessicator
for at least four hours to remove the benzene leaving the copolymer in
an essentially-dried form. The tube was then dried to a constant
weight in a vacuum oven at 40°C and 1 mm,. pressure. The tube was
cooled to room temperature, weighed, and the copolymer weight was
cietermined. The yield was determined by dividing the weight of the
copolymer produced by the total weight of the two monomers used.
Determination of reactivity ratios was accomplished by preparing at
least five duplicate samples of the monomer pairs with different mono-

mer feed composition.

Copolymerization Reactions

1) Methyl Methacrylate and m~-Divinylbenzene
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meta-Divinylbenzene was prepared as mentioned earlier. A quantity
of meta-divinylbenzene was washed three times with 1 N, KOH and
with distilled water, dried over calcium chloride, and vacuum distilled
in a microdistillation apparatus. The middle fréction, b.p. 34°C/ 1 mm,,

16, 49

nI2)4 1,5755 (Literature values, 34°C/1mm. and n]235 1.5754), was

used for the preparation of seven copolymers of meta-divinylbenzene and

14 methacrylate, meta-Divinylbenzene was

the first standard methyl-C
placed in the reaction cells with a Pasteur pipette under a blanket of
nitrogen and was degassed, Methyl methacrylate was distilled into
the reaction cell by using the vacuum line as described under "Copoly-
mer Preparation" section. Solid benzoyl peroxide (0.2% by weight of
the monomers) Was used as the intiator. The monomer mixtures were
degassed, sealed under vacuum, and polymerized at 70°C for 30 to

100 minutes giving 3 to 6.5% of copolymer, The copolymers were
isolated and dried as described before, Analyses of copolymers were
carried out (as weill be described later under the section "Analysis

and Determination of Activity of Standard cl4-japeled Polymers) by

using the vibrating reed electrometer-ionization chamber radioactivity

assay technique. Data and results are shown in Table 6.

2) Methyl Methacrylate and p~Divinylbenzene
para-Divinylbenzene which had been prepared as described
earlier was washed, dried, and distilled twice in a manner similar

to that used for meta-divinylbenzene., The middle fraction, m.p.
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29.7°C, ny’ 1,5855 (Liter ature values,ls’ 49

29,5-30°C and 1.5857),
in the second distillation was placed in the reaction cells with a
Pasteur pipette under a nitrogen blanket. Six copolymers of methyl
methacrylate and para-divinylbenzene were prepared by using the first
standard methyl—C14 methacrylate, Polymerization was carried out

at 70°C with 0.1% of solid benzoyl peroxide by weight of monomers
as the initiator for 10 to 55 minutes giving copolymer yields of 1 to
3%. Purification and drying methods of the copolymers were described
previously. Crosslinked copolymers were swollen, but not dissolved
in benzene, The swollen copolymers were precipitated with methanol.
The process was repeated at least five times. Analysis was carried
out in the same manne as will be described in the next section.

Data and results are shown in Table 7.

3) Styrene and p-Isopropylstyrene

Five copolymers of styrene and para-isopropylstyrene, nEO
1.5290; b.p. 850/12mm ( Literature va.lues,50 n%‘l 1.,5190 and 450/1.3
mm), were prepared using the synthesized para-isopropylstyrene men-
tioned earlier, The vacuum line was used for the preparation of the
monomer mixture as described in "Copolymer Preparation" section.
The polymerization was carried out at 70°C with 0,1% of solid benzoyl
peroxide by weight as theinitdor and required 30 to 86 minutes to
give the conversions given in Table 8. Analytical data, which were

obtained in the same manner as will be described later in the section

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



42,

"Analysis and Determination of Activity of Standard 014-1abeled

Polymers," are included in the same Table 8.

4) Methyl Methacrylate and p-Isopropylstyrene

Six copolymers of methyl methacrylate and para-isopropylstyrene
were made by using the second standard methyl-Cl4 methacrylate
monomer. Solid benzoyl peroxide (0,1% by weight of monomers)was
used as the initiator. Polymerization was carried out at 70°C and
required 56 to 62 minutes to give the conversions of 2,5 to 4%
copolymer. The procedures for the preparation of monomer mixture
and analysis of copolyme formed were the same as the styrene-para-
isorpopylstyrene copolymerization system. The results and data are

shown in Table 10,

Analysis and Determination of Activity of Standard 014-_1Cabeled

Polymers

Two samples of the first polymethyl-C14 methacrylate standard
were analyzed for the radioactivity by the ionization chamber-vibrating
reed electrometer radioactivity assay technique ..1' 2 The samples of
the polymer were burned in a micro carbon-hydrogen combustion train
similar to the one described by Niederl and Niederl.51 An Applied
Physics Corporation Cary Model 31 vibrating reed electrome er was
used with a Honeywell Electronic 15 sirip chart chromatography

recorder, The combusion train consists of a well cleaned combustion
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tube with fillings of platinum wire, cupric oxide, lead peroxide, and

silver wire, The procedure for filling the combustion tube as described

in detail by Niederl and Niederl was employed in this experiment,
Water formed during the combustion process was removed by an

absorption tube containing magnesium perchlorate (Anhydrone; flakes

3 to 5 mm. long) which had been inserted between the capillary

ending of the combustion train and the flow meter., The ionization

chamber was connected to the flowmeter, as shown in Figure 6, to

collect the gases produced from combustion of the polymer containing

Cl4-labe1ed monomer ,

Two samples of the first polymethyl--C14 methacrylate standard
for combustion were weighed on a microbalance. Porcelain microcom-
bustion boats approximately 4mm. deep, 5mm, wide, and 17mm. long
were used for weighing and burning the polymers, the boats were
always handled with stainless steel forceps used only for this purpose,
In order to avoid moisture pick up and to get more accurate weights of
polymers, the inside of the balance was kept dry with desiccant
placed in the balance box, The boat was weighed after putting a
piece of aluminum foil under the boat on the balance pan. After
weighing the boat was filled with dried polymer. The boat, while
being filled with polymer sample, was placed in a clean plastic bag
on the stainless steel tray (which was covered with aluminum foil)

to prevent small flakes of polymer from being blown away. Copolymer
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Figure 6. Combustion Train: A Pressure release valve; B 0Oil trap; C Rubber stopper;
D Quartz combustion tube; E Furnace; F Heating mortar; G Water absorption
tube; H Gas flowmeter; I Ionization chamber,
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was carefully transferred from the centrifuge tube into the boat and
packed with the stainless steel spatula, After each use the spatula
was cleaned with dry tissue paper then with tissue paper moistened
with benzene and placed in a special disposal container in the hood
used for radioactive work. Tissue paper used for spatula cleaning
was placed in the plastic bag which was then closed at the top and
held secure with a rubber band. The bag was placed in a container
for the radioactive wastes to be disposed of later. The boat with
polymer was again placed on the balance pan which had been covered
with thin aluminum foil and was allowed to reach equilibrium for
fifteen minutes before weighing. Combustion samples ranged from
approximately 4 to 12 mg. in weight,

A combuston furnace temperature of 700°C was used. The heat-
ing mortar had a preset temperature of 175 to 180°C., Medical oxygen
containing 5% carbon dioxide was used as a combustion gas. The
gas flow rate through the combustion system was indicated by a flow-
meter, As the furnace was heating to operating temperature the flow-
meter was set about 0.l to 0.2 units to allow combustion gas to
flow slowly through the combustion train. This was done to prevent
impurities and moisture from entering the combustion train. A Cary-
Tolbert stainless steel spherical ionization chamber having a 500 ml.
capacity was used throughout this wark. After evacuating the ioni-
zation chamber for 15 to 20 minutes, it was placed in position at

the end of the combustion assembly as shown in Figure 6, The
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boat containing the weighed polymer sample was placed in the combus-
tion tube after removing the rubber stopper by using a glass rod to
push the boat to within 5 cm. of the furnace., After replacing the
stopper, the combustion gas flow rate was increased, and the needle
valve in the ionization chamber was opened slowly in such a way as
to attain a gas flow rate of about 15 ml. per minute as indicated by
a flowmeter reading of about 3.5 units.

Combustion was started by placing a hissing Bunsen burner about
10 cm., from the end of the combustion tube and gently heating the
polymer with a small flame of a microburner in ader to decompose it,
This was done carefully to avald overheating which would cause the
sample to explode leading to spattering, excess back pressure, and
possible loss of radioactive carbon dioxide. Decomposition usually
required about 10 minutes. Once the decomposition of the sample was
completed, the microburner was removed, and the Bunsen burner was
used to carry out the combustion to completion. During a period of
5 minutes the Bunsen burer was gradually moved from its: original
position to a position under the boat where it was left far an addi-
tional five minutes., Then another five minutes was used to gradually
move the burner from the boat to the furnace.

The same procedure was repeated with the Bunsen burner but
using 1,5, 2, and 1.5 minutes respectively in gaing from the original
position to one just under the boat; under the boat; and from the boat

to the furnace. The Bunsen burner was then removed, the combustion
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gas was allowed to flush the combustion train until the flowmeter
dropped to zero. A total of 40 to 50 minutes was required to com-
plete the entire decomposition and conbustion process. It was nece-
ssary, during the combustion process, to reset the flowmeter by
slightly opening the needle valve to compensate for the decrease

in gas flow rate caused by the decrease in vacuum in the ionization
chamber. When not in use the combustion train was cooled gradually
by the flowing combustion gas and then shut off from the atmosphere
before turning oif the gas.,

The ionization chamber was carefully placed on the vibrating
reed electrometer head. Three hand screws on the side of the electro-
meter head were used to hold the chamber tightly in place. The .posi—
tive terminal of two 90 wvolt batteries wired in series was connected
to the electrometer head and the negative terminal was attached to
the ionization chamber, The electrometer head was provided with a
manually operated turret switch with six positions. The switch had
a ground position, an open position, and 4 other positions in which
.condensers or resistors could be connected in series with the feed
back line of the electrometer circuit. The oondensers were designed
for use where large amounts of radioactivity would be encountered.
Resistors were designed far radioactivity determination by the high
resistance leak method., Throughout this study the open position was
used, because it was found that the:levels of radioactivity were not

sufficient to warrant use of condensecrs or resistors in this work.
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Radioactivity was determined by the rate of charge method.
The electrometer and the recorder were allowed to remain on con-
tinuously. When not used the electrometer was left on the ground
position at 30 volts. After setting the voltage selectar on the ap-
propriate scale, the turret switch was placed on the open position
and the recorder pen was allowed to travel from the 10 division to
the 90 division as shown in Figure 7. The electrometer was manually
discharged by turning the twrret switch to the ground position causing
the recorder pen to returm to zero. The procedure was repeated by
switching to the open position. The average time of one recording
ranged approximately from 3 to 15 minutes, and the recording was re-
peated five to seven times, After removal o the ionization chamber
the dust cover was replaced on the electrometer head and the chamber
was evacuated for at least 15 minutes before being used again.
Checks by determining backgrounds after evacuation showed ten
minutes were sufficient to remove all of the radioactive carbon dioxide.
The radioactive carbon dioxide was removed from the ionization chamber
by evacuation through an absorption "U" tube containing Ascarite, At’
least two analyses of each polymer weré made and the analytical values
were found to be within 1.6% of the mean of the two analyses as can
be seen in Tables 1 to 10,

A fairly uniform background could be obtained by evacuating and

filling the ionization chamber with combustion gas just prior to use.
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Background was always determined using the 30 millivolt scale until
at least five uniform recordings were obtained. Figure 8 shows a
typical background determination. When not in use the ionization

chamber was kept filled with combustion gas.

Table 1.

Analysis of First Standard Polymethyl—Cl4 Methacrylate
(Background, 0.1420mvy/sec; charge, 8000 mv,)

Sample Time, Specific Charge
No. Wt, mg, sec, rate, mv./sec,/mqg,
2 7 .99 298,54 3.3361

Average specific charge rate and standard value, 3.,3377+0.0016.

Analytical data for the first standard polymethyl-C14 methacrylate
is shown in Table 1. The background count is the average of 7 readings
and 2 determinations., The average chart advancements in inches, were
multiplied by 120 to obtain time in seconds. One inch of vertical
distance represented a travel time of two minutes., The values for the
sample calculation, shown below for the radioactivity of the first poly-
me'(:hyl-C14 methacrylate standard are taken from Table 1, The charge
in millivolt is divided by time in seconds, then background count is
substracted, and the result is divided by the sample weight in milli-
grams giving a value in millivolts per second per milligram, which is

the specific charge rate. The calculation of the background will be
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shown later in the section "Sample Calculations for the Determination

of Monomer Reactivity Ratios"

( 8000 - 0.1420 ) mv/sec
450,95

= 3.3393 m./sec./mg.

5.27 mg
A second sample of the same polymethyl—Cl4 methacrylate standard
was analyzed and then averaged as shown in Table 1, This standard
value is used for the analysis of copolymers of methyl methacrylate
and meta- and para-divinylbenzene.
Specific activity of the second standard polymethy1—014 metha-
crylate was analyzed by the same method as the first standard. The

analytical data and results are shown in Table 2,

Table 2,

Analysis of Secand Standard Pol‘y_me}:_fg/l—c1""l Methacrylate
(Background, 0.18895 mv,/sec.; Charge, 8000 mv,)

Sample Time, Specific Charge
No. Wt, mg. seCe rate, mv./sec./mg.
1 6.77 380,26 3.0797
2 7 «89 330,00 3.0486

Average specific charge rate and : andard value, 3,0642 +0.0045.

The time given for both samples is the average rate of charge
time for eight readings at 8000 millivolts, The standard value of this
polymer was used for the analysis of methyl methacrylate-para-

isopropylstyrene copolymers.
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Table 3,

Analysis of Standard Polystyrene—B—C14
(Background, 0,18895 mv./sec.; Charge, 240mv.)

Sample Time, Specific Charge
No, Wt,., mg, sec, rate, mv,/sec,/mg.
1 6.97 318,90 0.080866
2 8.13 284,33 0.080583

Average specific charge rate and standard value, 8.0725x10"‘21; 0.0011,
Two samples of the standard pols,rstyrc-zne--B—C14 were analyzed

to determine the specific activity, The spherical ionization chamber

was used and analysis was carried out by the same manner as des-

cribed above for polymethyl—Cl4 methacrylate standards, Data and

results are shown in Table 3., The time given far both samplesis the

average rate of charge time for seven readings at 240 millivolts. The

standard value of this labeled polymer was used for the analysis of

styrene -para-isopropylstyrene copolymers.,

Copolymer Radioactivity Assay

The copolymers prepared for this work were analyzed for radio-
activity by a method similar to the one used for the standard Cl4-
labeled polymers as described in the previous section. The vibrating
reed electrometer was used with a recorder and radioactivity was de-
termined by using the open position of the turret switch., Duplicate
analyses were made for each sample and each analysis was obtained

from 5 to 7 counting determinations. All the details of the analysis
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for the radioactivity of the copolymer samples were exactly the same
as described in the previous section and the analytical data and

results are included iﬂ Tables 6 - 10,

Sample Calculations for Determination of Monomer Reactivity Ratios

Figure 8 shows a typical recording of background using a 500 ml,
spherical ionization chamber., Table 4 shows data from the recording.
The 30 millivolt electrometer setting was used withthe turret switch in
an open position, The vertical distances traveled by the recorder pen

from the 10 division to the 90 division are presented in Table 4.

Table 4.

Typical Background Radioactivity (Charge, 24 mv,)

4

No, 1 2 3 4 ) 9 7 Average

Chart

inches 1,36 1.38 1,51 1,34 1,33 1.44 1.48 1,406

The average of the chart inches for this run was multiplied by 120 to
obtain time in second. The charge in millivolts is then divided by
the time in second to get the background in millivolts per second,
From zero to 100 on the chart paper is 30 millivolts using the 30
millivolt electrometer scale setting, therefore the charge in millivolts

from 10 to 90 is 24 millivolts., The actual calculation is:

24 mv. = 0.1423 mv./sec.
1,406 inches x 120 sec./inch
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One more determination of background obtained by the similar
method to the one described above gave 0,1417 mv./sec.. Hence
the average value of the background is 0,1420 millivolts per second.

A typical copolymer analysis which was obtained from the
second analysis of the copolymer number 2 (Table 6) of methyl
methacrylate/meta~divinylbenzene copolymerizations is presented in

Table 5 and Figure 7.

Table S.

Typical Copolymer Analysis for Radioactivity (Charge, 2400 mv,)

No. 1 2 3 4 5 Average
Chart
inches 2.,41 2.40 2.41. 2,37 2.42 2,402

The average chart inches is multiplied by 120 seconds per inch ob-
taining the time required to build up a charge of 2400 millivolts;

then the charge in millivolts is divided by the seconds and background
is subtrated:

2400 mv,
2.402 inches x 120 sec./inch

- 0,1420 mv./sec. = 8.1844 mv./sec.

The charge rate of this sample is 8,1844 millivolts per second. This
value is divided by the sample weight in milligrams which gives the

specific charge rate of this sample,
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8,1844 mv,/sec,
8.14 mg,

— 1.0054 mv./sec./mg.

Another sample of this copolymer was analyzed using 9.03 mg. as
shown in Table 6, The specific charge rate obtained for this sample
was 0,9919 mv./sec./mg.. The average of these two analyseé is
0.9987 mv./sec./mg..

The specific charge rate of the copolymer is then divided by
the specific charge rate of the first polymethyl—C14 methacrylate
standard and multiplied by 100 to obtain the per cent of methyl metha-
crylate in the copolymer,

0,9987 mv,/sec,/mg,
3.3377 mv./sec./mg.

< 100 = 29,92%

Hence the per cent of meta-divinylbenzene is 70.08,

From Table 6§ it can be seen that the monomer feed used to pre~-
pare copolymer number 2 was composed of 0,6947 g, of methyl-C14
methacrylate and 0.8621 g, of meta-divinylbenzene. The molar ratio
of the two monomers in the feed, Ml/Mz' is found by dividing the
number of moles of methyl methacrylate by the number of moles of
meta~-divinylbenzene, However, when we use divinylbenzene as a
comonomer, we have to use Mj;/2M, instead of M;/M; as mentioned

in the "Historical" section.,
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0,6947 g,
100,12 g,/mole — 0.5239

2 x 0.8621 g,
130,19 g./mole

The molar ratio of meta-divinylbenzene to methyl methacrylate in the

copolymer formed is obtained as shown below:

70,08 (% of m-divinylbenzene)
130,19 (molecular wt, of m~divinylbenzene)

m2

m
1 29,92 (% of methyl methacrylate)
100,12 (molecular wt., of methyl methacrylate)

= 1,801

These two qualitities, Ml/M2 and mz/ml' are used to evaluate

ri and rp values using the copolymer composition equation where ry

is expressed as a linear function of rj.

M { m
I = 1 t 2 (1 r M, )-.. 1
2Mp | my 2M,

Assigning two values, for example, zero and one fa Ty, two |
values for ry can be obtained. Each two values of r; and 1y will
represent a line on the final graphical solution of the copolymer
equation., Assigning value of zero for r; we get
ry = 0,5239 { 1.801 (1+0) -1} = 0.4196; assigning r, a value of
one, r, = 0.5239 { 1,801 (1+ 0.5239) - 1} = 0.9140,

Values of Iy and r, were obtained by the above procedure from

the six other copolymers of methyl methacrylate/meta-divinylbenzene,
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Plotting the values of ry versus ry seven lines were obtained as shown
in Figure 9, the intersection of which gives the monomer reactivity
ratios for methyl methacrylate (rl) and meta~-divinylbenzene (rz).

The Fineman-Ross method for the determination of the reactivity
ratios involves the use of the following expression for the above

copolymerization equation:

where f = ml/rn2 and F= Ml/MZ'

For the monovinyl-divinyl copolymerizations, F is modified to
M;/2My. The values of (f - 1)/F and £/F% are determined for each
copolymer and (f - WF is plotted versus f/Fz. The best line is
drawn through these points by the method of least squares. The in- ‘
tercept on the (f - 1)/F axis is rj and the negative slope of the line
is rg. A Fineman - Ross plot for the methyl methacrylate - meta-

divinylbenzene copolymerizations is shown in Figure_ 10,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Results and Discussions

The solutions of the differential copolymer equation were ob-
tained by the intersect method and by the Fineman-Ross me’chod,9
and are shown on the following pages. All the analyses of copolymer
compositions were camried out by using a cl4-1abeled comonomer in
preparations of copolymers and using the vibrating reed electrometer
and ionization chamber method for the determination of copolymer
radioactivities, The only one intersect plot, which is for the copoly-
merization of methyl methacrylate and para-divinylbenzene, does not
give a satisfactory solution for the copolymer composition equation,
Reasons will be given later. Duplicate analyses were carried out for
each copolymer sample and average values of the analyses were used

in the evaluation of the monomer reactivity ratios.

Copolymerization of Methyl Methacrylate and m-Divinylbenzene

According to the classification of divinyl monomers made by
Alfrey, Bohrer and Mark,15 m~divinylbenzene is an example of a sym-
metrical independent divinyl monomer where the two vinyl groups have
approximately equal reactivities. And it has been shown empirically
that the revised copolymer composition equation for the copolymeriza-
tions of monovinyl and divinyl monomers should be used to describe
copolymer compositions for the copolymerization of styrene and meta-
divinylbenzene,

The values of monomer reactivity ratios for the copolymerization
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of methyl methacrylate (Mj;) and meta-divinylbenzene (Mj), which
were obtained by the intersection method and by the Fineman-Ross
method and are represented in Figures 9 and 10, are ry=0.41, and
r2=0.61. The least squares analysis was used for the linear plot,.
These values are in accard with previously observed values for the
copolymerization of styrene and methyl methacrylate., The reported

valuessz

of monomer reactivity ratios for the methyl methacrylate-
styrene copolymerization, where a 014-1abe1ed monomer and vibrating
reed electrometer-ionization chamber assay technique were used, as

in this experiment, are ri (methyl methacrylate) = 0.46 and ry (styrene)=
0.52. The reactivity ratios obtained for this copolymerization system
using chemical analysis19 are also ry (methyl methacrylate) = 0,46

and r, (styrene) =0.52,

The Q and e values of meta-divinylbenzene calculated by the
Alfrey-Price equations with these values are Q =1,1 and e=-0,8,
These values are very close to those of styrme(Q=1.0 and e=-0,8)
and are in the same range as those for meta-methylstyrene
(Q =0.95, e.--=-0.8)15 and para-methylstyrene (Q=1,05, e=—0.9).15

The previously reported vallues18

of the monomer reactivity ratios for
the copolymerization of styrene and meta-divinylbenzene are quite
close to unity. These values are in accord with the estimates based
on Huckel MO calculation of r; = rp = 1. |

All the above results indicate that the vinyl groups of meta-~

divinylbenzene have reactivities almost equal to those of the styrene
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Table 6.

Monomer Feed

Copolymerization of Methyl Methacrylate(M;) with m~-Divinylbenzene

No. Ml’ g.

1. 0.3166
2. 0.6947
3. 0.8349
4, 1.0375
5. 1.2325
6. 1.3177
7. 1.7693

8 Average of 5-7 readings.

M, g.
1.1105
0.8621
0.8055
0.6630
0.5242
0.4873

0.2003

Molar ratio Conv.

M3 /2M)
0.1854
0.5239
0.6739
1.0174
1.5286
1.7581

5.7434

b Average of two determinations.
€ Deviation: average, + 0.4 Z; maximum, + 0.7 Z.
Background, 0.1420 mv./sec..

y4
5.62
6.62
5.98
5.47
5.29
4.22

3.10

Sample  Charge
wt., mg. time, sec?
10.68 403.20
6.40 663.84
9.03 263.75
8.14 288.24
6.46 324.96
9.21 226.94
4.84 360.16
6.57 268.92
9.04 541.87
9.62 515.44
5.81 241,20
9.35 507.90
3.92 257.88
4,58 223.50

Copolymer Composition

Spec. chg. Molar
Charge rate m ratio
mv. mv./sec./mgS wt. «b my /my
2400 0.5440 16.28 3.956
2400 0.5427
2400 0.9919 29,92 1.801
2400 1.0054
2400 1.1212 33.77 1.509
2400 1.1328
2400 1.3474 40.21 1.144
2400 1.3368
8000 1.6174 48.18 0.8272
8000 1.5986
2400 1.6881 50.30 0.7599
2400 1.6694
2400 2.3379 70.02 0.3291
2400 2.3360

‘19
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1.0 e
)
0,5 |
0.0 ) i
0.5 . 1.0
N

Figure 9., Intersect plot for Copolymerization of Methyl Methacrylate
(r1= 0.41) and m=-Divinylbenzene (r2 =0,61) at 70°C.

.0 ) 1 1
0 2.0 4,0 6.0 8.0

Figre 10, Fineman-Ross plot for Copolymerization of Methyl Methacrylate
(r;=0.41) and m-Divinylbenzene (r2= 0.61),
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vinyl groups, and that in the styrene-meta-divinylbenzene copolymer
the meta-divinylbenzene unit is dispersed rather uniformly throughout
the copolymer chain. And the fact that the data for the copolymeriza-
tions of meta~divinylbenzene with typical monovinyl monomers (styrene
and methyl methacrylate) give fairly precise solutions of the revised
copolymerization equation confirms the fact that meta-divinylbenzene

is a good example of symmetrical independent divinyl monomer. More-
over there is little likelihood of any considerable conjugation between
the two vinyl groups in meta-divinylbenzene., However, it must be
noted that when a divinylbenzene molecule is incorporated into a copoly-
mer chain through one of its two vinyl groups, the reactivity of the
second unreated vinyl group will be reduced considerably by a shielding
effect of the benzene nuclei of the nearby styrene or meta-divinyl-

benzene monomer unit in the copolymer chain,

Copolymerization of ‘Methyl Methacrylate and p-Divinylbenzene

para-Divinylbenzene is quite different from the meta isomer by
virtue of the direct conjugation between the two vinyl groups in posi-
tions para to one another, As mentioned above, the behavior of the
meta compound can be adequately represented by the revised copolymer
composition equation for monovinyl-divinyl copolymerizations, but the
behavior of para-divinylbenzene is not so predictable and indicates
that the degree of homogeniety of the copolymer formed is much less

than that of meta-divinylbenzene copolymer. When pure para-divinyl-
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benzene was copolymerized with 014

~labeled methyl methacrylate
and the copolymers were analyzed by the technique described herein,
it was found that neither the ordinary copolymer composition equation
nor the revised equation could suitably express the monomer reactivity
ratios for this copolymerization system. Tahle 7 gives the data and
results and Figures 11 and 12 show the intersection and the Fineman-
Ross plots for the solutions of the copolymer composition e quation.
The revised copolymer composition equation was used for the sake of
consistency. The intersect plot does not give a satisfactory solution
for the equation and deviations from the linear plot are considerable,
The intersect plot resembles that for the styrene-para-divinylbenzene
copolymerization. If all of the experimental data, given in Table 7,
and Figures 11 and 12, are used, values of rl(methyl methacrylate) =
0,10 and ry(p-divinylbenzene) =0.93 are obtained by the least squares
analysis of the Fineman-Ross plot (solid line in Figure 12). These
results were obtained from data which include two copolymerizations,
those with 9.4 mole % (No. 1) and 87.3 mole % (No. 6) of para-
divinylbenzene, which deviate from the data from the other runs., If
these two are omitted from the analysis of the data, values of = 0.62
and r2=1.30 are obtained from the linear plot (dotted line in Figure 12),
These values are in only fair accord with those from styrene-para-divinyl-
benzene copolymerizations (rj(styrene) = 0.77, rz('p—divinylbenzene) =
2,08). '

One can give serveral different reasons why the copolymerizations

with para-divinylbenzene do not give well-defined solutions of the
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Table 7. Copolymerization of Methyl Methacrylate(M;) with p-Divinylbenzene

Copolymer Composition

Monomer Feed Spec. chg. Molar
Molar ratio Conv. Sample Charge Charge rate my ratio
No. Ml, g. M, g. M3 /2My Z wt., mg. time, sec? mv. mv./sec./mgs wt. zb mp /my
1. 1.1034 0.1489 4,8182 2.81 4.35 349.38 2400 1.5465 46.53 0.8838
8.25 184.50 2400 1.5375
2. 0.9553 0.4386 1.4161 2.77 6.35 239.71 2400 1.5115 45.59 0.9177
7.26 213.05 2400 1.5321
3. 0.7322 0.7384 0.6447 3.07 4.45 212.27 800 0.8149 24,57 2.361
6.07 465.96 2400 0.8251
4, 0.5120 0.8102 0.4109 2.8 5.76 207.59 800 0.6444 19.24  3.229
5.91 203.95 800 0.6397
5. 0.4454 0.9954 0.2910 2.95 4.00 393.25 800 0.4731 14,40 4,572
5.73 272.26 800 0.4880
6. 0.1451 1.2929 0.0729 1.046 8.71 473,21 800 0.1778 5.363 13.57
7.63 527.40 800 0.1802

8 Average of 5-8 readings.

b Average of two determinations.

C Deviation: average, + 0.7 Z; maximum, + 1.55 Z.
Background, 0.1420 mv./sec..

*S9
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Figure 12,
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1 i 1

0.0 1.0 2.0 3.0
A ry

Intersect plot for Copolymerization of Methyl Methacrylate
(r;=0.62) and p-Divinylbenzene (r; =1,3) at 70°C.

0.0

~-10,0

~-15.0

0.0 5.0 10.0 15,0

£/F%

Fineman-Ross plot for Copolymerization of Methyl
Methacrylate (r1= 0,62) and p-Divinylbenzne (r2=1.3).
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copolymer composition equation, It is certain that the deviation from
linearity and the area of intersection in the intersect plots is too
large to believe that this phenomenon is due merely to experimental
error,

A logical explanation of these results can be postulated by con-
sidering the structural characteristic of para-divinylbenzene. It is a
well-known fact that a monomer exhibits a strong reactivity toward
any free radical when the resulting adduct is highly stabilized by
resonance. Because of the direct conjugation between the two vinyl
groups through the benzene ring, para-divinylbenzene would offer ad-
ditional resonance stabilization in the resulting adduct and wauld show
greater reactivity in copolymerization reactions than a monomer without
such a conjugation, e. g., styrene.

CH% “— CH H — CH@H — CHzﬁ «——etc,

CH= CHZ l\g“mCH . H=CH2 H-CHz'

Since methyl methacrylate is known to be less reactive than
styrene, when methyl methacrylate and p-divinylbenzene compete with
a free radical, para-divinylbenzene will be more reactive than methyl
methacrylate and will preferentially polymerize with itself, This will
result in a greater value of monomer reactivity for para-~divinylbenzene

than for methyl methacrylate. This supposition is supported by the

fact that the values of r, are, no matter how the data are treated,
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rather low and the values for vy are rather high,

If the divinylbenzene does react predominantly with itself, it
is possible to have much clustering of the divinylbenzene units in
the copolymer chain because the pendant vinyl groups in the copolymer
chain will tend to favor their undergoing a chain reaction. Storey53
recently studied the initial rates and gel points for the copolymeriza-
tion of styrene and para-divinylbenzene, and his results imply that
intrachain crosslinking to produce microgels is an important reaction
even at low crosslinker (p-divinylbenzene) levels and is the dominant
reaction at moderate to high levels even befare gelation.

On the other hand, it must be noted that the reactivity of a
pendant vinyl group of the divinylbenzene unit in the copolymer chain
cannot be the same as the reactivity of a vinyl group in the unreacted
divinylbenzene monomer. Therefore, as soon as para-divinylbenzene
is incorporated into a copolymer chain through a reaction of one of
its two vinyl groups, the mixture becomes a three component copoly-
merization system consisting of methyl methacrylate, para-divinyl-
benzene, and para-isopropylstyrene-like unit, In a three component
copolymerization there are nine possible reactions and a total of six
monomer reactivity ratios to be considered, In the above three com-
ponent system, however, one has no way to evaluate the molar concen-
tration of p-alkylstyrene component, although there should exist some

sort of relationship between it and para-divinylbenzene. Also the
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ratios involving the divinyl monomer or radical cannot be estimated
in this complicated system since the divinylbenzene.: alkylstyrene
relationship is subject to constant fluctuation, It is therefore very
difficult to describe the methyl methacrylate-para-divinylbenzene
copolymerization even by a usual copolymer composition equation for

three components.

Copolymerization of p-Isopropvlstyrene and Styrene

As mentioned before in the copolymerizations of methyl metha-
crylate or styrene and para-divinylbenzene, satisfactory solutions
for the copolymer composition equation could not be obtained, and
this has been explained by the possible participation of the second
vinyl group of para-divinylbenzene unit in the copolymerization re-
actions even in the early (low conversions) stages. In order to
verify this supposition para-isopropylstyrene, which is similar to
the unit which would be formed from having one vinyl group of the
divinylbenzene incorporated into the copolymer chain, was taken as
a model compound and studies of its copolymerization kinetics with
styrene were undertaken,

Braun and Keppler54 determined the monomer reactivity ratios
for the copolymerization of styrene and p-isopropylstyrene using infra-
red absorption measurement. The values obtained are rj (styrene) =
1,11 and ro (p-isopropylstyrene) = 0,54, Comparing these values with

those of styrene and other para-substituted styrenes copolymerizations

it can be seen that this ro value is unexpectedly low. One cannot
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Table 8.

Copolymerization of Styreme(M;) with p-Isopropylstyrene

Monomer Feed

NO- Ml, go

1. 1.92604
2. 0.97545
3. 0.67733
4. 0.79158
5. 0.26807

8 Average of 5-10 readings.

My, 8.

0.78410
0.40772
0.64609
1.92366

1.07953

Molar ratio
M1/M2

3.4488
3.3591
1.4719
0.57777

0.34865

Average of two determinatioms.

€ Deviation: average, + 0.8 %; maximum, + 1.2 Z.

Background, 0.12629 mv./sec..

Conv.

A
3.31
5.74
5.37
4.94

2.08

Sample
wt., mg.

6.36
12.84
9.53
12.23
7.92
6.40
13.62
9.84
10.70
7.26

Charge
time, sec?

472.91
264.20
350.52
276.37
500.63
586.20
498.74
617.44
762.00
311.79

Charge
nv.

240
240
240
240
240
240
240
240
240

80

Copolymer Composition

Spec. chg.

rate

mv./sec. /mgS wt. zb

0.059939
0.060913
0.059637
0.060679
0.044584
0.044238
0.026058
0.026667
0.017632
0.017946

m

74.85
73.88
55.02
32.66

22.04

Molar
ratio
m2/m1

0.2392

0.2518
0.5823
1.4685

2.51397

.OL
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Figure 13, Intersect plot for Copolymerization of Styrene (r)=1.22)
and p-Isopropylstyrene (r2 =0,89) at 70°C.

Figure 14, TFineman-Ross plot for Copolymerization of Styrene (r1=}3'22)
and p-Isopropylstyrene (r, =0.89) at 70°C, '
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justify the prediction of the possible early participation of the pedant
vinyl group (p-isopropylstyrene~like unit in the methyl methacrylate

or styrene and para-divinylbenzene copolymerization systems) into the
chain reaction with such a low ry value (p-isopropylstyrene)., The
monomer reactivity ratios for this copolymerization system were re-
evaluated to get more reasonable values., The experimental results

from styrene-p-isopropylstyrene copolymerizations are given in Table 8
and the r; and rp plots from the copolymer composition equations are
shown in intersect and linear plots in Figures 13 and 14, respectively.
The least squares analysis of the Fineman-Ross plot gives the values
of ry (styrene)= 1,22 and rz(p—isopropylstyrene) = 0.,89. The Ty prod-
uct is slightly greater than one (1.09). This value of the riry product
is in contradiction to an empirical generalization that the reactivity
ratios product riry is almost always, but with a few exceptions, equal
to or less than unity. It appears, however, from the obtained values
that a situation exists for this copolymerization system where ry is
slightly greater than unity and ry is slightly less than unity. These
results together with those from the copolymerization of styrene and
p-divinylbenzene establish that p~isopropylstyrene is somewhat, but not
considerably, less reactive to the styryl radical than styrene. And
styrene, in turn, is much less reactive to this radical than p-divinylben-
zene., Since, as we have seen above, p-isopropylstyrene and styrene
do not have so great a difference in their reactivities, this may be consid-

ered to suggest that the styrene-p-divinylbenzene copolymerization system
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Table 9.

Monomer Reactivity Ratios Calculated by Using Integrated Copolymer
Composition Equation

Run No,2 Ty r, Run No., T Iy
12, 1.278 0.998 34. 1.291 0,999
13. 1,269 0,975 35. 1.290 0.998
14, 1.279 0.999 41, 1.501 0,998
15, 1,279 0.999 42, 1,497 0,999
21, 1.244 0.998 43, 1.498 0,998
23. 1.244 0.999 45, 1.437 0,968
24, 1.245 0.999 51. 1,538 0,998
25, 1,244 0.999 52, 1,538 0,998
31, 1.269 0.975 53. 1,539 0,998
32, 1.289 0.999 54. 1,534 0,997
Average 1,36 0.99

aFor example, run number 45 means that experiment 4 was taken as the
first member of the pair and experiment 5 was used as the second member

of the input data.
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should be regarded as a three component copolymerization system,
This is a conclusion consistent with that suggested earlier,

Using the computer program described by Montgomery and Pry,55
the monomer reactivity ratios for this copolymerization system were
calculated using the integrated form of the copolymer composition
equation. The results are given in Table 9. The monomer charge
ratios, copolymer compositions, and conversi en data for all twenty
combinations (1 with 2 being a different pair from 2 with 1, etc.) of
pairs of experiments in Table 8 were used in the Fortran II program as
input data. Values of rj; =1.37 and ry = 0,99 were obtained as averages

of results for all twenty pairs. Of these, experiments 4 and 5 (used
as the first member of the pairs) gave much higher values of ry
(1.44-1,54) than those (r; 1.24-1,29) from experiments 1, 2, and 3
(taken as first members of the pairs). Although numbers 4 and S5 are
for the low styrene composition experiments, there is no basis for
excluding them from the averages for this reason, It was noted by
Montgomery and Fry that the r; values they obtained for vinyl acetate-
vinyl chloride reactivity ratios were higher than those from differential

analysis,

Copolymerization of Methyl Methacrylate and p-Isopropylstyrene

Since the monomer reactivity ratios for the copolymerizations of
methyl methacrylate and m-divinylbenzene, and methyl methacrylate

and p-divinylbenzene have been obtained, the monomer reactivity
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ratios for the copolymerization of methyl methacrylate and p-isopro-
pylstyrene have been determined in order to see the structural
characteristics of these copolymers and to compare one to another,
The experimental results from the copolymerization of methyl metha-
crylate and p-isopropylstyrene are given in Table 10 and the values
of the monomer reactivity ratios for this system, which were obtained
by intersection and linear plots, are shown in Figures 15 and 16,
The values of the monomer reactivity ratios obtained by the least
squares analysis of the Fineman-Ross plot are rj (methyl methacrylate)=
0,44 and rz(p—isopropylstyrene) =0,39, The Q and e values for
p-isopropylstyrene calculated by Alfrey-Price equations using the
above monomer reactivity ratio values are Q =1.1 and e =-0.9.
These values are in the same range as those for p-methylstyrene
(Q=1.05, e=—0.9).15 These results together with those for the
copolymerization of methyl methacrylate and p-divinylbenzene indicate
that both of p-divinylbenzene and p-isopropylstyrene are mare reac-
tive toward the methyl methacrylate radical than methyl methacrylate.
The results clearly suggest that the pendant vinyl groups (p-isopro-
pylstyrene-like units) in the copolymer chain of methyl methacrylate
and p-divinylbenzene will take part in the subsequent chain reactions
even in the early stages of the reaction and that a copolymer with
much local clustering of p-divinylbenzene units will be produced as

in the copolymerization of styrene and p-divinylbenzene.
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Table 10.

Monomer Feed

Copolymerization of Methyl Methacrylate(nl) with p-Isopropylstyrene

Not Ml, gc

14 1.98845

29 1.98845
3. 0.72210
4. 0.60373
5. 0.45655

6. 0.31075

2 Average of 4-8 readings.

MZ’ g.

0.78977
0.78977
0.64345
0.70438
0.93177

0.95468

Molar ratio

M1/Mg
3.6773
3.6773
1.6391
1.2518
0.71564

0.47541

b Average of two determinations
€ Deviation: average, + 0.55 Z; maximum, + 1.6 Z.

Background, 0.18895 mv./sec..
d A monomer mixture was divided into two portioms.

Conv.
z

3.51
3.35
2.60
2.99
3.28

2.97

Sample
WC. » mg.

7.93
12.93
9.82
8.71
7.42
4.62
7.21
6.32
5.87
8.25
5.96
6.83

Charge
time, sec?

543.99
327.84
435.36
490.28
218.68
344.35
246.07
271.31
353.40
253.04
409.08
358.37

Charge

8000
8000
8000
8000
2400
2400
2400
2400
2400
2400
2400
2400

Copolymer Composition

Spec. chg.
rate

m

mv./sec./mg¢ wt. Z

1.8307
1.8726
1.8520
1.8517
1.4536
1.4677
1.3266
1.3698
1.1247
1.1267
0.95268
0.95287

60.43
60.44
47.67
44.00
36.74

31.09

Molar

ratio
mp /my

0.4483
0.4483
0.7516
0.8715
1,1789

1.5172

*94
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Figure 15, Intersect plot for Copolymerization of Methyl Methacrylate
(rj=0.42) and p-Isopropylstyrene (r2=0.38) at 70°C,
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Figure 16. Fineman-Ross plot far Copolymerization of Methyl Methacrylate
(1‘1 =0.44) and p-Isopropylstyrene (r2=0-39)°
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Using the monomer reactivity ratios for the copolymerizations
of p-divinylbenzene, m-divinylbenzene, and p-isopropylstyrene with
methyl methacrylate one can compare the structural differences of
the copolymers formed from each copolymerization by statistical con-
siderations., As mentioned earlier in the "Historical" section the
fraction of the copolymer existing in blocks of n-moﬁomer units long
can be calculated using equation (25). Such calculations fa the
monomer Mz's (p-divinylbenzene, m—divinylbenzene, and p-isopro-
pylstyrene) were carried out for the above three copolymers using
the observed monomer reactivity ratios and are represented in
Figure 17, The number on each line denotes the experiment number
used for these calculations, which is the same as the number repre-
sented in the Table for each copolymerization, For the methyl
methacrylate~-p-divinylbenzene system the values of r= 0,62 and
rp=1.30 were used for this calculation, This figure shows that, as
the number of units of monomer 2 in a row, n, increases, the frac-
tion of methyl methacrylate - p-divinylbenzene copolymer existing
in n long blocks of monomer 2 (p-divinylbenzene) decreases much
more slowly than that qf methyl methacrylate-m~-divinylbenzene copo-
lymer existing in n long blocks of monomer 2(m-divinylbenzene) does.
The fraction of methyl methacrylate-m~divinylbenzene:: copolymer
existing in n blocks of monomer 2 (m~divinylbenzene), in turn, decreases
more slowly as n increases than that of methyl methacrylate-p-isopropyl~

styrene copolymer existing in n long blocks of monomer 2 (p-isopropyl-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



79.

—= p-Isopropylstyrene
40 P — - m=Divinylbenzene -

«-- - p=Divinylbenzene

Fraction of Copolymer Existing in n Long

. 30 |
N
=t
:
820_
o
2
Yt
o
o 10 |
9]
o
=

Figure 17, Fractidn of Copolymer Existing in n Long Blocks of
Monomer Mz.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



80.

styrene) does. In other words, one has the greatest probability to
have longer blocks of My (p-divinylbenzene) in methyl methacrylate-
p-divinylbenzene copolymer and the least in methyl methacrylate-p-
isopropylstyrene copolymer,

It must be noted that the monomer feed compositions, Mz/Mll
used for these calculations are slightly different from one another,
and the magnititude of this value is smallest for the copolymerization
with p-divinylbenzene and largest for the copolymerization with p-iso-
propylstyrene. If the same I\I’IZ/M1 values were used far this compari-
son, the differences between these three copolymers would be more
favorable for the conclusion drawn above--i.e., a greater fraction of
p-divinylbenzene copolymer, but a smaller fraction of p-isopropyl-
styrene copolymer would be predicted to have longer blocks of Mz
(p-divinylbenzene or p-isopropylstyrene).

In addition, one can compute the mean length of the sequences
of each monomea and the sequence-length distribution of each mono-
mer in the copolymer formed from the monomer feed composition and
the monomer reactivity ratios using the equations of Miller and

Nielson.56 These egquations are:

_ riMi + Mj
ni =
M,
J
n, =
r. M 1 M
- + .
riMi M]. ri it MJ
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where ﬁi is the mean length of the sequences of monomer i, M; and
Mj are the initial molar concentrations of monomers i and j respec-
tively, r; is the monomer reactivity ratio for monomer i, W(ni) is
the probability that a sequence of monomer i contains exactly nj
units of monomer i,

The results of such calculations for the three copolymerizations
are shown in Figures 18 and 19, TFigure 18 indicates how the mean
length of the sequence of M, changes as the mole fraction of MZ
in the feed increases and shows that the mean length of the sequence
of p-divinylbenzene in the methyl methacrylate-p-divinylbenzene
copolymer increases fastest and that of p-isopropylstyrene in the
methyl methacrylate-p-isopropylstyrene copolymer increases most
slowly. For any arbitrarily chosen mole fraction of M, in feed
(e.g. 0.6) the mean length of the sequence of p-divinylbenzene is
always longest (approximately 3) and that of p-isopropylstyrene is
always shortest (about 1.5) in their copolymers with methyl metha-
crylate, And the mean length of m-divinylbenzene is always in-
between those for the other two copolymers, e.g., approximately
2 when the mole fraction of meta-divinylbenzene in the feed is 0.6,

Figure 19 shows what fraction of Mz (para-divinylbenzene,
m~divinylbenzene, or p-isopropylstyrene) in the copolymer has the
sequence length of n. The data from the three copolymerizations,

which were used for the calculations for Figure 17, were used for
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this representation. This Figure also shows that a higher fraction of
p-divinylbenzene in its copolymer with methyl methacrylate has
longer sequence length than that of meta-divinylbenzene in its
copolymer with methyl methacrylate does, and that the latter, in
turn, has longer sequence length than that of p-isopropylstyrene in
its copolymer with methyl methacrylate,

All of these statistical considerations are considered to support
the conclusions that the copolymerization of methyl methacrylate and
p-divinylbenzene produces the copolymer with most clustering of the
divinylbenzene, and that methyl methacrylate-p-isopropylstyrene
copolymerization gives the most alternating copolymer. It is also
indicated that there is more clustering of the divinyl units in the
para than in the meta-divinylbenzene copolymers. This is consistent
with various nreviously reported physical datad! /42 characterizing the
two types of polystyrene crosslinked with meta- and para-divinyl-
benzene and with recently reparted mass spectrometric analyses of

the copolymers .43
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Summary

The monomer reactivity ratios for four monomer pairs involving
methyl methacrylate and divinylbenzene monomers have been determined
using the vibrating reed electrometer-ionization chamber technique,.

By the use of the revised copolymer composition equation for
divinyl monomers, it has been confirmed that m-divinylbenzene func-
tions essentially as a symmetrical independent divinyl monomer, for
which the reactivity ratios are not greatly different from those for
the methyl methacrylate.: styrene system. The obtained values of
I‘1=0.41 and rp =0.61 also suggest that this divinyl monomer produces
rather homogeneous crosslinkings.

Results obtained for the copolymerization of methyl methacrylate
and p-divinylbenzene have substantiated the fact that the behavior of
the latter compound is rather unpredictable, leading to a nonhomo-
geneous copolymer in which the crosslinkages do not show a uniform
distribution, No satisfactory values of the reactivity ratios for this
monomer pair could be obtained, although it appears that the values
of r1=0.62 and rp=1,30 are reasonable ones. The copolymerization
of styrene and p-isopropylstyrene gave monomer reactivity ratios of
ry =1.22 and rg= 0,89. These values indicate that p-~isopropylstyrene,
which is a similar unit to that formed from having one vinyl group of
p-divinylbenzene reacted, is slightly less reactive than styrene, and

indicate that the styrene-p-divinylbenzene copolymerization system
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should be regarded as a three component copolymerization system as
suggested earlier,
The monomer reactivity ratios obtained for the copolymerization
of methyl methacrylate and p-isopropylstyrene are r; =0.44 and
ro =0.39. Thése values suggest the possible participation of the
pendant vinyl group of the p-divinylbenzene copolymer in the subse-
quent chain reactions even in the early stages of the copolymerization.
Structural differences between the three methyl methacrylate
copolymers were studied by statistical considerations using the ob-
tained reactivity ratio values for the above mentioned three copolymeri-
zations, The results show that there is the greatest probability for
longer blocks of monomers (least alternating structure) in p-divinyl-
benzene copolymer and the least (most alternating structure) in
p-isopropylstyrene copolymer, The conclusions are consistent with
the predictions by the magnititudes of the product r, far the alter-

nating tandencies of the copolymers.
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PART II

KINETICS OF SULFORATION OF POLYSTYRENE CROSS-

LINKED WITH MIXTURES OF DIVINYLBENZENES
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Introduction

One of the most widely used crosslinking reagents for the
preparation of crosslinked copolymers is divinylbenzene. Various
sulfonated polystyrenes crosslinked with divinylbenzene have been
used as cation exchange resins. In order to investigate the struc-
ture of these resins kinetic studies for the copolymerization reactions
of divinylbenzene isomers, measurements of swelling rat:los1 and
sulfonation velocities of the crosslinked bead copclymers,2 mass
spectral study of the bead copolymers,3 and studies on the degrada-
tion velocities of copolymers4 and sulfonated bead copolymers5 have
been carried out in this laboratory earlier.

In earlier studies it was found that the polystyrene beads cross-
linked with 2: 1 mixture of meta- and para-~divinylbenzene show an
enhanced sulfonation rate as compared to those of the copolymer beads
crosslinked with pure para-, and pure meta-, and commercial divinyl-
benzene,

To delineate the precise relation between the sulfonation velocity
and meta to para ratio of these divinylbenzenes, quantitative compari-
sons were made of the rates of sulfonation of a series of bead copoly-
mers prepared from styrene and divinylbenzene in which the meta to
para ratio.. of the two isomers was varied over the entire range.

In addition, a new method for the preparation of more concentrated

para-divinylbenzene from commercial divinylbenzene, which consists of
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several monovinyl and divinylbenzenes along with other compounds,

is described.
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Historical

In this section a short historical review of synthetic ion
exchange resin chemistry and of earlier related experimental studies
are described to provide a background for the experimental studies
and discussions in the later sections.

An ion exchange resin is a high molecular weight polymer
containing chains of atoms tied together by crosslinking chemical
structures. Such resins also have ionic groupings as integral parts
of the polymer structure and these exchange either cations or anions
on contact with an electrdyte solution,

Ion exchange resins are essentially highly insoluble electrolytes
consisting of an enormous nondiffusible ions and many simple diffu-
sible (or exchangeable) counter-ions. Cation exchange resins and
anion exchange resins are defined as polymers containing anionic
groups and cationic groups, respectively, with equivalent amount of
exchangeable ions of opposite charge.

The cation exchange resins usually contain phenolic, carboxylic,
sulfuric, or phosphoric acid groups as nondiffusible ionic groups; the
anionic exchange resins contain quaternary ammonium, sulfonium, or
phosphonium basic groups as non-diffusible groups; and amphoteric
exchangers contain both types of ionic groups as non-diffusible ones.

Although ion-exchange phenomena have been used throughout

human history, the phenomenon was not recognized until Thompson6
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and Way7 in England investigated the fate of ammonia in soils. They
noted that when fertilizer was applied to soils, the ammonia was ab-
sorbed by the soil in exchange for the potassium and calcium -already

present on the soil particles. In 1876 Lembe:rg8

found that it was
possible to transform the mineral leucite (K209A1203l43102) into anal-
cite (NazO:A1203:4SiOZ :ZHZO) by leaching the mineral with a solution
of sodium chloride, and that the transformation could be reversed by
treating the analcite with a solution of potassium chloride, The re-
search done by Way and Lemberg stimulated many soil scientists and
geochemists, However, it was not until the beginning of the twen-
tieth century that ion exchange was used for industrial water softening.
Gans9 employed both natural and synthetic aluminum silicate for
industrial water softening and also for treating sugar solutions. How=-
ever, the limitations of siliceous ion exchangers became more and
more evident as commercial exploitations of these substances were
attempted.

In 1935 Adams and Hdmes10 observed that certain synthetic resins
were capable of exchanging ions. They further illustrated that stable
and high-capacity cation exchangers could be synthesized as a sulfonic
acid resin, and that the polyamine-type resins exhibited anion exchange
properties. The utility of these resins was rapidly recognized by many
chemists, with the result that a large number of new and unique uses

were found for ion exchange and many attempts were made to modify

and improve these resins,
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For resins to be useful in an ion exchange process, it must
be sufficiently hydrophilic to permit diffusion of ions through the
structure at a finite and usable rate and be sufficiently crosslinked
to have but a negligible solubility in water or other solvents,

Other important practical requirements are:lthe resin must con-
tain a sufficient number of accessible ionic exchange groups, 2) the
structure of the resin must be chemically stable so as not to undergo
degradation during use, and 3) the swollen resin should be denser
than water.

There are two synthetic methods to introduce the ionizable
groups (cationic or anionic) into the monomers of the ion exchange
resins., The first method is to form a polymer unit first and then to
introduce the ionic groups into the polymer structure. The second
method consists of introduction of the ionic groups into the monomer
first and then subsequent polymerization of these ionic group con-~
taining monomers.

Ion exchange resins have been made by both the condensation
and addition polymerization methods. The phenol-formaldehyde resin
is a typical example of a condensation type of polymers used for
ion exchange resins and polystyrene crosslinked with divinylbenzene
is the most commonly used addition type polymer.

The pioneering work of Adams and Iblmes was followed by the

11

stimulating discoveries of D'Alelio”” who synthesized the extremely

stable and versatile ion exchange resins derived from styrene and
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acrylics. D'Alelio took the first patent on the synthesis of high capa-
city nuclear sulfonic acid cation exchange resins by the sulfonation
with sulfuric acid of the copolymers prepared from a mixture of styrene
and divinylbenzene., It is necessary to mention that the divinylbenzene
used in all the preparations of the resins was commercial material,
which is a mixture of different components. As mentioned above, two
methods can be used in the preparation of sulfonated copolymer from
styrene and divinylbenzene., One is the copolymerization with one of
comonomers containing sulfonic acid groups, usually para-divinylben-
zenesulfonic acid. The other method is to sulfonate the copolymer
prepared from a mixture of styrene and divinylbenzene and this was
followed in the present work,

Wiley and coworkers?

recently found that the polystyrene beads
crosslinked with pure para-divinylbenzene sulfonated faster than did
those crosslinked with pure meta-divinylbenzene. They explained this
phenomenon on the basis of the network structure of the copolymers
and concluded that the copolymerization of styrene with para-divinyl-
benzene gives a structure with a tightly crosslinked nucleus to which
long chains of polystyrene are attached, and the copolymerization of
styrene with meta-divinylbenzene give a structure in which the cross-
links are more widely distributed than in the styrene-para~-divinylben-
zene copolymer. In addition, the copolymer beads prepared from

styrene and a mixture of 2:! meta- and para-divinylbenzene showed

markedly enhanced rates of sulfonation, Theyl also correlated the
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swelling ratios of the copolymer beads with the possible net-work
structures thereof,

The fact that over a period of approximately thirty years the
utilization of ion exchange resins for separations, recoveries, de-
ionizations, catalyses, as well as for water softening on an indus-
trial scale, has become a reality illustrates the importance of these
resins and is indicative of the future usefulness that may be ex-

pected of them,
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Experimental

Monomers

Styrene was supplied by Baker Chemical Co, and was stabilized
with tert-butylpyrocatechol. This was washed four times with 1 N,
sodium hydroxide solution and four times with distilled water. The
washed styrene was dried over calcium chloride under a nitrogen
atmosphere and vacuum distilled over a potassium hydroxide pellet
in which only the middle fraction, n601.5467 (Literature value,12
1.5465), was collected and used for the preparation of the copolymer
beads.

The meta-divinylbenzene used for this work was prepared by the
preparative gas chromatographic method in the manner described in the
first part of this thesis.l3 A quantity of prepared meta-divinylbenzene
which had been stabilized with a small amount of inhibitor under ni-
trogen and kept at - 10°C was washed three times with 1 N. sodium
hydroxide solution and with distilled water, dried over calcium chloride,
and vacuum distilled over one or two pellets of potassium hydroxide
to insure the complete removal of inhibitor from the monomer. Only the
middle traction, b.p. 34°C/ lmm., ngd 1.5755 (Literature values,l' 14
3400/ lmm,, and 1.,5754), was collected and used for the preparation
of the copolymer beads.

para-Divinylbenzene was isolated from commercial divinylbenzene,

which is a complex mixture of meta- and para-ethylvinylbenzene,
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meta- and para-divinylbenzene, with traces of naphthalene and indene,,
by complexing with cuprous chloride.ls' 16,17 The procedures are as
follows:

One hundred grams of commercial divinylbenzene (supplied by
Dow Chemical Co., with para-divinylbenzene content of 20,5%) was
placed in a 400 ml, beaker and was cooled to between 0 and - 5°C.
A 30 g. portion of anhydrous cuprous chloride (Baker Analyzed Re-
agent) was added slowly with continuous stirring. As the slurry be-
came viscous small quantities of toluene were added (total about
50 ml.) to render the slurry mobile, After stirring for 30 minutes
the yellow solid complex was collected on a Buchner funnel with
suction, The solid was reslurried with 100 ml,., of toluene cooled
to between 0 and 5°C and was again collected. The toluene washing
was repeated twice mare. TFinally the solid was suspended in 100 ml.
of toluene and was decomposed by heating to 80°C, The grey slurry
was filtered hot and the cake of cuprous chloride was washed with
hot toluene, The toluene was separated from the combined filtrate
and washings by fractionation under vacuum. Before fractionation of
toluene a small quantity of di-tert-butyl-para-cresol was added to the
mixture of filtrate and washings., The residue was then vacuum dis-
tilled to give 12 to 13 g. (60 to 65% yield) of para-divinylbenzene.,
With 10 g. of commercial divinylbenzene, twice complexed, the yield
was 40 to 50%. The para-divinylbenzene thus obtained was found to

be 80 to 90% pwe in a series of tlree check runs, For further
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purification, this para-divinylbenzene was partially crystallized by
cooling to 5°C, and the unfrozen liquid was decanted, The re-
maining solid crystals (5.8 g. from 13.2 g.) were 96,.5% pure,

Further purification by one preparative gas chromatographic
separation on a Bentone column, a method used for the preparation
of pure para-divinylbenzene in the previous wczrk,13 gave material
of 99,5 4+ % purity in 40% vyield. If the uncrystallized 80 to 90%
purity material is chromatographed directly, it must have been passed
through the column at least twice to get a purity of 99+% with con~-
siderably less favorable yield., The purity of the samples was cal-
culated from the relative peak areas of the analytical chromatograms
which were obtained by using a Perkin-Elmer vapor fractometer,
Model 154D with an R (Poly(propvlene glycol) on Chromosorb-W)
column and a flame ionization detector. para-Divinylbenzene prepared
by the above method was vacuum distilled under nitrogen over potas-
sium hydroxide pellets and the material used fa this work had m.p.
30°C, n35 1.5856 (Literature values,'s!% 29.5 - 30°C and 1.5857)

and was found to be 99,5+% pure by gas chromatographic analysis.

Initiator

Solid benzoyl peroxide was used as the initiator throughout this
work and was purified by precipitation from a concentrated chloroform
solution. Benzoyl peroxide was supplied by Fisher Scientific Co..,.
Purified benzoyl peroxide was dried under vacuum very carefully at

room temperature.
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Dispersion Agent
Carboxymethyl cellulose ether sodium salt, supplied by
Matheson Coleman & Bell (99.5 % pure in dry base; premium refined

grade), was used as such without further treatment.

Preparation of Copolymer Beads

One gram of carboxymethyl cellulose ether sodium salt was dis-
solved in 250 ml,. of distilled water with vigorous stirring. This
dispersion solution was introduced into a 500 ml,., 3-neck round
bottomed flash half immersed in an oil bath maintained at 80°C.

The flask was fitted with a nitrogen inlet, an air condenser, and a
"V" shaped stirrer. The solution was stirred ﬁnder a nitrogen blanket
With a stirrer which was powered by a Thyratron controlled motor run-
ning at a constant speed of about 300 r.p.m, until the solution at-
tained thermal equilibrium with the bath.

After stopping the stirring, the mixture of monomer and solid
benzoyl peroxide (0.1% by weight of monomer mixture) was added
to the suspension solution. The stirring was then resumed and the
copolymerizations were allowed to proceed fa twenty hours., At the
end of this time the milky emulsion was transferred to a 2 liter
beaker and one liter of distilled water was added to this mixture,
This was thoroughly mixed., Next, the emulsion was decanted and
the beads were washed several times with distilled water to wash off

all the dispersion agent and remove imperfect beads. The wet beads
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were then sieved through a set of 10, 20, 30, and 40 mesh standard
screens under a constant flow of distilled water. These beads on
the screens were washed with distilled water three or four times.
Then the beads were dried at 80°C for 40 minutes on the specific
screens., The dried beads were transferred from the sieves after
cooling and bottled separately according to their mesh sizes. The
copolymerizations were carried out by using 8 mole % of the cross-
linking agent, a mixture of meta-~ and para~divinylbenzene, in which
the meta/para ratio of the two isomers was varied over a range from
4 to 22%., The monomer feed composition for the bead copolymeriza-

tions are given in Table 1,

Measurement of the Rate of Sulfonation

Copolymer beads only in the 20 - 30 mesh range were used for
studying the rate of sulfonation., About 5 g. of the copolymer beads
were preswollen in 100 ml. of distilled ethylene dichloride (Fisher
Certified Reagent) overnight, and the excess ethylene dichloride was
removed by vacuum filtration on a sintered glass Buchner funnel,
Twenty milliliter of concentrated sulfric acid prepared from 8 parts
of 97.5% sulfuric acid (Baker Chemical Co,) and 1 part of 30% fuming
sulfuric acid (Fisher Scientific Co.) was used to flush the swollen
beads through a wide, long-stemmed funnel into a 250 ml., 3-neck
round bottomed flask to which 130 ml, of the same acid had been

added and maintained at a constant temperature of 80°C in an oil
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Table 1,

Composition for Bead Copolymerizations

Wt, of Wt, of Tot.wt. Wt, of Wt., %
Exp.No, p-DVB,qg. m-DVB,g. DVB,g. Styrene,g. of p-DVB

1. 0.0 1,6780 1.6780 15,4867 0.0

2. 0.2113 1.5714 1.7827 16.4005 11.85
3. 0.3624 1.4011 1.7635 16,2239 20.55
4, 0.3998 1,2009 1.6007 14,7262 24,98
Se 0.4626 0.7470 1.2096 11,1281 38.24
6. 0.7748 1,0542 1.8290 16.8265 42,36
7. 0.9646 0.8556 1.8202 16,7455 52.99
8. 1.1297 0.6530 1.,7827 16.4014 63.37
9. 1,4402 0.2463 1.6865 15,5155 85.40
10, 1.4815 0.0 1,4815 13,6087 100,00
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bath. The flask was half immersed in the bath and was fitted with
a stirrer, a stopper and an air condenser closed with a silica gel
drying tube, When all the beads were in the acid, stirring was
started and the speed of stirring was so regulated to ensure that
the beads were uniformly dispersed in the acid medium. Approxi-
mately the same speed was maintained in the sulfonations of differ-
ent samples. Bead samples were taken out at a regular time inter-
vals and washed with decreasing strengths of sulfuric acid as pre~
viously described by Wiley and Venkatachalam.,2 The sulfonated beads
were finally washed several times with distilled water until the wash-
ings were free from any acid. The beads were then allowed to stand
in distilled water overnight, at the end of which they were washed two
or three times more with distilled water.

The rate of sulfonation was followed by determining the total
capacity of the beads for different time intervals by the salt splitting

method 18

as follows: The washed sulfonated beads were dried in a
vacuum oven at 80°C for five days to a constant weight, After cool-
ing, about 0,2500 g, of the dried beads were weighed quickly and
added to a 250 ml. beaker containing 100 ml, of 0.02 N, potassium
chloride, The mixture was stirred magnetically fa one hour to
achieve complete equilibrium, The liberated acid was then titrated

against 0.1000 N, sodium hydroxide solution to an end point of

pH 7. During the titration the reaction mixture continuously was
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Table 2,

Rates of Sul’fonationa of Polystyrene Crosslinked with 8% of
para- and meta-Divinylbenzene Mixture,

Exp.No.

20 1.09 1,01

30 1.51 0.16
50 - 2.57 2.99

60 3.32 0,80 0,78 0,68 1,35 0,57
80 4.73

90 4,39 5.08 1.78

120 0.40 5623 5418 5,25 1,87 1,93 2,67 1,13
150 5.41 3,10 2.30

180 1,28 2,57 4,09

210 1.55 4,11 3.08 2,35
240 0.75 5.25

270 1.93 5.49 4,22

300 3457
330 4.89

360 1.15

420 3.28

540 2,08

aCapacity in milliquivalent per gram is tabulated,
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being stirred magnetically. The pH was followed with a pH meter,

The capacity as milliequivalents per gram of dry beads was calculated

using the following formula:

Total Capacity = ml, of NaOH soln, x N, of NaOH soln,

grams of dry sample

The capacities at different time intervals of each sulfonated

copolymer are shown in Table 2,
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Results and Discussion

As mentioned in the previous part of this thesis, the structures
of copolymers obtained from the copolymerizations of styrene with
chemically pure isomeric divinylbenzenes are likely to be different
because of their different characteristics in the copolymerizations,

If this is the case, one should expect that the polystyrenes cross-
linked with a mixture of meta~ and para-divinylbenzene would be
different from those crosslinked solely with meta- or para-divinyl-
benzene, and that polystyrenes crosslinked with various ratio of
meta and para isomer also would be different from one another in
their structures., It has been shown® that the measurement of the
rates of sulfonation of polystyrene beads copolymerized with divinyl-
benzenes, a method which is based on the increase in the capacity
of the sulfonated beads with sulfonation time, enables one to com-
pare the structural differences between the bead.: copolymers., Hence,
it is not unreasonable to expect that the rates of sulfonation of bead
copolymers prepared from styrene and divinylbenzene mixture in which
the ratio of the two isomers varies may also differ, Using concen-
trated sulfuric acidll is one o the simplest methods to sulfonate
these bead copolymers. The preswelling of the beads is necessary.
It greatly accelerates sulfonation because it loosens the chains.
Since the sulfonation of these copolymer beads has been reported to

proceed from the outer surface toward the center, care was taken to
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have a uniform stirring speed throughout the entire series of experi-
ments.

The data in Tables 1 and 2 are represented in Figure 1 where
capacities were plotted against time of sulfonation and the number
on each line refers to the experiment number given in Table 1 or 2,
The data show that the polystyrene beads crosslinked with 8 mole %
of divinylbenzene have markedly different rates of sulfonation as the
meta to para ratio of the two isomers varies, For example, the beads
crosslinked with 63% p-divinylbenzene in the 8 mole % of divinyl-
benzene have the low capacity of 1,93 meq./g. after two hours of
sulfonation comparing to the corresponding value of 5.18 meq./g.
observed for the beads crosslinked with 25% para isomer (in the
mixture) in two hours of sulfonation, In order to see more clearly
the changes in the sulfonation rates of the bead copolymers as the
ratio of para and meta isomer varies, the initial slopes of the rate
curves (in meq./g./hr.) are given in Table 3 and are represented in
Figure 2. For compositions containing 20 to 40% of p-divinylbenzene,
in the 8 mole % of divinylbenzene used as crosslinking agent, the
rate of sulfonation is enhanced by a factor of up to four. Except
for the copolymer beads crosslinked with pure meta-divinylbenzene,
for which the rate of sulfonation is very low (about 0.2 meq./g./hr.),
a variety of compositions, outside the 20-40% of p-divinylbenzene
range, show sulfonation rates of 0.5 to 1.5 meq./g./hr.. For compo-

sitions containing 20 to 40% of p~divinylbenzene (in the 8 mole %
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of divinylbenzene) the values are 2.8 to 3.9 megq./g./hr..

In addition, the data show that the copolymer beads crosslinked
with 8 mole % meta-divinylbenzene have a much lower rate of sulfona-
tion (0.21 meq./g./hr,) és compared to the rate of sulfonation of
copolymer beads crosslinked with 8 mole % para-divinylbenzene
(0.69 meg./g./hr.).

Since the monomer reactivity ratios give an indication of the
propagation reactions taking place in the copolymerizations, the struc-
tural interpretation of the above results, obtained with pure para and
pure meta isomers, can be explained by the differences in the values
of the monomer reactivity ratios for the copolymerizations of styrene
with these two isomeric divinylbenzenes. The monomer reactivity
ratios for the styrene/divinylbenzene series!? are ry (styrene) =
0.605/r2(meta) = 0,88 at lower (1.8 to 3.7%) conversions, r (styrene) =
1.27/rp(meta) =1.08 at higher (2.7 to 7.5%) conversions, and Ty
(styrene)=0.77/rz(para) =2.08. These values appear to suggest
that the copolymerization of styrene with p-divinylbenzene results
in a structure with a tightly crosslinked nucleus connected by long
chains of polystyrene. In comparison, the styrene/m-divinylbenzene
copolymer would be expected to have a structure in which the cross-
links are more widely distributed than in the styrene/p-divinylbenzene

20

copolymer, And it has been shown that the distance between the

meta- crosslinking in divinylbenzene is smaller (SGSAO) than that be-

tween the para crosslinking (5.8A°), Thus it seems that meta
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Table 30

Rates of Sulfonation (meg.(g.zg,) of Polystyrene Crosslinked with

8 mole % Mi of m- and p~Di 1benze

Exp.No, 1 2 3 4 5 6 7 8 9 10
Wt,of

P-'DVBa 0,0 11.85 20,55 24.98 38,24 42,36 52,99 63,37 85.40 100,0

meq./ . 0519 0,39 2,78 3,60 3,27 1.16 0.87 0,90 1.32 0.64
g./hr. '

aPercentage of p-divinylbenzene in the 8 mole % of divinylbenzene
mixture,

! ! 1 T

meq./g./hr,

0 20 40 60 80
_ - % p-Divinylbenzene

Figure 2. Rates of Sulfonation in meq./g./hr, of
Copolymer Beads.,
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crosslinkages do not provide large enough holes for the sulfonating
speciés (the exact nature of which is not known) to diffuse through.
Therefore the meta crosslinked copolymer shows a lower rate of
sulfonation compared to the para crosslinked copolymer beads.

Although it might be premature to describe the exact structures
of the copolymer beads crosslinked with a mixture of meta- and
para-divinylbenzenes without information about kinetic studies far
the ternary copolymerization of these three (styrene and the two iso-
meric divinylbenzenes) compounds, the rates of sulfonations fa these
copolymer beads indicate that the primary gel network structure is
different in these bead copolymers and that the structure farmed from
the mixture of 30% of p-divinylbenzene (70% meta isomer) is charac-
teristically significant in determining a maximum for the rate of sulfo-
nation, Presumably the interstices of the network in the copolymer
beads crosslinked with divinylbenzene mixture of 30% para isomer are
of the optimum size to allow access of the sulfonating species to the
reacting benzenoid rings in the copolymer.,

The following comments concern the isolation of para~divinyl-
benzene from commercial divinylbenzene by complexing with cuprous
chloride as described in the "Experimental" section, Even today
after decades of study, it caﬁnot be said .that pure para-divinyl-
benzene is readily available commercially., Techniques for the ‘syn-

thesis of pure para-divinylbenzene have been studied in detail. A
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useful method is decarboxylation of p-phenylene—p, p-diacrylic
acid.21 The uses of vapor bhase chromatography in the separation
and purifications of isomeric divinylbenzenes from commercial divinyl-
benzene also have been reported previously.22'23 However, these
methods are not practical because they are time-consuming and give
lew _vields. In the synthetic methods the yields always were found
to be around 30%. The preparative gas chromatographic separation
of p-divinylbenzene requires at least two passes of the commercial
divinylbenzene through the fractionation column to get pure monomer.,
This involves a considerable loss of materiale Therefore, a possible
new method of isolating p-divinylbenzene from commercial divinyl-
benzene has been studied. The use of complexes in the separation
of hard to separate mixtures of aromatic compounds has been employ~

24, 25

ed and recently p-divinylbenzene was reportedls'm'” to form

a solid complex with cuprous chloride at an optimum ratio of 1:1 at
0-5°C. The possibility of using this complex formation to separate
p-divinylbenzene from commercial divinylbenzene was investigated and
convenient experimental procedures were described in the previoln;.s
section, By this method one can easily get highly concentrated
p-divinylbezene from commercial divinylbenzene, In order to obtain
highly pure p-divinylbenzene (99,5 % or more) the concentrated
sample need be passed only once through the vapa phase gas

chromatograph.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Summary

The kinetic studies on the sulfonation of polystyrene cross-
linked with 8 mole % divinyibenzene, in which the meta/para ratio
of the two isomers was varied over the entire range, show that the
rates of sulfonation of these beads are remarkedly sensitive to the
isomeric (para/meta) composition of the mixture of the two divinyl-
benzenes used in preparing the copolymers. Thus, beads cross-
linked with 20 to 40% para isomer sulfonate much faster than do
those crosslinked with the divinylbenzene mixture of the compositions
outside the 20 to 40% range of para-divinylbenzene. For example,
at 80°C 25% para (in the 8 mole % of divinylbenzene) crosslinked
beads sulfonate to a capacity of 4.73 meq./g. in 80 minutes, where-
as, the beads crosslinked with 53% para isomer acquire a capacity
of 2,57 meq./g. in 180 minutes at the same temperature,

The difference in the rates of sulfonation has been explained
on the basis of the network structure of the copolymers., It appears
that the interstices of the network in the copolymer beads cross-
linked with 20 to 40% p-divinylbenzene have the optimum size for
the sulfonating species to permeate and react with bezenoid rings.
The copolymer beads used for this rate study were prepared at 80°C
for 20 hours by using 0.1 weight % solid benzoyl peroxide as the
initiator and 0.4 % solution of carboxymethyl cellulose ether sodium

salt in water as the dispersion agent. The meta-divinylbenzene
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used in this work was prepared by methods developed previously in
this laboratory. The para isomer was also prepared by a newly
developed method based on the formation of an insoluble complex
between cuprous chloride and p-divinylbenzene and subsequent

separation using preparative gas chromatograph.26
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PART III

POLYMERIZATION KINETICS OF PURE

META- AND PARA-DIVINYLBENZENE
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Introduction

. In the previous parts of this thesis it has been shown that
meta- and para-divinylbenzene have quite different characteristics
and that the second vinyl groups of these two isomers have dissimi-
lar effects on the copolymerizations with monovinyl monomers,

The polyfunctional monomers like meta- or para-divinylbenzene
form a chemical structures of macroscopic dimensions, a so called
infinite netwark. The occurrence of a sharp gel point is of foremost
significance among the physical characteristics of the nonlinear three
dimensional polymer formations. Wiley and De\lenutol have shown
that it was possible to obtain viscometric data far the kinetics of the
pre-gelation period in the polymerization of meta- and para-divinyl-
benzene and their data showed significant differences in the overall
polymerization rates for the tvyo isomers,

In order to understand further the details of the polymerization
kinetics of these two divinyl monomers, overall polymerization rates
of the two isomers, gel times, and the conversions at gel points
were determined in the present study.

Overall reaction rates for the pre-gelation periods were measured
dilatometrically and the gel points were determired using rotating
magnetic stirrers in the reaction cells., Based on these analyses,
it has been shown that 1) the overall reaction rate for both isomers

is proportional to the square root of the initiator concentration;
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2) the dependences of the gel-times for the two divinylbenzens on the
square roots of the initiator concentrations are different; and 3) the
dependences of the conversions at the gel-points for the two isomers

on the square roots of the initiator concentrations are different.
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Historical

A short review on the previous research on polymerization kinetics
is made in this section to provide some background for this work.

Polymerization reactions have been known for over a century and
during most of this time their study was scrupulously avoided by
chemists since they are non-distillable, non-crystalline, form no
crystalline derivatives, and generally are quite resistant to the methods
of classical organic chemistry. In recent years chemical methods ap-
plicable to high molecular weight substances have been developed,
physical chemists have become intrigued with their properties, and the
role of polymeric substances in natural biochemical systems has be-
come widely recognized. Moreover, it has been noticed that many
polymers are of industrial importance.

The processes of polymerization were divided by Carothers and
1?‘lory2 into two groups known as condensation and addition polymeri-
zation or, in more precise terminology, step-reaction and chain-reac-
tion polymerization. Condensation or step-reaction polymerization is
entirely analogous to condensation in low-molecular weight compounds.
In polymer formation the condensation takes place between two poly-
functional molecules to produce Qe larger polyfunctional molecule with
the possible elimination of a small molecule such as water. Polyamides

and polyesters are prime examples of condensation polymers.
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Addition or chain-reaction polymerization involves chain reac-
tions in which the chain camrier may be an ion (either a cation or an
anion) or a reactive substance with one unpaired electron called a
free radical. Polystyrenes and polyethylenes are typical examples of
addition polymers. In this section only addition polymerization by a
free radical chain mechanism will be considered. In 1839 Simon3 re-
ported the conversion of styrene to a gelatinous mass. Berthelot?
in 1866 first appiied the term polymerization to the process. Poly-
merization of isoprene to a rubberlike substance and depolymerization
of a vinyl polymer to its monomer and other products as well by heat-
ing to elevated temperatures were then subsequently repcrted.5 Poly~
methacrylic acid was prepared in 1880 by TFittig and P.‘.mgelhorn6 and in
1910 Stobbe and Posn_'lak7 proposed a cyclic structure composed of

four, five, or possibly more structural units for polystyrene. Lebedev8

and Harmrles ,9

working separately, polymerized butadien and both of
them proposed the cyclooctadiene structure to polybutadiene on the
basis of their structural study of this polymer. However, Lebedev10
subsequently assigned chain structures for polybutadiene and for
rubber,

In an important paper published in 1920 S’caudinger11 deplored
the prevailing tendency to formulate polymeric substances as associa-
tion compounds held together by “partial valences" or other forces.

He specifically proposed chain formulae for polystyrene and poly-

oxymethylene (paraformaldehydé), which are the ones accepted at the
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present time and he suggested a chain mechanism for a vinyl poly-
merization, However, an alternative mechanism of a stepwise reac-
tion involving hydrogen transfer12 was serlously considered as late

as 1936. The controversy was settled by Flory's ana1y31513

of
kinetics of vinyl polymerization in 1937 in which he showed that
radical polymerization proceeds by initiation, propagation, and termina-
tion steps, typical of chain reactions in low-molecular weight species.
The addition polymerization of unsaturated monomers by a free
radical chain mechanism can be initiated by light, heat ar peroxides,
and has following characteristics: 1) the majority of monomers have
the structure CH2=C<, i.e., with one end of the double bond unsub-
stitututed, and are free from allylic C~-H bonds; 2) monomer concen-
tration decreases steadily throughout the reaction; 3) the growing poly-
mer radical adds repeating units one at a time to the chain; 4) poly-
mer molecular weight changes little over a considerable extent of
the reaction; 5) the reaction mixture contains only monomer, high
polymers, and very little part of growing chain., The following free
radical polymerization mechanism and kinetics offer an explanation
for the above general characteristics of vinyl polymerizations. The
simpliest such scheme is one in which three processes, as mentioned
above, are involved: chain initiation, radical addition to a double
bond, and radical destruction. The process of chain initiation in-

volves two steps, the first being the generation of a pair of free

radicals Ry by decomposition of the initiator I (e.g., benzoyl
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peroxide or azobisisobutyronitrile),

I kg 2 Re (1)

v

and the second the addition of the radical to the double bond of a

monomer M to vield a chain radical

Re + M ka 3 Mlo (2)

where the k's in these and subsequent reactions are rate constants,
with subscript designating the reactions to which they refer. The
adduct formed from a vinyl monomer is here represented by M;..
Not all of tﬁe radicals produced in step (1) necessarily regenerate
the chain radicals according to step (2). Some of them may be lost
through side reactions. In the propagation steps the polymeric free

radical chains grow by successive addition of monomers to the radi-

cals Ml' and to their successors:

k
M.+ M P , M,.
(3)
M,.+ M Kp M
z. } 3.
kp Mn+l-
or in general Mn' + M .

Since radical reactivity is presumed to be independent of chain length,
the same reaction rate constant kp is written for each propagation step.
The termination step involves annihilation of the active center

through bimolecular reaction between a pair of chain radicals. This
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may occur by combination

k .
M. +Mg. tc > Mpm (4)

or by disproportionation through transfer of a hydrogen atom

kid 1
Mj. +Mp; M_+M (4%

> n me*

where M, and Mm represent inactive polymer molecules having the
numbers of units indicated by the subscript in each case. Except
where it is necessary to distinguish between the two mechanisms the
termination rate constant will be denoted k; hereafter. Equations (1),
(2), (3), (4), and (4') describe the mechanism of vinyl polymerization
initiated by free~radical initiator in a form amenable to general kinetic
treatment. The rates of the three steps (initiation, propagation, and
termination) may be written in terms of the rate constants and the con-
centrations of the species involved, It follows, then, that the disap-

pearance of monomer may be represented as

dM) = i (RI(M) + Kk (M.)(M) (s)
dt

where (M.) represents the total concentration of all chain radicals
irrespective of size. Since the number of monomer molecules reacting
in step (2) is insignificant compared with those consumed in the propa-
gation step (3), it is clear that the disappearance of monomer is es-

sentially uninfluenced by the initiating rate k;(R.)(M), so

_ A0 k(M) ©).
dt
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The rate of change of radical concentration may be expressed as the
difference between their rate of formation and their rate of destruction
(by termination):

__id(.M_'.L = kRIM) - 2k, (M.)? (7)
t

where the factor 2 enters as a result of the disappearance of two ra-
dicals at each incidence of the termination reactions (4) or (4').

Chain radicals by virtue of their great reactivity simply do na last
long when compared with the process of converting monomer to polymer,
Therefore, a steady-state gssumption can be applied for the rate of

change of radical concentration, Hence
ky(RD(M) = 2k (MoF | (8)

Furthermore the steady-state assumption can be applied for the rate
of change of initiating radical concentration:

_sla(?_.l_ = 2fky(D - k(RIM) = 0 (9)
where the factor f represents the fraction of the radical formed by

Eq. (1) which is successful in initiating chains by Eq. (2) and (I)

is the initiator concentration., From above equations finally one gets

-~ AM) k(M) (kdf(I)/kt)l/ 2 (10)

dt
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If R b is the rate of polymerization and Ri is the rate of chain initiation,

one may simplify Eq.(10) to

1/2
R.p = kp(M) (Ri/Zkt) (11)

This equation shows that in the early stages of the reaction, the
overall rate of polymerization should be proportional to the square root
of the initiator concentration and, if f is independent of the concentra-
tion of monomer (M), to the first power of the monomer concentration.
An extensive study of various monomer-initiator combinations has abun-
dantly confirmed the relationship between the rate of polymerization and
the square root of the initiator concentration and this experimental
fact confirms the bimolecular mechanism of polymer radical termination
process, whether by combination or disproportionation, If the initiator
efficiency f is independent of monomer concentration and the initiator
conceniration does not vary much during the course of polymerization,
then the transformation of monomer to polymer shouild be by first
order, i.., the polymerization rate should be proportional to the
monomer concentration, In some systems, such as the benzoyl peroxide-
initiated polymerization of styrene in toluene14 and polymerizations of
d-sec—butyl—ol-chloroacrylatel5 and vinyl—Sl—B-phenylbutyratel5 in dioxane
solution initiated by benzoyl peroxide, the reaction is accurately first
order up to quite high conversions.

The polymerization of certain monomers, either pure o in concen-

trated solution, shows a marked deviation from first-order kinetics in
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the direction of an increase in reaction rate with increase in
molecular weight, This phenomenon is termed autoacceleration or
the gel effect, Although it also is called the Trommsdorff effect,16
this phenomenon was first observed by Norrish and Brookman.17

Data obtained by Schulz and Harborth18

illustrate behavior quite dis-
similar from that in first-order kinetics. They polymerized methyl
methacrylate in mass and at various concentrations in benzene with
benzoyl peroxide as an initiator in a dilatometer. The dilatormeter was
employed to follow the polymerization by observation of the decrease in
volume of the polymerizate, which is due to the higher density of poly-
mer than of monomer. At monomer concentrations up to approximately
40% the polymerization process was first orders When the monomer
concentration was increased to higher values, a great acceleration of
the polymerization rate was observed when the conversion reached 15

to 40%. The acceleration occurs at:.a higher conversion when the
monomer is more dilute. Moreover, the molecular weight of polymer
formed at concentrations leading to autoacceleration increased sharply.
Autoacceleration in the rate of polymerization occurs also with other
monomers.l9 The homologous acrylates and methacrylates exhibit a
tendency to autoacceleration, as do acrylic and methacrylic acids and
acrylonitrile. In the polymerization of methyl acrylate without diluent A9
it seté in before a conversion of one per cent has been reached, Auto-

acceleration also occurs in the polymerizations of styrene and vinyl

acetate,20 but to a lesser degree than for methyl acrylate a methyl
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methacrylate,

It is now generally believed that this phenomenon can be explained
by a large reduction in the termination rate constants in relation to the
propagation rate constants. This decrease in ki is believed to arise
from the high viscosity of the monomer-polymer mixture when the con-
centration rises to the levels mentioned earlier. The decrease in ter-
mination rate leads to an increase in overall polymerization rate and in
molecular weight, since the lifetime of the growing chain increases.
The measurements of the absolute values of the individual rate con-
stants have furnished further proof of this explanation, In the poly-
merization of methyl methacrylate the termination rate constant has
been found to decrease by about 100 times during the autoacceleration
phenomenon, whereas kp does not appear to change., At quite high
conversions (70 to 90%), but long after propagation has become diffusion
controlled, the rate of polymerization drops to a very low value.

The overall rate of polymerization has been followed by several
methods, such as titrimetric determination of the reduction in unsat-

21

22
uration by Wijs solution or bromine, observation of changes both

in ultraviolet23 and infrared24 absorptian spectra, ne asurement of the

molecular diamagnetic susceptibility 25 of the reaction mixture at cer-
tain time intervals, measurement of increase in refractive index26

during polymerization, and weighing of produced polymer after certain

time of polymerization. The above analytical methods are in part
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1) extremely laborious, 2) time consuming, 3) of rather low accuracy,
and 4) difficult in regard to the design of the required equipment. The
most convenient rr_lethod of rate measurement for liquid phase polymeri-
zation is the dilatometric method.27 This arises in part, at least, from
the high sensitivity of the technique which results from the large dif-
ference in density between polymer and monomer., Also it has been

d28

demonstrate that there is a linear relationship between the densities

of monomer-polymer mixtures and their composition., From known den-

sities of monomer, d,, and polymer, dp, or specific volumes of mono-
mer, Vi« and polymer, Vp, the volume contraction for 100% conversions
can be calculated:

volume contraction _ g
for 100% conversion

1/dm - l/dR V.-V
l/dm \Y
The extent of polymerization (% conversion) after polymerization time

t is calculated by the equation:

U o_ % x 100 (12)
KV
where U, V, and V, are % conversion, initial volume of monomer, and
observed volume contraction at polymerization time t, respectively.
If the heat of polymerization is known, a reasonably accurate
measure of the course of reaction can be obtained by use of an
isothermal calorime‘cer.29 Essentially polymerization is carmried out in

a small sealed tube immersed in a liquid in equilibrium with its own

vapor at its boiling point. Under these conditions heat released from
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the reacting system will bring about the evaporation of the surrounding
liquid. The loss in weight of the assembly will be a measure of the
extent of polymerization,

Another important way to follow the rate of polymerization in-
volves viscometry. Recently Wiley and DeVenuto! studied the kinetics
of the pre-gelation period for the polymerization of divinylbenzene iso-
mers viscometrically and they found that the overall rate of polymeriza-
tion of meta isomer was greater than that of para compound in both
toluene and tert-butylbenzene,

Divinyl monomers, (as contrasted to the monomers containing only
one vinyl group or those unsaturated compounds which generally react
to add only one monomer) form a three-dimensional, network of cross-
linked polymers. Since each act of crosslinking reduces the number of
polymer molecules which would otherwise be formed, crosslinked poly-
mers may have very high molecular weights, and, in fact, a sufficiently
crosslinked sample may be essentially a single giant molecule, The
transition from an initial linear polymer to a crosslinked structure
usually occurs quite dramatically in the course of polymerization. The
gel point, the appearance of visible gelafion in a polymerizing system,
may be defined as the point at which large networks (on a molecular
scale) are first formed. One of the most widely used method?’O to
detect the gel point is to cause a little glass ball to spin or to be

in motion in the polymerizing system and the point at which the ball

stops spinning or moving is taken as the gel point,
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Experimental

Monomers

meta-Divinylbenzene was prepared by a method similar to the
one described in the first part of this thesis., The sample used for
this work was found to be 99.5+% pure by gas chromatographic
analysis with a flame ionization detector (Perkin-Elmer vapor fractometer
Model 154D with “"R" column), and had b.p. 34°C/lmm. and n]%‘l
1,57585. .

para-Divinylbenzene was supplied by Cosden Chemical Co, with
the purity of about 92%,., This sample was dissolved in equal parts
of benzene and separated by the preparative gas chromatographic
method to give pure p-divinylbenzene as previously described in the
first part of this thesis. The monomer used for this work was 99.5+%

pure by gas chromatographic analysis with a flame ionization detectar

and had m.p. 29.8°C and n%5 1.5855.

Solvent

Toluene was used as a solvent throughout this wark. A quantity
of toluene (Baker Analyzed Reagent) was boiled over sodium for 10
hours and freshly distilled under nitrogen just prior to use. The sol-

vent used for this work had b.p. 110.600 and n%o 1,4969,

Initiator

Solid benzoyl peroxide, purified as described in previous works,
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was used as an initiator throughout this work,

Determination of Densities of Solvent, Monomers, and Polymers

Since the reaction rate was followed dilatometrically at 70°C,
first the densities of monomers, polymers, and solvent at 70°C were
measured using a 25 ml.-Gay-Lussac pycnometer with the expansion
cup (Figure 1). The densities of toluene and monomers at 70°C were
obtained by comparing the weights of their samples to that of an equal

volume of water of known density at 70°C using the following equation:

- @)
—0°  xd,

where do and d,, are the densities of the sample and of water, respec-
tively, and W, and W,, are the weights of the same volume of the
sample and of water, respectively.

When the densities of monomers were measured, a small quantity
(about 1000 p.p.m.) of inhibitor (2,6-di-tert-butyl-p-cresol) was added
to inhibit polymerization. The volume occupied by the inhibitor was
neglected.

Furthermore, since the dried polymer volumes may not be the same

as those in solu‘cion,27

the apparent densities of poly{m-divinylbenzene)
and poly(p-divinylbenzene) were determined in toluene at 70°C. A
certain weight of the polymer obtained as indicated in the section

"Determination of Converstion at Gel-Point" was placed in the pycno-

meter and about 10 ml., of toluene was added to this pycnometer
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with a dropper. The pycnometer after capping was allowed to stand
three days at room temperature and then it was placed in 7000
constant temperature water bath after being filled with toluene.

After thermostating, part of the excess liquid was forced out through
the capillary into cup C by inserting a ground glass stopper. After
a few minutes more in the thermostat, the liquid remaining on the
flat surface of the stopper, S, was quickly wiped off with lens paper.
The cup was dried with absorbent paper and the pycnometer was re-
weighed to get the weight of toluene used. From the known values
for the densities of toluene and water at 70°C and weight of polymer
used, one can calculate the polymer density in the solvent using the

equation:

where dp represents the density of the polymer, W_ is the weight of

p

the polymer used, and V and Vg are the volumes of the pycnometer and
of the solvent (toluene) used.

The values obtained for the densitles of monomers, polymers, and
solvent (toluene) at 70°C are given in Table 1. As mentioned in the
“Historical" section the densities of monomer and polymer enable vol-
l'lme contrac.:tions for 100% conversions to be calculated, and the cal-
culated values using the obtained values for the densities of the two

monomers and polymers are included in Table 1,
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Table 1,

Densities and Volume Contraction for 100% Conversion at 70°C,

density of density of % contraction for
monomer polymera complete reaction
m-DVB 0.8803 1,056 16.43
p-DVB 0.8959 1,072 16.64
Toluene 0.8211

adensity of polymer in toluene

Polymerization Rate Determination

The monomer mixtures were prepared by using 10 ml. volumetric
flasks at 20°C, The volumetric flask was weighed on a balance and
2,9683 g, of freshly distilled monomer (m-divinylbenzene or p-divinyl-
benzene) was placed in the volumetric flask through a Pasteur pipette
and various amount of benzoyl peroxide (0,00199 to 0.19743 3.) were
added to each flask (Table 2 and 3). Toluene was quickly added to
the volumetric flasks to make the volume 10,00 ml, at 20°C. During
this process the flask was gently vibrated. The weight of toluene
used was measuwred, This mixture was allowed to stand an additional
five minutes at room temperature to ensure complete mixing. The
monomer mixture prepared by the above method was used in part for
the dilatometric study and in part for the determination of gel-time

and conversion at gel-time, The monomer sample was charged into

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



‘uoissiwiad noypm payqiyosd uononpoidal Joyung “Jeumo ybuAdoo ayi Jo uoissiwiad yum paonpoisday

Table 2,

Concentration, of Benzoyl Peroxide for the Polymerization of m-Divinylbenzene in Toluene
(2,28 mole/ls) at 70°C.

Exp.No.2 1 2 3 4 5 6 7 8

Wt, of B%nzoyl
Peroxide 0.,00199 0,00296 0,00751 0,01766 0,02955 0,04428 0,07303 0,19717

Conc.of Ben- _
zoyl Peroxide® 0,821 1,22 1,30 7.29 12,20 18.28 30,15 81,40

APxperiments with the same number in Tables 2, 4, and 6 have the same initiator concentrations,

bWeight of Benzoyl Peroxide in 10,00 ml. of monomer mixture,

C(mole/1.) x 1 O3

d'I'he moonoma' mixture (10,00 ml,) contained 2,9683 g, of m~-DVB and 7.8385g, of toluene
at 20°C.

‘PET
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Table 3.

Concentration of Benzoyl Peroxide for the Polymerization of p-Divinylbenzene in Toluene

(2,28 mole/i ) at 70 C.

Exp.No.2 1 2 3 4 5 6 7 8 9

Wt.ofBzzOZb 0.00208 0,00414 0,00751 0,00753 0,01766 0,02931 0,04435 0,07402 0,19743

Conc,of
Bzzozc 0.858 1,71 3/10 3.11 7.29 12,10 18,31 30,56 81,51

aExperimerrts with the same number in Tables 3, 5, and 7 have the same initiator concentrations,

bWeight of benzoyl peroxide in 10,00 ml, of monomer mixture,

C(moleA. x 103

dThe monomer mixture (10,00 ml,) contained 2,9683 g. of p-DV¥B and 7,9105 g. of toluene at 20°C,

Se1
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the reaction tube of the dilatometer using a glass dropper. The re-
actimtube (about 3 ml. capacity) was mounted in an evacuation
chamber into which the graduated capillary tube (O.D. 0.5 cm.; length
55 cm., the upper end of which had been tightly capped with a small
sleeve type rubber stopper) was inserted right up to the reaction tube
through an adaptor sealed with a rubber tube. The reaction tube,
graduated capillary tube, and the evacuation chamber are shown in
Figure 2., The evacuation chamber was connected to a vacuum and a
(pre-purified) nitrogen line through a three-way stopcock. Vacuum was
applied for five minutes while keeping the monomer sample frozen by
dipping the lower part of the chamber into a bath of liquid nitrogen

or a dry ice-acetone mixture. Stopping the vacuum pump, nitrogen
was allowed to fill the chamber and then the chamber was evacuated
for another three minutes. The liquid nitrogen bath was removed and
the monomer sample was allowed to melt, The monomer mixture was
then frozen and the degassing process was repeated twice more.

After the last evacuation the ground glass joint of the graduated capil-
lary tube was carefully inserted into the joint on the reaction tube so
as to farce the reactants into the capillary, Part of the excess liquid
was quickly wiped off with absorption paper. The whole chamber was
filled with nitrogen, the dilatometer assembly was taken out of the
chamber, and the connection part between the capillary and reaction

tube was sealed with mercury (Figure 2).31 The dilatometer was placed

in a constant temperature water bath maintained at 70.00 ;tO.OlOC.
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Volume contractions were measured at five minute intervals from the
moment of the insertion of the dilatometer into the constant temperature
bath. It was observed that the volume contraction increased abruptly
at the gel point. Past the gel point the liquid column in the capillary
was subsequently broken and it was impossible to follow the volume
contraction after gelation. All the dilatometric measurements of the
volume contractions, except two cases, experiment number 4 in the
polymerization of m-divinylbenzene and experiment number 5 in the
para-divinylbenzene polymerizatim (Figure 4), were stopped before gela-

:tions occurred. Observed readings (in ml./min.) for the volume con-
tractions far the polymerizations of m- and p-divinylbenzene are given
in Tables 4 and S,

The volumes for all the dilatometer assemblies were determined
by measuring the weights of mercury which filled the assemblies at
70°C and are given in the second columns in Tables 4 and 5. The
dilatometer capillary was graduated to tenths of a centimeter and it
was found that one centimeter division on the capillary corresponded
to a volume of 1,995 x 10~3 ml, at 70°C. This was determined by
the weights of mercury which filled the capillaries to the various

heights,

Gel-Point Determination

All polymerizations were carried out in small glass reaction cells

about 4-5 cm. in length and about one centimeter wide, which had
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Table 4,

Dilatometric_Readings for the Polymerization of m-Divinylbenzene in Toluene (2,28 mole/1,)

at 70°C with Benzoyl Peroxide Initiator

1.
Vol, of Vol.of Readingb Vol.contraction Rpe x 10

Exp.No, nxrf}??'crg 1f.en(ml)a monomer (ml) mm/min Vt(ml)x10°/min., Vt x104/V/min. (%conv./min.,)

1 3.315 0.8653 0.4486 0.895 1.034 0.63
2 3.028 0.7904 0.5010 0.999 1.264 0.77
3 3,123 0.8152 0.9400 1.875 2,300 1.40
4 2,993 0.7812 1,364 2,721 3.483 2,12
) 3.166 0.8264 2,178 4,345 5.258 3,20
6 3,047 0.7953 2,424 4,835 6.079 3.70
7 2,981 0.7781 2.865 5.715 7.344 4,47

aVolume of dilatometer
bAverage of dilatometer readings of polymerization time 40-200 minutes
CReading (mm.) x 1,995 x 1074 (ml./mm,)

th/V.—. volume contraction/initial monomer volume
€polymerization rate = (Vt/V) x 100/0.1643

*6€1
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Table 5.

D;la];gmg_txig eadings for the Polymerization of p-Divinylbenzene in Toluene (2,28 mole/1,)

at ZQ with Benzoyl Peroxide Initiator

Vol, of

monomer Vol,of Readingb

Exp.No. mix.taken (ml)® monomer (mi) mm/min

1 3,217 0.8232 0.2675
3 2,997 0.7669 0,5310
5 3.313 0.8478 1,018
7 3.251 0.8319 1.596
8 3.175 0.8125 1.980

a
Same as dilatometer volume

Vol ,Contrac
(rnl ) x 1

0,534
1.059
2,031
3.184

3.950

H v d Rp x 10
Og/mm. —\}lx 104/min. (%Conv./min)

0.649
1,381
2,396
3.827

4,862

l:’Average rof dilatometer readings of polymerization times 50 - 200 minutes

CReading (mm.) x 1.995 x 10~ (ml./mm.,)
th/V: volume contraction/initial monomer volume

®Polymerization Rate (% conv.) = (Vi/V) x 100/K = (V¢/V) x 100/0,1664

0.39
0.83
1,44
2,30

2.92

‘0T
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been made from Pyrex test tubes. The reaction cell used for this work
is shown in Figure 3. The reaction cells were stoppered with rubber
stoppers and weighed. About three milliliters of the previously pre-
pared monomer sample, which in part had been used for the dilato-
metric work, was transferred under a nitrogen atmosphere into the
reaction cell using a Pasteur pipette and the cell containing the mono-
mer mixture was weighed again after being tightly stoppered. A small
Teflon coated magnetic stirrer (O.D, 0.3 cm.; length 1.2 cm.) was
quickly placed in the reaction cell under nitrogen and the contents of
the cell was frozen by immersing the cell in a bath of liquid nitrogen
or a dry ice~acetone mixture, The cell was connected to a vacuum
line with efficient traps cooled by a dry ice-acetone mixture or liquid
nitrogen. A vacuum was drawn on the system for about five minutes
while keeping the monomer mixture frozen, and the monomer mixture
was allowed to melt after the pumping was stopped. The monomer
mixture was then refrozen and vacuum was applied for another three
minutes. This process was repeated twice more, After the final
degassing, the monomer mixture was refrozen and sealed under vacuum
with a small torch.

The polymerizations were carried outin a 70,00+ 0.01°C water
bath by attaching the cells to long glass rods and suspending the
cells in the water. As soon as the reaction cells were immersed in
the bath, the magnetic stirrers were placed in rotation by an electric

stir jack. The magnetic field strength was regulated so as to just

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



142,

rotate the stirrers. The gel-time was taken as the time interval be-
tween the immersion of the reaction cell in the constant temperature
bath and the time at which the magnetic stirrer ceased rotation. The
end point was usually sharp, except at very low initiator concentra-
tions. Exploratory experiments showed that the rotation of the magne-
tic stirrer ceased at the same gel-time as that observed dilatometrically.

The data are given in Tables 6 and 7.

Determination of Conversion at Gel-Point

At the gel-point the above mentioned reaction cell was immediately
removed from the bath and frozen in liquid nitrogen or dry ice-acetone
mixture, The polymer mixture was thawed and quickly transferred to
a 15 ml. centrifuge tube which had been weighed, The reaction cell
was rinsed twice with approximately 0,5 ml, of benzene each time
and these were added to the centrifuge tube, A small quantity of
inhibitor (2,6-di-tert-butyl-p-cresol) was added to the centrifuge tube,
and then the polymer produced was precipitated by adding about 10 ml.
of methanol. The contents of the centrifuge tube were thoroughly
mixed by a pointed stainless steel spatula. The solvent and unreacted
monomer were decanted by centrifuging the tube at approximately
4000 r.p.m. on an International Clinical Centrifuge for about 15 minutes.
This washing process was repeated twice more without adding inhibitor.
After the final decantation i ' centrifuge tube containing polymer was

placed in a vacuum oven after its mouth was covered with filter paper
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Table 6.

Gel-Time and Conversion at Gel-Time for the Polymerization of
m-Divinylbenzene in Toluene (2.28 mole/j) at 70°,

Wt,.of Wt,of Gel~-Time Wt,of Con-r
monomer mono- poly~ version
Exp.No, mix.taken(g,) mer(g.) (min.) mer{g.) (%)

1 3.1671 0.8698 286 0.1487 17.10
2 3.0893 0.8483 238 0.15201 17.92
3 3.3230 0.,9121 130 0.1676 18.37
4 2.,9895 0.8198 91 0,1531 18.67
5 3.1546 0;8641 61 0.,1707 19,75
6 3.2725 0.8952 57 0.1758 19,64
7 3.0188 0.8482 46 0.1852 21,83
8 2.,9980 0.8087 33.5 0.2073 25,63
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Table 7.

Gel-Time and Converstian _at Gel-Time for the Polymerization of
p-Divinylbenzene in Toluene (2,28 mole/1,) at 70°C.,

Wt,of
monomer Wt,of Gel-Time Wt,of Conversion
Exp.No, mix.taken(g.) monomer(g.) (min,) Polymer(g.) (%)

1 3.1125 0.8491 359.5 0,1233 14,52
2 2.,9774 0.8121 260,9 3 0.,1134 13.96
3 3.,0030 0,8188 180,2 0.1355 16,55
4 3.0045 0.8192 190,2 0.1188 14,50
S 3.1673 0.8628 111,0 0.1400 16,23
6 342665 0.8889 91.8 0.1582 17.80
7 3.0088 0.8339 76,2 0.1411 16,92
8 2,8134 0.7625 65.2 0.1502 19,70
9 3.2062 0.8592 54.8 0.1933 22,50
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and the polymer was dried in the vacuum oven to a constant weight at
50°C and 1 mm, pressure for 48 hours. The conversimwas determined
by dividing the weight of the polymer produced into the weight of the
monomer used. Observed conversions at gel-times are tabulated in

Tables 6 and 7.
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Results and Discussion

As metnioned in the "Historical" section about forty years agq_
by density measurements a‘ linear relétionship was demonstrated be-
tween the percentage contraction on the original volume of the mono-
mer and the extent of polymerization. This made it possible for
many of polymerization rates of various monomers to be followed
dilatrometrically. Since it was shown! that it is possible to obtain
viscometric data for the kinetics of the pregelation peried in the
polymerization of meta- and para-divinylbenzene, polymerization rates
of pure meta~ and pure para-divinylbenzenes were measured dilatometri-
cally in toluene solution at 70°C and the results are given in Tables
8 and 9. The conversion data obtained from the dilatometric readings
for the polymerization of meta-divinylbenzene (Exp. 4) are represented
in Figure 4 and show that the conversion is directly proportional to
the polymerization time at intervals up to the gel-time, at about 90
minutes and 19% conversion, at which point the conversicn sharply
increases., Comparable data for the para isomer (Exp, 5) are also
shown in Figure 4 and the conversion is proportional to the polymeriza-
tion time up to gelation at about 110 minutes and with a conversion of
16%. The same linear dependence of conversion on the polymerization
time was observed for all the other polymerizations in the early stages
of polymerization (i.e., before gelation).

In the radical polymerization of vinyl compounds the polymeriza-
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Table 8,

Polymerization of m-Divinylbenzene in Toluene (2.28 moled,) at 70°C
with Benzoyl Peroxide Initiator

Initiator Cone. Rate of Polymeriza- Gel-Time Conv., at Gel-

Exp.No. mole/1.x 103 tion, %/min x 10 min., time,% conv,
1 0.82 0.63 286 17.10
2 1.22 0.77 238 17.92
3 3.10 1.40 130 18.37
4 7 .29 2,12 91 18.67
5 12,20 3.20 61 19,75
6 18,28 3.70 57 19.64
7 30.15 4,47 46 21,83
8 81.40 - 33.5 25.63
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Table 9.

Pol i on of p-Divinvlbenzene in Toluene
70°C with Benzoyl Peroxide Initiator

Initiator Polymerization
Concentratio Rate Gel-Time Conversion at
Exp.No, mole/1,x 10 % Conv,./min., min, Gel-Time: % conv,
1 0.86 0.39 359.5 14,52
2 1,71 —— 260,9 13,96
3 3.10 0.83 180.2 16,55
4 3.11 —-—— 190,2 14,50
5 7.29 1.44 111.0 16,23
6 12,10 —~—— 91.8 17,80
7 18,31 2430 76.2 16,92
8 30,56 2.92 65.2 19,70
9 81,51 - 54,8 22,50
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tion rates are, in general, proportional to the square root of initiator
concentration as expressed by Eg. (10) or (11). To confirm this rela-
tionship for the divinylbenzenes, the polymerization rates were measured
dilatometrically at various initator concentrations and the results are
given in Tables 8 and 9. The polymerization rates in per cent conver-
sion per minute are plotted against the square root of the initator
(benzoyl peroxide) concentration over a range of 0,00082 moles/1. to
0.,0815 moles/1., in Figure 5, from which it can be seen that the ex-
perimental points fall on a straight line for each isomer. The poly-
merization rates of p-divinylbenzene are about two thirds those of
the meta isomer under comparable oconditions over this entire range as
shown in Figure 5. This relation has been observed in a previous

viscometric study1

for the polymerizations of these two isomers. Since
monomers of low resonance stabilization yield polymer radical adducts
of low resonance stabilizetion and high reactivity with monomers in
general and monomers of high resonance stabilization yield radical ad-
ducts of high resonance stabilization and low reactivity with monomers
in general, this result suggests a mare resonance stabilized character
for para-divinylbenzene and for free radicals derived from it. It seems
reasonable to assume that the more stable radical (para derived radical)
would have a longer life time and would have more chance to undergo

chain termination through bimolecular collision, It is also apparent

from the data now available that up to the gel-point the kinetics of
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the polymerizaticis of the two divinylbenzene monomers have the
characteristics shown by typical monovinyl monomers. This is con-
sistent with the generally acceptedcomoept that the second vinyl

group of the divinyl monomer is not involved prior to gelation. The
second vinyl group appears to function, at least in the divinylbenzenes,
as a substituent which modifies the reactivity of the reacting vinyl
group.

The measurements of gel tiine were made by polymerization in the
presence of a rotating magnetic strrer as previously described in the
"Experimental" section. At high initiator (benzoyl peroxide) concentra-
fions gelationl occurred very suddenly and at lower initator concentra-
tions the transition to a gel was less sudden. The data for the gel-
times are given in Tables 8 and 9 and Figure 6 shows the relation be-
tween gel-time and the square root of the initiator concentration, It
can be seen from this Figure that the times for gelations in the polymeri-
zations of meta- and para-divinylbenzenes are linearly related to the
reciprocal of the square root of the initiator concentration for both
isomers over the ranges of the initater concentrations used for this
study. There is a consistent difference between the two isomers with
the shorter gel-time far the meta~divinylbenzene at the same initiator
concentration,

The relation between the conversion at gel-time and the square
root of the initiator concentration (Figure 7) al so shows a difference

in the behavior of the two isomeric divinylbenzenes., Convergion at
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gel-time seems to be linearly related to the square root of the ini-
‘tiator concentration in the polymerizations of both isomers and the
conversion at gel-point for the meta isomer is consistently highar
than that for the para isomer for the same initiator concentration,
The gelation characteristics of the two divinylbenzenes show distinc-
tions which appear to be related to different crosslinking processes.
Although the gelation time appears to be a function of rate; i.e..

the lower the rate the longer the time to gelation, and thus also is
a function of polymer concentration build up, this cannot be the only
factor involved because the conversion at gelation also varies far the
two isomers, If everything were strictly comparable for the two di-
vinylbenzenes the conversions at gelation should be equivalent, The
data given above show this is not so. At every level the mare slowly
polymerizing para isomer shows a lower conversion at gelation. This
fact requires that less para~divinylbenzene monomer be incorporated
into the crosslinked network at gelation than meta-divinylbenzene and
suggest that there is greater molecular build up prior to crosslinking
in the meta derived polymer than in the para derived polymer. In other
words, this may be considered as a suggestion that the second vinyl
group in the para-divinylbenzene participates in the polymerization re-
action earlier than the second vinyl group of the meta isomer. The
cross~linking reaction therefore occurs in the earlier stages of the

polymerization for the para isomer than for the meta isomer.
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It is usually considered that gelation occurs after one, or at
most but a few, crosslinkings are produced.32 The acceleration in
the polymerization rates is generally attributed to inhibition, via dif-
fusion control, of the bimolecular termination in a high viscosity
medium. The viscosity of a polymer solution varies among polymer
types in terms of both molecular shape and size as well as solvent
-polymer interaction phenomena, Since the polymers derived fromthe
divinylbenzenes are structurally different from each other, in the
polymerizations of the two isomers all of these may be involved and
may be involved in different ways for the two isomeric divinylbenzenes,

The following statements concem the densities of the polymers
from meta- and para-divinylbenzene and the per cent contraction for
the complete polymerization of the two isomers in toluene solvent,

It is known that monomer and polymer volumes are not strictly additive

in solution27

and the apparent density of a polymer in a solvent or in
its monomer is different from that of the dried polymer., In this study
the densities of the meta- and para-divinylbenzene polymers were de-
termined in toluene solution and were found to be 1,056 and 1,072,
respectively at 70°C, These values are quite close to the density of
polystyrene (1.051)33 in styrene solution., It has been reported30 that
in the copolymerization of styrene and p-divinylbenzene the densities of

the copolymers with various amount of para-divinylbenzene were not so

much different from one another and all the values clustered about the
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values of polystyrene, The volume contractions for 100% conversions
o)

for the polymerizations of meta- and para-divinylbenzene at 70°C

were 16,43 and .16.64%, respectively. And these values are slightly

[e) 34
greater than the value for the polymerization of styrene (16.4%).
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Summary

The polymerizations of pure meta- and para-divinylbenzene
have been followed dilatometrically in toluene solution for the pre-
gelation period at 70°C. Solid benzoyl peroxide was used as the
initiator for all the polymerizations. Though the two isomeric
compounds are divinyl monomers, the experiments with varying
initiator concentration showed that the polymerization rates in per
cent conversion per minute are directly proportional to the square
root of the initiator concentration (0.,00082 moles/1, to 0,0815
moles/1.) for both isomers, which is the characteristic shown by
typicel monomers. In addition to this, the meta-divinylbenzene
polymerizes more rapidly than the para isomer, as was observed in
the viscometric studies for the polymerizations of these two divinyl-
benzenes,

The time to gelation was determined by using rotating magnetic
stirrers placed in the poiymerization system and the conversion at
gel~-time was obtained from the weight of the polymer produced up
to the gelation., For para-divinylbenzene the gel-time is consistently
greater and the conversion at gel-time lower than for meta-divinyl-
benzene,

The differences in the rates of polymerizations for the two
divinylbenzene isomers have been explained on the basis of less

resonance-stabilization for the meta-vinylstyryl derived radical.
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The distinction between the gelation characteristics of the two
isomeric divinylbenzenes has been interpreted in terms of possible

different crosslinking processes for the two isomers.
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PART IV

COMPUTER CALCUILATION OF MONOMER REACTIVITY RATIOS
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Introduction

The classical methods of determining monomer reactivity ratios
for free-radical copolymerizations have been described in the "Historical"
section of the first part of this thesis., All of these methods involve
polymerization of several different monomer feed compositions to low
conversion, recovery and purification of the copolymer formed, compo-
sitional analysis, and fitting of the data to the differential form of the
copolymer composition equation, All these techniques have a common
short-coming with respect to the treatment of the experimental data.,
In the use of the differential fam of the copolymer composition equa-
tion the relative monomer concentrations are assumed not to change
significantly from the initial values during the copolymerization, How r
ever, the copolymer composition, in general, will not be the same as
the monomer composition except when rp=ry= 1 or in the special case
of azeotropic copolymerization., In all other cases any polymer formed
changes the compositions of the monomers remaining, and there will be
a continuous drift of copolymer composition with conversion, It has

been known2

that the problem of changes in monomer composition with
conversion can be avoided by using an integrated form of the copolymer
composition equation to treat the experimental data, but laborious cal-
culations are required, and the tendency has been to avoid it when
possible, even at the recognized expense of some loss in accuracy.,.

However, nowadays computers are available to handle the massive

calculations.
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Montgomery and ’r“ry1 have written a computer program in
Fortran II language to use the Mayo and Lewis'2 integrated form
of the copolymer composition equation, making it possible to include
the conversion corrections in the calculations of monomer reactivity
ratios.

In the present studies, the monomer reactivity ratios for the
copolymerizations of styrene and meta-divinylbenzene, and for styrene
and para-divinylbenzene have been calculated by the integrated form
of the copolymer composition equation using the reported experimental
data.3 A slight: modification of Montgomery and Fry's program was
employed for the IBM 1620 computer, The original Format statements
were changed to allocate more space for input and output data and an
"If (Sense Switch) Statement” was added to print out the output data

only when the sense switch 1 was on.
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Results and Discussion

The monomer feed composition, conversion and copolymer compo-
sition used in the present study for the calculation of the monomer
reactivity ratios for the copolymerizations of styrene with meta- and
para-divinylbenzene are given in Tables 1 and 3. These experimental
results are taken from Wiley and coworkers.3

Since the divinylbenzenes have two vinyl groups, this statistical
factor was taken into consideration when the initial monomer concen-
trations were used in the computer program as input data,.

The values of monomer reactivity ratios obtained for styrene,
Ml' and meta-divinylbenzene, MZ' are given in Table 2 for all twenty
combinations of pairs of experiments shown in Table 1, Values of
I‘l =0,70 and r, = 1,0 were obtained as averages of results for all
twenty paifs, These values are quite close to the values (r; = 0.605,
r, =(0,88) obtained by the differential forn of the copolymer composi-
tion equation using the same experimental data. The differences be-
tween the two sets of values suggest that there is some drift in
monomer compositions even with such low conversions (1.8 to 3.7%) as
were used for this calculation. Montgomery and Fry showed that in the
copolymerization of vinyl chloride and vinyl acetate the values of the
monomer reactivity ratios calculated, as in this calculation, by a Fortran
II computer program using the integrated form of the copolymer compo-
sition equation fitted the experimental conversion-composition curve

much better than those based on the differential analyses.
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Table 1.

Copolymerization of Styrene and m-Divinylbenzene at 80°.
Benzoyl Peroxide Initiator.

Monomer Feed,q, Copolymer ( Comgositionb

Styrene m-DVB  Wt,-%% Wt.-%® Wt.-%  Wt.-% Conver.
No., M, M2 Styrene m-DVB Styrene m-~DVB %
1 0.6638 0.4480 42,56 57.44 37.97 62,03 3e72
2 0.4865 0.4280 36,63 63.37 34.46 65,54 1.79
4 0.3913 0.,4256 31.49 68,51 29.9 70.01 2,03
6 0,4319 0.6148 25,99 74,01 21,37 78,63 2.10
8 0,1813 0.3872 18,93 81,07 19,02 80,98 2.20

aCalculated taking into account the statistical factor of 2 for m-DVB;
Wt.~% = (100- M;)/(M; +2M3) or (100 x 2M,)/(M; +2My)

bAverage values of duplicate analyses.,
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Table 2.
Monomer Reactivity Ratios for the Copolymerigation of Stvrene and

m=Divinyvlbenzene.

Run,.No. 9 Iy Run.No. ry ry

12 0.6356 1.0026 46 0.8112 1.0005
14 0.6363 1,0025 48 0.8138 1,0010
16 0.6364 1,0012 61 0.2607 1,0024
18 0.6368 1,0011 62 0.2587 1,0027
21 0.7867 1.0025 64 0.2607 1.0024
24 0.7854 1.0028 68 0.2591 1.0020
26 0.,7843 1,0078 81 1.0274 0.9999
28 0.7869 1,0010 82 1,0273 0.9998
41 0,8140 1.0014 84 1.0263 0.9999
42 0.8149 1.0019 86 1,0261 0,9999

Average 0.70 1,00
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As one can see from Table 2, experiments 6 and 8 (used as the
first members of the pairs) gave values quite different (0,26 and 1.03,
respectively) from those obtained from experiments 1, 4, and 6 (taken
as the first members of the pairs). Excluding these from the averages

(even though there is no basis for doing this) values of r.=0.75 and

1
Iy =1,0 were obtained as averages for 12 pairs of experiments 1, 2,
and 4 (used as the first members of the pairs).

Table 4 shows the results for the calculations of the monomer
reactivity ratios for the copolymerization of styrene and para-divinyl-
benzene, Values of r1=0.89 and ry =2,73 were obtained as averages
of the results fa all the twenty combinations of pairs of experiments
tabulated in Table 3., These two values are not in very good agree-
ment with the values (r1 =0.,77 and ry= 2.08) obtained by differential
analysis. However, it must be noted that the difference between the
two r, values is greater than that between the two rj values. This

also was the case in the copolymerizatin of styrene and meta-divinyl-
benzene and in both copolymerizations the r'zs are greater than the
ris. This fact seems to imply that the use of the integrated form of
the copolymer composition equation to calculate the mcnomer reactivity
ratios gives relatively higher values for the higher monomer reactivity
ratios (rz in the above cases) than for the lower monomer reactivity
ratios, This phenomenon was also observed in the copolymerization

of styrene and isopropylstyrene which was described in the "Results
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Table 3.

Copolymerization of Styrene and p-Divinylbenzene at 800.

Benzoyl Peroxide Initiator,

Monomer Feed . a
Styrene p—DVﬁ Wte=%

No. M1 M, Styrene
1 0.,6707 0,1804 65,02
3 0.6022 0.2365 56,01
5 0.2184 0.2646 29,22
6 0.2286 0.3166 26,53
10 0.,1984 0.7786 11.30

Wt. —%a
p-DVB

34,98
43,99
70,78
73.47

88,70

C%Rolgler %amgg

Styrene

49,60
42,10
14.50
13,59

6.30

167.

siti nb
onver,

p-DVB %
50,40 0,55
57 .90 0.94
85,50 1,72
86.41 1,05
93.70 1,78

aCalculated taking into account the statistical factor 2 for p-DVB

bAverage values of the reported duplicate analyses.
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Table 4,

Monomer Reactivity Ratios for the Copolvmerization of Styrene and
p-Divinylbenzene.

Run.No, I r2 Run.No. ry ry
13 0.9873 3,914 56, 0.9894 3.191
15 0.7551  2.890 510 0.9957 3,187
16 0.6803 2,561 61 0.6803 2,561
110 0.5314 1,905 63 0.9619 2,856
31 0.9916 2,937 65 0.9909 2.885
35 0.9879 2,929 610 0.9959 2,885
36 0.9620 2,855 101 0.5314 1.905
310 0.9940 2;944. 103 0.,9968 2,050
51 0.7551 2,890 105 0.9979  2.050
53 0.9863 3,187 106 _ 0,9977 2,040
Average 0.89 2,73
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and Discussion" section of the first part of this thesis., This also is
consistent with.the concept that there is more drift in the concentra-
tion of mare active monomer with conversion than in that of the less
active monomer,

As in all methods which contain experimental data, the output
from this computer program can not be better than the input, and
therefore the compositions of monomer feed and copolymer formed and
conversion must be known accurately if good wvalues of ry and ry are
to be obtained. The experimental data for the composition of the
copolymer formed as a function of conversion starting with a fixed
monomer feed composition which will enable one to examine the ac-
curacy and reliability of the computerized values of the monomer reac-
t ivity ratios are not available for the copolymerizations of styrene with
meta- and para-divinylbenzene, although they are readily obtainable
by known techniques. Therefore, more experimental data are required
to get more reliable values of the monomer reactivity ratios for its
two copolymerization systems if the integrated form of the copolymer

composition equation is to be used,
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Summary

The monomer reactivity ratios were calculated for the copoly-~
merizations of styrene and meta-divinylbenzene and of styrene and
para-divinylbenzene by the Mayo and Lewis' integrated form of the
copolymer composition equation using Montgomery and Fry's computer
program in Fartran II language and the reported experimental results
for the two copolymerization systems, Values of ry (styrene) = 0,70
and 1) =1,0, and r) (styrene) =0,89 and r,=2,73 were obtained for
the copolymerizations of styrene with meta- and para-divinylbenzene,
respectively. These values are in fair accord with the values obtained
by differential analysis. The differences between the values obtained
by the two analyses were explained on the basis of the drift in mono~-
mer composition with oonvéréﬁon. More experimental data on the com-
position of the copolymer formed as a function of conversion starting
with a fixed monomer feed composition for the two copolymerization
systems are needed in ader to get more reliable values of the mono-
mer reactivity ratios using the integrated form of the copolymer com-

position equation.
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