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ABSTRACT

Itaconic anhydride and styrene were copolymerized by benzoyl
peroxide to form copolymers of varying compositions. The reactivity
ratios for this copolymerization were determined in two solvents.

In benzene r, (itaconic anhydride) = 0.78, r, (styrene) = 0,015, and
in tetrahydrofuran r, = 0.60, r; = 0,10. Values determined for the
copolymerization in tetrahydrofuran are probably more accurate because
of the homogeneous nature of the polymerization but polymerization in
benzene yields copolymers that are easier to work with and at a faster
rate.,

The itaconic anhydride-styrene copolymers were shown to have a
highly alternating structure and arranged in a head-to-tail manner.
The dibasic acid nature of the itaconic anhydride-styrene segment in

the copolymer was established both by potentiometric and high-frequency

titrations. Apparent values of pK;! and pK,% are 5.7 and 8.8 respectively.

Monoester derivatives were preﬁared and.were shown by high-frequency
titrations in all cases to be a mixture of two different monoesters,
Apparent values of pK;" and pK,®* for the monomethyl ester are 6.3 and
7.9 respectively. | |

Diester derivates of the copolymer were prepared.

An optically active derivative was produced from the copolymer and
the copolymer was converted to a network polymer which exhibited ion-

exchange properties.






The monoethyl and dimethyl ester derivatives of the copolymer do
not undergos hydrolysis in aqueous sodium hydroxide at 25°C in about

twenty~-five hours,

vi
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INTRODUCTION

The copolymers and copolymerization of itaconic anhydride and
styrene have bean the subject of a number of investigations in this
laboratory (1,2,3). The study was originally initiated because of the
availability of itaconic aﬁhydride and the research in this laboratory
and elsewhere on the apparently similar copolymerization and copolymers
of maleic anhydride and styrene (L,5,6). The purpose of this investi-
gation was to determine the reactivity ratios of each of the monomer
radicals, to amalyze the copolymers for composition and structure, and
to prepare derivatives of the copolymers,

This thesis also reports, we believe for the first time, the
study of a high frequency titration applied to polymeric polyelectro-
lytes, an analytical technique made necessary by the limitations of

potentiometric titrations when applied to polycarboxylic acids.
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HISTORICAL

Styrene has been shown to be a useful monomer in many copolymer—
izations (7,8,9). Itaconic acid, an unsaturated dibasic acid has the
structure necessary for the preparation of high-molecular weight
thermoplastic materials by polycondensation reactions. These linear
products can crosslink through the residual unsaturation. In practice
however, vinyl type monomers such as styrene or dimethyl itaconate are
polymerized with the polycondensation product, in order to improve
the physical properties of the resulting thermosetting resin. The
diesters of itaconic acid formed from saturated monohydric alcohols
may be polymerized with peroxide catalysts to form thermoplastic homo-
polymers. They may also be copolymerized with other vinyl type monomers
to yield useful, transparent plastics.

Copolymers of itaconic acid or its derivatives with various
unsaturated compounds have been found to be excellent viscosity
improvers for lubricating oils (10,11).

Copolymers prepared using diallyl itaconate as one of the com-
panents are claimed to be useful as ion exchange resins (12,13).
Diesters of itaconic acid formed from saturated monohydric alcohols
may be copolymerized with monomers such as divinyl benzene.
Saponification of these copolymers forms an ion exchange resin.

[taconic acid and some of its derivatives may be copolymerized
with acrylonitrile, vinyl chloride and other vinyl monomers to form

polymers useful as textile fibers (1L4,15).







Copolymers of itaconic acid diesters with styrene or one of the
methacrylates yield clear, water-white materials with excellent
optical properties which should be useful for the manufacture of
lenses and other transmrent plastic products (16,17).

Copolymers of itaconic anhydride and vinyl acetate are useful as
soil conditioners (18,19).

A search of the literature has indicated that no extensive study
of the copolymerization of styrene and itaconic anhydride has been

made,






REAGENTS

1. Benzene

Thiophene-free benzene was obtained from the stockroom and shaken
for one-half hour with concentrated sulfuric acid. The process was
repeated twice with fresh portions of acid. The benzene was then
placed over sodium and distilled. Tne fraction boiling at 80-81°C was
used.

2. Tetrahydrofuran

- The tetrahydrofuran obtained from the stockroom was purified by
treatment with potassium hydroxide, followed by distillation over
1lithium aluminum hydride. The fraction boiling at 65-66°C was used.
3. Methyl Alcohol

Absolute methanol was placad in a one-liter flasik fitted with a
large reflux condenser. To this was added 10 g. of magnesium turnings
and the mixture refluxed for three hours. The dry alcohol was distilled
from the magnesium hydroxide and magnesium methoxide, that part boiling
at 6&.5-6500 was used in this work.

L4 Ethyl Alcohol.

The above procedure was applied to absolute ethanol and the
fraction boiling at 74.L to 7L.6°C was selected for use in these
experiments.

5. Styrene

Commercially available styrene was washed with three successive

portions of a 10% sodium hydroxide solution to remove the inhibitor,

The styrene was then washed with water until the washings were neutral






to litmus. The styrene was then stored over anhydrous sodium sulfate
for 2-3 days, and distilled under reduced pressure in a nitrogen atmos-
phere., The sample was free of polymer as indicated by the lack of a
precipitate on the addition of methanol, The refractive index of the
material used was nﬁo -1.53i0, and the boiling point was 36-37°C at
30 mm, pressure.
6. Unsymmetrical Dimethylsuccinic Acid

This material was purchased from K & X Laboratories, Inc.,
Long Island City, 1, N. Y.
T+ Methylsuccinic Acid

This was obtained from Aldrich Chemical Co., Inc., Milwaukee. 10,
Wisconsin.
8. Succinic, Salicylic, Benzoic, Prqpionic, and Acetic Acids

These were of a C. P. Grade available in this laboratory.
9. Itaconic Anhydride

A mixture of 50 g. (0.39 mole) itaconic acid and 100 ml. acetyl
chloride was heated under reflux for one hour, during which time the
itaconic acid dissolves. Heating was continued for about fifteen
minutes beyond this point. The acetyl chloride-acetic acid mixture
was then distilled under reduced pressure (water aspirator 25 mm.)
under a nitrogen atmosphere. Two 60 ml. poriions of toluene were
added consecutively and removed. During the distillation of thne
toluene and acetic acid mixtures the temperature was kept below 80°C
by means of a water bath. This was a critical temperature above which
decomposition and polymerization occurred. The syrupy residue was

transferred to an Erlenmeyer flask and 100 ml. anhydrous ethyl ether






were added. Approximately 32 g. of itaconic anhydride, m.p, 68-6900
crystallizes. Concentration of the ethereal solution yielded an
additional 8.5 g. of crude anhydride, m.p. 63-66°C. About four hours
are required for this preparation. The preparation should be continuous
up to the point where the ether is added.

The crude itaconic anhydride was recrystallized twice from c.p.
chloroform to give a constant melting product, m.p. 68-68.5°C. A good
yield of itaconic anhydride was 90% based on itaconic acid.

Itaconic anhydride may be prepared from itaconic acid with thionyl
chloride (21), phosphorous pentoxide (22), acetyl chloride (23), or
acetic anhydride (2L). Itaconic acid is chiefly produced by the sub-
merged culture fermentation of a glucose media by "Aspergillus terreus."
A laboratory method of preparation consists in the rapid distillation

of citric acid (25).

Determination of Ttaconic Anhydride by Reaction with Morpholine

The procedure used was similar to that of Johnson and Funk (57).

A standard (0.8552N) HC1l methanolic solution was prepared by the
addition of 6N-HC1l to a one liter volumetric flask and diluting to the
mark with methanosl. The HC1l should be standardized daily against
standard NaOH using phenolphthalein indicator.

An approximately O.S5N-methanolic solution of morpholine was pre-~
pared by adding Ll ml. of redistilled morpholine to a one liter reagent
bottle and diluting to one liter with methyl alcohol. The bottle was
fitted with a two hole rubber stopper. A 50 ml. pipette was inserted

in the one hole so that the tip dipped below the solution of the






morpholine. A short piece of glass tubing was inserted through the
second hole and a rutber bulb was attached to it.

A methyl yellow-methylene blue mixed indicator was prepared by
dissolving 1 g. 2f methyl yellow and 0.1 g. of methylene tlue in
125 ml, of methanol.

Procedure: A S50 ml., aliqucot of morpholine was added to each of
two 250 ml, glass-stoppered flasks, An accurately weighed sample
‘0.5 g.) of itaconic anhydride was introduced into one of the flasks.
About one hour was allowed for tne solution of tne itaconic anhydride
and then I drops of the indicator solution were added to each flasx.
Tne solutions were then titrated with standardi-ed HC1l to the disappear-
ance of the green color.

The morpholine consum2d is represented by titration dirfcrence
cetween the blank and sample and this is a measure of the anhydride.
The amount of acic originally present in the sample may be determined
when the morpholine procedure is usec in cinjurction with others which
measure total acid anc anhydride.

The results are summari-zed in the Foliowing table.






TABLE ITA

DETERMINATION OF ITACONIC ANHYDRIDE BY REACTION WITH MORPHOLINE

—me— p—— ——

e — e—— e ———
e =~ ——— e s ——— s S——— ——

Sample Weight , Ml. 0,8522 N-HC1 Ml. .0 .8522 N-HC1 Percent
Itaconic Anhydride” For Sample For Blank Itaconic
g Anhydride
0.5312? 38.22 L3 .82 100.9
0.5043 38.60 L3.82 99.1
0.5261 38.36 L3.81 99 .1

Sample Calculation:

112

Percent _ (ml. HC1 Blank-ml. HC1l Sample)(N-HC1l) x 1000

Itaconic Anhydride Sample Weight

x 100%

*The itaconic anhydride used for these experiments was a sample which,
had been recrystallized several times from chloroform. M.p, 68-68.57C.






PART I
A. Evaluation of Monomer Reactivity Ratios in
Benzene.

B. Evaluation of Monomer Reactivity Ratios in
Tetrahydrofuran.






EXPERIMENTAL






EXPERTMENTAL
A, Evaluation of Monomer Reactivity Ratios in Benzene

A series of copolymerizations of itaconic anhydride and styrene
were carried out in benzene at molar ratios of itaconic anhydride/
styrene of 10/90, 20/80, 25/75, L0/60, 50/50, 65/35, 75/25, 85/15,
95/5, A typical procedure for the reactions follows.

The copolymerization was carried out in a five hundred milliliter,
three-neck., round bottom flask with standard taper ground glass joints,
The flask was fitted with a reflux condenser, a nitrogen inlet tube
and a mechanical stirrer., The polymerization mixture was protected
from moisture by a calcium chloride tube and kept under a nitrogen

atmosphere., The flask was charged with three hundred and fifty
milliliters (307.6 g.) of benzene and the desired amount of itaconic

anhydride was added. To dissolve the itaconic anhydride the mixture
Wa s heated, with stirring, at the reflux temperature of benzene (80°C)
madintained by use of an oil bath. Approximately thirty minutes were
required for the solutian of the itaconic anhydride. A sufficient

amount of styrene comonomer was then added to the reaction flask to

make a total comonomer charge of 0.233 mole. The benzoyl peroxide

“Atalyst, 0.1166 g., was added and the time recorded. When the
desireq per cent of polymerization was obtained, in about fourteen
™rnutes, the contents of the flask were transferred to a large test

tube and immersed in a dry~ice acetone mixture for several minutes to
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quench the reaction. The solid copolymer was filtered off with suction
and washed with several portions of hot benzene. Finally the solid
copolymer was dried at L=5 mm. pressure at 56°C for twenty-four hours

and weighed., Per cent polymerization was calculated as follows:

. . .. Weight of polymer
Per cent polymerization total monomer weight x 100

The samples from the various copolymerization reactions were submitted
for carbon-hydrogen analyses, the results of which were used to
calculate the mole per cent of itaconic anhydride in the copolymer.
The data for these experiments are listed in Table I. The mole frac-
tion of itaconic anhydride was calculated from the per cent carbon as
shown by analysis.
A sample calculation follows:
Assume a sample of copolymer of 100 g.
Let x = g. itaconic anhydride in sample
Then (100~x) = g. styrene in sample
Itaconic anhydride contains 53.6% carbon.
Styrene contains 92.3% carbon.
Therefore
0.536 x + 0.923(100=x) = per cent carbon.

The copolymerization equation

dm,] M :r';lM1 + M
= -‘L * _&
(1) dﬁi—)] M2 I‘2M2 -t Ml

can be arranged to the form

M m M
= —h — (1 ¢+ —h ) =1
(2) T2 M, [ml (1« M, f1 ]

‘—__
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where

=
[N
"

mole per cent styrene in the monomer charge.
M, = mole per cent itaconie anhydride in the monomer charge.
m; = mole per cent styrene in the copolymer.

mole per cent itaconic anhydride in the copolymer.

El
»
1

Substitution in equation (2) for the values of M., M,, m;, and m, was
made for the vé.rious reactions. There resulted a series of equations
whi-ch would give straight line graphs when r, is plotted against r,.
Assumed values of r; (from =0.1 to +0.1) were substituted in equation
(2) to give a corresponding value of r,, A sample calculation is given
below using reacticn No, I in Table I.

r2=34.2. lnﬁ.(l+M_1. ry) =1
Mz |my M,

1)

50,3 .
r, =% [)49'7 (1 + %rl) - l]
If r; =0 5 rp = 0,135

r, = +0.1 ; r, = 8.356

r,= 0.1 ; r,= -8,086

Only two substitutions of r, in equation (2) were required to obtain
two values of r, which would determine the straiéht line. However,
three values of r, were used so that the third point on the straight
line could serve as a check on the calculations. The values of Ty
Versus r, were plotted for each of the copolymer compositions and the

TeSUQ ting series of straight lines is shown in Fig. 1.
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The r; = r, values were now used, along with the monomer compo-

sition, to calculate the theoretical composition of the increment of

polymer formed at a specified monomer composition. These values are
shown in the last column of Table I. The equation used to make these

calculations is
(3)  Fu= (rofo? + £,£,)/(rofn” # 2£,F, + rify°)

where

F, = mole fraction of monomer M, in the increment of copolymer
formed at a given stage in the polymerization.

f, = mole fraction of monomer M, in the monomer charge.
f,; = mole fraction of monomer M; in the monomer charge.

r, = rgtio of the rate constants of M2 with monomer M, and
M, with monomer M,,

ry = ratio of the rate constants of Ml with monomer M; and
M3 with monomer M,

M, is itaconic anhydride.

M, is styrene.

A pPlot of the mole fraction (F,) of itaconic anhydride in the co-
POl ymer versus the mole fracticn of itaconic anhydride (f;) in the
monomer mixture is shown in Fig, 2.

The method of Fineman and Ross (20) was also used in the analysis
of the copolymerization data to evaluate r; and r,. In their method

equa tjon

(1) Sl M oMM, mo { me)
-d_[M—.J M, T, ¢ M, (= - or 1low conversions
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may be rewritten as:

f=Fr1F+l

ro, + F
where
r="0 and F= El

and by rearranging the terms one obtains:

) 2
%(f~l)=rl%—nr2

A plot of (F/f) (t = 1) as ordinate and (F2/f) as abscissa is a
straight line whose slope is r; and whose intercept is -r,, The data
are plotted in Fig. 3.

Table I1 lists the values of the reactivity ratios as determined
by the copolymerization equation (2) and the method »f Fineman and

Ross.
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TABLE II

REACTIVITY RATIOS IN BENZENE

e et -—

a., By r; = r, plots:
Itaconic Anhydride 0.780
Styrene 0.015

r; rp= 0,011

b. By the method of Fineman and Ross:
Itaconic Anhydride  0.750
Styrene 0.008

ry rp = 0.006
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Fig. 2. Copolymer composition curve.
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B. Evaluation of Monomer Reactivity Ratios
in Tetrahydrofuran

The copolymerizations were carried out at the reflux temperature
of tetrahydrofuran (6500.) . The experimental procedure is the same
as that used in benzene., After the reaction mixture was removed from
the dry-ice acetone bath,_ the following steps were necessary:

a, Addition of anhydrous diethyl ether to precipitate the

copolymer. This appeared to be the only non-solvent yielding
a good precipitate., It was necessary that the non-solvent
be anhydrous to prevent the hydrolysis of the anhydride ring.

b. Centrifugation and filtration to isolate the copolymer.

Due to the finely divided nature of the copolymer, it was

necessary to centrifuge the reaction mixture for about ten
minutes. After decanting off most of the liquid, the re-

mainder was removed by filtration.

c. The copolymer was then dried at L=5 mm. at 5600. for
twenty=four hours and weighed. The samples were then
submitted for carbon-hydrogen analysis.

The data for these experiments are found in Table IIT.

The values of r; and r, were determined as previously described
and these were plotted as shown in Fig. L. The composition of the
increment of polymer formed at a specified monomer composition was
calculated using equation (3) and the values appear in the last column
of Table IIL. The plot of mole fraction (F,) of itaconic anhydride
in the copolymer versus the mole fraction of itaconic anhydride (f,)

in the monomer mixture is shown in Fig. 5.






The method of Fineman and Ross (20) was also used to evaluate
r; and r, and Fig. 6 shows a plot of the data.
Table IV lists the values of the reactivity ratios as determined

by the copolymerization equation and the method of Fineman and Ross.

20
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TABLE IV

REACTIVITY RATIOS TN TETRAHYDROFURAN

—

a, By r; = r, plots:
Itaconic Anhydride 0.60
Styrene 0.10

rir, = 0.06

b. By the method of Fineman and Ross:
Itaconic Anhydride 0.60
Styrene 0.095

I‘1r2 =0 0058
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DISCUSSION

The composition of a polymeric substance is usually described in
terms of its structural units. Generally, these may be defined as
groups having a valence of two or more, The structural units are
connected to one another in the polymer molecule, or polymeric struc-
ture, by covalent bonds. The generation of the entire structure by
the repetition of one or a few elementary units, is the basic character-
istic of polymeric substances, as implied by the word polymer, meaning
many membered.

The structural units may be connected together in any imaginable
ppttern. 1In the simplest of polymers, the structural units are
cornected one to another in linear sequence.

‘'he polymers prepared in this investigation were formed from
monomers which enter into two, and only two, linkages with other
structural units. The structural units of linear polymers necessarily
are bivalent. The ability of the extra electron pair of the ethylenic
linkage to enter into the formation of two bonds gives to styrene and
itaconic anhydride this interlinking capacity. In accordance with the
functionality concept introduced by Carothers (26,27), all monomers
which when polymerized may join with two, and only two, other monomers
are termed bifunctional. A bifunctional unit is one which is attached
to two other units. Linear polymers then are composed of bifunctional

unitse.
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Polymeric substances containing two or more structural units
combined in a more or less random sequence are called copolymers,

A linear copolymer composed of two bifunctional units M; and M; my be
represented in several ways. The structural units may alternate,

that is, -M;M MM M M_M.M_ MM, -~ there mey be a preponderance of long
sequences of like units, - MMM M, -M; =M;--M, -M; M, -M;M; -~ or the
structural units may be randomly oriented, =-M;M M. M M M MMM, -.

In the event that the units alternmate with perfect regularity the
polymer is regarded as a polymer of the repeating unit -M,M,-.
Tendency toward alternation is the rule in copolymerizatiqn;

The term copolymerization implies that the monomers combine in
the same polymer chain. In the event that the monomers polymerized
separately to form molecularly distinct species, each having a dif=-
ferent unit, the product would simply be a mixture of polymers and not
a copolymer.

A strict application of the foregoing definition would place
polystyrene in the class of copolymers since it possesses asymmetric
carbon atoms and can have d and 1 structural units. Since it is formed
from a single monomer rather than by copolymerization of a number of
monomers, application of the term polymer is justified.

Polystyrene can have the following formula:

L R
™ ~

R ~CH, =CH ~ CHy, ~ CH = CH, = CH =~ CH, = CH - CH, - CH = R,
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The carbon atoms designated with the asterisks are asymmetric but the
polymer molecule does not exhibit optical activity due to internal
compensation. The only asymmetric carbon atoms incapable of being
internally compensated and thus capable of exhibiting optical activity
are those at each end of the polymer chain provided that the chain
does not end with two hydrogen atoms. The contribution to the molar
rotation of the tw> terminal carbons is practically negligikble due to
the extreme length of the polymer chain, therefore the polystyrene
molecule does not exhibit optical activity.

[n polystyrene the length >f the chain interferes with the free
rotation to such an extent that the molecule shows a type of geometric
isomerism. The phenyl rings in the chain may te s> ordered that they
are all on the same side of the backbonz of the polymer chain. This is
called isotactic polystyrene and has been prepared under certain
conditions. If the phenyl rings alternate regularly along the polymer
chain the resulting pclymer is called syndiotactic. Polystyrene with
random geometric distribution of the phenyl rings al-ng the pslymer
chain is termed an atactic polymer.

[n the case >f the itaconic anhydride-styrene ccprclymer there
exist two types of asymmetric carbon atoms designated with the asterisks

below.

R = CHy = CH = Cliy =C = CH, = CE =~ CH, =~ C = CH, = CH = Ry

/ \ A
=C Ch, = UK,
I i
0=C =0 C=C=0
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As mentioned in the case of polystyrene the only asymmetric carbon
atoms which might 'contribute to the molecular rotation may be those
located at the ends of the polymer chain. The internal asymmetric
carbon atoms in the body of the polymer chain do not contribute to the
opticél rotation due to internal compensation. The itaconic anhydride
styrene copolymer may have many more possible forms with a wider
variation in "tacticity.! As yet no attempt has been made to demon-
strate degrees of "tacticlty" within these copolymers. A few of the
theoretical arrangements of the styrene and anhydride rings about the

main polymer backbone are as follows:

P - PT P -
AP — A A —
P p = — P
AP~ — A — A
Pp- P — P =
A= — A A -
P - P -~ — P
A= L—A — A

Work with molecular models indicates no steric considerations that
prevent stacking of phenyl and anhydride rings even in a highly
stacked configuration although in this condition the backbone of the
polymer is very rigid. Molecular model work also indicates that
alternate phenyl and anhydride rings are not necessarily at angles of
90° or 180° to each other and to the backbone as shown by plane surface

diagrams, but are at definite angles. However, only small variations
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from these angles are possible due to steric hindrance between the
phenyl and anhydride rings.

According to the classification applied by Carothers (28) the
copolymers premred in this investigation would be called addition
polymers since the molecular formla of the structural units is
identical with that of the monomers from which the copolymer is derived.

Addition polymerizations of unsaturated monomers leading to the
formation of high molecular weight products almost always proceed by
chain reaction mechanisms. Initial activation of a monomer or a pair
of monomers is followed by the addition of other monomers in rapid

succession as in:

M activation M* M Mz.x- M Ms* ot

This process continues until the growing chain is eventually deacti-
vated or terminated. The activated center, which is at the growing
end of the polymer species, may be a free radical, a carbonium ion or
a carbanion. The majority of the investigated vinyl polymerizations
proceed by a free radical mechanism, These free radical polymerizations
are commonly induced by radicals released by a decomposing peroxide,
which is considered the catalyst. The free radicals may also be
initiated thermally or photochemically. A large portion of the
terminations of polymer chains in free radical polymerization has been
shown to be by combination of two growing polymer chains.

The entire polymer molecule is synthesized within a matter of a

few seconds or less. At any instant therefore during the polymerization
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the reaction mixture consists of unchanged monomer and high polymer,

The length of time during which a polymerization is carried out depends
on the quantity of polymer desired, (per cent conversion of monomer to
polymer) and is nearly unrelated to the molecular weight of the polymers
already present or being formed,

There are practically no polymer species at intermediate stages
of growth. Polymers that form even in the initial stages of a polymer-=
ization reaction compare favorably in molecular weight to those in
the polymer mass at an advanced stage of the same polymerizatian (29).
Thus it can be seen that the individual polymer molecules grow while
most of the monomers remain unchanged, This is in line with the
conmon feature of vinyl polymerizations that the active center of the
kinetic chain is retained by a single polymer molecule during the
course of its growth. If the active centers which convert the monomer
to polymer were transferred randomly from one molecule to another, all
molecular species would participate in combination with other species
at all stages of the reaction. All the polymer molecules would then
grow more or less simtltaneously, and species such as dimers, trimers,
and tetramers would be present at early stages in the polymerization
and advance in size as the polymerization progresses. These inter-
mediates are practically non~existent, and in the case of styrene the
known dimer and trimer are themselves quite inert toward further
polymerization (30). Thus it can be concluded that a given molecule
is formed by consecutive steps of a single chain process set off by

the generation of some active center. From the above considerations
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it is apparent that the active center is in some way retained by a
growing polymer chain from each addition of a monomer molecule to the
next.

The following free radical chain mechanism, first suggested by
Taylor and Bates (31) to explain the polymerization of ethylene induced
by free radicals in the gas phase and independently proposed by
Staudinger (32) for liquid phase polymerizations, offers an explanation

for the general features of vinyl polymerizations:

] X on. = X X
Re 2D i, - 22 = O pgy,CH~CH,~CH. — ete,

As in all chain reactions, the over=-all polymerization involves two
other processes: 1) chain initiation, which depends on a reaction
which introduces free radicals into the system, and 2) chain termin-
ation, in which the terminal radical on a growing chain is deactivated.

The number of reactions required to represent the copolymerization
of two or more monomers increases geometrically with the number of
montomers entering into reaction., The types of chain radicals to be
considered is equal to the number of monomers present, and the reaction
characteristics of a chain radical are determined almost entirely by
the terminal monomer unit, the structure of those before it in the
chain being of little importance, In the copolymerization of two
monomers, two chain radicals must be distinguished. Addition of the
two mortomers to each of the radical species introduces four siml-

taneously occurring propagation reactions,
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If the chains are long, the composition of the copolymer and the
arrangement of units along the chain are determined almost entirely by
the relative rates of the various chain propagation reactions., However,
the rate of polymerization depends not only on the rates of the
propagation steps but also on the termination reactions. Three dif-
ferent chain-terminating reactions between pairs of radicals should be
considered.

The chain propagating reactions occurring when two monomers M; and
M, are present may be written as:

a) M¥{ + My lf-y-“-, M-)i

b) Mo+ M, Kiz M

c) M5+ M, E.EE, M,

a) My + M, K2a M
Where M and M, represent chain radicals having monomer residues M,
and M, as the terminal, free-radical-bearing units,

Radicals of type M; are formed by initiation of the monomer in
(a) and by reaction (d) above. These radicals, M'i, are destroyed by
reaction (b) and by termination reactions. At the steady state, the
rates of appearance and disappearance of these radicals are practically
equal. If it is assumed that the chains are long, only the above
reactions need be considered since the interest lies in the relative
cancentrations of the two types of chain radicals. The steady state
condition in this approximation reduces to

e) kpy DMG] M1 = kyp D3] [M,]

The rates at which monomer M; and M, are used are
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g) -ddnéa] = k12 m‘:("] [M2] . kzz [M‘;] [Mz]

Solving equation (e) for one of the radical concentrations, substitut-
ing this value in (f) and (g) to eliminate one of the radicals, and

dividing (f) by (g) we obtain:

dM,] M, ] ro M1/ M) 1
h) —I——]-]-d W] = (-E’I‘;l) ( M, 1/D,] + rz)

The quantity d[M;]/d[M,] given by eqiation (h) represents the

ratio of the two monomers in that increment of copolymer formed when
the ratio of unreacted monomers is [M;]/ [Mz]. Therefore by letting
%[mMJ-J]'— = ﬁ-’- and rearranging one arrives at the previously used

2 2

equation (2)
M m M
= == LTS =L -
(2) r, M, [ml (1 + Mo ry) l]
where r; and r, are monomer reactivity ratios defined by

ry =kiy/kiz

rz = Kaa/ka1
r, represents the ratio of the rate constants for the reactim of a
radical M; with monomer M; and with monomer M,; r, similarly expresses
the relative reactivity of an M’; radical toward an M, monomer compared

with an M; monomer. The unreacted monomer ratio changes as the

3L

polymerization continues, and this gives rise to a continually changing

composition of the polymer being formed at each instant.
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The compositions of the monomer feed and of the polymer formed
may be expressed as mole fractions instead of mole ratios as indicated
earlier. If F, represents the fraction of monomer M; in the increment

of copolymer formed at a given instant in the polymerization then,

dim, ]
d(ﬁhT*-—D’Ig]) = 1- F2

i) Fy=

and if f, and f, represent the mole fractions of unreacted monomers in

the feed then,

. My ]
SR oy

Substituting (i) and (j) in
1) bl M mMy e M
aM,] T M, roM, + My
there results equation (3):
(3)  Fy = (rofo®+ £,£5)/ratp? + 2£.f, + rif,2)

The composition of the increment of polymer formed at a specified
monomer composition can be readily calculated using equation (3) and
the determined reactivity ratios r; and r,. Figures 2 and 5 represent
a plot of the mole fraction of itaconic anhydride in the copolymer
versus the mole fraction of itaconic anhydride in the monomer mixture.
Also plotted on these graphs are the mole fractions of itaconic an-
hydride in the copolymer as determined from the carbon-~hydrogen analysis.

These data are listed in the last two columms of Tables I and III and
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an inspectioh of these and the graphs shows that the theoretical mole
fractions agree very well with the actual values.

It can be seen that the mole fraction F, will not usually equal f,;
and thus F, and f; will change as the polymerization progresses,

If the two radicals display the same preference for one of the

monomers over the other then

ku/k:l.z = kzl/kzz

or ry*ry = 1. The broken line in Fig. 2 and 5 represents the case in
which k,5 = k15 and k5, = ky;, that is, the two monomers are equally
reactive with each radical. In this case r; = r; =1 and F, = f,,
that is, the polymer composition is equal to the monomer composition,
In the case where the monomer feed contains a mole fraction of 0,L in
itaconic anhydride, the copolymer will contain the same mole fraction
in itaconic anhydride.

Wall (33) first indicated the close analogy between the copolymer-
monomer mixture composition relationships and vapor-liquid equilibria
in binary systems. Wall introduced the term ideal copolymerization for
the case where r,.r, = 1, in analogy to the vapor-liquid equilibria
for ideal liquid mixtures, In this case the two radicals display the

same preference for one of the monomers over the other, and as before
ki11/ki2 = kav/kzz
or

rivrp, =1
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Equations (1) and (3) in this case reduce to

k) g‘%ﬁ = Iy [Ml]/[Mz]

and
1) Fy = rofo/(rofs + £4)

The monomer reactivity ratio r; in equation (k) corresponds to the
ratio of the vapor pressures (Plo/on) of the pure components of the
ideal mixture, and ¥; and f; to the mole fractions of component 1 in
the vapor and liquid at equilibrium. When r; > 1 the polymer ("“vapor")
is richer in M; than is the monomer feed; thus the residual mole
fraction f; must diminish as the polymerization (distillation) proceeds.
For r; <1 the reverse is true.

In an ideal polymerization the sequence of monomer units must be
random. The probability of the occurrence of an M; unit immediately
following an M; unit is the same as for an M; unit to follow an M, unit,
The probability of either unit at any place in the chain is always
equal to its mole fraction in an ideal copolymer. This applies to the
increment of copolymer formed over a narrow range of conversion and
not to the total product. The total product consists of increments of
polymer formed at progressively changing monomer ratios,

If the two radicals show different selectivities in their selection

of monomers then ryer, = 1. If ry°r, >1, the tendency for radicals of

a given kind to regenerate themselves is greater than their tendency

for alternation. Such a copolymer would contain groups of like units
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in greater abundance than in a random copolymer and this tendency in-
creases as the product of r;°r, increases. In the as yet unknown case
where both k., and k,; are zero, the two monomers might polymerize
similtaneously yielding a mixture of two polymers rather than a co-
polymer containing both units. There appears to be no known example
of a free radical propagated copolymerization for which r,.-r, > 1.

The product r;-r, is almost always less than unity.

Actually cross monomer additions predominate over additions of a
like monomer. In the specific case for the copolymerization of itaconic
anhydride and styrene in benzene the r;¢r, product is 0.011 and for
the same copolymerization in tetrahydrofuran the r,;.r, product is 0.053,

The small values for r; and r, correspond to very small rate
constants for reactions (a) and (c) on rage 33. This condition leads
to a copolymer in which the monomer units alternate with near perfect
regularity along the chain, and the itaconic anhydride-styrene co-
polymers are believed therefore to have highly alternating structures.

In figures 2 and 5 the curve crosses the broken line which
represents F, = f,. At the point of intersection the composition of
polymer being formed coincides with that of the monomer mixture and
polymerization proceeds without change in composition. Wall (33)
designates these critical mixtures as "copolymerization azeotropes,"
Letting F, = f, in equation (3) we obtain for the critical concen-
tration

(f2)c = (1 =-ry)/(2 =ry =ry)
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In benzene (f;), = 0.81 calculated
(f2)e = 0.77 from graph.
In tetrahydrofuran (f,)c = 0,76 calculated
(f2)e = 0.73 from graph.
The value of (f,), lies within the permissible range only if both r;
and r_; are greater than unity or less than unity.

If one of the reactivity ratios is greater than unity while the
other is less than unity, no critical composition exists.

As the polymerization continues, the compositions f, and F, depart
increasingly from that of the azeotrope, The final increment of polymer
formed when polymerization is complete would consist entirely of the
pure polymer of M; or M.

If the monomer reactivity ratilos are much less than unity the mix-
ture is strongly azeotropic. The copolymer composition approximates
that of the azeotrope over a wide range in f,, and the two units tend
to alternate regularly along the chain, The itaconic anhydride-styrene
copolymer exhibits a strong tendency towards alternation.

In the determination of the parameters r; and r,, all the pro-
cedures depend on careful analysis of the copolymers formed from a
series of monomer mixtures at varying concentrations. Since the con-
centration changes with conversion it is necessary to limit the
copolymerization to a conversion to polymer that represents a very
small fraction of the monomer mixture. If the monomer mixture is not
carried to a low per cent polymerization then the average composition

of the copolymer produced over a finite range of conversion mist be
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calculated. This can be done by the method of Skeist (3l).

Let M] = [M;] + [M,]. The number of moles of M; polymerized out of
a total of -d[M] moles of monomers converted to polymer is =F.d[MI,

Meanwhile f, changes by df; and the number of moles of unreacted M,;

changes from f,[M] to (f; + df;)([M] + d[M]). The decrease in moles

of M; must equal the moles appearing in the newly formed polymer

£.M] = (£ 4 dfy) (] & aM]) = ~Fa ]
aMl/M] = daf,/(F; = £,)

Tnis may be converted to the integral form from the initial feed

composition (f1), to some value f;
f1
([MJ/[MJO) = [1)0 df1/(F1 = f]_)

For the vaiues »f r; and r,, F; my be calculated as a function of f,
through the use of equation (3). The integration may then be psrformed
graphically to give the degree of conversion. Through a repetitian of
this process for chosen values of f;, it is possible to construct the
relationship between f, and the degree of conversion. The calculatians
required by this method are indeed laborious and for this reason the
experiments were designed to eliminate these calculations. All polymer-
izations used for the evaluation of reactivity ratios were carried out
to a low per cent conversion.

The method selected for this investigation to evaluate r; and r,
is the most widely used (37) and consists in substituting the copolymer

and monomer compositions for a single copolymerization in equation (2),






and plotting r; versus r,. This was done for each of several co-
polymerizations. If there were no experimental error, all of the lines
would interssct at the same point, the coordinates of which are the
proper values of r; and r,. However, an average point of intersection
had to be determined which represented the best experimental pair of
r; and r, values. Theoretical composition curves (Figs. 2 and 5)
calculated from r; and r, values determined in this way are seen to
agree vefy well with the experimentally observed copolymer composition
throughout the range of monomer composition., It appears therefore,
that one is justified in concluding that the theoretical treatment is
correct and that the same rate constant ratios apply at all compositions.,

For the copalymerization of itaconic anhydride and styrene in
benzeﬁe, r, (styrene = M;) is 0.015., This means that the styrene
radical is about sixty-seven times more reactive towards the itaconic
anhydride monomer than it is towards the styrene monomer. In the same
system, r, (itaconic anhydride = M,) has been shown to be 0.780,

I'his means that the itaconic anhydride radical is one and three-tenths
times more reactive towards the styrene monomer than towards the
itaconic anhydride monomer.

For the copolymerization of itaconic anhydride and styrene in
tetrahydrofuran r; is 0.l indicating that the styrene radical is ten
times more reactive towards the itaconic anhydride monomer than towards
the styrene monomer. In this solvent, r, is 0.6 showing that the
itaconic anhydride radical is about one and seven~tenths times more
reactive towards the styrene monomer than it is towards the itaconic

anhydride monomer.
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In both cases r; and 1/r, are less than unity and greater than
unity respectively. This indicates that both radicals prefer different
monomers, and lends further evidence to the belief that the itaconic
anhydride=styrene copolymer has a highly alternating structure.

The temperature effect on the monomer reactivity ratio is fairly
small, In the limited number of cases examined with accuracy (36) the
ratio nearly always changes towards unity as the temperature increases.
This indicates that a difference in activation energy is responsible,
at least in part, for the difference in rate of the competing reactions.

The reactivity ratios r, and r, are fundamental constants for the
free radical polymerization of the two monomers and are expected to be
independent of the polymerizing conditions. The fundamental nature of
ry and r, values to describe the free radical copolymerization of two
monomers is obvious from the theoretical considerations.

However the constancy of the r;=r, values for a specific co-
polymerization in a variety of solvents with a variety of free radical
catalysts and temperatures has not been systematically studied.

Variations in the rj;-r, values might be expected for variations
in the type of copolymerization, that is, free radical, cationic, or
anionic, Variations would also be expected when comparing polymer=
izations having different reaction sites.

Copolymerization where polymerization occurs in solution might
differ from a copolymerization where polymerization occurs on the sur-
face of the polymer or solid catalyst which might in turn differ from

copolymerization where polymerization occurs at a liquid-liquid interface.
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This must be expected because of the individual and separate solu-
bilities of any two monomers in solvents (precipitated polymer included)
and the individual and separate adsorption of the two> monomers by the
polymer or catalytic surface.

A different ratio »f monomers at a reaction site than the ratio
added to the reaction will result in copslymers which when used to
evaluate an r;-r, pair experimentally will give an apparent value only.

A strict comparison of the reactivity ratios for the copolymer-
ization of itaconic anhydride with styrene in the tw> solvents used in
this investigation is not, therefore, entirely justified. As previously
mentioned, the growing copolymer precipitates as it is being fvar'med in
benzene but remains in so>lution in tetrahydrofuran. Polymer thus
precipitated may act as an auxilliary site of reaction. The values of
ry and r, determined in tetrahydrofuran should be closer to the funda-
mental values than those determined in benzene.

In view >f the above mentioned physical difference between the
copolymerization in tetrahydrofuran and the copslymerization in benzene
it is indeed striking that the valuesof r; and r, obtained in the
course >f this investigation are s> close. The values of r; in benzene
and tetrahydrofuran differ by a factor of only seven, while the values
> r, in the two solvents are almost identical.

It seems even more significant that the reactivity ratios agree as
well as they do in the two> different polymerizing media, when one

notices the considerable variations sbserved in the tw> solvent systems

with regard t» molecular weights and reaction rates.







The weight average molecular weights, Tﬁv-, were determined by
Kangas (35) meking use of light scattering phenomena from dilute solu=~
tions of the polymers. The light scattering measurements on the itaconic
anhydride-styrene copolymer were made in acetone. The following values

were obtained:

——

Solvent Catalyst Mw
Benzene Benzoyl Peroxide 156,000
Tetrahydrofuran Benzoyl Peraxide 50,000

A primary factor affecting the molecular weight of a polymer as
it is being formed during reaction is chain transfer. The amount of
chain transfer depends on the nature of the particular solvent and has
been shown to affect the degree of polymerization (L9). The more chain
transfer the lower the molecular weight of the polymer formed.

Chain transfer is at a minimum in benzene as compared to a large
variety of solvents., Although no work has been reported on chain
transfer in tetrahydrofuran it would be predicted that transfer re-
actions would be considerably greater in this solvent than in benzene,
a phenomenon that could easily account for the difference in the observed
molecular welghts,

The copolymerization of itaconic anhydride and styrene has been
shown (35) to be about twenty times faster in benzene than in tetra-
hydrofuran. The values are given in Table V.

In order to explain the difference in the rates of polymerization
as observed in the two solvents, the following arguments are presented.

An increase in the over=all rate of polymerization may be affected

by:
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TABLE V

FIRST ORDER REACTION RATE CONSTANTS

e e e O e _ - _J

Copolymerization System

-1
k (Sec. )
from Styrene from I. A,
Solvent Catalyst Concentration Concentration
-4 -l
Benzene Benzoyl 1.6 x 10 2.0 x 10
Peroxide
-6 -6
Tetrahydrofuran Benzoyl 9.6 x 10 8.3 x 10

Peraxide
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a) An increase in active centers.

b) An increase in propagation steps.

c) A decrease in termination reactions.

The increase in the rate of polymerization in benzene may be
attributed to an increase in active centers, due to an induced decompo~
sition of the benzoyl peroxide catalyst. The benzoyl peroxide catalyst
has been shown to undergo an induced decomposition in certain solvents
(38-L0).

A second possible explanation for an increase in active centers
and hence an increased rate for the polymerization in benzene solvent
my be due to the action of the dead or precipitated polymer acting as
a co-catalyst with benzoyl peroxide. This co~catalytic effect has
been proposed by Bengough and Norrish (46) to explain certain of their
observations in studies on the polymerization of vinyl chloride.

In the presence of a solvent for the polymer, such as tetrahydro-
furan, the polymerization proceeds at a somewhat constant rate which
decreases in the late stages of the reaction. Dead polyvinylchloride
has been shown to act as a co-catalyst with benzoyl peroxide in the
polymerization of vinyl chloride. In the absence of benzoyl peroxide
the dead polymer does not catalyze the polymerization. It is suggested
that the co-catalytic effect of the dead polymer is caused by an
increase in the number of centers of polymer growth in the reacting
system. These new centers arise from chain transfer reactions between

growing polymer chains and molecules of dead polymer resulting in the

accurmlation of stabilized centers of polymer growth on the surface of
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the solid polymer. The revivified polymer grows by addition of monomer
until it is finally terminated by chain transfer with monomer, with the
production of a mobile free radical.

Only in the case of the polymerization in benzene does the co-
polymer of itaconic anhydride and styrene precipitate and therefore
only in this case can a co-catalytic effect be expected.

A decrease in the rate of termination will also account for an
increase in the over-all rate of polymerization since any given radical
will propagate longer and for a given concentration of active nuclei
more monomer will be converted to polymer in a given time.

A related dependence of the rate of termination, kt’ on the medium
hus been observed by Norrish and Smith (L1) working with methyl
methacrylate, and by Burnett and Melville (L42) with vinyl acetate.
Rates in poor solvents are high due to a decrease in k. This decrease
in ki accounts for the increased rate in polymerization. Actually pre-
cipitation of the polymers appears to be responsible for the effect
since the growing radicals become imbedded in precipitated droplets,
presumably of very small size. This effect causes the suppression of
the termination reaction owing to the isolation of the chain radical in
one droplet from that in another. This is common in systems yielding
polymer which is not soluble in the reaction mixture (L3). It is
closely related to the fast rates observed in emulsion polymerizations,
which are explained on the basis of a decrease in ky caused by reaction

environment.
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Precipitation of the itaconic anhydride-styrene copolymer from
benzene as it was being formed would result in conditions leading to a
decrease in ky and consequently a higher over-all rate. This is not
the case for the copolymerization of itaconic anhydride and styrene in
tetrahydrofuran from which the copolymer does not precipitate as it is
being formed.

A consideration of the stractural unit of the styrene-itaconic
anhydride polymer molecule is essential at this point.

If the growing polymer radical, Mx, were to attack a styrene

monomer two product radicals might be formed. They are:

M, + CHy = CH  M,~CH,<H.

N

M, ~CH~CHZ 11 (b)

i (a)

Process (a) should be more favorable since the product radical
would have more opportunity for resonance due to the adjacent phenyl
ring. Three quinoid resonance structures may be written for the

substituted benzyl radical obtained during the course of polymerization:
My~CH~CH M, ~CH,~CH M, ~CH,~CH
' MR o AL <

The relative rates of these processes should depend on the

stability of the product radicals I and IT. 1In II, the phenyl ring is

situated on the beta carbon atem and thus is unavailable for participation







L9
in resonating structures involving the odd electron. Thus I is more
probable than [T, A comparison of bond strengths in methane and toluene
(LL) indicatesthat a benzyl radical as in 1 is favored by resonance
stabilization in the amount of 20 to 25 kcal. per mole. The product
radical Il is a B-phenylethyl radical analog which should have approxi-
mately the same stability as an ethyl or methyl radical. Thus process
.a ) should be favored aver \b) by an energy difference of about 20 to
25 kcal. per mole. Resonance stabilization in the transition state
I 2>r the monomer addition step will be less than the energy of the product
radical, but the activation energy for .a) should be less than that
foxr (b) by about 8 t> 10 kcal. per mole which should be ensugh to
cause [ t> form to the almost complete exclusion »>f IT.

Tf the growing polymer radical attacks the itaconic anhydride

mora omer tws possible structures would result:

M 5:CHey =G
x 2 U\ 11
0=C¢C Ch c)
| |
l\/g(vx-C}m:(IZ"Ch2 0=—C=0
|
0=2¢C C = 0
/
\O
= S CESICHS
Mx/\a & v
0:=2C CE, d)
| |
O— C=0

The product radical TIT could have the following resonance

stmctures:







M, - CH, - C — CH, M, - CH, - C — CH,
o I or I I
¢c-C C=0 0=C /c=o

No”/ N,

In monomers having the C = O group conjugated with the carbon-
carbon double bonds. the above resonance structures describe states of
higher energy than those {cr thc radical sty ren>. thus their resonancc
energy is smaller., From resonance considerations 11l would be more
stable, and although the resonance stabilirations are less than phenyl
they are by n»> means negligible.

The stabiliration >f the monomer by substituents must also be
considered. The additional resocnance structures which are introduced
by the presence >f the substituent contain fewer bonds than are present
in the structure normally written for the monomer; thus these represent
higher energy states. Resonance stabiliration by the sutstituent is
therefore much less in the monomer than in the corresponding radical.
In styrene, the resonance stabilization due t> conjugation amounts to
about 3 kcal. per mole. The effect o>f a conjugating substituent in the
monomer may te summed up by observing that its influence is much greater
in the product radical than in the monomer. In the activated complex
which is in an intermediate state between reactants and product.
resonance stabili-ation is appreciably greater than in the monomer
reactant, but less than in the product radical. The substituent there-
fore 1lowers the activation energy >f the reaction and increases the
reactivity >f ‘he monomer. The conclusi-n t:- te drawn is that the more
reactive monomers give the least reactive radicals. and the least

reactive monomers the most reactive radicals.






51

Thus from the previsus discussion of reactivity ratios it can be
seen that the promgation constant for the more reactive styrene with
a styrene radical turns out to> be less than that for the less reactive
itaconic anhydride monomer with the more reactive itaconic anhydride
radical, since this lacks appreciable resonance stabilization.
Successive and altermate addition of monomer molecules in accord=-
ance with the preferred processes (a) and (c¢) will produce the following

polymer chain

B ]
« CH,=CL~CH, 4= C_ === CH,=¢H~CH, — C_ —— CH.{H"
/7 \ VAR
, 0=C CH, 0=C CH,
‘A) | I | |
0 —cC=0]| 0 — C=0
—p

This structure has the units oriented in the same direction and is
designated as the head-to~tail or 1.3-structure. In each monomer the
~CH,~ is designated as the head.

At the other extreme there is the head-ts-head, tail-to-tail, or

1,2 = 1,4~ structure “;:

«CH,<CH = /c\- CHp == CHg=eH = O~ CHa— CHp~CH -/c\~ Chy
(B) 0=C CH, 0=C CH, 0=C CH,
) l | I I I l
o---c=oL 0 — C=0 0 — C=0
< p

The head=t>-head structure is impossible tased on resonance con-
siderations. Ano>ther factor which may favor the head-t>-tail arrange-

ment is the steric hindrance sffered by the phenyl radical as it
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approaches the anhydride ring. A model compound was constructed and
this was indeed evident, since it was impossible to construct a unit
with a head-=to~head arrangement.

A few »>f the possibtle configurations which the polymer chain may
have when the units are arranged in a head-ts-tail construction have
been illustrated :.page 25). From the previous consideration the
stractures >f the monomers are such as to greatly favor head--to-tail
arrangement t> the almost complete exclusion »f any head-to-~head,
’tail=t :=tail) configuration. Similar lines o> reasoning have been
and can be applied t> many vinyl type hom> and heter> copolymerizations.
This reasoning has been confirmed in abundant instances by various
workers L7,L8.49). Letailed analysis of many p-lymers and some co-
polymers has failed t> reveal one substantiated case >f head-to-head
tail=to>-tail) structure. The subject is reviewed in detail by Marvel
L5).

Until direct evidence t: the contrary is ottained, the formula for
the unit »>f the itaconic anhydride styrene c-pslymer will be considered

a head-t>-tail structure as illustrated in A:

r -
*CH,~CH=CH, - C = CHo,=Cli=CH, =~ ° —  CH_o~CHe
2 * /°N\ ? /7N
0= CH, C =2 CE,
| | I |
C —<C=0 C — C=2¢).
= -






PART 1II

Preparation and Analysis of Itaconic Anhydride--Styrene Copolymers and
Their Ester Derivatives

A,
B.
C.

D.

Preparation of Itaconic Anhydride-Styrene Copolymers.
Titration of Itaconic Anhydride-Styrene Copolymers.
Determination of Apparent pK! Values.

Preparation of Monoester Derivatives of the Itaconic Anhydride-
Styrene Copolymers.

1. By Reaction with Alcohols,
2. By Reaction with Dimethyl Sulfate.

Titration of the Monoester Derivatives of the Ttaconic Anhydride-
Styrene Copolymers,

Preparation of Diester Derivatives of the Itaconic Anhydride-Styrene
Copolymers.

1. Dimethyl Ester of Poly 61:39 (itaconic anhydride co styrene).
2. Methyl Ethyl Diester of Poly 57:13'(itaconic anhydride co

styrene) .
3. A Partial Diethyl Ester of Poly 61:39 (itaconic anhydride co
styrene) .

Li. Attempted Preparation of a Diester Using Absolute Alcohol and
Gaseous Hydrogen Chloride Catalyst.

Titration of the Diester Derivatives of the Itaconic Anhydride-
Styrene Copolymers.

Preparation and Titration of the Homopolymer-Polyitaconic Anhydride.

1. Preparation of Polyitaconic Anhydride.
2, Titration of Polyitaconic Anhydride.

Titration of Mixtures
1. Itaconic Anhydride-Styrene Copolymer and a Monoethyl Ester
Derivative.
2., Itaconic Anhydride-Styrene Copolymer and Itaconic Anhydride
3. Monoethyl Ester Derivative and Itaconic Anhydride. :

Titration of Some Dibasic Acids.






Itaconic Acid

Unsymmetrical Dimethylsuccinic Acid
Methylsuccinic Acid

Salicylic Acid-Benzoic Acid Mixture
Propionic Acid-Acetic Acid Mlxture

K, Derivatives of the Itaconic Anhydride-Styrene Copolymer.

1., Preparation of an Optically Active Monoester Derivative of
Poly 61:39 (itaconic anhydride co styrene).

2+ Preparation of a Network Polymer.
L. .Stability to Hydrolysis.

1, Stability to Hydrolysis of the Monoethyl Ester of Poly 61:39
(itaconic anhydride co styrene).

2. Stability to Hydrolysis of the Dimethyl Ester of Poly 61:39
(itaconic anhydride co styrene).

M. Infrared Spectra.
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Ol =~ Ole - O

=CH —> M=CH~CH-

9

M~CH,~CH - CHp = C=— CH, M-CH,-CH-CH,~C :
0= C=0 0=¢ CH
0 00— C=0
M-CH;CH-CH,C,  CHo=CH fongh-cn.oo, - oca-
o=¢" TH, > o’ o,
0=—C=0 O C=0
L - P

A. Preparation of Itaconic Anhydride-Styrene Copolymer.
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A. Preparation of Itaconic Anhydride-Styrene Copolymers

The copolymerizaticn was carried out in a one-liter, three-neck,
round bottom flask with standard taper ground glass joints., The flask
was fitted with a reflux condenser, a nitrogen inlet tube and a mechani-
cal stirrer. The polymerization mixture was protected from moisture
by a calcium chloride tube and kept under a nitrogen atmosphere. The
flask was charged with 625 ml. of thiophene-free benzene and the desired
quantity of itaconic anhydride. To dissolve the itaconic anhydride
the mixture was heated, with stirring, at the reflux temperature of
benzene (80°C) maintained by use of an oil bath. Approximately thirty
minutes were required for the solution of the itaconic anhydride. To
the resulting solution was added the styrene and 0.233 g. of benzoyl
peroxide dissolved in 75 ml, of benzene. At the end of the reaction,
the solid copolymer was removed by filtering with suction, dried, and
weighed.

The copolymer was purified by exhaustive extraction with benzene
in a Soxhlet extractor for ten days, and then dried under vacuum in a
drying pistol at the reflux temperature of acetone. The copolymer was
then analyzed for carbon and hydrogen.

lhe data on the various copolymers prepared are summarized in

Table VI.
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. High Frequency and Potentiometric Titration Procedures
for the Itaconic Anhydride~Styrene Copolymers

> titrations were followed with a pH meter and a high frequency
ser at the same time.

> hydrogen ion concentration was measured on a line operated

pH meter equipped with glass reference and saturated calomel

les.

> high frequency titrimeter which was used is one originally

1 by Johnson and Timnick (50) and later modified by Lai, Mortland,
vick (51).

> titrations were performed with the titration apparatus operated
negacycles per second. Oscillator tube grid current change was

1 during the course of the titration. To follow this change a
meter set-up had been designed to follow the potential-drop
related to the grid current flow change across a resistor which
1ected in series with the grid leak resistor. The potential drop
this added measuring resistor was compensated with a potentiometer.
nt response is expressed throughout this study in terms of

ry potentiometer dial units.

AN 0 —oHz = H'C1” o —CH,~-C -
CH, Preparation O =CC CH, ] i A
| of sample o | titration 0= ? ?Hz
—C =0 Na O %:-:.-. OF He—0O C =0
0 Na |
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accurately weighed sample (approximately 0.2 g.) of the finely
copolymer was dissolved in acetone. To this solution was added
quantity of standard sodium hydroxide and the solution was
on a steam bath to drive off the acetone. There resulted a clear
n of the disodium salt of the copolymer. When the odor of
 was gone, the sample was quantitatively transferred to the
ylene cell of the high frequency titrimeter. The sample was
Juted with distilled water to a volume of about 180 ml, The
xdes of the potentiometer were placed in the solution and pro-
was made for mechanical stirring of the solution during the
ion. A glass stirrer was used.
he standard HC1l solution was added from a 50 ml. buret in 1 ml.
ents. In the titrations where the HC1l titrant was added in 0.5
crements, a 10 ml, buret was used. After each addition of titrant,
two minutes were allowed for the reaction to reach equilibrium,
| reading of the potentiometer and the potentiometer dial reading
> high frequency titrimeter were simultaneously recorded.
\hen the copolymer was converted to the free acid form a precipitate
yserved in the titration cell. Several increments of titrant were
beyond this point to insure the completeness of the titration and
he purpose of plotting the data.
Figures 7 through 1), represent plots of the data obtained in the
tion of the itaconic anhydride-styrene copolymers. Figure 15 is
t of the data for the titration of the maleic anhydride-styrene

ymer., The data are summarized in Table VIII.
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a

gures 9A, 11A, and 15A represent plots of pH versus log L
» calculate apparent pK! values.

12 data used in plottiné all the figures in this thesis are
in the Appendix.

1 adding sodium hydroxide to the copolymer there result two

ylate ions:

CH; - C - A~
2 /0N Na OH o - CHp ',C\'
=7 0=¢ T,
0=C=0 Na'0” C =0
- +
Type 1I 0 Na
rK! Type I

he apparent pK! values are shown in Table VII. The method used

lculate pK! va.lﬁes is shown in C, page 7L.

or referehce, the carboxylate groups were labeled Type I and

[T and considered to have corresponding pK,? and pK,'! values

ctively. Type I was assigned to that particular carEo:quate group,

ased on structural considerations it is believed to be the stronger
Type T carboxylate 1s attached to a methylene group and is

er removed from the polymer backbone, whereas Type IT is attached

disubstitutea carbon atom and is directly attached to the polymer

one. For these reasons Type I carboxylate is probably a stronger

and it is believed to be more easily solvated.

Whenever necessary, the end points determined from the high-

lency titration curves were used to locate accurately the end

ts on the pH titration éurves so that apparent pKi values could be
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d. The use o>f the high frequency end points to locate

metric end points was especially necessary in locating any
sodium hydroxide, an end point which was completely hidden in
ntiometric titration curve.

1ce in all cases the calculated pK: values agreed very well with
cad directly from the pH titration curve, only a limited number

ralues were calculated.
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Fig. 8, High frequency (A) and potentiometric (B) displacement titration
curves for the disodium salt of Poly 57:L3 (itaconic anhydride co styrene)
titrated with 0,1286N=HC1.
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Fig. 9. High frequency (A) and potentiometric (B) displacement
titration curves for the disodium salt of Poly 57:L43 (itaconic
anhydride co styrene) titrated with 0.1286N-HC1.
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