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HISTORICAL

EMA:(the 1:1 copolymer of ethylene and maleic anhy-
dride) was first synthesized by Hanford‘(l), and 1ater by
the feseargh personnel'of Monsanto Chemical Company in St.
Louis, Missouri, under the supervision of Johnson (1);
Maleic anhydride dissolved in benzene was charged into a
'standard 3~1. autoclave provided with agitation. .Benzgyl
pe;oxideAwas added to the chérge and the system was flushed
With high-purity ethylene. The charge was heated to the
polymerization temperature of 70°, and the pressureFWas
adjusted to 300 p,s.i,g° and maintained at this level
throughout the reaction. The polymerization time was 15-
118 hours. The polymer was recovered by filtration and dried
in a vacuum oven at lloolfor 18524 hours.

Personnel of Monsanto (2) have made an extensive
study of‘EMA. Various molecular-weight polymers of EMA and
1ts chemical derivatives have been pfepared and studled.
Table I shows the sdluﬁility of EMA, the corresponding
acid; and the sodium salﬁ in various organic solvents (2),

The chemiéal structure of EMA is gilven below.




TABLE I
Solubllities of EMA in Organic Liqulds

Anhydride Acld Sodium Salt
I

Carbon tetrachloride
Methyl ethyl kgtone
Acetong; )

Dioxane

Pyridlng
Dimethylformamide
‘Benzene

Hexane

A R o B - I < SRR < B o B < B o R o |

Ethyl acetate

- H H H @ - Wl oH O H
- O H O H o H HoH o H o HH

Ethanol

|
*

S = Soluble I~ Ipsp;ub;g

*Dissolves with half-ester forﬁation after 2-3 hours
at reflux. - ‘ .
Ethylene-maléic acid copolymer and water are completely
soluble.in each other. When thé anhydride islstlrred‘with
water at 95°, 1t hydrolyzes to the acid form of the polymer
in approximately pgﬁ minutes. EMA solutions are used exten-
sively to change the viscoslty of soiutions, dispersions,
and emulsions. '
| Following s a list of various fields in which Bua
 cholymers havg'found application: ~adheslves, Qo&#rql of
érystal growth, detergents, :oﬁndry core binders, non- |
flammable palint removers, non-woven fabr;eé,voi14ﬁ¢l;

drilling muds, paper sizes and finlshes, photographic film,



pigment dispersants, polymérization éidg,}resin.thickene:s,
cosmetiés, toiletries, éuspending agents, cleaning com=-
pounds, 1ubricants, ceramics, textile siz&s, textlle coat-
ings, and tumor inhibltors (3) The use of EMA as tumor
.1nh1b1tors attracted our lnterest and led to this research.
Hydrolyzed maleic anhydride copoiymers are known to form
chelateéiwith alkaline earth metals. Morawetz, Kotliar, and
Mark (15) studied the chelation of alkaline earth lons with
~hydrolyzed copolymers of maleic anhydfide with vinyl ethyl.

ether and with styrene in the presence of 1 N potassium

nitrate at 25°; chelate formation constants varied from log
1.36 to log 2.45. More recently Monobe (16) investigated

copolymers of hydrolyzed maleic acid with vinyl acetate and

with styrene at low and high lonic strengths and determined

formation constants for the chelates with barium and calcium
1ons.. The polymers gave very different curves on titration,
the difference being attributed td the tighter -Goiling of the
styrene copolymer,

Gregor, Luttinger, and Lqebl (17) measured the formation
constants for polyacrylic aciﬁ-copper.complexes by potentio-
metric titrations. The complexes have greéter stabilities
than those of glﬁtaric acid (a monomeric analog). Wall and
3111 (18) iﬁvestigated.the interactidn of cupric ions with
polyacrylic acid spectroscopically, polarographically, and by
pH titrationsg, and found some evidence for the formatipﬁ of a
complex between copper and polyacrylic acid. Kotliar and
Morawetz (19) found evidence of a single copper chelate of

bolyacrylic acid and of polymethacrylic acid which persisted



33,

over a wide range of conditions; the chelate seemed to in-
volve four carboxylate groups (20). Gregor, Luttinger, and
Loebl (21) measured the complexity constants for polyacrylic
acid with magnesium, calcium, manganese, cobalt, and zinc
ions. The compleXes of the alkaline earth metals are less
stable than the others, but none are as stable as the copper
complexes.

Jacobson (22) has shown that the binding'of magnesium
ions to polyacrylic acid is dependent on coﬁfigurational
effects of the polymer. Divalent cations such as copper and
magnesium have different affinities for different forms of
polymethacrylic acid. The isotactic polymer has the higher
affinity for copper(II) ions, while magnesium(II) ions are
bound more strongly to the syndiotactic species (23).



INTRODUCTION

Considerable research has been done in the past few
years in the field_oi cancer chemotherapy. Included among
the compounds studled are"several;different molecular welight
fractions of various derivatives of EMA. iable II shows
_‘data for the inhibition of a mouse tumor, sarcoma 180, by
: some such'derivatives of EMA (3) The doses shown for each
compound give maximum inhibition of the tumor without being
toxic. The higher molecular weight fractions show greater
'toxicity and greater tumor inhibition on a weight basis.

Our chief interest was to find some property of the yarious
molecular weight fractions (2-3,000, 20-30,000, and 60-
70,000) of HEMA (hydrolyzed ethylene-maleic anhydride
copolymerj which might be related to thelir ablllitles to
inhibit tumors. |

Since the structure of these polymers allows them to
vform chelates readily with metals, a comparative study was
vrmade of the relative stability constants or several molec=-
.ular»weight fractions for the metal chelates of copper(II),
cobalt{ll); and nic_lcel(II)° lhese metals .Wwere chosen |

#The term relative stability constant as used here does
not refer to a true stability constart; but to the ability -
of the ‘three molecular weight fractions to complex the nmetals
mentioned Further discusslon of this point will be found
on page 2.



Inhibition of Sarcoma 180 by.Poly(Ethylene-Maleic Acid) and Derivatives”

TABLE I

R1 H H H
C— C-— C— C
! ]
R2 " ¢=0 ©¢=0
X v _l
R1 = H, R2 = H, R1 = H, R2 = H, R1 = H, R2 = H, R = H, R2 = GH3
¥ = 0H,Y = OH X = NH2,Y = ONH4 X = NHE,Y = 0H X = NH2,Y = ONH4
Molecular | Dose, Inhibition, | Dose, Inhibition, Dose; Inhibition; Dose, Inhibition,
Weight mg./kg. % ng./kg. % ng./kg. % ng./kg. %
Praction :
2-3,000 200 54 300 80 400 70 400 5
20-30,000 100 72 50 81 100 78 50 67
60-70,000 10 55 50 65 100 69 50 59
80-100,000 46 75 83 25 58
120,000 4 61 75 72 25 51
and up .

#
W. Regelson, S. Kukar, M.

(1960)

Tunis, J. Johnson, J. Fields, and E. Gluesenkamp, Nature, 186, 778




because they had shown antitumor activity when used with
2-keto—3-ethoxybu£yraldehyde bis(thiogemicarbazone) (KTS)
(4)., The metal derivatives of this compound, particularly
that of copper(II), showed greater inhibition of the growth
of tumors than the ligand itself., These particular metal
ions have important functions in biologlcal systems (5).
The stability constants of the metal complexes were deter-
mined potentiometrically. The determination of stability
constants by this method reqdires the oa}qulation of the
ionizatlion constants of the aclds. The calculations for
both the ionization constants and the relative gtability
vconstants were performed on an IBM 7040 computer (Appendix):

The calculation of the ionization constants was made
by the method of Noyes (6) as modified by Albert and
- Serjeant (7) for the ionization constants of a dibasic acid
with overlapping pKa values. In order to permit the calcu~
lation, the following concentrations must be qoﬁsidered:

C, the total concentration of all species of the
acid being titrated,

B, the concentration of the added alkali (if no
reaction occurred), and

‘H, the hydrogen ion concentration.

If one lets
x = [g*1(8 - ¢ + [8%]),
Y =20 - (B + [g*]), and
z = [8*1%(3 + [E*]),



then it follows that
Y. 2, - Y Z X, 2, - X,2Z
Ka = 12 2 1 and Ka = 12 2 1

where Xy, Y, and Z, refer to values of X, Y, and Z calcu~
lated from pH values obtained with less than one equivalent

of titrant added and Xg, Yoo and Z, refer to values of X, Y,

2
and Z calculated from pH values obtained with more than one
~equivalent of titrant added. Pairs of readings are’selected
from either side of the mid-point; the selection is prefer-
ably, but not necessarily, symmetrical. We chose symmetrical
values for our calculations. The equatiohs for the deter-
mination of C, B,‘and H may be found in the 7040 IBM program
for ionigzgation constants in the appendix.

The calculation of the stability constants by the
potentiometric method (8) requires the calculation of two
functions, [L~] and n. (I7] is the concentration of the
free chelating species and n is the average number of mole=-
cules of ligand bound by one atom of metal. The following
is a development of the equations for [L~] and n. The con-
centration of free and combined hydrogen ions [H;] can be

expressed in two ways:
(571 = (8% + (28] + 2028,] - [(oH] (1)
(671 = [5,] + [HC10,] - [KOH] (2)

where [LOJ is the total concentration of ligand added. From

egquation 1 and equation 2 we get



(1,1 + [HC10,] ~ [KoH] = [H¥] +

[1a”) + 2(1a,) - [oH] | (3)
From the mass action equations

[18,] = [E*1%057) end [1#7] = [H'I[17]

K K K
a1 & 85

the values of [LH] and [LH ] may be found. When these are

substituted inte equation (3), we get
(1,1 + [HC10,] - [KoH] = [H'] +
[e*1015) + 208t1%[1°] - [oH] (4)

K K K

Solving equation 4 for [L7) gives

- [r,] + [HC10,] - [KoH] - LE'] + Lol
(171 = — ‘ (5)

(at] + 2wt

(£,] = [L7) + (1871 + [18,] + (™1 + 2ln Ml (6)

0

il

By definition

[mM*] + 2[L2M]
M ]

0

-
n =

where‘[Mo] is the total concentration of metal added.



Therefore
(1,1 = (151 + [367) + [38,] + ] (7)

Solving equation (7) for n glves

- () = (17] - [zH"] - [1H,]
n = : (8)
[, ]

Substituting the values of [IH™] and [IH,] gives

- _whhrTy - EhIrT)
n = [LO] - [L‘-] od (9)
Ka1 Ka2 Ka2

The stability constants (K1 and Kg) for the 2:1 complex are
found by the use of Bjerrum's summation equation which

relates n and [1™] to the stability constants as follows:

N
‘ g (r-i-n) ﬁn [L:]n = 0 (10)
0

where n represents various small numbers, N is the largest

n

H

value of n, E has the usual meaning, and ﬁn is the product

of all of the constants from K, to Kn‘

1
The correct values of K, and B, can be found by the

summation of equation 10 over n = 0, 1, and 2 for the

bidentate complex of a bivalent metal (11). This yilelds the

equation:

i INCIES 1]s e BPI 1)

(o - 1)[17) (n - 1)
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Bquation 11 is the equation of a straight line of which
the slope is B, and the intercept is -K,. From the com-
puter program for stability constants, values of E, X, and
Y were obtained for each pH reading'téken from the titra-
tiong on métal solutions, whers

(2 -~ n) [17] 7

X = and Y = —
(i = 1) : (A - 1)[L7]

These values for X and Y were placed in a 7040 computer
program set up to solve the simultaneous equations for the

least squares (Appendix) which are:

S Y =mna+ b2 X
Sixr = a3t X + 032 X2

where n equalé the number of observations, a is ~K1 and b is
32, Values o£‘X and Y corresponding to n values between
0.95 and 1.05 ﬁéré rejected becéuse values in this range are-
too senéitive to experimental errow. |

A study was made of the partition coefficients between
water and l-octanol for each of the three molecular weight
fractions Qf the acids. Hansch (13) has shown that par-
tition between l~octanol and water is helpful in felating
the blological activities of several series oﬁvcompoundé to
theilr structures. This partition fpnction may be related//
to the transport of the compounds in bioloéical systems.

The chelates of the cobpér(II), cobalt(II), and
nickel(II) ions for the three molecular weight fractions

were prepared and sent to the Canper Chemotherapy National
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Service, National Institutes of Health, Bethesda, Maryland

for determination of their antitumor activities. A pre-

liminary study was made of the structure of the chelates

formed.



EXPERIMENTAL AND RESULTS

A1l titrations were made on a Beckman model 1019
research pH meter. The temperature was controlled by a
Brinkman model 550005 Thermocool unit and a Haake constant
temperature circulator model Fe. The titrations were made
under s nltrogen atmosphere at 250,; The titrant used was
0.1 carbonate-free potassium hydroxide made up according
to the method outlined by Albert and Serjeant (8). Barium
hydroxide was added to a solution of potassium hydroxide
(analytical grade). The precipitate of barium carbonate
was allowed to settle and the excess barium lons removed
by passing the solutions through a column of ion=-exchange
resin (Dowex 50-WX8) which was in the potassium form. The
eluate was a solution of pure potassium hydroxide free from
carbonate. Prior to the titrations, the pH meter was cali-

brated and standardized against Beckman buffer solutions of

pPH 4.00 and 8.68.

lonization Constants

e

Solutions of 0.02N acid were prepared from the anhy-
dride forms by refluxing in water for 2 hr. During this

time the following reaction occurred quantitatively.

12
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H ®E H H E H H H
-0 —C— G—C + HOH —b —-C—0 == C—C
Tig E | | H ®H | |
o o ¢ Q
AN VANA
d % dod b
HE

Since one unit of the acid has a2 formula weight of 144
and contains two carbexyl groups, the equivélent welght of
the acid is 72. To make 700 ml. of a 0,0QE solution 0.882
g. of each molecular welght fraction Qf the anhydride was
welghed and hydreolyzed. Pifty milliliters of each solution
was titrated with 0.1003N base in 0,50-ml. additions with a
PH determination after each addition. Figures 1«3 show
the acld-base titrations. The volume of base added and
each pH reading Were then used in the computer program for
ionization constants along with the number of points,
initial volume, molecular ﬁeight, sample weight, and nor=-
mality of the base to determine the values for pKa1 and
PEg5 for each acid. The resulté are listed in Table III.
The Ky, values corresponding to the addition of 2.00, 2.50,
and 3.00 ml. of base were averaged to obtain the value
listed in Table III and the Ka2 values corresponding to
the addition of 7.00, 7.50, and 8.00 ml. of base were
averaged to obtain the value given in Table III for Kgpe

This experiment was repeated in a solution of constant
lonic strength achieved by the addition of 6.123 g. of
sodium perchlorate to each 50=ml, aliquotg giving a solu=

tion which was about 1 M with respect to this compound. The
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titrations were made in the same way as before; data are
listed in Table IV. Plots of the acid-base titration in

the presence of added salt are shown in Figures 4~6.

TABLE III

Ionization Constants of Poly(Ethylene-Maleic Acid)
| in 0.02) Solutions at 25°

Molecular Ko, X 10° Ky, X 107
Weight 1 2
2-3,000 1.47 1.54

20-30,000 | 1.40 | 3,13

- 60-70,000 1.21 2.40
TABLE IV

Ionizatlion Constants of Poly(Ethylene-Maleic Acid)
in 0.02N Solutions with 1M Sodium Perchlorate at 25°

Molecular K, x 10 Kap X 107
Weight
2-3,000 - 7.10 3,59
 20=30,000 7.26 6,49

60-70,000 8. 34 5,29
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Stability Constants

Solutions of the perchlorates of copper(II), cobalt(II),
and nickel(II) were prepared according to'Serjeant (10). An
ion-exchange resin column was loaded with Dowex 50-WX8 resin
(cation exéhanger) and flushed with water untll the elutant
had the same pH as the entering water. The column was com=-
pletely loaded with the metal ion and then 12.2 g. of barium
perchlorate dissolved in water was flushed through the column
with enough excess water to give 500 ml. of the perchlorate
of the metal. Nickel(II) chloride, copper(II) sulfate, and
cobalt(II) nitrate were used. When 12.2 g. of barium per-
chlorate was passed through the column, 500 ml. of the per-
chlorate of the metal with a molarity of approximately 0.0625
was obtained. The molarity of each solution was checked by
placing 2 ml. of the metal solutidn on a column logded with
DoweX 50-WX8 resin which had been flushed with water to
remove any excess hydrogen lon on the column and then passing
enough water through the column to give a constant pH reading
of the elutant (approximately 300 ml.). This solution was
then titrated with 0.0993N carbonate~free potassium hydroxide
using phenolphthalein as an indicator. The hydrogen equive
alents released by the metal solutions were calculated from
the titrations and converted to the molarities of the metal
solutions. Three titrations were made for each ﬁetal solu-

tion and the results averaged to obtain the following values:
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copper (II) perchlorate, 0.0621 M;
cobalt(II) perchlorate,(lOGQB M; and
nickel (II) perchlorate, 0.0512 M.

Three 50~ml. aliquots were taken from the HEMA solutions
which had previously been prepared‘fqr determination of;ion-
ization constants. To one 50-ml. aliquot from each molec=-
ular weight fraction of HEMA, 4 ml. of the copper(II) per=-
chlorate sqlution was addéd to give a 2:1 ligand~to-metal
ratio. These soluticns were then titrated with 0.1003) car-
bonate~free potassium hydroxide. The corresponding pH values
for each addition were determined. The pH readlings and the
corresponding volumes of base added were placed in the. com=-
puter program along with the number of points read, molec~-
ular weight of l;gand; sample weight of ligand, initial
volume of solutioﬁ titréted, molarity of metal solution,
volume qf metgl solution added, pKa1 and pKa2 of #he ligand.
Values of X, Y, and i are obtained from the stability con-
stant program for each pH recorded. X, Y; and £ are defined'
in the introductory discussion on the stability constants.

X and Y values wefe then submitted to the least-sQuares
program and valugs of B and K, were obtained from which K,
values were calculated by dividing B8 vy KJ. These results
are listed in Table V.

The above experiment was repeated with the solutions
all made about 1 molar with respect to sodium perchlorate

by the addition of 6.125 g. of this salt to each 50-ml.



TABLE V

Stability Constants of Chelates of'Poly(EthyleneuMaleic Acid) with
Copper(II), Cobalt(II), and Nickel(II) at 25°

Copper(II) Cobalt(II) Nickel(II) -
Molecular log K1 log K2 log K1 log K2 log K1 log K2
Welght _
2-3,000 9.27 3.32 7.79 2.55 7.84 2.93
20=30,000 9.21 3.20 7.47 2.95 7.51 2.86
60-70,000 9.39 - 3.03 T.T72 | 2.92 7.78 3.06

LT



TABLE VI

Stability Constants of Chelates of Poly(Ethylene-Maleic Acid) with
' Copper(I1I), Coblat(II), and Nickel(II) in 1 M
Sodium Perchlorate at 25

Copper(II) Cobalt (II) | Nickel(II)
Molecular log K | log K log K log K log K log K
Welght 1 2 .1_ 2 1 2
2-3,000 5.60 2.14 3.11 1.54 o 3.14 1.75
20=30, 000 5.73 2.30 3.09 - 1.97 : 3.11 1.98
60~70,000 5.80 —— 3.02 1.59 3.05 2.29

8T
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aliquot of acid. Results of these experiments are in Table

VI.

Comparisons of Chelating Abilities

The potentiometric method of determining stability con-
stants is_based on a change in pH upon chelation; therefore
plots of the differences in PH show the rélative amount of
chelation of the copper(II), cobalt(II), and nickel(II) com=
plexés of the three molecular weight fractions (Pigures 7-12),
Maxima in these curves occur at the points 6f_maximum com=

plexing. These data are summarized in Table VII.

TABLE VII

Maximum Values of A pH for Copper(II),
Cobalt(II), and Nickel(II) Complexes

A pH
Molecular Copper(II) Cobalt (II) Nickel(II)
Welght :
2“3,000 : 20804 lo 921 2:054
20""303‘000 20628 10821 2.;005
60=70,000 2.702 1.892 2.034

Partition Coefficients

Water was saturated with l~-octanol by placing 50 ml.
of l-octancl and 360 ml. of water in a flask and shaking
for 24 hours. This solutlon was allowed to stand for 12

hours. 1=0ctanol was saturated with water by placing 50 ml.
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of water and 360 ml. of l-cctanol in a flask and shaking for
24 hours. This solution Was allowed to stand for 12 hours.

The anhydrides were hydrolyzed to the acids by heating
0.126 g. of the three molecular welght fractions for one
hour at 95° in 60 ml. of the l=octanol-saturated water solu-
tion. These solutions were diluted to 100 ml, with the l-
octanol~saturated water, giving solutions thét were 0.02N"
in the polymeric acid. Five-ml. aliquots of. these sqlutions
were titrated with 0.0lN potassium hydroxide to determine
the pH of the first end-point.

ngnty«milliliter aliquots of the acld solutions were
added to 100~ml. portions of the l-octanol which had been
previously saturated with water. These solutions were
shaken for 72 hours and allowed to stand for 24 hours.
Three 5-ml. aliquots of the aqueous phase were titrated on
a Radiometeracopenhagen type TTTIC titrator to the pH of the
first end-point of the acid solutions. Pive milliliters of
base were required to tltrate 5 ml. of the original acid
solution to the first end-point. The results of the exper~

iment are shown in Table VIII.
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TABLE VIII

Partition of Poly(Ethylene#Malet:Acid)
Between l—Octanol and Water

Molecular Base Required for Ratioc of Acid,

Welght 5 ml. of the Water/l-octanol
Praction Agueous Phase,ml. o
2=3,000 5.08
4.87
4,95 ‘ 620
20=30,000 4,82
~ 4,77
‘ 4.80 120
60'703000 ‘ 4075
4,72 :
4,74 91

Pregarationvof_Complexes

Qopper (II) Complexes. - Six and three-tenths grams of

each of the three molecular weight fractions of EMA was
hydrolyzed by boiling in 800 ml. of a 7:1 mixture of water
and dimethylformamide. After bdiling for 30 minutes to
insure complete hydrolysis, 6.04 grams of copper(II) nitrate
was added to the solution. The pH of the solutionlwas
raised to 4.5 by the addition of potassiumvhydroxide.

Upon the formation of the copper complex, the solution
tended to gel but by diluting the solution with water as it
cooled, gellingbwas prevented. The solution.was agltated
continudusly during the operation by means of a mégnetic

stirrer. The complexes were separated in a cenﬁrifuge and



dried on a steam bath.

Nickel(II) Complexes. = $ix and three=tenths grams of

each of the three molecular weight fractions of EMA was
hydrolyzed by boiling for 30 minutes in a mixture of 100
nl. of water and 300 ml. of dimethylformamide. Then 5.95 &.
of nickel(II) chloride was added to thilis solution and the
pH adjusted to 6.0 by the addition of potassium hydroxide.
The golutions were agitated on = magnetic stirrer~hot plate
combination. No appreciable complex was visible but upon
the evapbration of the solvent to approximately one-third
of the original volume and addition of carbon tetrachloride
the complex was obtained in the form of a gummy substance
which was separated and dried on a steam bath.

Cobalt(II) ComplexXxes, - Six and three-~tenths grams of

each of the three molecular weights of EMA was hydrolyzed
by boiling for 30 minutesg in a mixture of 200 ml. of di-
methylformamide and 200 ml. of water. After boiling, 5.95
grams of cobalt(II) chloride was added to this solution and
the pH adjusted to 6.0 by the addition of potassium hydrox-
lde. The selutions were agitated on a magnetic sgtirrer-<hot
plate combination. Each solution was evaporated to approx=-
imately one half of the original volume and carbon tetra-
chloride added to precipitate the cobalt complex. These
complexes were separated by decantation and dried in a

desiccator.
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Investigation of the Structure of a Chelate

An effort was made to determine the structure of the
copper(II) complexeé.of HEMA, molecular weight 2-3,000.
Solutions were made 0.02) in acid and 0.0l) in metal so as
to give a 2;1 molar‘ratip of ligand to metal. The pH of
one éolution was adjusted to 4.53'énd the other to 8.66.
These are the pH values which gave maxima in the A pH plot.
Samples‘of these solutions were studied with a Cary 14
recording spectrophotometer; spectra for the two solutlions
were obtained over the wavelength range of 4500 to 73002.
Both solutions had maximum absorption at 7100K.

The nuclear magnetic resonance spectra of the solu-
tions were scanned over the range of O to 1000 cps. with a
Varian A-60 spectrometer. Absorption by a carboxyl proton
normélly_appears between 500-1000 cps.; however, no peak
was found in this range. Peaks corresponding to the protons
on the carbon chain of the polymer were presgnt at 310 cps.
(8 5.17) and 182 cps. (6 3.03) along with the water peak

at 250 cps. (6 4.17).



DISCUSSION OF RESULTS

Ionization Constants

The ionization constants of the polymeric aclds were

not as reproducible as those of a simple acid. As the
titration proceeded Ka1 and Ka2 deéreased, This variation
is normal for a polymer owing to the change in charge den=~
gity on the chain as the protons are removed. The varia-
tlon in pKa values can be minimized by the addition of a
neutral salt, which raises the ionic strength of the solu-
tion. The inerease in lonic strength prevénts the polymer
from changing configurations during the titration (14).
This variation in PK, has the same magnitude for all three
molecular welights; therefore, at the same degree of neutral=~
ization the pKa of each molecular welght fraction could be

compared with the others.

Stabllity Constants

The method used to calculate the stability constahts of
the metal chelates does not yield a true stability constant
in the case of a polymer because of the change in pKa values
with increasing neutralization. It was not our intention to
measure.the true stabillty constants for these complexes,

but to find the stabilities of the metal complexes of one

24
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molecular weight fraction relastive toc those of the other
" molecular welght fractions. By thls method, we could»determ
mine whether the degree of complexing between the different
molecular weight fractions corresponded to the antitumor
activities of‘the polymeric acids. This method makes 1t
possible to compare the complexing ability of one molecular
welght fraction to that of a different molecular weight
fraction. |

The values obtained from the solutions which were about
1 molar with respect to sodium perchlorate cannot be used in
a comparigon of the amount of complexing. Since precipi-
tatlon of the metal complex in the solutions contalning
sodium perchlorate occurred, the values so obtained have no

meaning.

Comparison of Chelating Abilities

For solutions in which the ionic strength does not
remain constant (soiutions without added salt) the change in
ionic strength upon the addition of the base will cause an
apparent deviation in the pH; however, since all solutions
were titrated identically, the change in pH due to change in
lonic strength will be the same for each metal solution and
we may gtill use the differences in pH as a valid compar-
ison of complexing abilities. The plots indicate the fol=
lowing order of strengths of complexes formed: Cu>DNi>Co.
This sequehce 1s the same as that given by Irving and

Williams (12). The corroboration of this known sequence is
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an indication of the validity of this method of comparilson.

Partition Coefficientg

The partition study showed that the relative solubility
of the polymeric acid in the l-octanol increased with in-
creasing molecular weight of the pelymeric acid. This fact
indicates thet the difference in the antitumor activities of
the molecular weight fractions may be related'to thelir transé

port in the animsal.

Preparation of CompleXes

In the preparation of the complexes for testing, it was
noted that making the ligand metal ratio greater than 2:1
speeds the redissolving of the metal hydroxide which forms
when potassium hydroxide 1is added to adjJust the pH. The
metal hydroxides precipitate immediately upon the addition
of the potassium hydroxide and then dissolve as chelation
takes place. The solution is due to the greater stability
of a chelate over that of a linear type complex. The pH
was adjusted to values at which the A pH values were great=
est in the base titration of the metal solutions. Sinee
the difference in pH values of the metal complex solutions
and the acid solution is due to protons liberated by the
formation of complex, the maximum difference in pH oceurs

at the point of greatest complexing with the metal.
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Chelate Structure

The A\ pH plot of each metal has two maxima. These
indicate two major types of complexes which would be formed
at different hydrogen ilon concentrations. These should show
two peaks in the absorption spectra of the solutlons. How=
ever, the spectra showed only the absorption peak at 71002,
Although the solutions were diluted and restudied the peak
was not resolved.

The nuclear magnetic resonance spectra of the solutions
did not show any absorption corresponding to a carboxyl pro=
ton. This was probably due to a very rapld exchange of the
proton between the agueous solvent and the acld. It was
hoped that by a comparison of the spectra of the free acid
and the chelated form, the number of carboxyl protons existe
ing per moie of chelate at the points of maximum complexing
could be determined and thus several possible structures of
the chelate could be eliminated. Since no peak was obtalned
for the carboxyl proton of the acid, this could not be done

in an agqueous solvent,



SUMMARY

Three molecular weight fractions of ethylene-maleic
acid COpolymer have lonlzation constants which are similar
in magnitude; no relationship befween the ionization con-
stants and antitumor activities of the fractions was found.

The stability constants of the copper(II), cobalt(II),
and nickel(II) compiexes of three different molebular we ight
fractions of the polymeric acid are somewhat different, but
are not related directly to the antltumor activities of the
polymeric acids.

The maximum amount of compleking'wiﬁh these metals
occurs at half neuﬁralization of the acid. A charged come~

plex represented by the following formula is indicated:

H H H H
-¢— 6 — ¢ —0C-—
A
0=0 c=0__|
0. 0 n
\+,,\H

This structure could not be fully verified by the data
obtained from the n.m.r. and U.V. spéctra,'

When these acids are partitioned‘bétween water and'l—
octanol, a greater amount enters the 1~oc§anol phase as the
molecular ﬁeight increases. Since their antitumor activi-

ties also increase with molecular weight, the antitumor
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activities of the different molecular weight fractions may

be related to thelr transport in the biological system.
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CHION
or
CONH

CONIH
CONI,
CONOH
CONKOH
INVOL
MW LH
SWIH
NOROH
VOLOH
MOLME
VOIME
CONME
NBAR

1}

i

H

APPENDIX

Notation for Computer Programs

Hydrogen Ion Concentration

[L,]

[17]

[oH™] |

[KOH] (if no reaction had occurred)
Initial Volume of Acid Solution Titrated
Molecular Weight of ILigand

Sample Weight of Ligand

Normality of Base

Volume of Base

Molarity of Metal

Volume of Metal Used
Concentration of Metal

n (average number of ligand molecules attached
to each metal ion)
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$1D 5-666
..$108 muu_mnnrnmqr 2211=40004
$1BJOB
-SIBFTC. ... NODECK .
REALINVOLvMOLNT’SAMWToNOROH’VOLOHoPHoC,BoCHIONoXoY'KAl'KAZD
L 1PKA1sPKAZ. .

INTEGER NOPTSoNPTSloONE;TWO’NPTIZ
—_— DIMENSION VOLOHI{50) +PH{501sCL50})sB{50)sCHIONLIS0)eX{50)sY{53)s .
12(50)»A(10)
-1 FORMAT(1H1) -
2 FORMAT(129F5029F60202F6.4)
.3 FORMAT(F5429F6e3)
4 FORMAT(/2Xs17HNUMBER OF POINTS=01203X016HINIT VOL OF H20=9F6e2»
1ﬂx.IHMQL_NI—lE7¢Z!3Xn10HSAMPLE~WI 3 F T elss3X 0 1OHN_ 0F~BASE-OF104LL
5 FORMAT{2X»10A6)
6. FORMAT(3Xs5HML OHs5X 9 2HPHsBX s 1HC 98X s1HBs 7TX95HH IONs11Xs1HX
111X91HY»11Xs1HZ98Xs4HPKAL 98X s4HPKA2/77)
7 FORMAT(2XsFT7e294XsFTa392(2XsFBe&)s4(2XsE1043))
B FORMAT(T76Xs4(6XsFT43))
___w_g_EQRMAILZXJElJZ14XQF7J3J212XJF8L4114(2x’£lo.3)/1‘
10 READ(S5+5)(A(1)s1=1410)
READ(592)NOPT5:INVOL!MOLWT9SAMNToNOROH
IF(NOPTS.EQ, 99)CALLEX]T
WRITE(69+1)
WRITE(605)(A(I)-I 1 10)
e WRITF (A4 )NOPTS»INVOL yMOLWT o« SAMWTIeNOROH . _ .
DO 11 I=1sNOPTS i
. READ{(543) VOLOH(I)sPH(I)
11 CONTINUE
NPTS1=NOPTS~1
DO 12 I=2sNPTS1
CLI)=((SAMWT*10004) /MOLWTYZLINVOLAVOLOHLINY o
BlI)={VOLOH(I)*NOROH)/ (INVOL+VOLOHI( 1))
CHION(1)1=EXP(~2¢3025851%PH(1])) :
X(I)=CHICN(I)®#(B(I)~C(IY+CHIONI(T1})
Y{1)1=2.0#C{1)=(B(I)Y+CHION(I))
>Z(l)—CHION(I)**Z*(B(l)+CHION(I)) o i
12 CONTINUE e - S
ONE=2 ’ :
TWO=NPTS1
WRITE(6+6)
13 KA1=(Y(ONE)*Z(TWO)-Y(TWO)I*Z(ONE))/(X(ONE}®*Y(TWO)~X{TWO)*Y{ INE})
PKAl= ALOG(ABS(KA1))/(~-2+,3025851)
KA2=(X(ONE)*#Z (TWO)~-X(TWOI*Z({ONE))/¢(Y(ONE)*Z2(TWO) - Y(TNO)IZL)NE))_
PKA2= ALOG(ABS(KA2))/(-243025851)
WRITE(697)VOLOH(ONE) sPH(ONE ) sC(ONE) sB(ONE) s CHION(ONE )} » X{ON<) »
1Y(ONE) »Z(ONE)
WRITE(6+8)PKAL1»PKA2
WRITE(699)VOLOH{TWO) sPHITWO) sC{TWO) sB(TWO) s CHION(TWO) s X{TWO ) »
1Y{TWO)sZ(TWO) :
NPT12=NPTS1/2
IF(ONECGE«NPT12) GO TO 10
ONE=0ONE+1
TWO=TWO-1
GO TO 13
. END
* BENTRY
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$J0B . v STABILITYCONST 2211-40004
_SIBJOR — . e e
$IBFTC - NODECK

______REALlNMQL;MHLﬂiﬁNLHiNQROHtVQLQHJEHLMQLMELYQLMEJCQNMELCQNQHI____“
1CONHsCONL sKA1sKA29sNBAR XY s PKA1sPKA2 s CONKOH

— _INTEGERNOPTS.. e

" DIMENSIONVOLOH(50) sPH(50) s CONME(50) s CONOH(50) s CONH(50)
J1CONL{50) #NBAR(:50) s X{5011Y(50)3sCONLHI50)»CONKOH(50)A(10) .

"1 FORMAT(1H1)

2 FORMAT(I129F5429F6e29F6e4s2FB8e62F50292F643)

3 FORMAT{/2X»1THNUMBER OF POINTS=,12+3Xs»16HMOL WT OF COMPD=4F7.2s
13X s5HPKAL=sFTe393Xs5HPKA2=9FT7e3)

4 FORMAT(2X»s8HVOL BASE’3X92HPHo5Xo5HC0NMEo5Xa6HCONK0Ho5X¢5HCONLHo5Xr
- 14HCONH»7TX+5HCONOH » 6X 1 4HCONL s 6X s 4HNBAR 9 7TX 9 1HY s 9X s 1HX/ /)

5 FORMAT(F5e2sF6e3)

___mmﬁ_EQJJﬂTZZJE§42.3X4F13393121:E916)13(2X2E913Ja2XJF7.312LZXLE2.1))

7 FORMAT(2X»10A6) -

B _FORMAT(2Xs13HINIT VOL H20=9F6e293Xs 10HSAMPLE WT= 1FTats3Xs
110HN OF BASE=»F946s3Xs16HM OF METAL SOLN 9 F94693X >
21BHVOL OF METAL SOLN=»F6e27/)

9 FORMAT{3E144B8yF6e2)
W=1a
10 READ(5+7) (A(1)s121+10)
‘ READ(5+2)NOPTS s INVOL sMWLH.» SWLH » NOROH MOLME VOLMEyPKAI’PKAZ
IF(NOPTS.EQ. 99)CALLEXIT
CWRITE(6,1) -
WRITE(6s7)(A(I)9I=1510)
WRITE(693)NOPTSsMWLHIPKA1sPKA2
WRITE(6+8) INVOL»SWLHsNOROH s MOLME » VOLME
CWRITE(694)
DO111=1,NOPTS
READ(54+5)VOLOH(1)sPHI(T)
CONME ( I )= (MOLME*VOLME) 7 { INVOL+VOLME+VOLOH( 1)}
CONKOH{ 1) =(NOROH*VOLOH (1)) /( INVOL+VOLME+VOLOH( 1)
CONLH{T)=(SWLH*10004)/ {MWLH* ( INVOL+VOLME+VOLOH(1)))
_CONH{1)=EXP(~243025851%PH(1))
CONOH{(1)=(64808E-15) /CONH( 1)
KA1=EXP(-2+3025851%PKAl) .
KA2=EXP(~243025851%PKA2)

——— CONL(I)= (Zn*CONLH(I)+CONQHLJL:CQNHLI).LONKQHilLL/((CQNH!lJZKAZJi
124% (CONH(T)#%24)/(KA1*KA2))
_NBAR(I)=(CONLH(T)=(CONL(T)*CONH(.1}/KA2)=(CONL{TI)*(CONH(T)¥*#2,)/
1(KA1#KA2))—-CONLI{1))/CONME(T)
_Y(I)=NBAR(T Y/ ((NBAR(T)=1a}*CONL (1)) . .

X(1)1=({2.-NBAR(I))#CONL(I1))/(NBAR(I)=14)

WRITE(696)VOLOH(I) sPHI 1) s CONME (1) sCONKOH(E)sCONLH(T) s CONHI L)

1CONOH( 1) »CONL{E)sNBARCT)sY(I)sX(1)
 WRITE(Ts9)Y(I)sXUI)sWsVOLOH(T) -

11 CONTINUE
__GOTO10 _ -

END




LEASTSQUARES FORTRAN SDURCE L1SY 02716764 PAGE
ISN SOURCE STATEMENT e e e ’
0 _$1BFIC NODECK
3 LEAST SQUARES FIT ( ™ TERM PULYNORIAL USING WEIGHTED POIRTSY
1. DIMENSION X{500,Y{50),N050) 8020} A120,21),F150),0F (SO, MANELLE],
EVOLOHIS0) ,AK150)
2 . COHMONA, H,N2
3 I FORMAT(16A5) i
4 2 FORMAT(1HL,25%, 16A5////)
B 3 FORMAT(LHL/ 77/ 41X, 3THSTANDARD DEVIAGTION GFf GROENATE POINTS,ELT.81
6 5 FORMATILHL (52HSTANDARO DEVIATION OF K€}) ASSURING BEFA LS CONSTANT
1.511 8)
7 6 FORMATULHL,24HINDIVIDUAL VALUES FOR K1,//{2X,8E16.8))
10 123 FORMATIL6)
J) 700 FORMAT §216)
V2 100 FORMAT (6F12.8)
13 715 FORMATI4O0X,6H 1 Jy22X,7H At1,40,4X, LTHCOEFICEENT MATRIX/)
14 716 FORMAT(40X,13,13,18X,£15.8)
1S 717 FORMATALHL (40X 3H J 423X ¢5H 81Dy 11Xy 13HR.H 5, MATRIX/Y .
16 T19 FORMAT{40X,13,21%X,E05.8)
17 713 FORMATUAHL,40X,2H 1,24X,5H 811, ELXs LIHANSWER MATRIX/)
20 705 FORMATI40X,13,21X,E15.0)
21 706 FORMAT(LHL,IX,SHVOLOH,L4X,5H X(11,23%,L1H Y MEASURED,20%,13H ¥ CAL
FCULATED, BOX, SHDEVIATION/ )
22 707 FORMAT{10K,Fb.2,8X¢F15.,8,16XsEL5.8,18X,€15.8,5X,E15.8}
23 4 FORMAT(3EL4.8,F5.2)
[ N1 IS THE _NUMBER OF SETS OF DATA WHICH ARE 10 BE FIT FORMAT §S [6
2% READ(S, T23INT
C NAME IS READ FROM THE SECOND CARD AND APPEARS AT THE TOP OF THE P
4 PAGE AS A HEADING ALL B0 CHARACTERS CAN BE USED
26 721 REAOLS5,1)NAME
30 WRITE{6, 21NAHE
[ N 1S _YHE NUMHER OF DATA POINIS wrlCH FOLLOW, M §S YTHE NUMBER OF ¥
C TERMS TN THE EQUATION T BE FIT BOTH ARE FORWATIED 16
31 READ(5, 700N, K )
c EACH POINT CONSISTS OF ¥, X, w AND VULOH
4 Yok ANO W ARE READ AS El4.8, VOLOH IS READ AS F5.2
34 007091=1,N
35 _ 709 REAO(S,40YC1Y, X0 1), Wilb, VOLOHLEY
37 SUM=0.0
40 DO 703 4=1,H
41 B1J)=0.0
42 OC 703 i=1,M
43 703 Al§,41=0.0
46 00 _125_Jd=i,H e
47 00 725 (214N
50 IFtJ4.€0,11GOT07S0
53 6OT0124
54 750 B(J)I=RldbeRtidevil)
55 GCror2s
.56 124 BIJI=BLybew )oY (t)exiliantd-1)
57 725 CONTINUE
62 DO 751 J=l4M
63 DD 751 K=JyM
64 00 751 [=1,
65 [FLJ+K,EQ.216OTUT52
10 GOTO71l
11 152 _AUJaKIZALI K eWLL) e
72 6010751
13 THL ACJKIFALI, K eRUTIaXIT) a0 JeK-2)
T4 151 CONTIRUE
100 DO 712 J=l,M
101 L=d21
102 DO 712 K=L,H
.
106 WRIVE(6,715)
107 DO Ti4 I=i,n
10 DO 714 J=1,M
11} 714 WRITE(6, llbll.J.All.Jl
,,,,, 114 WRETELG,781)
115 DO 718 4=1,H
o 718 WRITEI6,719)4,813)
120 N2=M+L
12| DOEOI=1 M
122 10 A(I.NZ) Bli)
124
125
126 YL BULI=ACE N2)
130 WRITE (64713)
131 WRITELG, 7053 L1,BL1),1=1,M)
136 00 702 1=1,N
131 DF{1)=0.0
140 F{11=0.0
141 DO 756 Jal,M
142 1F(J.E0.1IGOTUTSS
145 coT0708
146 755 FLLV=DULJ)+FLT)
141 GOro756
150 708 FI1=BlJisX(1ise(I~LIsF{T)
154 756 CONTINUE
153 DFLLY=F(L1-YiL)
154 702 SUM=SUM¢DFLLIsDFL1) : B
156 STDEV=SQRY(SUM/FLOATINE)
151 WRITEi6,706)
160 WRTTE(6, 7071 (VOLOHTTI G KET1, V(LA FTTT OF (11, 1=T4NJ
165 WRETE(6,31STDEY - o L I
TYS SUM=0.0
1617 00770i=14K . O O
170 AKLIY =Y (E)-XtT1)sBI2)
170 770 SUMaSUMtAK{I)
173 ANEANSSUR/FLOAT(N)
174 SUH=00.0 e e _ I
175 DDTTLI=1,N
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Figure 1. Titration of 0.02) Polymeric
Ethylene~=Maleic Acid (Molecular
Welght 2=3,000) with 6.1 XN Base:
in the Absence of Metal Ions, @;
in 0.005 M Cu(ClO4)o, o5 1in0.005
M Ni(ClO4Js A in 0,005 M
00(0104)29 0. ’
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Titration of 0.02N Polymeric

Ethylene-Maleic Acid (Molecular
Welght 20-30,000) with 0.1 N
Base: 1in the Absence of Metal
Ions, @®; in 0.005 M Cu(Cl04)o,0;
in 0.005 M Ni(Cl04)pA; in 0.005
M Co(C10,),, O.
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Figure. 3. Titration of 0.02N Polymeric

Ethylene=Maleic Acid (Molecular
Weight 60-70,000) with 0.1 X
Base: in the Absence of Metal
Ions, ®; in 0.005 M Cu(ClOy)o,
o; in 0.005 M Ni(ClO4)2A; in
0.005 M Co(Cl04)p, O.
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Figure 4, Titration of 0.02 Y Polymeric

Ethylene~Maleic Acid (Molecular
Weight 2-3,000) with 0.1 N Base
in 1M NaClO4 in the Absence
of Metal Ions, ®&; in 0.005 M
Cu(ClOp)», o ; in 0.005 M
Ni(Clos)o,A 3 in 0.005 M
Co(01l04)p, O.
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Figure 5. Titration of 0.02 N Polymeric

Ethylene-Maleic Acid (Molecular
Weight 20-30,000) with 0.1 X
Base in 1 M NaClOy: 1in the
Absence of Metal Ions, @; in
0.005 M Cu(ClOy)s, o ; 1in 0.005
M Ni(cI04)p,A; In 0.005 M

Co (C104)2, O.
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Figure 6., Titration of 0.02 N Polymeric

Ethylene-Maleic Acid (Molecular
Weight 60-70,000) with 0.1 N
Base In 1 M NaClO4 in the
Absence of Metal Ions, @; in
0.005 M Cu(ClO4 o; in 0.005
M Ni(cIoy) £n 0.005 M
00(0104)2, O.
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Figure 7. Differences in pH of 0.02 N Solution of
Polymeric Ethylene-Maleic Acid (Molec-
ular Weight 2-3,000) when Titrated with
0.1 N Base, First Alone and then in the
Presence of: O. 005 M cu(Cloy) 2,u ;
0.005 M Ni(C1l0y4) o, A 0.005 M
Co(C104 )2, O.
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Fizure 8. Differences in pH of 0.02 N Solution with
Polymeric Ethylene-Maleic Acid (Molec-
ular Welght 20~30,000) when Titrated
with 0.1 N Base, First Alone and then
in the Presence of: 0.005 M Cu(Clly)p,

o 0.005 ¥ Ni(ClO4)2, ; 0.005 M
Co(Cl04)p, O.
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Figure 9. Differences in pH of 0.02 ¥ Solution
with Polymeric Ethylene-Maleic Acid
(Molecular Welight 60-70,000) when -
Titrated with 0.1 N Base, First Alone
and then in the Presence of: 0,005 I
Cu(ClOy)p, ; 0.005 M Ni(ClOx)p, A
0.005 M Co(Cl0O4)o, O.
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Figure 10, Differences in pH of 0.02 X
Solution of Polymeric
Ethylene~Maleic Acid (Molec-
ular Weight 2-3,000) when
Titrated in 1 M NaClOy with
0.1 N Base, First Alone and
then in the Presence of:
0.005 M Cu(ClOx)o, 0 ; in
0.005 M Ni(ClO4x)o,A 5 in

E
00005 M 00(0104)2, O.
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Figure 11. Differences in pH of 0.02 X
Solution of Polymeric
Ethylene-Maleic Acid (Molec-
ular Weight 20~30,000) when
Titrated in 1 M NaClOy with
0.1 N Base, First Alone and
then in the Presence of:
0.005 M Cu§6104;2;u; in
0.005 M N1(ClO4)5, A; in
0.005 M Co(Cl04)5, O.
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Figure 12. Differences in pH of 0.02 Y
' Solution of Polymeriec

Ethylene~Maleic Acid (Molec-
ular Weight 60-70,000) when
Titrated in 1 M NaClOy with
0.1 N Base, First Alone and
then in the Presence of:
0.005 M Cu(ClOu)o, o in
0.005 M Ni(ClOu)s,A; in
0.005 M Co(Cl04)p, O.
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