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CHAPTER I

INTRODUCTION

The general effects of synthetic polyelectrolytes on living cell
systems was reviewed in 1964 by Katchalskyl, who stated that: 'the.elec~
trical properties of synthetic.polyelectrolytes endow them with powerful
adhesive properties and with easy orientability which may play a .role in
the organization of biological structures'.

Besides effecting the agglutination of bacteria and animal, cells
and affecting the activities of vital enzymes. (such as ribonuclease2’3
and deoxyribonucleaseé’s), some naturally bccurring as well as some
synthetic polyelectrolytes have shown,K the ability to inhibit tumor
growth6_10° Although polyelectrolytes. include polyacids, polybases, and
polyampholytes, polyacids have shown the greatest 'degree of tumor inhi-.
bition. Among the polyacids that have been tested, thqse that have shown
antitumor - activities are polyethenesulfonic acids7, polycarboxylic
acidsll_zo, and polynch.eotidesZJ'—'zl‘he |

The  tumor inhibition of some naturally occurring polyelectrolytes
is known to be due to their ability to induce the production of inter-
feron., Some interferons thus produced have been separated and charac-.
terized chromatographically7’25’26. Since it was.suspected that the.
synthetic polyelectrolytes which were effective against tumors might

possess this same ability in vivo, this postulation was examined.

Merigan],'2 in ‘1967 observed interferon indu¢tion by a .series of copoly-



mers of maleic anhydride with divinyl ether, vinyl methyl ether, vinyl
acetate, and styrene. The 'pyran cdopolymer" (maleic anhydride~divinyl
ether .copolymer) was found to induce interferon in man by Regelsonl3band
in.mice by De Clercq EE;EL‘;4 Some polynucleotlides were also shown to
have the same ability to induce the production of interferonl4’21’22’23’24.
Work done by De Clercq and De Somer15 in 1968 further proved that the-
injection of poly(acrylic acid) prior to inoculation with tumor cells
had the same effect in prolonging the animal life as the prior injection
of interferon, i.e., each can protect the animals from being affected by
the tumor for a certain period of time.

Studies of .antiviral activities were also carried out by varying

thefcharge distribution and compositionll’12’23,the secondary struc-

ture22, and the effect of thermal activation24 of the polyelectrolyte
structures.

De Somer g£l§£.16’l7

in 1968 compared the antiviral activities of
poly(acrylic_acid) and poly(methacrylic acid) with those of other types
of synthetic polyelectrolytes (e.g., dextran sulfate, and polyphloro-
glucinol) iEinEEQ and in vivo. They found that the first two synthetic
polyacids are more antivirally active than other polyanions. The en-
hanced action was attributed to both the direct interaction between
these ‘two polyacids and the virus cells-and to the interferon produc-
tion.

The conclusions about the structures of polyanions and their anti-
tumor activities can be summarized as follows: (1) an ionized acid group
is necessaryll, (2) a high molecular weight compound-isfnecessaryll, (3

the activity is greatly reduced if the hydrophobic, content of the. poly-

electrolyte'increaseslz, and (4) charge density may play a rolell.

.



The goals of this study were to synthesize some'carbexylic acid
polymers with .varied structural parameters, to examine the chemical
properties (as to their content of anion groups, molecular weights, and
binding abilities) as well as their biological activities, and to corre-

late these with their ability to inhibit .the growth of tumors.



CHAPTER II-
HISTORICAL

Potentiometric titrations'of synthetic polyelectrolytes were carried -

27° In 1947 Katchalsky and»Spitinikzs'

out as early as 1938 by -Kern
started the . theoretical interpretationJof the resgults of the titrations
of poclyelectrolytes. They found that when pH was plotted -against
log(l-a) /o (where o.is the degree of ionization of the acid), in the
case of either a monobasic acid or a polyacid, a‘'straight line was ob-.
tained for values of o near 0.5. While the slope of this straight line
in a monobasic acid is -1, slopes of less than -1 with values approaching
-2 were observed for polyelectrolytes. They rationalized this: behavior
by expanding the Henderson-Hasselbalch equation from pH =‘PEb - log(l-a)/o
to pH =,pgav - nlog(l-a)/a, where n denotes the deviation of slope from
1 and pgé is the negative logarithm. of the intrinsic ionization constant.
The reason for this deviation of the values of n from 1 for poly-
meric acids is that -an additional amount of work is required to.remove
protons from the polymer molecule during the dissociation. This addi-
tional energy requirement is due mainly to the electrostatic interaction
.between.(l) the protons and other cations  and (2) the charges.on the

-36

poly_electrolytechain29 and is due partially to the necessity for

steric alteratien (i:.e., the conformational energy chan~ge)36“39 of the

polymer, -

The  total energy.change>(AGt) required for the loss of a preoton in.



order to.establish the following equilibrium:
-+
-COOH % =-C00 + H 1

is then the sum of the standard free energy change (AGO) and the addi-
tional energy change (AGél is usually used to denote this additional
energy change since the electrostatic interaction causes the major dif-

ference). .

AG. = 4G+ AG (2)
At equilibrium:
AGt = RT 1nK (3)
PK = 0.434 AG,/RT (4a)
= 0.434 (AB_ + 4G_,)/RT (4b)
= pK, + 0.434 AG_,/RT (4e)

where R is the gas constant, and T is the absolute temperature. When
this pK is substituted into the Henderson-Hasselbalch equation, the

following potentiometric titration equation for polyacids 1s obtained:

pH = pKo - log(l-a)/a + 0.434 AGel/EZ_ (5)

Since the AGe is found to be a function of o, the log(l-a)/e and 0.434

1

AGel/BZ can then be combined as a function of o to give the expanded.
Henderson-Hasselbalch equation.

The: theoretical evaluation of AGe has been carried out by many

1

workers; Different models of polyelectrolyte molecules have been pro-

posed to permit the calculation of charge distribution and density and



31,35,40 _

thus the interactions. A spherical model was proposed s well

as a coil-thread or roédlike m<:)d¢h_l:_-;0’32’37’41_49 for this purpose,

It is generally agreed36’47

that the rodlike model is more appropri-
ate for explaining ionization phenomena in polyelectrolytes than the -
spherical model., However, it is vefy unlikely that the polyelectrolyte
molecule will remain in a fixed or defined conformation during the whole.
titration process., Changes.in conformation of polyelectrolytes as o
changes have been established through.viscosity studiesl. The poly-
electrolyte molecules will expand as-the degree of ionization increases.
This expansion will reach its maximum degree at values of o around 0.8:.
Thé caleculated potentials based on the rodlike model were found to fit
the experimental result only. at certain ranges of o and the modes of
change in conformation were realized in plots of potential vs a47’48’49.
This conformational change was also observed in recent colorimetric
studies .of polyelectrolytesso.

When the reduced viscosity, nsp/gﬁ‘of:a solution of a noncharged
polymer is plotted against concentration, a straight line is obtained,

This linear relationship can be. expressed by the Huggins equation51’52:

”sp/E‘ = [n] + _Ig[n:_lzg_ (6)

where [n] is the intrinsic viscosity, ¢ is the concentration of the
polymer sclution (usually in g/100 ml), and k, the Huggins :constant, is
related to.the shape of polymer molecules and their ‘degree .of associa-
tion. The ideal value of k for a spherical molecule is 2.0 - 2.26, for
a dumbbell or rigid rod is 0.77, and for a centrosymmetric flexible
moleculé is 0,60,

Polyelectrolyte molecules .in a non-ionizing solvent 'behave according:



to the Huggins equation. - HoWever, when -the viscosity of polyelectrolytes
is measured in an-ionizing solvent, in the absence of added salt, an ab-
normal behavior is noted. Fu03953 reported in 1948 that the reduced
viscosity of polyelectrolytes decreases first sharply as the concentra-
tion of the polymer solution increases, then reaches a limiting value
as ¢ ‘approaches infinity.

Various empirical equations were proposed to relate this abnormal
change in concentration and viscosity. These equations are’introduced
briefly below.

The Fuoss equationlﬁlﬁ}'58 is

Z = A/(1+B/e) +D 7

where Z represents nsp/g, A 1s a constant that depends on the molecular
weight (it is a measure of the extent to which the polymer coil can..
spread out at infinite dilution as a'consequence of the intramolecular
‘coulomb repulsion between charges attachea'to the chain), B is a con-
stant .that measures the electrostétic forces and increases with decreas-
'ing dielectric constant of the solvent, and D is a parameter primarily
for linearizing the plot.

Equation (7) can be rearranged to read as follows:
1/(Z-D) = 1/A+ B/c/A (8)

By substituting a proper value of D, a straight line can be obtained
from a plot of 1/(Z-D) vs {E. All other -constants can then be obtained-
from the plot,

Schaefgen and'Trivisonn059 in.1952 proposed the following equation:

Z = A/(1+Be)+D (9)



where D 1s a constant for the adjustment of linearity (its value is
intrinsic for the polymer itself and is, not influenced by the solvent),
A is a constant depending on the uncoiling of polymer chain due to re-
pulsion between unneutralized charges -along the chains, and B is a meas-
ure of the electrostatic forces between the polyion and its counterioms.-
According to Eq. (9), the plot of 1/(;;2) vs ¢ will give a straight line
and constants A -and B may be obtained thereafter.

Liberti and'Stivala60—63 in 1966 proposed . the following equation:

Z = A/l +B(c-k'o)] (10)

where k' 1s .a measure of the deviation from linearity and A and B are
constants and found to be functions of .the molecular weight of the poly-
mer. A plot of 1/Z vs ((E - k'c) according to Eq. (10) will give a
straight line from which the values of the.constants A and B can be ob-
tained.
64 ,
Recently, Yuan, Dougherty and Stivala proposed the following

equation:.

ngple = [nl, [1+ '/V/e)] (11)

where [n]_ is the intrinsic.viscosity of a swamped polyelectrolyte (i.e.,
the polyelectrolyte molecules are swamped or shielded by added ions to
such.an extent that the macromolecules behave as a non-charged chain)
and k" 1s a parameter which represents the effect of eflectrostatic in-
teraction,
When the viscosity of polyelectrolytes is measurad in.the presence
53,65,66

of free salt, the result is found to follow the Huggins equation” .

Also, 1t is realized that in extremely dilute solution, the polyelectro-



lyte molecules behave in the same way as non-charged polymers67.' In -the
former case, the counterions from the neutral salt can neutralize the
charges on the .polyions, The.shielded polyelectrolyte molecules will:
thus:.act as a non-charged polymer. In very diluﬁe solutien, as soon as
the polyelectrolyte molecules reach the final state!of expansion in
salt~free solution, interactions between charged groups are at’'a minimum:
and the.polyelectrolyte moleculés will then act like a non-charged poly-
mer,

For cases between these.two extremes, where the interaction of
charged groups on.the polymeric chain can not be ignored, the expansion
of the polymer chain during dilution causes an increase ih viscosity.

At least three theories have been developed to explain.this;phenomenonés.
The '"folding chain theory" explains the increase in viscosity during
dilution by the stretching of the pelyelectrolyte molecules due to the

"69-72‘attributes the

electrostatic repulsioﬁbs. The "electrical theory
viscosimetric properties of polyelectrolytes to the classical electro-
viscous effect. The'"swa.rfm*the_ory"z3 explains that the change in degree
of association of the polyions occurs through the sharing of the ionic
atmosphere by the molecules.

The interaction between metal ions aﬁd the polyanions has long re-
celved extensive attentionl’74’75,, The phenomenon -of association of
metal ions by polyanions was first observed through osmotic. pressure.

studies763' This was later confirmed by a series of transference studies

using radiocactive metal ions77—81; certain percentages of ‘the metal ions
were carried by the polyanions toward the anode, Studies by using other.

means of measurements were also noted. Katchalsky and Zwick82 recorded

the decreased swelling of crosslinked poly(methacrylic acid) by metal
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ions. Gregor and Fred,er:',.ck83"84

observed the shift in pKav of polyacids:
when ‘different alkali metals and quaternary ammonium bases were used in
titration, and the extents of binding of different cations to the poly-
anions were compared. Turbidity measurements were also used for study-:
ing the critical concentration of cations te bring about. the .precipita-
tion of,polyanions85*88; Electrical transport measurements were em—
ployed .for the determination of counterion association in. salt-free
polyelectrolyte,solutionsag.t Also the potentiogetric method was used tao
determine the polyanion-metal ion complex formation90’91’92°

For the purpose of our study, we were particularly interested in
metal ‘ion association through turbidity measurements.,

Wall and;Drena,n85 found that though the charge on the metal ion
still plays the major role in the nature of association, this phenomenon:
is not due entirely to coulombic charges.since different ‘divalent metal
ions differ in their effectiveness in the association.

Michaeli86 studied the association effect of calcium, barium, and
magnesium- ions with poly(methacrylic acid) neutralized to -different de~-
grees with sodium hydroxide. He observed that the critical concentra-
tion of the precipitating ion is directly related to the concentration
of the polymeric charged groups. The precipitation occurs when about’
80% of the carboxylate groups are associated with divalent counterions.
He proposed that -the preeipitation inC&USE& mainly by a change in the
solubllity properties -of the single polymer molecule rather -than by
crosslinking.

Ikegami and Imais7’93

studied the precipitation of peoly(acrylic
acid) (which was neutralized to different degrees with tetra-n-butylam-

monium hydroxide) by sodium, magnesium, barium, zinc, aluminum, and
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calcium ions, They proposed that two types of binding may occyr. One’
Es the L-type, which occurs at high o. The other is the H-type, which "
appears at low 0.

Constantino EEIElsss'feundrthat_metal binding is ‘independent of the-
molecular weight of poly(methacryliec acid), but-is influenced by the
stereoregularity of the polymer molecules.

An equation was .proposed to related the metal ion concentration,
86,88,94‘3

polyanion concentration, and the bound metal ion concentration

This equation reads as follows:

+2

oy, = o), + s, (12)

t

W'here'(M+2)t is the total divalent ‘metal ion concentration, (M+2)f is
the,free;divaleﬁtﬂmetal ion concentration, B is the equivalents of di-.
valent metal ions bound per acid group, and (PA)t is the total concen-
tration of acid groups. A plot of (M+2)t vs (PA)t gives a straight.
line. The intercept of this straight line gives.the Gﬁ+2)f and the

slope gives the value of B,



CHAPTER III

EXPERIMENTAL

Materials-

Acetone (J. Te Baker). Reagent-grade acetone was.used as a solvent
without further purification for some purposes. For-use in viscosity
and molecular weight determinations reagent-grade acetone was further
purified by refluxing through a Soxhlet extractor filler with 4A Molecu-

lar Sieves.and was then distilled.

Acrylic acid (Aldrich). Lot #14723-0, assaying 99 welght Z, was
distilled under reduced pressure over p-methoxyphenol before use,

Benzene (Fisher Scientific). Reagent-grade benzene was distilled

over sodium metal before being used as a.solvent in polymerization reac-.
tions, - For other purposes it was used without purification.

N,N-Dimethylaminoethyl methacrylate (Rohm and Haas). Lot #36373,

industrial-grade, 94 weight % containing 2000 ppm.p-methoxyphenol, was.
distilled under reduced pressure before use,

Iscobutyl vinyl ether~$Eastman).- The practical-grade monomer was

distilled over anhydrous calcium hydride before use.

Isooctyl vinyl ether gGeneral'Aniline'and_Film). The practical

grade monomer was distilled over anhydrous calcium hydride before use..

Itaconic acid (Chas. Pfizer .and Co.). The refined-grade . compound

was crystallized from acetone before use.

Nitrogen. (Linde). Lamp-grade nitrogen was dried by passing it

12
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through a trap of concentrated sulfuric acid, then through anhydrous.
calcium chloride..

The following reagents were used .without further -purification:
acetone-g6 (Bio-Rad, Control #52123), aluminum sulfate (Fisher -Scientif-
ic, reagent-grade), benzoyl peroxide (Fisher Scientific, reagent-grade),
calcium hydride (Fisher Scientific, purified-grade), carbon tetra=- |
chloride (Fisher Scientific, reagent-grade), chloroform (Fisher Scien-
tifie, reagent-grade), cthroform.—-g3 (Diaprep, Lot #680701), deuterium
oxide (Diaprep, Lot #680602), dimethyl sulfoxide—'d6 (Bio-Rad, Control
#81115), N,N'~-dinitroso-N,N'-dimethylterephthalamide (Du Pont, Du Pont
EXR~-101 with i#ert~filler), 1,4~dioxane (J. T. Baker, reagent-grade),
2-(2-ethoxyethoxy)ethanol (Eastman, practical-grade), ethyl acetate
(Fisher Scientific, ieagent—grade), ethyl ether (Fisher'Scientific,
anhydrous), formic -acid (Mallinckrodt Chemical Work, analytical-grade),
hexanes (Fisher Scientific, reagent-grade), ligroin. (Skelly, Skelly B,
boiling point .range 146 - 157° F), methanol.(Fisher Scientific, reagent-
grade), p-methoxyphenol (Eastman, reagent-grade), n-pentane (Fisher
Scientific, reagent-grade), potassium peroxydisulfate (Fisher Scientific,
Cat. #P-281), sodium polyacrylate (Nalco Chemical Co., RB-124-66),
sodium polyacrylate (Nalcé Chemical Co., NX-23-67), tetrahydrofuran
(Fisher Scientific, reagent-grade), tetramethylsilane (Thompson-Packard,

NMR~grade).
Instrumentation

Infrared spectra were obtained with a Beckman IR-5A spectrophoto~
meter., Proton magnetic .resonance spectra were obtained on -a Varian

Associates Model A-60 or an XL-100 Analytical Nuclear Magnetic Resonance.
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Spectrometer.,

Potentiometric titrations were performed with a Beckman Research pH
Meter equipped with a Brinkman Instrument Heater-Circulator and Thermo-
electric Cooler and a magnetic stirrer by Precision Scientific Co.

Viseosity measurements were made with a Cannon-Fenske Viscometer
(size 50 or 100) in a constant temperature bath regulated with a Sargent
Thermonitor.

Turbidity studies were performed with a Cary Model 14 Spectrophoto-
meter and a "Titration Head", a specially designed motor-driven buret of
variable and reproducible rate of titrant delivery and a special cell
holder comprising an air-driven stirrer. The apparatus was designed and
congtructed by Dr. H. A, Mottola,‘Mr,:H. Hall, and Mr. B. E, Simpson,
of this department.

Number average molecular weight detérminations were made using a

Coleman 115 Molecular Weight apparatus-.

Elemental Analysis

Elemental analyses were determined by M-H-W Ldaboratories, P.,0. Box

326, Garden City, Michigan.
Preparation of Polymers

Preparation of Poly(acrylic acid) (I). The method used for this

preparation was adapted from the patent by Barrettgs° Acrylic acid
(5.00 g), benzoyl peroxide (0.005 g), and benzene (100 ml) were added to
a ‘500~ml three-neck round-bottom flask equipped with a condenser and a
mechanical stirrer: The mixture, under dry nitrogen, was heated with an

oil bath at 82°. After‘polymerizatién started, a mixture of 36.0 g
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acrylie acid, 0.30-g benzoyl peroxide, and 110 ml benzene was added con-
tinuously through a dropping funnel to the reaction flask during 12 hr.:
The poly(acrylic acid), which precipitated from the benzene solution,

was collected by filtration.  The product was washed in a blender three
times each with 200 ml of benzene and filtered out each time. The poly-
mer was then dried under reduced pressure at room témperature. The yield
was 36.3 g, 89.07 of: theory,

Preparatipn3of-AcrylicbAcidalspbutyl Vinyl Ether Copolymer (II).

Acrylic acid (58.2 g), isobutyl vinyl ether (20.2 g), and benzoyl per-.
oxide (0.726 g) were added to.200 ml of benzene in a 1000-ml three-neck
flat-bottom reaction flask equipped with a condenser and a mechanical
stirrer. The polymerizing mixture was kept under dry nitrogen and
heated't0‘829 with an oil 'bath. The initiation time was about twenty
minutes and the reaction was completed after stirring and heating for
one hour. The mixture was . filtered and the solid transferred to a
blender where it was washed three times each with 200 ml ligroin. The
solid was then-dried under reduced pressure at room témperature. The
yield was 56.0 g, 72.1 % of theory.

Preparation of Acrylic Acid-Isobutyl Vinyl Ether Copolymer (III),

Acrylic acid (30.0 g), isobutyl vinyl ether (21.3 g), benzoyl peroxide
(1.40 g), and 220 ml of benzene were added to a 500-ml three~neck round-
bottom flask equipped with a condenser and a mechanical stirrer. Poly-
merization was carried out under dry nitrogen and at_70o for eight hours.
The product was isolated and purified like II. The yield was 26.9 g,

52.47% of theory.

Prepa:ation of Acrylic Acid—Isobutyl Vinyl Ethe; Copolymer (IV).
Acrylic acid (43.1 g), isobutyl vinyl ether (39.9 g), benzoyl peroxide

f
1
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(0.729 g), and 200 ml benzene were caused to react as for II. The ini-
tiation time was 25 min. at 82° and the reaction was completed . during
forty minutes of -heating at this temperature. Acetone. (500 ml) was.
added to the flask to dilute the viscous slurry. Then.this.acetone--
benzene solution of polymer was added.slowly in 125-ml portions to.
1000-ml portions of ligroin in a 2000-ml beaker-.under vigorous agitation -
with a mechanical stirrer. The mixture was filtered and the solid dis~-
solved in 500-ml of acetone. The polymer was precipitated by dividing
the solution into four equal portions.and adding slowly each portion to.
1000-m1 of ligroin.under stirring. The selid collected after filtration
was dried under reduced pressure at room temperature. The polymer was
then-ground.to a white powder. The yield was 56.9 g, '68.7 Z of theory.

Preparation of Acrylic Acid-Iscbutyl Vinyl Ether Copo;ymer ).

Acrylic acid (28.9 g), isobutyl vinyl ether (60.1 g), benzoyl peroxide
(0.726 g), and 200-ml of benzene were copolymerized as for II, initia-
tion .taking fifteen minutes.at 829, Thevreactioh was. terminated after
thirty-five minutes of heating. Acetone (600-ml) was added to the
kettle to dilute the viscous solution.. This benzene-acetone polymer
solution was added slowly.in .125-ml portions with mechanical stirring
to 1400-ml portions of 0.05 N hydrochloric acid solution in'a 2000-ml
beaker, The polymer collected through filtration was dissolved in 1000
ml of methanol. Each 125-ml of this methanol solution was.added slowly
to 1400 ml of 0.05 N hydrochloric acid solution to reprecipitate the
polymer. The polymer was dissolved in 250 ml of 1,4-dioxane. The final
precipitation of polymer was done by adding one volume of this dioxane
solution to 10 volume of water. The polymer was collected and dried as

usual, and ground to a white powder. The yield was 54.2 g, 60.5% of
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theory.

Preparation of Acé¢rylic Acid-Isobutyl Vinyl Ether Copolyier. (VI).

Acrylic acid (15.1 g) and isobutyl vinyl ether,(8Q=3 g) were copolymeri~
zed with benzoyl peroxide (0.728 g) in 200 ml of benzéne as for ITI. The.
reaction was terminated after one hour of heating. The viscous benzene,
solution of the polymer.was diluted with 1000 ml of acetone., This ace~
tone-benzene solution was: added slowly with agitation in. 125-ml batches
to 1500-ml portions of .a methanol-water mixture (1:4 in.volume) at pH 2
(with the addition.of hydrochloric ‘acid).. The solid was collecteéd and
was dissolved in acetone., Precipitation was repeated by dissolving the
polymer. in 1000 ml of acetone and adding this solution slowly.to the
methanol-water mixture previously described. The final polymer was.
collected, dried, and ground to powder as before. The yield was 39.8 g,
41,7% of theory.

Preparation of Poly(isobutyl vinyl ether)?6‘(VII). The catalyst

for this polymerization was prepared by dissolving 10.0 g of aluminum
sulfate in the minimum amount of water. Concentrated sulfuric acid
(3.30 g) was added and the solution was evaporated to dryness. The
residue was.left in an. oven at 170° for four hours. A sample of the
dried salt. (0.20 g) was suspended in 10.0 ml of mineral oil (to give a

27 suspension of Alz(SO *3H,S0 '7H20).v

423 2774

Isobutyl vinyl ether (25 ml) and 150 ml of n-pentane were placed in.
a 16-oz pressure bottle, The air in the bottle was 'replaced by dry
nitrogen and 0.5 ml of the catalyst.suspension was added through a
syringe. The mixture was heated in a water-bath at 35° for forty-seven

hours. The polymer was.precipitated in methanol in the presence of a

small amount of N-phenyl-2-naphthylamine. The precipitate was washed in
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150 m1 methanol three times in a blender: The solid collected through
filtration was.dissolved in benzene and then freeze-dried. The yield
was 15,3 g, 79.0% of theory,

Preparation of Po]!yr(itaconiciacid)(VIII).,97 Itaconic acid (50.0 g),

potassium peroxydipulfate (KZSZOB) (0.25 g), and 125 ml 0.5 N hydro-
chloric acid were added to a 12-o0z beverage bottle. The air in the
bottle was.replaced by dry nitrogen. Polymerization was carried out at
50° by heating in an oil bath under stirring. The total reaction time
was six days and three and one-~half hours. The polymer was precipitated
by adding the water solution dropwise to 1400 ml acetone with vigorous
stirring. The mixture was filtered and the polymer collected. The

final solid was dried under reduced pressure at 50° and ground to a

powder. The yield was 14.5 g, 29.0%Z of theory.

Prepgration~of.Ac;ylic Acid-Itaconic Acid Copolymer (IX).97 Acrylic
acid (20.0 g), itaconic acid (20.0 g), and potassium peroxy&isulfate'
(0.20 'g) were dissolved in:'100 ml of water and transferred to‘'a l6-oz
pressure. bottle, The air in-the bottle was replaced by -dry nitrogen and
the bottle was shaken with a mechanical shaker at room temperature for
eight days. The polymer was precipitated by adding the viscous water
solution slowly. to acetone (volume ratio = 1:8) with stirring. The
polymer was redissolved in water and precipitated again in acetone, The-
polymer was then dried in-a rotary evaporator under reduced pressure at

o

50°. The residue was ground to powder. The yield was 27.5 g, 68.8% of

theory.

Preparation of Ac;ylic»Acid—N;N;Dimethylaminoethyl'Methacrylate

Copolymer_(X)? Acrylic acid (25.0 g) and N,N-dimethylaminoethyl meth-

acrylate (25.0 g) were copolymerized with potassium peroxydisulfate
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(0.500 g) in 400 ml of water under dry nitrogen at room témperature. for
five days and four hours. The polymer was precipitated by adding the
water solution slowly to acetone. (volume ratio.= 1:10) with_étirring.

The solid was.washed-in.a blender three times'each with 200 ml of
methanol. The final polyme? was . collected by filtration and dried under -
reduced pressure at room temperature. The yieid was 45.8 g, 91.67% of

theory.

Prepa:atipn of Acryliq Acid-Isooctyl vinyl ether Copolyme; (XI).
Acrylic acid (25.0 g), isooctyl vinyl ether (25.0 g), benzoyl peroxide
(0.500 g), and 390 ml of benzene were kept at 53° under dry nitrogen
for four hours. The precipitation of the polymer was done by adding the
benzene solution slowly to.ligroin (volume ratio = 1:3) with stirring.
The  polymer was washad three times in.a blender each time with 200 ml of
ligroin, filtered out, and dried under .reduced pressure at room témpera-
ture, The dry.polymer was a fine white powder. The yield was 32.3-g,
64.6% of theory.

1

Preparation of Poly(methyl acrylate)(XII)°5 Methyl acrylaté

(20.0 ml), benzene (50.0 ml), and 2,2~azobisisobutyronitrile (0.058 g)-
were added to a screw-capped vial. The air in the vial was replaced by
dry.nitrogen.. The mixture was stirred and heated at 60° for twenty
hours. The polymer was precipitated in methanol (one volume of benzene
solution to.ten volumes of methanol) with stirring. The polymer.was re-
dissolved in tetrahydrofuran and precipitated again in methanol (one to
ten volume ratio).. The polymer was dissolved in.50 ml of benzene and
freeze dried under.reduced pressure. The yield was 15.5 g, 81l.27% of
theory.

Esterification of Poly(acrylic acid) to give Poly(methyl acrylate)
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(XIII). Sodium hydrokideV(204 g) was dissolved in.20 ml of water. This
solution was mixed with ;50 ml of 2-(2-ethoxyethoxy)ethanol and 150 ml-
anhy&rous ethyl ether, §J§f—Dinitrosoﬁﬁlg'—dimethylterephthalamide

(7.1 g) was, added té the mixture. The diazomethane thus generated was
distilled with ether by heating over\a‘steam bath to a collector cocled
with Dry Ice. The ether solution of diazomethane was poured into an
Erlenmeyer flask containing 3.0 g of poly(acrylic acid)(I). Enough
diazemethane. solution was added.that the yellow color persisted in the
flask, The flask was warmed over a hot plate to decompose.the unreacted .
diazomethane. All ether was then evaporated. Chloroform (30 ml) was
added to.dissolve the polymer. The polymer was pfecipitated in 450 ml of
hexanes. The polymer was redissolved in. 50 ml of ethyl acetate and was.
precipitated again in 1200 ml of methanocl. The residue was.dissolved in
25 ml of benzene .and was freeze-dtried under reduced pressure. The yield

was 2,94 g, 98.0% of theory.
Infrared Spectroscopic Studies of Polymers.

Infrared spectra of polymers were obtained by forming thin films
on sodium chloride plates. Each polymer film was prepared by dissolving
0.1 g of polymer in 5 ml of a suitable solvent. The solutioen was con-
centrated by evaporation of solvent over a hot plate at*50°; The con-
centrated solution was 'spread evenly over a sodium chloride plate. A
thin film of polymer formed on the plate when the solvent was evaporated
under reduced pressure. Further drying of the film was doné in an oven
98, %9

at 110° for four hours. "+ The solvents used for the preparation of

polymer. films are. summarized in Table I.
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TABLE I

SOLVENTS  USED FOR FILM PREPARATIONS

Pélymer ~ Solvent Polymer ‘ Solvent
i 7 Methanol VI ‘ Methanol 
IT Methanol IX | Methanol
I1I Methanol X Formic Acid
Iv. Acetone XI Methanol
v Methanol - XII Tetrahydrofuran
VI Methanol XIII Chloroform

VII 1,4-Dioxane

Nuclear Magnetic Resonance Studies of Polymers

A solution of about 10 weight % was prepared for each polymer in a-
suitable solvent. Tetramethylsilane (TMS) was used as the reference.
standard either internally or externally.

The solvents, the model of :Varian NMR spectrometer, and the method

of -using the TMS standard are summarized in Table II.
Potentiometric Titration of Aqueous Polymer Solution

Aqueous polymer solutions were prepared by three methods as.follows:
Method ‘1. A sample of the polymer (about 0.05 g) was weighed (to three
significant figures) and dissolved in ‘80 ml of carbon-dioxide-free
water, One sample each'of polymers VIII and IX was- heated at 70° for
three hours.before being titrated. Method 2. A sample of the polymer
(about 0.05 g) was weighed and dissolved in 10.0 ml of standard base

solution and '20.0 ml of standard'acid solution was added. The final.
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NMR STUDIES OF - POLYMERS
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Polymer Solvent - Varian Model ™S
I DMSO-d, A<60 External
II DMSO-Q6 A-60 External
D20 A-60 External
IIT - DMSO-c_l6 A-60" External’
VA DMSO-ga A-60 External
v DMSO—c_l6 A-60 External
VI Acetone-,-g6 A-60 Internal .
VII CCl4 A-60 Internal
VIII DMSO-Q6 XL-100 External
DZO XL~-100 External -
IX DMSO—QG XL-100 External
D20 XL-100 External
X HCOOH XL-100 External
XI DMSO—c_l6 A-60 External
XIT: CDCl3 A-60 Internal
kIII CDC1 A-60 Internal
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volume was adjusted to 80 ml by adding carbon-dioxide-free water. Method
3. The polymer. (about 0.05 g) was welghed and dissolved in 10.0 ml of
standard base solution. The final volume was adjusted to 80 ml by adding
carbon-dioxide-free water.

The methods of preparation of 'aqueous polymer solutions are.sum-

marized in Table IIT,

TABLE III

PREPARATION OF POLYMER SOLUTIONS FOR POTENTIOMETRIC TITRATIONS

Polymer, MEthods °f' Polymér Methods of
===================EESBééééé22==================================££§§é£§§éé§é

I | o 1,2,3 VIII | 1,2

I 1,2 IX 1,2

I1I 1,3 XI 1

v 1,3 x1vd 2

v 3 xvP 2

VL 3.

&Sodtum polyacrylate, Nalco Chemical Co., RB-124-66

bSodium polyacrylate, Nalco Chemical Co., NX-23-67

All titrations were done at 25.0 % 0.05o under nitrogen atmosphere
with a Beckman Research pH Meter, Each solution was held at this tem-
perature for ten minutes to allow attainment of temperature equilibrium
before the titration was started. |

Solutiens prepared by Method 1 and 2 were titrated with a standard
sodium hydroxide or potassium hydroxide solution. Solutions .prepared by

Method -3 were titrated with a standard hydrochloric acid solution. The
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titrant was 'added slowly to the polymer solution with magnetic stirring.’
The pH readings were made after each addition of 0.25 to 0,50 ml of.

titrant.
Viscosity Studies of Polymers’

A stock solution containing about 1 g per 100 ml was prépared for
each polymer.,. A series of solutions for.each polymer were obtained by
diluting this stock solution with the same solvent used. The measure-
ments of the efflux times of these solutions*were‘done'in,a constant
temperature bath with a Cannon-Fenske viscometer. All solutions were
filtered through sintered glass plates before being placed in the
viscometer. Seven milliliters of a solution was put in the viscometer .
and ten minutes were allowed, for the solution in the viscometer t¢ reach
the temperature of the bath before measurements were made. Five efflux
times were measured for each solution. The average values of the efflux
time were.withiﬁ * 0.2%. -

Aqueous polymer solutions at different pH values for viscosity
studies were prepared by adding suitable amounts of 'standard acid or
base solution to the stock solution. The effect of different amounts of

sodium hydroxide to the efflux time of water was studied. Three water
solutions of sédium hydroxide were prepared with concentrations ranging
from 0.01 N to 1|§3 The efflux times were determined. These data 'were
used. for the.correction of the solvent efflux time for viécosity calcu-
lations. .

The solvents used and the temperature at which the viscosities were

measured for different polymers are summarized in Table IV.
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TABLE IV

SOLVENTS AND TEMPERATURES FOR THE VISCOSITY
STUDIES OF POLYMER SOLUTIONS -

Polymer Solvent ) L Temperature, °C
I 1,4-Dioxane. 30
Water 25
Water at pH 7.0 25
Water.at pH 10.0- 25
I1- Water 25
Water 'at pH 7.0 25
III Water at pH 7.0 25
v _ Water at pH 7.0 25
v Water at pH 7.0 25.
VI Water at pH. 7.0 25
VIIi Water 25
Water at pH 7.0 25
X Water 25
Water at pH 7.0 25
X Water at pH 7.0 25
XI Water at pH 7.0 25 -
X1T Acetone 20
XIII Acetone 20
XIv Water at pH 7.0 25 -

XV Water at pH 7.0 ' 25
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Number ‘Average Molecular Weight Determinations
of Polymer XII and XIII

These determinations were made with a Coleman 115 Molecular Weight.
Apparatusg, A solution of 2.45 g per.100 ml'of XII in dry acetone and a
solution of .2.67 g per 100 ml of XIIT in dry acetone were prepared for
the measurements. Thefmain—oven temperature of the instrument was set'
at»40.4Q and the sub-oven tempergture at 34.00. Seven readlngs were
made’ for each solution,'and the readings were averaged. The molar con-
centrations of the polymer solutions were evaluated through a calibra-

tion curve constructed with a solution of benzil in acetone.
Turbidity Measurements of Aqueous Polymer Solutions

A standard solution of magnesium chloride was prepared .-by dissolving
30' g of magnesium chloride in 100 ml of deionized water (made by passing
distilled water through a DeeﬁinaczFilter Model F~4, Crystal Research
Laboratories, Incil. Two milliliters of this solution was diluted to
50.0mL in a volumétric flask. The: standard calcium chloride solutioﬁ"
was prepared by,diséolving 42 g of the salt in 250 ml of deionized water.
The standardization .of these two chloride solutions were done by
titrating with standard silver nitrate solution,.potassium echromate being
used as, the indicator.

The polymer solutions were prepared by dissolving weighed amounts
of .solid in 100 ml of deionized water in~alvolumetric flask, These
solutions were adjusted to the desired pH value for measurement by adding
either sodium hydroxide solution or hydrochloric. acid solution.

A series of dilutions were made to each polymer stock solutiom.

Two milliliters of each solution thus cebtained was transferred with a-
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pipette to a Coleman Spectrophotometer;Cell (Cat, #30-300) (10 mm width,
10 mm light path). The turbidity measurements were done with a‘double;
beam Cary 14 Spectrophotometer - at 25,0°+0.1%at a fixed wavelength of:
5050 K; The cation solution (magnesium or calcium) was added through a
"Titration.Head"looo The rate of 'addition of cation solution and the
rate of stirring in the sample cell were properly adjusted to the working
conditions. The formation of turbidity iﬁ.the polymer'solution after the
addition of cations was indicated by a sharp change in optical density.
The critical concentration of cations, i.e., the .amount of cations added,
just.to cause turbidity formation in a particular run, was calculated

from the chart speed, the rate of addition of cation solution, and the

concentration of cation solution.
Screening Against L1210 Mouse Leukemia-

Polymers were sent to.Dr. Harry B, Wood; Jr., Chief, Drug Develop-
ment Branch, Drug Research and Development, Chemotherapy, National
Cancer Institute, National Institutes of Health, Bethesda, Maryland,

20014, for screening in this tumer system,
Test ‘for Sarcoma 180

Tumor .cells were obtained from Frederic A. French of Mt. Zion
Hospital, San Francisco, California, through living mouse carriers.

Six female Swiss mice weighing between 20 and 24 g were~used.in
each treatment and for controls. Single and triple treatments were per-
formed with polymer.solutions,

The polymer. solutions were prepared one day prior to use by dissolv-

ing weighed amount of sample in distilled water.,. The polymer solutions
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were adjusted to the phenolphthalein end point by adding either dilute
sodium hydroxide -or hydrochloric acid solution.

Toxicity of each polymer solution was tested in the é#me manner as
the .antitumor properties (i.e., single-dose or triple-dose). Concentra-
tions of -the polymer solutions were adjusted so that the dose to be used
in:treatment was contdined in 0.4 to 0.8 ml. The safe dose of each
solution was,established when the animals survived over six days after
thé last injection of a,giVeﬁ amount of the polymer solution.

Tumor cells to be’inoculaté&_were obtained by sacrificing one of
the carrier mice. The skin from the abdominal area of the animal was"
removed and 2 ml of ascitic fluid was. withdrawn with a 10-ml syringe’
with ‘a 22-gauge needlé.' The fluid-ﬁas diluted with saline to a cell
conc¢entration. of two million cells per 0,1 ml of soluytion. A 0.,1-ml.
portien of this cell solution was. injected into each . mouse to be used in.
the test, All the equipment used was sterilized beforehand to minimize.
contaminagtion.

For single-dose treatment, the animals were treated Vith the solu-
tioﬁ one day after the tumor-iﬁqculation. The animals were weighed on
the first and the s?venth'dayS'after inoculation. For'triplevdosé
treatment, the first injection was made one day after inoculation, and
the second 'and the third injections were performed on'the third and the
fifth days after ‘the inoculation, respectively. Animals were weighed on
the first and the.ninéh days after inoculation., Mice used for controls
were injected with»isotoni; saline solution instead of the polymer -solu~
tion, .

The mean survival time of treated animals was calculated by averag-

ing the survival times of the third and the fourth deaths of the six.
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animals tested.  This value was compared to the mean survival time of

the control animals calculated in. the same manner. The polymer is con-
sidered to be active toward Sarcoma 180 when the 'mean ‘survival time of
treated animals is 1.253 times that of the controls., Repetition of the
treatment with polymer solutions that proved active was'used ‘to establish

the reproducibility of the. test.



CHAPTER IV
RESULTS AND DISCUSSIONS
Characterization of .Polymer Structures

The compositions of copolymers of acrylic acid (AA) and isobutyl
vinyl etheér .(IBVE) (II-VI) were calculated from the titration data. The
total molesg of acrylic acid units present per gram of each copolymer
were calculated from the“titers. The equivalent weights.of the polymers
were then calculated by dividing the weight of the polymer sample by the
equivalents.of COOH-groups present, Hence, the moles af IBVE te AA were
calculated by use of the following equation:

eq. wt, of polymer - eq. wt. of AA _ moles of IBVE.
formula weight of - IBVE one mole of AA

The - equivalent weight, the IBVE/AA ratio of monomers used, and the ratio
in polymers thus calculated, are tabulated in Ta‘_bleEV°

Vinyl ethers are. quite inert 'toward free-radical-initiated poly-
merization. Though it was reported that ‘oligomers of vinyl ethers may

101-103 .

be obtained from benzoyl-peroxide-initiated polymerization
tempts. in this laboratory failed to ?ttain‘any appreciable . .amount of
poly(isobutyl vinyl ether) through radical initiation. However, when
IBVE was present in a relatively large quantity with AA, the prapagation
of the polymer chain did involve the incorporation of the vinyl ether,

as can be.seen from Table V. Preparation of AA-IBVE copolymers was .also

30
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TABLE V-

THE EQUIVALENT WEIGHTS, MONOMER RATIOS, AND COMPOSITIONS -
OF ACRYLIC ACID - ISOBUTYL VINYL ETHER COPOLYMERS

| IBVE/AA
Copolymer- Eq;:z:t:nt Iﬁiﬁzﬁzzer In_Polymerd

II 74 .62 0.25/1.0 0.035/1.0
76.5°

I1I 77.8% 0.51/1.0 0.046/1.0
75.6° '

v 1012 0.67/1.0 0.29/1.0
102¢

v 115° 1.5/1.0 0.43/1.,0

¢ 3.8/1.0 0.73/1.0

VI 145

aPolymer‘solutions were prepared for potentiometric titration by
Method 1.

bPolymer solutions were prepared for potentiometric titration by
Method - 2.

cPolymer..solutions were prepared for potentiometric titration by
Method 3.

dThevaverage'value of equivalent weight was used for the calculdtion
when more than one method-of ‘solution preparation was.employed.for titra-
tiOn '
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possible through ofher types -of radical initiation, as with peroxydi-
104 -

sulfate in water ',
The major infrared (IR) absorptions of polymers I-VII are tabulated

in Table.VI. The intensity of the-abSOrptions‘were compared according

to Hennikerlos.

A broad, 'and strong 0-H stretching vibration centered near 3000

cmyl, evidently involving ‘H bonding, appears in‘all IR speétragg’loo but -

that of polymer VII. Acrylic-acid-containing polymers all showed no

signs ‘of .anhydride linkage, tHough the IR films were dried in oven at’

107.V The IR spectrum of VII agreed with that re-
ported;by=Natta108, except for a sharp, weak absorption at 1710 cm_l.p

llOo for several hours

This exceptional absorption proved to be due to C = C stretching vibra-
tion, apparently the same one as in the IR'Spectrum-of‘isobutylfQinyl
ether., The most reasonable explanation for,this:discrepancy 1g thermal.
de-polymerization which occurred during drying of the IR film at 1100,
since the intensity of this absorption increases with the drying times.
The nuclear magnetic resonance (NMR) spectrum of polyacrylic acid
(1) in deuterium»pxide shows three.abSOrptions, a sharp singlet at §
5:20 (t 4.80) for the H-OD, a.broad peak at § ~ 2.83 (t ~ 7.17) for the
methine protons on the polymer chain, and a broad peak at § ~ 2,25
(t ~ 7,75) for.the methylenevproﬂ%ns on the polymer-chainlog.‘ The in-
tegrations of .these three types of protons gave a ratio ?f 1:1:2 in that
order, The proton‘and deuterium exchange appeared to be quantitative
after stirring of the solution several hours before'the spectrum was
taken. Whgn*DMSO-gé was'used as the solvent,; the acidic proéton 'could be
seen as a broad peak at § ~ 10.0 (¢ ~ 0.0). ‘The-other two types of pro-

tons appeared at relatively the same positions as in deuteérium oxide.



TABLE VI

INFRARED ABSORPTIONS OF POLYMERS I.- VII.

11 ITI v v VI VII
-1 - - - - - -1 o A x

cm:l cm,l cm 1 cm 1 cm.l cm:l cm-l Assignment* Deseription .
~3060  ~3030 -3010  ~3050  ~3000  ~3010 = --———  O0-H  broad, strong

2920 2941 2900 2900 2924 2910 2941 C-H sharp, strong

1704 1698 1700 1709 - 1704 - 1700  ————m- C=0 sharp, strong

1433 1439 1440 1449 1447 1440 1470 C-H broad, medium

scissoring

1403 1410 1400 1420 1416 —— —_—— 0-H broad, weak to medium

bending ‘

—_—— —— 1374 1366 1380 (CH3)2—C doublet to shoulder, weak
~1239 ~1238 ~1200 ~1271 ~1270 1270  ——-—- C-0 bréad, strong to medium
~1175 ~1176 ~1170 ~1176 ~1180 ~1170 ~1168 C-C broad, strong to weak

—— —— — ~1090  ~1090 C-0-C. broad, strong

asym L]
*

The assignments are

for stretching vibrations unless specified otherwise.

€e
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The NMR spectrum of poly(isobutyl vinyl ethgr) (VII) in carbon
tetrachloride showed a .distinctive doublet ‘at . § 0.91 (r 9.09) Qith a
coupling constant of 6 cps. The absorptions of other protons all merged
into two broéad peaks around § 3.41 - 3,09 (r 6.59 - 6.91) and & 1.69
(x 8.31)119,

For .the AA-IBVE copolymers (II-VI), a broad peak for the acidic

proton was observed in DMSO-d  at & ~ 12.0 (r ~ -2.0) and a doublet at

6
6 0.9 -1.25 (v 9.09 - 8.75), with intensity ratios corresponding to the
polymer ‘compositions. The methine and methylene protons were.all ob-
served.aé broad peaks near § 3.0 - 3.5-(t 7.0 - 6,5) and 61,5 - 3,0

(vt 8.5'- 7.0) respectively.

The compositions of poly(itaconic acid) (VIII) anaﬂitaconic~acid—
acrylic acid‘copolymer (IX) were-calduiated from their elemental analyses
and then.checked by NMR analysis.

The composition of VIII as calculated from its elemental analysis
is ((053604)1;0'(H20)0‘4)n. The elemental content calédulated from this
formula . is'C, 42.08%; H; 5.19%; and 0, 52.,73%; the values observed are-
C, 40.66%; H, 5.01%; and 0, 54.33%Z. The equivalent weight obtained from
this formula is 71,3,

The NMR spectrum. of VIII in deuterium oxide sﬁown in Figure 1(A)
gives the ratio of 'H-0D to other protons of 3;3:4.6, compared to the
ratio calculated from elemental analysis of3.4:4,0,

The difficulty of complete removal of water from poly(itaconic acid)
has;long‘been“known97. The presence of water in VIII can also be noticed
from its NMR spectrum in. DMSO~-d

-6
sorption appeared as a broad hump near 8§ 5.6 (1 4.4). The position of-

shown in Figure 2(A). ' The water ab-

water proton absorption was confirmed by adding 5% of distilled water
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Figure 1, Proton Magnetic Resonance Spectrum of Poly(itaconic acid) (VIII) in D0 -- 100 MHz:

R.F. . . (A) 56, (B) 65 dB S.W. . . 1000 Hz S.A. . . (A) 3.2, (B) 40
F.B. . . 2.0 Hz S.T. . . (A) 250, (B) 500 sec S.0. . . 83701 Hz
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Proton Magnetic Resonance Spectrum of Poly(itaconic acid) (VIII) in DMSO—Q6
100 MHz

R.F. . . 60 dB  S.W. . . (A) and (B) 1000 Hz, (C) 100 Hz
"S.A, . . (A) and (C) 40, (B) 20 F.B. . . (A) and (C) 2.0, (B) 1.0 Hz
S.T. . . (A) and (C) 250, (B) 500 sec S.0. ... 83701 Hz
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to the sample tube shown in Figure 2 (B). Integration of the spectrum
shown in Figure 2(A) gave a ratio of .about 1.4 water protons to 4 of.
other protons in the polymer.sample.

The sharp singlet at .§ 2.72 (t 7.28) in deuterium oxide and § 2,50

(t 7.50) in DMSO-d, of polymer VIII corresponds to the side-chain.

6
methylene protons. The two broad peaks at § 2,96 (t 7.04) and & 3,36
(r 6,64) in deuterium oxide correspornd.to the methylene protons on the :
polymer chain. This area was enlarged and is shown in Figure 1(B).
These same protons appeared as a multiplet in DMSO-—Q6 at § 2.92 (t 7,08) -
CFigure 2(A) and (C)). These two observations strongly indicate. that
the polymerization was predominately by;way of head-to-héad propagation.
Otherwise, only singlet absorption would be seen in the NMR spectrum
since all methylene protons would be separated,

The IR spectrum of VIII (see Fiéure 3) shows weak absorptions at

1860 om

, 1780 cm--l and 970acm-l which might be due to a small amount
of anhydride linkagellii However, the low carbon content.of VIII, the
NMR spectrum, and the titration result (to be diseﬁssed ldater) do not.
support anhydride formation in VIII. This phenomenon. can result from
drying of the. IR f£ilm at.110°, Poly(itaconic.aci’d).was.reportédlll to
form anhydride linkages rather.easily under:heating.

The composition of IX calculated from elemental analysis is-
(033302)1.0'(CSH604)1‘0'0.4H20; The elemental content calculated from
this formula are: C, 45.89%; H; 5.167%; 0, 48.95%; the values observed
are: C, 46.62%; H, 5.62%; 0, 47.76%. The equivalent weight obtained
from this formula is 69.7..

The NMR spectrum of IX in deutérium oxide (Figure 4) gives a proton

ratio of H-OD to polymer protons of 3.9 to 7 compared to 3.8 to 7 from
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the proposed composition, A multiplet at § 2,91 (r 7.09) is also seen
in. the NMR spectrum in‘DMSO—g6 (Figure 5). The additional broad peak at
8§ ~ 2,0 for IX as compared to VIII results from the methylene protons dn.
acrylic acid, since it was absent .in the spectrum of VIIL.

The IR.spectrum of IX again may show a small degree of anhydride
linkage (Figure 6). By the same reasoning as for VIII, this could be,
due to the:drying of the IR film at 110°.

The composition of acrylic acid—ﬂ,grdimethylaminbethfl methacrylate
copolymer  (X) was calculated from its NMR:spectrum (Figure 7) in formic
acid. It is found that the ratio is 1.0 to 1.0 of acrylic acid to
N,N-dimethylaminoethyl methacrylate., The description of the NMR spectrum

and assignments of .the peaks are summarized in Table.VII.,106

TABLE VII

THE PROTON MAGNETIC RESONANCE SPECTRUM
AND PEAK ASSIGNMENTS OF POLYMER X
(a) ?HB (b)

CH,~CH-CH,~C
COOH l (e)
‘ 7\ (c) H/CH3
0" 0~CH,=CH,=N @/,
& CH,
§ T Description Integratién Assignment
1.8-2,6  7.4-8.2 broad 5 H H
1.26 8.74 broad 3 H Hb
~3.8 “'652 broad 4 H Hc
3.22 6.78 doublet 6 H Hy
J=9 cps.
4,52 5.48 broad ~1'H H
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Figure 5.

Proton Magnetic Resonance Spectrum of Acrylic Acid-Itaconic Acid Copolymer (IX) in
DMSO—<_16 -~ 100 MHz
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The. two sﬁarp singlets at '§ 8,22 (vt 1.78) and § 8.98v('r1‘.02)112 and-
the singlet.at 8 3.79 (1 6.21) are the solvent abserptions. All these
three peaks were confirmed by comparing to the spectrum of a solvent
sample,

The composition of Polymer XI (acrylic‘aqideisooctyl vinyl ether
copolymer) was calculated from titration data in the same manner as de-
gscribed for.the AA—IBVE copolymers. The equivalent weight was found to
be.95;lthhe»isooctyl;vinyl ether-to acrylic acid ratio in ‘monomers used
was-O.dé to 1.0; and the ratio of monomer units in the polymer was 0,15
to 1.0.

The NMR-spectra of poly(meﬁhyl-acfylate) prépared by two different
methods are shown'in;figu:e 8,1 Polymer XII'was,prapared:by polymerizing
methyl acrylate (Figure.8 (A)), and Polyme:.XIII was‘prepared by methyl-
ating poly(acrylic acid) (I) (Figu;e 8 (B)). These, two polymers have
exactly the same IR absorptions. The two NMR spectra agree very well in
the general absorption patterns and in proton integrations. A minor
difference.is noted in that a sharp singlet appears in Figure 8 (A) at
§ 2.12 (v 7.88), Wh;ch is absent in Figure 8 (B). This singlet is.
attributed to higher isotactic¢ity which was produced through predominate-

113-117 Methyl acrylate, with a larger

l§ trans. opening of the double bond
side chain, methoxycarbonyl, as compared to the .carboxyl group in acrylic

acid, would.be‘subject to more stereoregular polymerization.
Potentiometric Titrations

The titration curves were all constructed by plotting pH vs o (de-
gree of ionization)., The o.was calculated as the ratio of titrant added

at a particular pH to ‘that required for the complete neutralization-
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(estimated from the end point). Also, the plots of pH vs log(l-a)/a of
o ranges from 0.7 to 0.3 are attached, These plots were done in such a’
way that each curve was offset by one pH unit to give .a better compari-
son of the shapes‘of the curves.

Figure 9 shows the.titration curves of Polymers I, 11, 1III, IV, and
XI'for which the polymers were simply dissolved in water and titrated-
with standard sodium hydroxide solution at 25° (method 1).‘ Fiéure 10

shows the titration curves of Polymers I, II, XIV, and XV for which the-

polymers were dissolved in standard sodium hydroxide solution, then were

acidified with hydrochloric acid, and titrated from the acid side with
standard sodium hydrexide at 25° (method 2). This method of solution
preparation. for potentiometric titration was adopted mainly because of
the commercial polyacrylate samples (XIV and XV) were in the form of
sodium salts*, Polymers I and II were used for comparison purpose.
Figure 11 sghows the titration curves of Polymers I, III, IV, V, and VI,
in which the ﬁplymers were digsolved in standard sodium hydroxide solu-
tion, and then.titrated from the basic.side with standard.hydrochloric.
acid,solution‘at?25° (method 3). This method was adopted for potentio-
metric titration mainly because of solubility difficulties. Polymers V
and VI were found to be water-insoluble, but dissolved readily in .base.
Polymers I, II, III were studied mainly for comparison purpese.

All these titration results follow the expanded Henderson-Hassel-

balch equation:

*These_two commercial samples were. tested for metal ions with -
Varian Techtron Model AA-5 Atomic Absorption Spectrophotometer (manu-.
factured under licensed by Commonwealth Scientific and Industrial Re-
search Organization (CSIRO), Sydney, Australia) and found to contdin only
metal,; Courtesy to Dr. Gordon Wallace,
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pH = pK _ - nlog(l-a)/a

The  parameters in:the above.equat_ion.(pl_gav and n) for all polymers
- studied are.summarized in Table VIII,

The'PEav value of Polymer. I matches well that reported by Gregor .
and Frederickgs. Polymers I, II, III, XIV. and XV have about the .same
Pgév and n. Polymers I, XIV and XV are essentially the same kind of-
polymers. Polymers II, III, and XI have very. low viny;,ethe; content,
The resemblance of these latter polymers to poly(acrylic acid) is to be
expected, Thg results shown in the column for method 3 shows a.trend of
gradual decrease in.the acidity of»polymers.asfthe vinyl ether content
increage  (reference.to Table V). Also the n values of these polymers .
show a general trend of decteasing in value from Polymer I to VI, As
the n is a measure of the degree of the additional interactions between
—COOH,groupszg—Bs, the further separation of.carbq#ylic groups .by the
vinyl ethers'tends to minimize this additional interaction.

The: presence.of added salt causés an expected effect on the Pgav~°f
the polyacids (compare pgav‘Of I by the three different methods): the.
Pgév decreases as.the concentration of ‘NaCl increases, The concentra-
tions ‘of .NaCl present in solution in methods 2 and 3 did not reémain at
constant level. The range of the salt concentration is also-tabulated
in Table VIII and.the qualitative change of Pgav can be .observed,

The results of the potentiometric titration of Polymer. VIII are
plotted in Figure 12, The equivalent weight of this polymer as calcu—'
lated from its elemental analysis and confirmed-by NMR study is 71.3.
The total equivalents of acid in the sample. for potentiometric titration

was calculated from this equivalent weight. The a was estimated by
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TABLE VIII

HENDERSON-HASSELBALCH PARAMETERS FOR TITRATIONS
OF POLYMERS I-VI, XI, XIV, AND XV

Method -of -

Solution Preparation ﬁetﬁéd L | iMetkod é MéthOd's
~Conen, SF TaCL, ¥ TS 0.013-0.026 0%00=0.013
o Poiyméry pgav .Eu Pgav | n Pgav, n-
T T 6.58 2,13 6.0 2.00  6.11  2.29
II. 6.69 2,21  6.06 1,98  mmmm  meee
s SN 6,70 2,43 mmmm  —ee— 6,17 2.14
W 6,67 2,13 =  ——= 6,26 2,19
v cemm mmem meem ——— 6,28 1.75
VI meme mmee mmmm meee 6,27 1,00
XI 6,63 2,15  mm—=  mmmm mmmm e
XIV ceme mmmm 5,94 1,95 —mmm e

XV ———— === . 5,96 1,93 S ——
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Figure 12, pH vs o, Polymer VIII Titrated with
Sodium Hydroxide (0), Fotassium
Hydroxide (A), and Potassium Hy-
droxide after Three Hours of
Heating (0); Itaconic Acid Monomer
Titrated With Sodium Hydroxide (@)
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. dividing the added amount of base by the amount of base required for
complete neutralization.. The titration curve constructed by plotting
PH.vs o thus calculated, shows an end-point break at half neutralization,

Gregor and Frederickss‘observed thatgdifferenf cations have differ-
ent binding ability toward polyanions, and when different alkali métél,
bases were used for titratien, the titration curve of the polyacid may
vary its shape due to.this difference 'in binding. Polymer VILE was
titrated with sodium hydrexide and with potaséium hydroxide in.the hope
that 1f a change in the shape of the titration curve did occur, this
might lead to an indication of another-endpoint break at the theoretical.
equivalent weight. However, the same titration curve was observed in
both cases. |

| Despite its low carbon.content, Polymer VIILIL Qas‘testéd for the
possibility of anhydride formation by heating its water solution for
three hoyrs at 70o under nitrogen and then titrating with potassium
hydroxide. Still, the same titration curve was‘oBtained. This leads to-
the .conclusion that the poly(itaconié¢ acid) has two end points in its.
titratiop‘cdrve and the second 'end point appears at a fairly high pH
which cgn.not be seen in the titration with water.as ‘solvent.

The titration curve of an acid containing two different types of -
carboxyl groups will ordin;rily show two end point breaks corresponding
to.each of the two different acid groupsgz. However, cases are known
for which the titration curve shows only one end point break correspond-.
ing to one type of the acid group, the second end point being smeared
out at‘high»levglues44'118'119.

- Usually, when two different acid groups are preésent in an acid it

pdésesses different pK's, which would be represented by two end point
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breaks about‘four‘pH.units‘apart44. The end point break appearing in.
Figure 12 is at pH 8.5. The second end point woul&~then}be»at‘around pH.
12, which is pretty well in the solvent (water) buffer region and should
not be seen. , |

From the NMR analysis of Polymer VIII (Figure;i and 2), it is found.
that;poly(itaconic acid) was formed predominately through head-to-head
propagation. This arrangement places carboxyl groups at close proximity
to.each .other. The interaction and H bonding a;e'expected‘to be very
strong. This could be, the reason why.the second type carboxyl‘group
tends to dissociate at such a high pH.

The titration results of .Polymer IX are.plotted in Figure 13. The
equivalent weight of 69.7 used for the calculation of o was. estimated
from its composition. The plot of pH vs & with either .sodium hydroxide
or potassium hydroxide as'the titrant, showed an end point break ‘at.a
about '67%., After the water solution was heated at 70° under nitrogen
for three hours, the same titration curve was obtained; which indicated
no anhydride ‘linkages present in this copolymer.

Polymer.IX was found to contain a 1 to 1 ratio of itaconic acid and
acrylic acid units. This will give three different carboxyl groups per -
repeating unit of the polymer. It has already been.noted that-of the
two carboxyl groups . .in-each repedating unit of Polymer. VIII only one end"
peint break i1s shown in the titration curve. On this basis, for each
repeating unit in Polymer IX, two carboxyl groups out ‘'of the three.
should give end point break in the titration curve (one from the itaconic
acid and. the other from acrylic acid). The net result will be a titer
corresponding to two-thirds of\the‘total carboxyl groups present, This

is exactly what was obsgerved.



Figure 13. pH vs'a of Polymer IX Titrated With
; Sodium Hydroxide (0), Potassium
Hydroxide (4), and Potassium Hy-
droxide After Three Hours of
Heating (O)
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Viscosity Measurements

The viscosities of .the polymer solutions were cal¢ulated according

to .the following equations120

Neel = M/Mg = P1E1/00k

where,nﬂ;is the viscosity of polymer solution,

n, 1s the viscosity of solvent,

Py is the density of polymer solutionm,
t, is the efflux time of polymer solution,
is the density of solvent,

t. is the efflux time of solvent.

Nsp = Mpel ™ 1

n =
red nsp/g“

where ¢ ‘is the. concentration of polymer solution in.g/100 ml.
In most cases investigated, the polymer solutions employed for the
viscosity measurements had concentrations much less than 1 g/100 ml,

The density correction .in these dilute solution is insignificant and

can be.neglected. The‘nrel can.be approximated as,tl/to62’63. Also,

the . viscometer was. so chosen that .the selvent efflux time was longer
than 100 seconds. : The kinetic correction can then be neglected alsoSl;

The moleeular weight of Polymer I in dioxane at 30° detérmined from

the;MarkeHouwink\equation:([n]‘=‘§jMaj with constant K. = 8.5 x 10-4;

121

a=0,5 is 2.5 xle5 (Figure 14), The molecular weights of Polymers
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XIT and XIII in acetone at 20° determined trith K=3.6x 10-3, and
a. = 0.75122 with [n] in ml/g is 3.8 x‘lo5 for XII and 4.0 x 105 for
XIII (see Figure 14), »

The number.average molecular weights of Polyﬁers XIT and XIII de- -
termined with the Coleman 15 Molecular Weight Apparatus by measuring
the vapor pressure difference of solvent 'and solutions are 2.33 x 104
for XII and 2.15 x lO4 for XIII. The difference Eetﬁeen the number-
average molecular Weight~0ﬁn) and the weight*avérage molecular weight
G%W) for XII is Mn/MW = 0,06, and for XIII is Mn/ﬁw = 0.05. These.
fairly large differences between Mn and Mw indicate a ldarge dispersion
of molecular weights of .these two polymerslzs.

The viscosgity of polyelectrolytes in water sclution in.the presence
of .added salts has been found to have the same behavior as in a non~
ionizing solvent124, Polymers XIV and XV, owing to the presence of
sodium ion, show a normal viscosity plot ‘for reguldr polymers (Figure
15), The molecular weights of these two polymers estimated with the
same . constants for dioxane solvent are in the neighborhood of 7.0 x lO9
for XIV and‘l;6 X lOlO for XV,

N N N (o] ]
The viscosities of othér polyanions in water solutions at 25~ were

found. to fit the Fuoss equation best

Ngp/S = A/(L+B/e+D,

In all cases studied, the D value found can be neglected (i.e., D = 0,0).
A plot of Ejnsp vs /E gave a straight line, with the slope equal to B/A
and the intercept equal ‘to 1/A., The A-and B values thus determined are
tabulated in Table IX for those polymers studied in water at a defined

pH.
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TABLE IX

PARAMETERS OF -THE FUOSS VISCOSITY EQUATION FOR POLYMERS I-VI,
VIII, IX, AND XI IN WATER AT 25°

Polymér‘ | pH | . A B Molecular_4 Figuré

- Weight x-10 . -
I 3.8 0.0 - - - 16
II 3.8 . 0.0 - - -— 17
VIII 3.7 6.0 —— - — 17
IX 3.7 0.0 - - _— 17
I 7.0 0.62 200 8 25 16
II 7.0 0.58 200 10 25 18
III 7.0 0.56 31 11 8.5 18
Iv 7.0 0.58 200 16 25 18
\Y 7.0 0.73 200 30 25 18
A\ 8 7.0 0.77 55 12 12 18
VIII 7.0 0.35 33 10 8.7 17
X 7.0 0.36 10 7.3 bob 17
X1 7.0 0.59 12,5 1.1 4.9 19

I 10.2: 1.0 12,5 11.5 - 16
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The variable A 1s the limiting value of the reduced viscosity
(nred) at infinite‘dilution56; It was found to be a:function of the
molecular weights of polyelectrolyte554, Liberti and Stivala found that-

A for heparin is proportional to Ml'59 (M is-the meleculaxr weight)6o.

Strauss and Smith found that A is proportional tq.Ml’87 for polyphos—-
phate58. The order ‘of proportionality for the mqléculér‘weights of the.
acrylic-acid-containing polymers is not known., HoﬁeVer,'an order of
close to 2 is to be expected56.r

For the purxpose of a, 6 simple qualitative comparisen, -a value of 1.7
is ‘assigned as.the order of the molecular weights of .acrylic acid poly-
metrs which will make them proportional to A, Using the data measured
for Polymer I.at pH 7.0 and‘25°, the proportionality constart relating

1.7 7

A and M is 1.3 x 10 ', The molecular weights of other '‘polymers’

listed in 'Table IX were-calculated from A = 1.3 x 10'-7 Ml'7

. These
molecular weights are-listed in the Table IX.

It should be pointed out here that this method of estimating the.
molecular weights of polyelectrolytes is approximate. Confidence in the
results is based on the established fact of a 'linear relationship between
A and molecular_weight-raised;to‘some‘poﬁef‘close to 2.0. The molecular
weilghts: calculated for those copolymers containing small percentages of .
vinyl ethers should be reasonably correct,

The value of A for Polymer III is relatively small compared to the.
vaiues ofhé.for other polymers of this series. The difference can not-
result from.the difference in composition but must be due to the lower-
melecular weight of III as compared to that:of other polymers.

Polymer Xy(acrylic'acid-ﬁﬁgjdimethylaminoethyl methacrylate copoly-

mer) shows a.very different viscosity behavior from that of the other



0.0 ] ] § ] v
00 0.2 04 0.6 0.8 1.0
/Z"_ (g/100 m/_),/z
Figure 16, Viscosity of Poly(acrylic acid) (I)

in Water (@), in Water at pH 7.0
(0), and in Water at pH 10,2 (4)
at 25°
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polymers (Figure 19), i.e., the plot of gjnsp vs %Eiis a curve instéadh
of a straight line. Polymer.X differs from other polymers owing to its
amphoteric nature. The viscosities obsérved for other polyampholytes,
such as methacrylic -acid-2-vinylpyridine and methaerylic acid-N,N-
diethylaminoethyl:methacrylate;copolymers;‘also‘sﬁdﬁ a curvature in

125,126 at -concentrations ‘around 0.2 g/100 ml. This

their viscesity plot
phénomenon is.due to the coiling of this type of macromolecule at high
dilution which results from the intramolecular attraction between the

positive and negative centers with the molecule. The molecular weight

4

of Polymer.X should be on the order of 10 ->105 as compared with that-

of Polymer I,
Turbidity Measurements:

The«concentrations,‘[M+2], of_bivaient metal ions’ (caléium and
magnesium) at the precipitation point détefminéd.from‘turbidity measure-—
ment are plotted against [-COOH] of the polyanions at the same point in
Figures 20-26. In all cases, a straight line is ohtéined; The free
metal -ion concentration (unbound) in the‘solﬁtion‘was estimated from the
intercept of this straight line at [-COOH] =.0.0. The slope of ‘this-
line relates to the equivalents of metal ions bound to each -COOH. group.
Thevequation relating the total metal ion concentration, the free metal
ion concéntration, and the concentration of the'—COOH-group can be ex-

pressed as:.

[

2 +2
]total- (v Jfre;e + B[-COOH]tota.l‘

Since in most cases, the polyacids studied were not cempletely

ionized, the equivalents of the-M+2 bound to the polyacid (R') were cal-
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Figure 17, Viscosity of Polymers II (0), VIII
(D, IX (4) in Water at 25°, and
VIII (W), IX (a) in Water at pH -
7.0 and 25°
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Figure 18. Viscosity of Polymers II (0), III (W), IV
(4), V @), and VI (A) in Water at pH

7.0 and 25°
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Figure 19. Viscosity of Polymers X (A) and XI (0) in Water
at pd 7.0 and 25°
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Figure 20, Plots of N of Calecium Ion (@) and Maguesium
Ion (0) vs N of -COOH in Polymer I at 25°
with pH 7.0 (A), pH 10.2 (B) in Water
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Figure 21, [ca+zj (@) and [Mg+2] (0) vs [-COOH] af Poly-
mer II (A) and Polymer IIT (B) an 257 and
pH 7.6
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Figure 22, [Ca+2] (@) and [Mg+2] (0) vs [~cooH] of Paly-—
mer IV at 25° and pH 7.0
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Figure 23, [Ca+2] (A) vs [-COOH] of Polymer VIIT, and
[cat2] (e) and [Mg+2] (0) vs [-coon] of
Polymer IX at 25° and pH 7.0
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Figure 24, [Ca+2] (®) and [Mg+2] (0) vs [-coou]
of Polymer X at 25° and pH 7.0
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Figure 25, [Ca+2] (@) and [Mg+2] (0) vs [-coon]
of Polymer XI at 25° and pH 7.0
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Figure 26, [Ca+2] (®) and [Mg+2] (0) vs [-COOH] of Poly-

mer XIV (A) and Polymer XV (B) at 2_5o and
pH 7.0
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culated by the method preposed by Michae118§:
g' = B8lo

where.8 1s the slope obtained from the~[M+2]t vs'[—COOH]t_plot, and o is
the:degree of ionization. The pH, a, [M+2]f, B, and B' are tabulated in
Table:X, for all the polymers studied.

The divelent metal ions and the polyﬁcidS‘can undergo thé»folloWing

two modes of binding:

Mode 1:.

2 (-C00 ) + Mt 2 (-coo"‘M"'z) + (=C00 )

Mode 2:

2 (-C00T) + M2 2 (-C007) 2M+2

The exact nature of binding is difficult to p?edict; However, the
experimental result should indicate which mode of binding between.the
polyelectrolyte and the metal ionms. -Ikegémi and Imai,87"93 suggested
that~atvhigh values of .o the binding tends to follow mode.l, while at
low a mode 2 'will probably predominate. From our results, it 1s apparent
that mode 2 predeminates ({.e., usually two carboxyl groups bind to one
met§l'ion)° Wall and‘Dre_nan85 in 1951.also reported that the results of .
precipitating polyacrylic acid by some divalent metal ions indicated:
this mode of binding. In all cases,exam{ned, it is believed that when
over 60% of the ionized catboxyi groups became bound to metal ions, the,
precipitation occurred, This agreesvreasonably well with the value of.
80% reported for poly(methacrylic acid)86.

Polymer I does not give a precipitate at @ = O, even after the
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TABLE X

PRECIPITATION OF POLYMERS I-IV; VIII, IX, XI, XIV, AND XV BY
CALCIUM AND MAGNESIUM IONS IN WATER AT 25°

§

e

' M+g Polymer pH oo [M+2]'x lO2 B B' Figure
+2 . ! i ;

Ca I 7.0 0.62 0.0 0.18 0.30 - 20 (A)
I 10.2 1.0 0.0 0.20 0.20 20 (B)
IT 7.0 0.58 0.0 0.18 0.31 21 (A)
III 7.0 0.56 0.09 0.16 0.30 21 (B)
A 7.0 0.58 0.88 0.38 0.66 22
VIII .0 0.35 0,35 0.25 0.71 23
IX . 7,0 0.37 0.23 0.13 0.35 23
X 7.0 0.77 0.11 ®.054 0.072 24
X1 7.0 0.59 0,06 0.15 0.26 25
XIV 7.0 0.79 0.04 0.35 0.44 26 (A)
XV 7.0 0.77 0.07 0.19 0.25 26 (B)

+2 , :

Mg I 7.0 0.62 0.25 0.18 0.30 20 (A)
I 10,2 1.0 0.08 . 6.20 0.20 20 (B)
II 2.0 0.58 0.18 0.18 0.31 21 (A)
IIT. 7.0 0.56 0.28 0.20 0.36 21 (B)
Iv 7.0 0.58 1.66 0.25 0.43 22
VIII 7.0 0.35 (no ppt.) :
IX 7.0 0.37 0.55 0.28 0.76 23
X 7.0 0.77 0.17 0.093 0.12 24
X1 7.0 0.59 0.29 0.32 0.54 25
XIv 7.0 0.79 0.13 0.16 0.20 26 (A)
Xv 7.0 0.77

0.11 0.10 0.13 26 (B)
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additioen of 20 equivalents of .metal ions. This indicates that the pre-
cipitation is not meérely a salting-out effect. An ionized carboxyl grouﬁ,
and metal ion bonding must actually be involved for the precipitation to
occur. A lower degree of metal binding in Polymer I at higher o value
could be due to the.competitive binding of .sedium ion94, sincé the.

sodium jons were present at a much greater quanti;y in this solution of
high a.

The qualitative c;mparison of the binding aBility of the polyacids
studied revealed that as the content of IBVE increases: (Polymers I.
through VI), a change 'in.the nature of binding caﬁ be observed: Poly-
mers I, II, and III do not differ very much in their nature of metal
binding as shown by tﬁeir cénsistént B' values. In Polymer IV, the con-
tent of IBVE is becoming substantial, which means that the . acrylic acid
groups are more separated in the polymer and the 37 value increases
markedly. This comparatively large value of B' indicates that some
portien of this binding i{s due to mode 1, With Pelymers V and VI, no
precipitation was observed even when three equiva%ents of the metal ions
were added. This would be true .if either the binding is .very weak .or the
bound salt 1is rather water-soluble.  Also it:can be seen from Table X
that a high [M+2]fvis~usually accompanied by a.high B' value. A higher
value of-[M+2]£ refers to a less effective binding between the polymer
and the metal ion. This 1is believed to be more favorable.in the case of
meode "1, |

Poly(acrylic acid) (I), by the present system of measurement, seems
to bind metal icns by mode 2. When.the acrylic acid has copolymerized
with another comonomer, the further separation of ac¢rylic acid will tend.

to 'shift some of the binding to mode 1. Poly(itaconic acid) (VIII),
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owing to its more‘fléxible?carboxylated;side‘chgirs; is found to favor
binding by mode 1. In this study [M+2] was smallaér for ca™? than for

Mg+2; this agrees with results of others,’
Antitumor Studies

The results.of‘singlefdose_treatment‘of-mice‘in0culéted'with ascitic
Sarcoma 180 are  tabulated in Table XI and those for triple-dose in Table
XII;

The dose was expressed conventionally, as mi%ligrams of samplé in~
jected per weight of the animal.in kilograms, The survivors were the
number of micé living six days. after the inoculation of -tumor cells com-
pared to the number-of mice tested, The;difference'inuwéight was ob-.
tained by subtracting the average gain in weight of the.treated animals:
nine days after the inoculation from the average gain in weight of the.
control animals. The average survival‘time (T) of the treated animals.
is ‘the average survival times of the third and fourth mice to die (of the
original six); the average survival time (C) of the control animals-is.
calculdted in the same way. A value of T/C greater than 125 is con-.
sidered to indicate activity toward Sarcoma 180,

The antitumor activities of some polymers studied are listed in
Table XIII together with their molecular weights and'the‘total moles of.i
ionized carboxyl groups (TCOO) per-injectionai The TCOO was calculated -
frpm,the formula weight of the polymer and its dégree.of ionization -at -
pH.7,

Poly(acrylic acid) (Polymer I) shows activity téward Sarcoma 180
with good reproducibility, as can be seen from the resultg:of triple~

dose treatment. For .six runs of Polymer I at a dose of about 11 mg/kg,
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TABLE XI.

SINGLE-DOSE TREATMENTS OF MICE INOGULATED
WITH ASCITIC SARCOMA 180

a - W-D- s - T’ ‘ . c, ‘ . T/C’

Ddse, = < /L

Polymgr mg/kg S g days days Z
I 11 6/6 5.8 23.5 15.0 157
12 6/6 6.5 16.5 15.0 110

11 4.3 5/6 0 .-0.4 11,5 8.5 121
3.8 6/6 6.2 ' 26,0 18.0 144

3.6 6/6 5.5 23.5 15.0 157

ITI 33 6/6 ~0.3 14.0 13.0 108
36 6/6 2.1 11.5 12.5 92

v 9.5 C6l6 4.7 11.5 12.5 92
6.7 6/6 -2.3 11.5 13.0 88

v 6.0 6/6 -1.2 14.0 12.5 112
5.1 6/6 4.2 10.0 9.5 105
VI 4.1 4/6 -1.8 10.0. 12.5 80
| 3.3 6/6 ~2.4 12.0 13.0 92
VIII 190 6/6 1.4 11.0 13.5 81
| 150 6/6 1.6 12.5 13.5 93

X 155 6/6 -4,1 11.0 9,5. 116
133 6/6 8.9 27.5 15.0 183

113 6/6 -3.1 11.0 9.5 116

X 82 6/6 0.3 10.5 12.5 84
52 6/6 0.1 15.0 13.5 111

XV 3.3 5/6 —4.6 17.0 18.0 9

2.4 6/6 -0.7 13.0 13.0

100

a'Numberl of mice surviving six days after the test was started/number
of mice tested,

bWeight difference.
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TABLE XII

TRIPLE-DOSE TREATMENTS OF ‘MICE INOCULATED
WITH ASCITIC SARCOMA 180

- o x T = = . O ) =
Dose, a W.D.?, T, G, T/C,
Po;ymer mg/kg - S g days days %
T 16 " 6/6 +1.5 14.5  14.0 103
12 6/6 +2.5 15.5 9,5. 163
12 6/6 ~3.6 15.5 10.5 147
12 6/6 -3.6 16.5 15.0 110
11 6/6 5.8 23.5 15.0 157
11 6/6 2.1 14.5 14.0 103
9.3 6/6 —2.5 17,5 14.0 125
I b4 6/6 40.8 15,8 10.5 143
4.1 6/6 _152 1"705 . 14;5 125
III 31 6/6 +0.1 15.0 13.0 115
18,5 6/6 6.4 19.5 13.0 150
v 6.4 6/6 44 12.5 13,0 96
3.8 6/6 9.9 14.0 13.0 108
v 2.7 6/6 4.5 12.5  13.0 96
1.9 6/6 -8.7 13.0 13.0 100
VI 1.9 6/6 +0.4 13.0 13.0 100
1.5 5/5 1.6 18.0 15.0 120
VIII 195 6/6 +1.3 26.0 16.0 162
206 5/6 0.0 15,0 9.5 158
x 98 6/6 —2.1 18.5  16.0 116
59 6/6 -2.8 14.5 14.0 103
X 92 6/6 2.6  18.0. 16.0 12
200 5/5 -1.2 22.0 15.0 147
v L7 ' 6/8 1.6 14.5 13.0 112

8Number- of mice surviving six.days after the test was started/number
of micé tested.

bWeightudifferenqea
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TABLE XIII

ANTITUMOR ACTIVITIES AND MOLECULAR PARAMETERS OF SOME POLYMERS STUDIED

Single-Dose ’ . Triple-Dose,

Polymer,  Mi® x 107" Irestnent . Trestment
: T/C, (IC00) x 107, I/C, (1T¢00)~ x 107,
pA moles % moles
1 25 157 9.6 103 14
110 10.4 163 10
147 10
110 10
157 9.6
103 9.6
125 8.1
IT 25 121 3.2 143 3.3
144 2.9 125 3.1
157 2.7
111 2.2
III 8.5. - 108 24.1 115 23
92 26.4 150 14
v 25 92 5.3 96 3.6
88 3.8 108 3.2
v 25 112 3.8 96 1.7
105 3.3 100 1.2
VI 12 80 2,2 100 1.0
92 1.7 120 0.80
VIII 8.7 81 93 162 96
| 93 74 158 101
X 4 116 78 116 i 49
' 183 67 108 + 30
116 57

aMolecular weight .of the polymer.

bTotal moles of ‘ionized cdrboxyl groups per injection.
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an average activity of T/C = 135 was obtained.

The activity of AA-IBVE copolymers (II-VI) decreases as the content’
of IBVE increases (Table V)e This ‘is in accord with the observation that:
the hydrophobic constituents degrease the ‘activity (or in othér words,
increases the toxicity)lz.

The safe dose (the amount of the injection whigh causes .no toxicity)
of poly(acrylic acid) and AA-IBVE copolymers is shown to be related to
the total moles of ionized carboxyl groups and the molecular weight
(Table XIII). Polymer III, VIII, and IX have comparatively low molecu-
lar weights. The mice can take a much larger dosage of them.

Polymer XI (acrylic‘acid isooctyl vinyl ether copolymer) does not.
show a significant antitumor activity, These results are not included
in‘'the Tables,

When the results obtained from‘single—dose and from triple-dose’
treatments are compared, it is found that those polymers showing signifi-
cant difference in activities also have -a different kind of metal binding.
(Table X).

Polyelectrolytes can. absorb viruses to certain degrees and can be
used to6 remove viruses.from,waterlzz. Tunis -and Regelson also have
shown that ‘polyelectrolytes lose their activity in tumor inhibition if-
they are premixed with magnesium ilons before being used in treating ani-
mals with Sarcoma 180 cellslza} This indicates that there.is some kind
of interaction between ‘the polyelectrolyte and the tumor cells, These
interactions, whether having direct effect in retarding the tumor cells
replication or in enhancing the interferon production or in blocking
the . receptor sites or the cell'surfaces; can not be ignored as far as

the antitumor activity 1s concerned. Though the bindings between the.
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polyelectrolytes 'and the tumor cells and those betwéen the.polyelectroly-
tes and metal ions may.be different in nature, their competitive effect,
as revealed by Tunis.and Regelsonlzs, shows that they must have some
basic similarities in nature. |

In the metal binding studies of the polymers investigated, those
compounds . having larger valueSvofi[M+2]f’and B' have less effective
binding and form more soluble salts. A notable difference between.the
single-dose and triple-dose, treatments is found in Polymer VIII, where
an enhanced activity is found in triple-~dose treatment., For those poly~-
mers with effective binding abilities, antitumor activities were found
to have a consistent value, whether in single dose or triple doses: An
extended introduétion of those polymers with less effective metal bind~
ing ability seems to.indérease.the activity., This>same~effec£‘can~a150
be observed, though it is less apparent, in Polymers IV to VI:

Polymer X (acrylic acid-N,N-dimethylaminoethyl methacrylate copoly-
mer) is shown to be less toxic than any other acrylic acid copolymer
studied. The comparison.of its antitumor activity to that;of the others
is limited because of the difference in the chemical structure of X,

Polymer XIV and XV have shown activity toward the Walker carcino-
sarcoma. 256 according to the screening results from Cancer Chemothérapy
National Service Centeér,; National Cancer Institute, Bethesda, Maryland.
Polymer XIV has activity with dosage range from 0.5 to 50 mg/kg toward
Walker carcinosarcoma 256 (subcutaneous), and Polymer XV has activity
with dosage.range from 2 to 160 mg/kg toward Walker carcinosarcoma 256

(intraperitoneal).



80
Summary

Since the first cdncer chemotherapeutic study.was carried out with
polyaniens in 19108; hundreds of different‘polyaniqns, naturally occur-.
ring or synthetic, have been tested for their activities toward many
different tumor.or virus systems. For each individual study, with a
narrow spectrum of polyanions and some specific tumor systems, new-dis-
coveries are made for further speculation, It is.very unlikely, though,
that any study.of .this kind can thr;w light to clear ‘all the mysteries
hidden behind the:.alley.  Conclusions, shquld‘they,be drawn after each
of these studied, without being supplemented‘with_sufficient’knqwle¢ge
of the.molecular parameters of tumor-cells‘and the site and mechanism of
action, would prebably be erroneous,

No attempt. is made to conclude the results offthis study by relating
the chemical properties of the polymers studied an@‘their antitumor
activities. However, some indications which suggest a possible inter-
relétion between the two properties are summarized.below.

(1) Hydrophobi¢ constituentg do have positive effect on the toxic
level ‘of polymers.,

(2) Molecular weight and 'charge density are directly related to
the antitumor activities of the polymers investigated. Unfertunately,
these 'effects are suppressed by the toxicity introduced by the hydroe-
phobic nature. of IBVE:. Therefore, the exact measure.of these two
properties to the antitumor activity can not bévestimated.

(3) Different modes of metal binding may have an.effect on the
multiple~dose treatment. It also affects, to some degree, the toxic
level. of the dose.

«More‘polymers should be prepared with designed properties, if the
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above observations were to be extended. A series of copolymers pre-
pared from an ionizable anionic monomer and another non-toxic monomer
with varied charge densities and molecular weights could be used to study
the effect of charge densitites and molecular weights on the antitumor
activities., A series of polymers with anionic.groups separated by dif-
ferent distances in the polymeric chain, or on the attached side chains,

could be used to study.the effect of different metal binding ability to

their antitumor activities,
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