Vol. 56 JANUARY, 1952 No.

?HE JOURNAL OF
CAL CHEMISTRY

(Registered in TJ. S. Patent Office)

Founded by Wilder D. Bancroft

CONTENTS

Symposium on Complex lons and Polyelectrolytes

W. C. Waggener and R. W. Stoughton: Chemistry of Thorium in Aqueous Solutions. 1l. Chloride Complexing as
A FUNCEION OF TONTC STrENM QTN .o ettt b bbbt e e e bbb ea et e a b e e bt e et e e st et e e bt eb b e bt e be et o ebtenbeestestnenseannes
Lawrence R. Thompson and W. K. Wilmarth: The Binuclear Peroxo Complex Compounds of Tri- and Tetrapositive

Philip Webner and J. C. Hindman: The Chloro Complexes of RUTNheNiuUM (1V) ... e

Hans B. Jonassen, G. G. Hurst, R. B. LeBlane and A. W. Meibohm: Inorganic Complex Compounds Containing
Polydentate Groups. Y I. Formation Constants of Complex lons of Diethylenetriamine and Triethylenetetramine
with Divalent lons.......cccooviiiiee

Frederick R. Duke and Welby G. (Jourtney: Complexes in Oxidation-Reduction Reactions. The Copper(ll)-
Cyanide Reaction............

Fred Basolo, John G. Bergmann and Ralph G. Pearson: Mechanism of Substitution Reactions in Complex lons. |I.
Kinetics of the Aquation and Hydrolysis of Some C-Substituted Acetatopentamminecobalt(lll) lons.......cccccecveinnene

S. S. Jones and F. A. Long: Complex lons from Iron and Ethylenediaminetetraaeetate: General Properties and
Radioactive EXChange.......ccccoeviiiiiiiiiiiiniiiiicicis

Robert A. Plane and Henry Taube: Observations of the Kinetics of the Exchange of Water between Cr(H2D)6+++
and Solvent....

R. K. Osterheld and L. F. Audrieth: Polymerization and Depolymerization Phenomena in Phosphate-Metaphosphate

Systems at Higher Temperatures. Condensation Reactions Involving the Potassium Hydrogen Orthophosphates.
André Oth and Paul Doty: Macro-ions. 1. PolymethacryliC ACIT ... o
Frederick T. Wall and Thomas J. Swoboda: Electrolytic Interaction of Nylon with Aqueous Solutions of Sodium

Hydroxide....
George E. Kimball, Melvin Cutler and Harold Samelson: A Theory of Polyelectrolytes
Edward H. deButts: The Distribution of lons in Solutions of Weak Electrolytes
Herbert Morawetz and Walter L. Hughes, Jr.: The Interaction of Proteins with Synthetic Polyelectrolytes. 1.

Complexmg of Bovine Serum Albumin........cccviiiiiinins
Fred Karush: The Interaction of Optically Isomeric Dyes with Bovine Serum Albumin.. .
Irving M. Klotz, R. K. Burkhard and Jean M. Urquhart: The Binding of Organic lons by Proteins. Comparison of

Bovine and Human Serum Albumins.......cccovciiiines
J. L. Oneley, E. Ellenbogen, D. Gitlin and F. R. N. Gurd: Protein-Protein Interactions........c..cccooviiniiininiiiinicnceeen,
William J. Argersinger, Jr., and Arthur W. Davidson: Experimental Factors and Activity Coefficients in lon Exchange

Equilibria
Jack J. Grossman and Arthur W. Adamson: The Diffusion Process for Organolite Exchangers.........ccccoceeviiien o
J. T. Clarke, J. A. Marinsky, W. Juda, N. W. Rosenberg and S. Alexander: Electrochemical Properties of a Permionic

Anion Membrane...............

K. S. Spiegler and C, D. Coryell: Electromigration in a Cation Exchange Resin. 1l. Detailed Analysis of Two-

Component Systems .
Jack Schubert: lon Exchange Studies of Complex lons as a Function of Temperature, lonic Strength, and Presence

OF FOrmMaldERY ..o
T. R. E. Kressihan: lon Exchange Separations Based upon lonic Size
W. O. Milligan and Arthur L. Draper: Isobarie and Isothermal Studies in the System Soap-Water. 1I1..
Robert D, void, Joseph Grandine, 2nd, and Hans Schott: Characteristic X-Ray Spectrometer Patterns of the Satu—

rated Sodium Soaps
E. A. Hauser and D. S. le Beau: The Surface Structure and Properties of Colloidal Silica and Alumina...
J. M. Honigand L. H. Reyerson: Adsorption of Nitrogen, Oxygen and Argon on Rutile at Low Temperatures; Appllca-

bility of the Concept Of SUITACE HeETEIOGENMEITY ..ottt b et sttt e bt et et et e e bt e b bt e e naneninens

10

16

19

22

25

33

118
123

128

136



Founded, by Wilder I). Bancroft

THE JOURNAL OF PHYSICAL

CHEMISTRY

(Registered in U. S. Patent Office)

W. Albert Noyes, Jr., Editor

Allen D. Bliss

Assistant Editors

Arthur C. Bond

Editorial Board

R. P. Bell Milton Burton
E. J. Bowen E. A. Hauser
G. E. Boyd C. N. Hinshelwood

S. C. Lind

Published monthly (except July, August and September) by
the American Chemical Society at 20th and Northampton
Sts., Easton, Pa.

Application pending for re-entry as second-class matter at
the Post Office at Easton, Pennsylvania.

The Journal of Physical Chemistry is devoted to the pub-
lication of selected symposia in the broad field of physical
chemistry and to other contributed papers.

Manuscripts originating in the British Isles, Europe and
Africa should be sent to F. C. Tompkins, The Faraday
Society, 6 Gray’s Inn Square, London IV. C. 1, England.

Manuscripts originating elsewhere should be sent to W.
Albert Noyes, Jr., Department of Chemistrjg University
of Rochester, Rochester 3, N. Y.

Correspondence regarding accepted copy, proofs and reprints
should be directed to Assistant Editor, Allen D. Bliss,
Department of Chemistry, Simmons College, 300 The
Fenway, Boston 15, Mass.

Business Office: American Chemical Society, 1155 Sixteenth
St., N. W., Washington 6, D. C.

Advertising Office: American Chemical Society, 332 West
42nd St., New York 18, N. Y.

Articles must be submitted in duplicate, typed and double
spaced. They should have at the beginning a brief Ab-
stract, in no case exceeding 300 words. Original drawings
should accompany the manuscript. Lettering at the sides
of graphs (black on white or blue) may be pencilled in, and
will be typeset. Figures and tables should be held to a
minimum consistent with adequate presentation of infor-
mation. Photographs will not be printed on glossy paper
except by special arrangement. All footnotes and refer-
ences to the literature should be numbered consecutively
and placed on the manuscript at the proper places. Initials
of authors referred to in citations should be given. Nomen-
clature should oonform to that used in Chemical Abstracts,
mathematical characters marked for italic, Greek letters
carefully made or annotated, and subscripts and superscripts
clearly shown. Articles should be written as briefly as pos-
sible consistent with clarity and should avoid historical
background unnecessary for specialists.

* K

W. O. Milligan and L. W. Vernon:
Fred J. Edeskuty and Neal R. Amundson:

W. O. Milligan
J. R. Partington
J W. Williams

Symposium papers should be sent in all cases to Secre-
taries of Divisions sponsoring the symposium, who will be
responsible for their transmittal to the Editor. The Secre-
tary of the Division by agreement with the Editor will
specify a time after which symposium papers cannot be
accepted. The Editor reserves the right to refuse to pub-
lish symposium articles, for valid scientific reasons. Each
symposium paper may not exceed four printed pages (about
sixteen double spaced typewritten pages) in length except
by prior arrangement with the Editor.

Remittances and orders for subscriptions and for single
copies, notices of changes of address and new professional
connections, and claims for missing numbers should be sent
to the American Chemical Society, 1155 Sixteenth St.,
N. W., Washington 6, D. C. Changes of address for the
Journal of Physical Chemistry must be received on or before
the 30th of the preceding month.

Claims for missing numbers will not be allowed (1) if
received more than sixty days from date of issue (because of
delivery hazards, no claims can be honored from subscribers
in Central Europe, Asia, cr Pacific Islandsother than Hawaii),
(2) if loss was due to failure of notice of change of address
to be received before the date specified in the preceding
paragraph, or (3) if the reason for the claim is “missing
from files.”

Annual Subscription: $8.00 to members of the American
Chemical Society, $10.00 to non-members. Postage free
to countries in the Pan American Union; Canada, $0.40;
all other countries, $1.20. Single copies, $1.25; foreign
postage, $0.15; Canadian postage, $0.05.

The American Chemical Society and the Editors of the
Journal of Physical Chemistry assume no responsibility for
the statements and opinions advanced by contributors to
This Journal.

The American Chemical Society also publishes Journal of
the American Chemical Society, Chemical Abstracts, Industrial
and Engineering Chemistry, Chemical and Engineering News
and Analytical Chemistry. Rates on request.

(Continued from first page of cover) * * *

Crystal Structure of Heavy Metal Orthovanadates............cccocviiiiiiinn 145
Mathematics of Adsorption. V.
Agitated StatiC SYSTEMS ...

Effect of Intraparticle Diffusion in

Victor P. Henri, Charles R. Maxwell, William C. White and Dorothy C. Peterson”’ The Chemical Effects of'«-Particles

upon Some Hydrocarbons in the Vapor State
R. J. Scott and H. E. Gunning:

The Polymerization of Cyclopropane... t RSP igg




THE JOURNAL OF
PHYSICAL CHEMISTRY

Founded by Wilder D. Bancroft

VOL. LVI
1952

Albert Noyes, Jr., Editor

Allen 1). Bliss Assistant Editors Arthur C. Bond

Editorial Board

R. P. Bell Milton Burton W. O. Milligan
E. J. Bowen E. A. Hauser J. R. Partington
G. E. Boyd

C. N. Hinshelwood

J. W. Williams
S. C. Lind

EASTON, PA.
MACK PRINTING COMPANY
1952



THE JOURNAL OF
PHYSICAL CHEMISTRY

(Registered in U. S. Patent Office)

(Copyright, 1952, by the American Chemical Society)

Founded by Wilder D. Bancroft

\olumeb56

CHEMISTRY OF THORIUM IN AQUEOUS SOLUTIONS. 1.

JANUARY 17, 1952

Number 1

CHLORIDE

COMPLEXING AS A FUNCTION OF IONIC STRENGTH1

By W. C. Waggener and R. W. Stoughton

Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee

Received August 30, 1951

Chloride complexing of aqueous thorium has been studied as a function of ionic strength over the range 0.5-6.0 using the

benzene-TTA solvent extraction method.

Chloride data up to 4 M are explained in terms of successive complexing, and

constants are estimated for formation of ThCI+3, ThCI2+d ThCI3+ and ThCIl4 Aqueous TTA-thorium species have been
investigated by a new method, viz., by measuring the partition of TTA, under suitable conditions, between a benzene phase

and an aqueous phase, as a function of both thorium and chloride concentration.

A single complex, monothenoyltrifluoro-

acetonothorium ion (i.e., ThT+3), has been found, and a tentative value forky (Th+4 + HT, = ThT+3+ H+)aty = 2.00

is6.6 + 5%.

Introduction

In the first paper of this series, Day and Stough-
ton2 studied the interaction of aqueous thorium
with a number of monobasic acids at a single ionic
strength and acidity of 0.5. The present work was
initiated to obtain additional chloride data re-
quired for thorium hydrolysis studies being con-
ducted at different ionic strength,3as well as to ex-
ploit the advantages of the benzene-TTA extrac-
tion method employed.

This solvent extraction method involves measure-
ment of the change in the distribution ratio of radio-
active thorium (Th-234) between a benzene phase
containing the chelating agent, thenoyltrifluoroace-
tone (TTA), and an aqueous phase containing vary-
ing concentration of anions—Viz., chloride—and per-
chlorate ion at constant ionic strength and acidity.

The following reactions involving aqueous tho-
rium ion may occur

Th+4+ 4HTb = ThTIB+ 4H+ Kj 0
Th+4+ ITO = ThO++ + 2H+ kh (2a)
2Th+4+ ILO = Th2D +6 + 2H+ n (2b)
Th+ + HT = ThT+3+ I+ &T (3)
Th+4 + raCl- = ThCIl,+(4 kaCl (4)

(1) This document is based on work performed for the Atomic
Energy Commission at the Oak Ridge National Laboratory.

(2) R. A. Day and R. W. Stoughton, J. Am. Chem. Soc., 72, 5662
(1950).

(3) K. A. Kraus and R. W. Holmberg, U. S. Atomic Energy Com-
mission Declassified Report, AECD-2919 (1950).

There is no evidence for a double complex involving both TTA and chloride under our conditions.

where Kr, fth Kh & and krClstand for equilibrium
constants with the substances in equations (1),
(2a), (2b), (3) and (4), respectively, expressed in
moles per liter, HT stands for TTA, T stands for
the chelate radical, and the subscript B indicates
benzene phase.

Under conditions where all aqueous thorium is in
the form of Th+4 equation (1) expresses the extrac-
tion of thorium into benzene-TTA, and the distri-
bution ratio of thorium in the two phases is ex-
pressed by

[Th+dA = L v LH+]1 ()
ESUIlb At x [HT]B

If the ThT+3aqueous complex, equation (3) were
taken into account, both the central part and the
right-hand side of equation (5) would contain the
factor (1 + MHT]/[H +)]).

Thorium hydrolysis, which is best represented by
equations (2a) and (2b), is negligible under condi-
tions of acidity and thorium concentration em-
ployed. 3 If the relatively small amount of complex-
ing represented by equation (3) be neglected then
when chloride ion is present in the agueous phase
the ratio of the total thorium in the aqueous phase
to that in the benzene phase is given by

. _ [Th+d + [ThCl+d + [ThCIUd H--—+ [Them 4")]
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from which may be derived the equation expressing
the distribution ratio as a function of chloride ion
concentration.
R = R,(I + feoi[CI_] + fecfiCl-]12+ «em+ fad[CI)
()]
The constants Kci, fcsci, ==« foci are the respective
stability constants for possible chlorothorium spe-
cies ThCI+3 ThCl2+2 . . ., ThCl+(4~n), and are
written as indicated in equation (4).

The stability constant for the monochlorot.ho-
rium ion may be obtained at low chloride where the
contribution of higher species is negligible, from the
slope of the curve obtained by plotting R versus
[CI“], divided by RO. The next higher species then
may be estimated by plotting log {R/R, — (1 +
fcci [CI“])} versus log [CI- ], inserting the value for
fcci initially determined. The limiting slope at low
chloride gives the chloride power dependence of the
species, and its ordinate intercept at log [CI“] = O
numerically equals the constant.

Stability constants for successive species may be
estimated in turn by similar log-log plots. How-
ever, for the intermediate chlorothorium species
which have small and only slightly different stabili-
ties it is necessary to adjust the values of the con-
stants by trial and error.

These constants could also be obtained by a least-
squares method. However, the method outlined
here is easier to perform and, we believe, just as ac-
curate.

The complexing of TTA by thorium in the aque-
ous phase according to equation (3) is significant,
though relatively small (i.e., under 10%). Ze-
broski4 by the spectrophotometric method, meas-
ured lir as a function of ionic strength in the range
n = 0.11-2.11. Recently5 he has reported that
his former values are probably too high by a factor
of nearly two.

During our present studies there arose a question
of possible double complexes involving both TTA
and chloride with thorium. If such complexing
were appreciable our above interpretation in terms
of fcnei constants would be incorrect. By measuring
the distribution of TTA, under suitable conditions,
between a benzene phase and an aqueous phase as a
function of thorium and of chloride, equation (3)
has been verified as representing all Th+4-TTA
aqueous complexing of detectable magnitude, and a
value for was obtained in close agreement with
Zebroski’s later work.

For purposes of disproving double complexing, it
was assumed that the following reactions involving
TTA and thorium might be taking place in the
aqueous phase

Th+ + HT = ThT+3+ H+ T 3)
Th+4+ HT + CI* = ThCIT+2 + H+ Kcit (8)

Under conditions where the hydrolysis of thorium
is negligible and its extraction into benzene also
negligible, the partition of TTA between aqueous
and benzene phases may then be written
n _ [HT]a+ [ThT+3A+ [ThCIT+A
[ht]b '
(4) E. L. Zebroski, University of California Radiation Laboratory

classified thesis, BC-63, 1947.
(5) E. L. Zebroski and H. W. Alter, private communication.
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from which may be derived

n=n0(i+ .Ti ~ +,01T" 9 ip ) do)

where Dastands for the aqueous-over-benzene TTA
distribution in absence of thorium and chloride in
the aqueous phase at a given ionic strength. The
constant, hr, may be evaluated in the absence of
chloride from the slope of the line obtained by plot-
ting D versus [Th+4]/[H+]. Then knowing ¢ t, the
value of &cit could be obtained at constant [Th+4]/
[H+] from the slope of the curve obtained by plot-
ting D versus [Th+4][C1“]/[H +], should the third
term in the brackets of equation (10) be of signifi-
cant magnitude.

Experimental

Aqueous Chlorothorium Studies.— Iteagcnt grade chemi-
cals were used throughout. Sodium perchlorate used to
maintain ionic strength was prepared in 8 M solution by
neutralizing standardized HCIO, with NaOH pellets. A
visible amount of hydrated Fe(OH)3 formed upon standing
2-3 days at a pH of 4 was filtered off after first boiling to
eliminate carbonate, and diluting to volume. Analyses for
sulfate and phosphate ions were reported as less than 0.001
M and and 0.0001 ill, respectively.6

The TTA was obtained from M. Calvin of the University
of California. It was repurified by vacuum distillation,
and stored in darkness over P-.Os. Crystals of the nearly
colorless product melted at 42.8-43.2°.

The aqueous solutions for a given experiment at constant
ionic strength and acidity were prepared as a group by pipet-
ting measured volumes of components into 25-ml. volumet-
ric flasks and diluting to the mark. The benzene-TTA
stock solution as prepared contained TTA 2.5% in excess of
the nominal molarity in order to accommodate a decrease in
the total concentration of chelating agent due to aqueous
phase solubility. Natural thorium, 10“6 or 10“6 il, and
thorium tracer were introduced from 0.01 M HC104 solu-
tions (previously equilibrated with benzene-TTA) by
equilibrating overnight.

Equilibrations were performed in 15-ml. glass-stoppered
centrifuge tubes which were rotated end-over-end at 45
r.p.m. in a thermostated rvater-bath with temperature con-
trolled at 25 + 0.1°. Duplicate 4-ml. volumes of 11 or 15
stock solutions of aqueous phase were equilibrated 1.5-3.5
hours with equal volumes of benzene-TTA containing Th-
232 and tracer Th-234. Both phases were sampled as soon
as practicable after centrifuging. Aliquots from the ben-
zene phases were evaporated directly on 25-mm. glass plates
for beta counting. Aliquots from the aqueous phases which
contained salts were delivered to 2-m1l. volumetric flasks, di-
luted, then equilibrated with 0.5 ml. of0.5 I f benzene-TTA.
After centrifuging, the organic phases were transferred, in
toto, to counting plates. The samples were counted with a
G -M counter through a 20.7 mg./cm.2aluminum absorber,
whereby only the 2.32 mev. beta of UX2 (1.1 minute Pa-
234 daughter of Th-234) was counted, thereby making the
count quite insensitive to small amounts of extraneous ma-
terial. Material balances averaged 97-101% with a mean
deviation of 1-2%.

Aqueous TTA-Thorium Studies.— A stock solution of
0.2 M Th(C10,), in 0.057 M HCIO4 was prepared and its
extraction into benzene-TTA was compared with that of
carrier-free tracer Th-234 in 0.1 M HCIO, in the following
manner. Thorium nitrate was heated to dryness several
limes with HC10O,. The solid was taken up with enough
0.01 M HCIO, to give a solution 0.234 M in thorium as de-
termined by precipitating the oxalate and igniting to ThOj.
An aliquot of this solution was diluted tenfold with dilute
HCIO, and tracer added. The resulting solution which was
approximately 0.38 M in acid and 0.0234 M in thorium was
equilibrated with an equal volume of 0.25 M benzene-TTA.
The aqueous-over-benzene distribution ratios determined
from duplicate gravimetric analyses of each phase were
0.430 and 0.432. The corresponding ratio determined from

6) These analyses were performed through the courtesy of P. A.
Thomason, Oak Ridge National Laboratory Analytical Division.
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the average beta count of four plates prepared from each
phase was 0.430.

In this experiment duplicate 4-ml. volumes of 11 aqueous
stock solutions at p = 2.0, [H+] = 0.04 M, [CI-] = O
0.56 M and [Th] = 0-0.10 M were equilibrated 6 hours
with equal volume of 1.0 X 10-4 M and 3.0 X 10-4 M
benzene-TTA. The concentrations of TTA in the benzene
phases were measured spectrophotometrically at 320, 325
and 330 after 5- and 25-fold dilutions, respectively. The
concentrations of TTA extracted into the aqueous phases
were determined by equilibrating 3-ml. aliquots, acidified to
0.5 M :n HCI104 overnight with 3 ml. of fresh benzene.
Then, the absorption of back extracted TTA was measured
directly The acidity of each aqueous phase after equili-
bration was measured with a glass electrode-vibrating reed
electrometer which was standardized against 0.050 M HC104
in 1.95 M NaCKV

Results and Discussion

The results obtained for the interaction of aque-
ous thorium and chloride ions are presented
graphically in Figs. 1-6. Table 1 gives a summary

Fig. 1.— Distribution of thorium in the aqueous benzene
system: equilibration 3.0 hr. at 25 + 0.1°: O, experi-
mental points, firstcount of plates; O, experimental points,
second count of plates; , curve of equation RA. =

0.368 {1 + 2.24[Cl—}. Aqueous phase (m= 0.5): [CI-] =
0.00-0.50 M; [C104-] = 0.50-0.00 M; [Na+] = 0.30-
0.00M; [H+] =0.20 M. Benzene phase: [HT] =0.10 M;
[Th334] = tracer level; [Th332] = 10-6Ai; (Th initially in

benzene phase).

Fig. 2.— Distribution of thorium in the aqueous benzene
system: equilibration 3.5 hr. at 25 + 0.1°: 0> experi-
mental points, first count of data; 0, experimental points,
second count of data; --—--- , curve of the equation fEUi,. =

0.508 (1 + 1.78[C1-]]. Aqueous phase (m= 0.7): [CI-j =
0.00-0.50 M; [C104 ] = 0.70-0.20 M; [Na+] = 0.50-
0.00 Mr [H+] = 0.20 M. Benzene phase: [HT 1= 0.10 M;
[Th234]'= tracer level; [Th2R] = 10-6 M; (Th initially in

benzene phase).

(7) Measurements were the courtesy of R. W. Holmberg, Oak Itidge
Xationa. Laboratory Chemistry Division.

Chloride Complexing of Thorium as a Function of lonic Strengths

Fig. 3.— Distribution of thorium in the aqueous benzene

system: equilibration 1.5 at 25 +0.1°; O, experimental
points; - , curve of the equation ASli. = 0601 il +
1.53[C1- ]]. Aqueous phase (ft = 1.0): [CI-] = 0.00-1.00
M; [C104] = 1.00-0.00M; [Na+] = 0.80-0.00 M;
[H+] = 0.20 M. Benzene phase: [HT] = 0.10; [Th234] =
tracer level; [Th232] = 10-5Af; (Th initially in benzene

phase).

Fig. 4.— Distribution of thorium in the aqueous benzene
system: equilibration2.0hr.at25 + 0.1°; O, experimental
jjoints; - , curve of the equation = 1.00 :1 +
1.21[CI- ] + 0.10[C1l- ]2+ 0.20[CI—®]. Aqueousphase (m=
2.0): [CI-] = 0.00-2.00 M; [CIO,-] = 2.00-0.00 M;
[Na+] = 1.80M; [H+] = 0.20 M. Benzene phase: [HT]
= 0.10 M; [Th234] = tracer level: [Th232] = 10-5.V; (Th
initially in benzene).

of constants. These equilibrium constants are
concentration (not activity) constants and, as such,
contain the activity coefficients of the various spe-
cies involved as factors. These coefficients are
assumed to remain essentially constant for a given
experiment at constant ionic strength and changing
chloride ratio. This assumption appears to be rea-
sonable at all ionic strengths in the region of low
chloride. Hence, our values for ka should not be
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Fig. 5.— Distribution of thorium in the aqueous benzene

system: equilibration 3.0 hr. at 25 + 0.1°: O, experi-
mental points; -------- , curve of equation fthS, = 0.280 f1 +
1.70[CI4 + 0.14[CI-]2 + 0.10[C1-]13 + 0.018[C1-]4].
Aqueous phase (m = 4.0): [CI-] = 0.00-4.00 M; [CIO«- ]
= 4.00-0.00 iff; [Na+] = 3.68 iff; [H+] = 0.32 iff.
Benzene phase: [HT] = 0.25M; [Th234] = tracer level;

[Th232] = 10-6iff, (Th initially in benzene phase).
appreciably in error due to this assumption. The
higher constants, k&3, k30 and foki, however, are
expected to be more affected by change in medium,
since they are important only at higher chloride.

Table |

E quilibrium Constants for Chlorothorium Complexes

as a Function of lonic Strength at 25°
Concentration constants of formation for
chlorothorium species
M [H+] [HT] [Th] ke\ &Cla &Cla
IC" 2.24

0.5 0.20 0.10

taci®

0.5 .50 .25 1IC 2.25

0.7 .20 .10 1C'5 1.78

1.0 .20 .10 1C-6 1.53

2.0 .20 .10 I1Cc"™~ 1.21 0.1 (0.083) 0.2 (2.0)

4.0 52 .25 1C-5 1.70 0.14 (0.082) 0.10 (0.71) 0.018 (0.18)
6,0 .32 .25 106 2.10 0.55 (0.26) 0.35 (0.64)

“ Values in parentheses are constants of formation by addi-
tion of a single chloride ion to the preceding complex.

The concentration constant, kci (for Th+4 +
Cl- = ThCI+3) decreases from 2.24 at u —0.5to a
minimum of 1.21 at jj = 2.0, then increases to 2.10
at n = 6.0. An approximate value for the corre-
sponding activity constant kci (U = zero), has been
obtained assuming the Debye-Huckel equation
holds up to an ionic strength of 2. A plot of log
kci versus + 2.465 m/!) gave a value of
kci » 24 on extrapolation to zero ionic strength.
Kraus and Nelson8have found that a similar plot

(8) K. A. Krauaard F. N elson,Am. Chem. Soc., 72, 3901 (1950).
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Fig. 6.— Distribution of thorium in the aqueous benzene
system: equilibration 2.0 hr. at25 +* 0.1°; O, experimental
points; ------- , curve of equation RCik. = 0.396 f1 -(- 2.10 [CI]
+ 0.55[CI- ]2 + 0.35[C1-]8}. Aqueous phase (m = 6.0):
[ClI-]1 = 0.00-2.00 Iff; [CIO,-] = 6.00-4.00 iff; [Na+]
= 568 Iff; [H+] = 0.32iff. Benzene phase: [HT] =
0.25 iff; [Th234] = tracer level;, [Th232] = 10-5Af; (Th
initially in benzene phase).

for the U(1V) hydrolysis agreed quite well with ex-
periment in the region up to about jx = 2.0.

The value for fcci at u = 0.5 obtained in the pres-
ent studies is significantly higher than the value of
1.76 obtained by Day and Stoughton.2 In this
connection the distribution ratio, RO, obtained by
Day and Stoughton was 0.63 compared to the pres-
ent value of 0.37. Ten per cent, of the discrepancy
is due to our allowance for the solubility of TTA in
the aqueous phase (see Experimental). Another
difference was the purifying of the TTA for the
present work. Values of RO of up to unity have
been obtained with old TTA samples whereas all
values using the repurified material were of the or-
der of 0.37. Day and Stoughton did not purify
their TTA and may have had some water-soluble
complexing agent impurity present. Such a possi-
bility would explain their lower kci and would
mean that all their constants are too low.

Our results at ionic strength 4.0 are in substantial
agreement with those of Zebroski, Alter and Heu-
mann.9 They have obtained the values 1.30, 0.125,
0.037 and 0.014 for kci, kzi, k31 and foki, respec-
tively.

It is noteworthy that our results for the forma-
tion of successively higher chlorothorium complexes
do not follow even qualitatively the Bjerrum the-
ory based upon statistical and electrostatic effects.10
It was thought at first that the data up to 4.0 M
chloride could be represented satisfactorily by the
assumption of two chlorospecies, the mono- and the

(9) E. L. Zebroski, H. W. Alter and F. K. Heurnann, private com-
munication.

(10) N. Bjerrum, Ergeb. exakt. Naturw., 5, 125 (1926).
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trichlorothorium ions. However, with additional
data it has become apparent that while the mono-
and trichloro ions are the predominant chlorotho-
rium species at all concentrations up to 4]M chlo-
ride the di- and tetrachlorothorium species arejpres-
ent in measurable concentration. Table 11 illus-
trates the relative importance, percentagewise, of
the thorium species in 1, 2 and 4 M chloride solu-
tion at an ionic strength of four.

Table Il

Relative Percentage of Aqueous T horium Species in

Chloride Solutions at an lonic Strength of 4.0 and 25°
---------- Chloricle concentrationb———---
1M 2M 4 M

Species

Th+4 33.8 16.5 4.8
ThCI+3 57.5 56.2 32.3
ThCh+2 4.7 9.3 10.6
ThClj+ 3.4 13.2 30.4
ThCh 0.6 4.8 21.9

Thenoyltrifluoroacetonothorium lon.—The re-
sults of studies at an ionic strength of two are
presented in Fig. 7. Data obtained in perchlorate
solution by varying the concentration of thorium
are indicated by the open circles. The dark circles
represent additional points calculated from data at
constant total thorium with varying chloride by
correcting for the chlorothorium species present (see
Fig. 4 and Table ). These two sets of data agree
quite well and show no evidence for the existence of
either complexes containing both chloride and TTA
radical or complexes containing more than one TTA
radical per thorium. The best straight line through
these data gives a value of kr between 6.4 and 6.8.
In interpreting these data, the distribution ratio at
zero thorium concentration (0.0114) was weighted
higher than the other values, since it was an aver-
age of a larger number of experimental results.
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Fig. 7.— Distribution of thenoyltrifluoroacetone (HT) in

tlie aqueous benzene system: 0> I1Th] = 0.00-0.10 M\
e [Th+4]+ [Chloro-Th]= 0.10 M; [CI] = 0.20-0.96 M;
Aqueous phase (m = 2.0): [Th+4] = 0.00-0.10 M; [Na+]
= 0.00-1.96 M; [H+] = 0.04 M; [CIO-] = 0.04-2.00
M ; [CI-]1] = 0.00-0.96 M. Benzene phase (initially)
[HT] = 1.0 X 10-"and 3.0 X 10-'M .

The effect of this complex is to make all the con-
stants in equation (7) contain the factor 1/(1 +
Ict[HT]/[H+]). Hence the true values for any of
the constants are obtained by multiplying the val-
ues given in this paper by (1 + &[HT]/[H +])-
This factor is 1.08 at ionic strength 2.0 at equilib-
rium at [H+] = 0.32 M and [HT]b = 0.25 M.
As a state of equilibrium with respect to the com-
plex ThT+3is not attained in much less than 25
hours due to the slowness of the TTA phase distri-
bution, and since we shook the tubes for only 1.5 to
3.5 hours, the correction under the current experi-
ments is much smaller, i.e., nearer to unity. At
other ionic strengths we believe the correction to be
not much, if any, greater than at ionic strength 2.0.
Hence we have not made the correction in the cur-
rent work.

THE BINUCLEATI PEROXO COMPOUNDS OF TRI- AND TETRAPOSITIVE
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A repetition of the preparative work of A. Werner and others confirmed the existence of a series of green binuclear peroxo

compounds containing a cobalt atom in the tetrapositive oxidation state.

A second series of red compounds which Werner,

using the concept of secondary valence forces, formulated as isomers proved to be the one electron reduction products of the

green series and contained only tripositive cobalt.

Analytically, the red compounds appeared to be isomeric because, while

they are only weakly basic in solution, they normally precipitate as acid salts and thus differ from the green series by a

single proton.

The reported “isomeric conversions” are in reality all oxidation-reduction reactions and include the bromide-

catalyzed disproportionation of the red series and reduction of the green series by hydroxide ion.

Introduction

The present research is the beginning of a system-
atic attempt to clarify the general chemical nature
of a remarkable series of binuclear complex com-
pounds containing cobalt in the tetrapositive va-
lence state. This valence appears to be confined to
polynuclear complexes in which the metal ions are
linked through a peroxo bridge in the following fash-
ion

[(A)5Co— Ch— Co(A)5

The subscript five indicates that in addition to the
peroxo bridge each cobalt atom is also bonded in the
usual fashion to five other groups, some of which
may be bridging groups between the cobalt atoms.
A may be one or more of the conventional complex-
ing groups; the charge on the complex ion will of
course depend upon which groups are present.

It should be possible, in principle, to reduce each
of these ions to the symmetrical unit

r st s+ q
L(A)6Co— 02— Co(A)6J
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but it is only in the single case discussed below that
the correct structure has been assigned to both the
oxidized and reduced form of a particular binuclear
skeleton. The fact that in this case the compounds
cannot be inter-converted by oxidation or reduction
without extensive decomposition has been partially
responsible for the general acceptance of the view
this is universally true. However, the principal
sources of confusion depend upon several more in-
volved and intriguing chemical properties which
will become apparent in the historical survey below.

Compounds belonging to the general class of
peroxo complex ions of cobalt have been known for
a long time,1but no very systematic or logical con-
sideration of the field occurred until the time of Al-
fred Werner.2adb In the period 1898-1910 he pre-
pared a number of complex compounds containing
tetrapositive cobalt. Several of these, whose
physical and chemical properties we have investi-
gated in greater detail, are

[(HjX)X0 (2 co(XH;
I

(X (=2

V IXH., 4

(ILX)..CoCO ~ C ofXIL)4 (XO,h

Compounds of the type Il and Ill, which have a
second bridging group, are usually less susceptible
to bridge cleavage by a variety of reagents, and our
studies have been largely concerned with these sub-
stances.

In addition to these compounds, Werner reported
at least one case in which both cobalt atoms were in
the conventional tripositive state.

[(HN)sCo—02—-Co(NH3J(N 03<
v

Both compound I, which has the typical dark green
color of the first group of compounds, and com-
pound 1V. which is red brown in color, were iso-
lated from aerated ammoniacal cobaltous solutions.
While the cations differ only in charge, Werner ob-
served, as we have mentioned above, that attempts
to reduce | to 1V in solution resulted only in destruc-
tion of the peroxo bridge either by complete reduc-
tion or partial reduction to trivalent cobalt with si-
multaneous evolution of gaseous oxygen. Since it
is knovm that solutions containing compound IV
rather rapidly decompose with oxygen evolution,
this result is not inconsistent with the existence of
both I and 1V in the solid state.

It is the unusual behavior of the bridged com-
pound Ill, which is prepared from Il by direct
treatment with agqueous ethylenediamine, which is
responsible for most of the erroneous conclusions
drawm by Werner and all subsequent workers.
If the red ethylenediamine solution is neutralized
with concentrated nitric acid at room temperature

(1) E. Fremy, Ana., 83, 240 (1852).

(2) (& A. Werner, Ann., 375 1 (1910);
Mylius, Z. anorg. Chem., 16, 246 (1898).

(b) A. Werner and A.

Voi. 56

the green nitrate 111 is precipitated, but if the nitric
acid is slowly added at ice temperatures it is re-
ported that a red compound analytically isomeric

with 11l is obtained. Werner proposed the for-
mula
V10 » \ 4+ 3+
En;Co< V.0En, (XOA
\Y%
11 Nib

for the red nitrate. Aside from the possibility of
dimorphic crystal forms, which is ruled out by the
fact that the solutions are also green and red, re-
spectively, an isomerism based upon these formulas
is meaningless today. However, Werner's evidence
for isomerism seemed rather compelling since he re-
ported acidification reversibly converted the red ni-
trate to the green nitrate and subsequent addition
of base reformed the red nitrate.

In addition, Werner found that the red nitrate
could be converted to the green nitrate in prepara-
tive amounts merely adding bromide ion to the so-
lution. To avoid confusion in the later discussion
we may indicate at this point that the red nitrate is
not really an isomeric compound, although it dif-
fers from the green nitrate by a single hydrogen
atom, and, as we shall show later, it is correctly
formulated as an acid salt containing only triposi-
tive cobalt.

V /INIL
(EnhCo/ Us >Co(En)2 (N03).rHNO3

All of the above changes, in fact, are really oxida-
tion-reduction reactions but of a rather unexpected
sort.

The principal contribution of the later workers in
this field has been to establish the paramagnetism,
and hence presumably the tetrapositive valence, in
compounds I, Il and Ill and the diamagnetism of
compound 1V.848

The diamagnetism of V was established early in
the present study, and it at once became apparent
that if V contained tetrapositive cobalt, the funda-
mental unit would have to be at least a tetramer to
contain an even number of electrons.

Subsequent study showed that the compounds
were interconverted not only by acid and base but
also by a variety of oxidizing and reducing agents.
While it is obvious that the oxidation in the pres-
ence of acid is effected by the nitrate ion, the de-
tails of the reduction by hydroxide ion without oxy-
gen evolution have not yet been clarified. Qualita-
tive tests for hydrogen peroxide are negative, but
direct addition of hydrogen peroxide indicates that
it would be destroyed by some side reaction under
these experimental conditions.

The apparent oxidation of the red nitrate by bro-
mide ion appears to be a bromide-catalyzed dispro-
portionation

ATP

(EnhCoC >Co(En)2 + 3H+ m

(3) K. Gleu and K. Rehm, Z. anorg. allgem. Chem., 237, 79 (1938),
(4) L. Malatesta, Gazz. chim. itci., 72, 287 (1942).
(5) J. P. Mathieu, Bull. soc. chim., [5] 5, 105 (1938),
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INH 2% 4+
(En)ZZ0CO0 ~>Co(En)2 +

# INHZY 3

(En)2Co< />Co(En)2 + HD
X

The appearance of the green nitrate in the predicted
66% yield was observed spectroscopically, thus es-
tablishing the stoichiometry, but the presence of the
the second product containing the /i-hydroxo bridge
has not been established with certainty and mono-
nuclear compounds may also be present in the solu-
tion.

These experiments pretty well clarify the assign-
ment of structure with the exception of a second
red complex compound which Werner precipitated
from solutions of either 111 or V after treatment
with aqueous ammonia. Analysis indicated that
the compound closely resembled IlIl and V but
contained only a tripositive cation, which was pre-
sumed to be formed by loss of a molecule of acid in
the basic medium and represented as

1+

3+ INHY 4+ "j.
(En)Zot%Q ~J;Co(En)s

Since aqueous ammonia is known to reduce the
green nitrate, and would favor the precipitation of
a normal rather than an acid salt, we feel that this
product differs from V only in the acid of crystalli-
zation. Imido bridges have been assigned to a
number of binuclear cobalt compounds, but the
neutral character of the amido bridge implies com-
plete hydrolysis except in very strongly basic solu-
tion or in the solid state. We are planning to inves-
tigate a number of these cases in order to justify or
completely discredit such structures.

Preparative Methods

(1) Octaamnime-M-amido-/i-peroxodicobalt(lll, 1V) Tet-
ranitrate (Compound Il).—Vortmann’'s fuscosulfate was
prepared by Werner’'s6é method, with some modification, re-
sulting in improved yields. The neutralizing time was re-
duced to 3.5 hours and litmus was used to obtain the acid
endpoint. The oxidized reaction mixture was allowed to
stand two days before neutralization and two or three days
just after neutralization. Yields were 19-23 g. from 100 g.
of Co(N03)2-6H.

The green constituent of the mixture was converted to the
nitrate by Werner’'s method, again with several modifica-
tions. Two separate 20-g. portions of fuscosulfate were
triturated for 10 minutes with 80-ml. portions of concen-
trated HN O3 allowed to stand 24 hours and filtered. The
entire 40-g. residue was stirred for 5-10 minutes in water at
60° to extract the peroxo compound. Another 100 ml. of
water at 60° was poured through the filter and the combined
filtrates treated with concentrated HNOa dropwise to pre-
cipitate the green peroxo nitrate.

(2) Tetrakis-(ethylenediamine )-ft-amido-M-peroxodicobalt-
(111, 1V) Tetranitrate (Compound 111).— Werner’s27 method
of conversion by heating Il in 10% ethylenediamine at 60°
was used. Acidification of the reaction mixture at room
temperature With concentrated HNOs gave the green peroxo
nitrate in 75% yields.

(3) Tetrakis-(ethylenediaminej-~-amido-u-peroxodicobalt-
(111, 111) Trinitrate <1 Nitric Acid.— Compound Il was heated
with 10% ethylenediamine at 60°, but the reaction mixture
was acidified at —2.0 to —3.0° instead of at room tempera-
ture.27 The red peroxo nitrate was obtained in yields of
65-70%.

To purify, 1.5 g. of crude red nitrate was dissolved in 25
ml. of water at room temperature, filtered and cooled in an

(6) A. Werner, Ber., 40, 4609 (1907).
(7) A. Werner, ibid., 47, 1963 (1914).
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ice-salt mixture. 30 drops of concentrated nitric acid was
added, 5 drops at a time. The red crystals were washed
with alcohol and ether; yield 80%.

4) Tetrakis-(ethylenediamine)-,i-amido-M-peroxodicobalt-

(111, 111) Triiodide -2 Hydrate.— Twenty-seven ml. of a sat-
urated, filtered solution of compound V was treated with 10
ml. of a saturated solution of KI1. Ethyl alcohol was added
until the dark brown-black precipitate turned red. After
filtering and washing with alcohol, it was purified by dis-
solving in warm water and cooling in an ice-bath; yield of
red-brown crystals, 40%.

One Electron Oxidation-Reduction Properties

The reaction

3+ /N'H-a [m
(En)2Cox<f % X'!'0(EN)2 -—---->-

red solution

3 /INH X 4+
(En)2ZCo0C.0 "%Co(En)2 + e~

green solution

can be qualitatively' studied by noting the readily observed
reversible color changes indicated above. Oxidizing agents
which effected the oxidation rapidly in acidic aqueous solu-
tion at 25° include Mn04"', HOC1, Br2 Br03~, NO3-. No
immediate color change is observed with H20 2 Fe3+, Ag+,
Hg2+ or CrAV-. Since both Br2and H N 03react rapidly,
the standard electrode potential for the binuclear half cell
must be more positive than —1.0 volt. It would appear
that some oxidizing agents, such as Q A V -, are potentially
capable of being reduced but the reduction is so slow that it
was not observed during the relatively short period of the
experiment.

It was possible, using standard KMnCh, to titrate the re-
duced binuclear compound. 0.276 g. of the red nitrate dis-
solved in 10 ml. of water was titrated with 0.033 N KMnOj
using the natural color of KM n04 as the indicator. One
equivalent of the red nitrate was found to react with 1.15
equivalents of KMnO, solution. The 15% discrepancy
may be due partially to the inherent difficulty of observing
the end-point in the highly colored solutions, but either trace
impurities or side reactions are also possible.

The reaction

3 INH, 4+
(En)2ZCo<%0 "% Co(En)2 + e

green solution

3 /Nilo 3
(En)2XCok% X Co(En)2

red solution

proceeds rapidly in the presence of N02-, N2H4, Fe(CN)6& -,
AsOo-, SAV" and OH-, but slowly or not at all with
Hg2+ or NHA)H-HC1. The oxidation of the hy'droxide
ion, apparently to the peroxide valence state, will be dis-
cussed below. Sn2+, Fe2+, |- and S032- were rapidly oxi-
dized but reduced the peroxo bridge as well as the t-etraposi-
tive cobalt atom.

Thiosulfate appeared to be the most suitable reagent for a
quantitative titration, and a 0.1030 N solution of NaZ23
was titrated with a solution of the green binuclear nitrate
using an external K1 starch indicator. One equivalent of
the green nitrate oxidized 0.80 equivalent of thiosulfate.
It should be noted that the discrepancy here is in the op-
posite direction to that observed in the first titration. It
seems likely that some of the thiosulfate is being converted
to sulfate rather than tetrathionate, although impurities or
side reactions may also be at fault.

Acid and Base Oxidation-Reduction Conversions

The initial phases of the present research were concerned
with establishing the experimental reproducibility of Wer-
ner’s preparation and interconversion of the red and green
nitrates. Since the oxidation-reduction nature of the reac-
tion was not yet understood we felt that it was of prime im-
portance not only to confirm the analytical evidence of the
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“isomerism” but also to characterize the compounds using
powder pattern and spectrophotometric methods.

Powder patterns were obtained using a Philips X-ray dif-
fraction apparatus. A complete tabulation of the lines in
terms of the conventional sin 0/A values is unnecessary in
the present paper; the strong lines are recorded below to
identify the compounds. The red nitrate V has a very
strong broad ring at sin S/\ — 0.0613 and three other strong
rings appear at 0.0508, 0.1068 and 0.1142, respectively.
The green nitrate 111 has its strongest ring at 0.0578 with
strong rings also appearing at 0.0703, 0.1108, 0.1227 and
0.1440.

The red nitrate w'hen converted to the green nitrate, and
the green nitrate when converted to the red nitrate possessed
patterns identical with the original red and green com-
pounds; but, after standing for 18 days, the red nitrate
made by conversion clearly showed the heavy characteristic
ring of the green nitrate, indicating a slow conversion in the
solid state. The mechanism of this process is still in doubt.

The first three rings of the octaamine nitrate Il possessed
values of 0.0658, 0.0731 and 0.0837 with other strong rings
appearing farther out in the pattern.

The red-brown triiodide possessed characteristic rings of
sin 0/X equal to 0.1141, 0.1246 and 0.1348.

The conversion of the red to the green nitrate was achieved
by adding concentrated nitric acid rapidly to a saturated
solution containing 2 g. of the red nitrate; both solutions
were at room temperature. On cooling in an ice-bath the
green nitrate was isolated in 50-60% yields.

The green nitrate was converted to the red nitrate in the
following fashion; 3 g. of green nitrate was dissolved in 75
ml. of water and 4 ml. of concentrated NH 3(sp. gr. 0.927)
were added dropwise. Keeping the temperature as far be-
low 0° (—2° to —3°) as possible without freezing the solu-
tion, 5.5 ml. of concentrated H N 03 was added, 3 drops at a
time (to avoid warming up the solution). A residue of 0.6 g.
was obtained which clearly was contaminated with the green
nitrate. To the cooled mother-liquor was added an addi-
tional 4.5 ml. of concentrated HN 03 dropwise. 1.45 g. of
red nitrate was obtained and purified as already described.

The spectra were obtained using a Beckman model DU
photoelectric quartz spectrophotometer. Readings were
taken from 800 m/i to as low as 220 mu. When measure-
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ments were made in the near infrared, visible and near-
ultraviolet regions, 1-cm. Corex absorption cells and a tung-
sten lamp were used. Below 350 m”, 1-cm. silica cells and a
hydrogen lamp were used.

The spectra of the green nitrate 111 is plotted as curve | in
Fig. 1. The extinction coefficient, plotted from 400-800
m/i has rather broad maxima at. 470 and 690 m/t. The red
nitrate V has only a large band in the ultraviolet with a foot
extending into the visible with considerable absorption out to
about 600 m/i. The small shoulder shown in Fig. 2 is prob-
ably real although the compounds used in these studies are
probably not of the highest purity.

The spectra of a solution of green nitrate prepared by oxi-
dation of a red nitrate solution with nitric acid had an ab-
sorption indistinguishable from curve 1. A solution of
the red nitrate prepared by adding aqueous sodium hy-
droxide to the green nitrate solution was almost identical
with curve 11, except the small shoulder was not quite so
pronounced. While this conversion needs to be confirmed
by more careful measurements, the agreement in spectra was
so striking that it seems likely that minor impurities are re-
sponsible for the lack of complete quantitative agreement.

The oxidation of hydroxide ion in alkaline solution by the
green nitrate proceeds -without gas evolution, but qualitative
tests for hydrogen peroxide after conversion were negative.
Further studies showed that hydrogen peroxide does not re-
act with either the red or green nitrate in acid solution and
that it can be titrated quantitatively with permanganate.
The oxygen evolution is readily observed throughout the
titration and would certainly have been seen if it had been
formed by oxidation of the hydroxide ion. If hydrogen per-
oxide was added to the green nitrate solution before the alka-
line conversion it completely disappeared during conver-
sion, apparently without appreciably affecting the perman-
ganate titer of the resulting redsolution. On the basis of this
evidence one can conclude that hydrogen peroxide is a pos-
sible oxidation product, but its ultimate chemical fate has
yet to be determined.

Discussion

While the principal questions regarding the exist-
ence and the gross structural features of these binu-
clear compounds have been resolved, we are only
beginning to explore their more interesting details.
Perhaps the most intriguing problem involves the
detailed nature of the peroxo bridge, especially in
those compounds containing tetrapositive cobalt.
Several obvious alternatives can be suggested, and
at present it is difficult to estimate their applicabil-
ity. Gleu and Rehm3and others have postulated
that the unpaired electron should be assigned to the
oxygen bridge, and the considerable tendency for
oxygen to exist in units containing an unpaired elec-
tron may lend some weight to this viewpoint. If
one prefers the tetrapositive formulation, the sym-
metry of the structure would suggest two resonance
forms in which either cobalt might be considered to
be tetrapositive. Recently it has become increas-
ingly apparent8that many polynuclear ions contain
metal-metal bonds. In this sense, the resonance
picture might be considered as equivalent to a three
electron bond linking the metal atoms. Experi-
mentally, it does seem that the peroxo bridge is a
necessary structural feature, but its function may
be either to contain the odd electron or to provide a
geometrical unit in which the cobalt atoms are lo-
cated at distances compatible with such a metal
bond. We plan to systematically investigate the
structural features of a number of polynuclear
compounds in an effort to make some of the above
discussion more meaningful in terms of experimental
quantities.

3 Phillip A. Vaughan, J. li. Sturdivant and Linus Pauling, J. Am,

Chem. Soc., 72, 5477 (1950).



Jan., 1952

The present work suggests that, with the possible
exception of compounds containing only the single
peroxo bridge, it should be possible to study the en-
ergetics of formation of the symmetrical unit by
one electron reduction. Preliminary measure-
ments, using conventional methods, fix the poten-
tial at somewhat more positive than —1.0 volt for
compound Ill. Extension of these studies to anal-
ogous compounds should clarify the effect of struc-
tural change upon the relative stabilities of the
oxidized and reduced units. Polarographic studies
have been initiated, but it is too early to evaluate
the results.

The general tendency for the reduced unit to pre-
cipitate as an acid salt suggests that, in the solid
state, the proton may reside upon the peroxo bridge.
In solution it would appear that the compounds are
only weakly basic in the reduced state and, as one
might anticipate, completely neutral after oxida-
tion. While the additional charge in the oxidized
unit should increase the acidity of all protons in
the complex ion, the amido bridge is, at most, still a
very weak acid. We are rather interested in the
question since the postulated p-imido compounds
can be reformulated, with the addition of only a
single proton, as an amido binuclear unit containing
one tri- and one dipositive atom. Resonance sta-
bilization might permit the preparation of such a
compound, although the increased number of elec-
trons renders it less likely.

The unusual hydroxide reduction of the oxidized
unit has been established largely on the basis of re-
versible color change and powder pattern and spec-
tral characterization. One would anticipate a
rather greater overvoltage than that observed for
the hydroxide oxidation, and it seems likely that a
follow process, which destroys added peroxide, fa-
cilitates the initial oxidation. Since the explora-
tory studies have involved compounds which may
not be of the highest purity, careful analysis may
reveal that the chemical change accompanying the
reduction produces an entirely new binuclear series
of peroxo compounds.

The bromide disproportionation has also been
formulated largely on compound identification
based on powder pattern and spectral evidence.
The identification of valence states can be pretty
well established in this way, but some minor changes
in interpretation may be necessary when more com-
plete analytical data become available.

The authors are indebted to the Office of Naval
Research for supporting this work.

REMARKS

F. Basolo: (1) You mention that the red ethylenedi-
amine complex in aqueous solution undergoes a reversible
change to a second red compound. This you suggest may be
caused by

INH3/ 0H2
Co< /ICo

INH 2
H+ + HD® + Co/ _ _J>0o0 =
A
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but point out that the acid dissociation constants for the two

species are 10~2and 10~7, respectively. Do you not think

this value of 10~7is too small providing the assumed struc-

ture is correct? Merely on the basis of electrostatic forces, |

should expect this +4 cation would be a stronger acid than

?IB, the +3 Co(NH3642D +3 which has a value of 2.04 X
-«.

(2) The structure shown as number V may be further
supported if it were possible to remove the additional mole-
cule of nitric acid. Since this is rather commonly ac-
complished with Werner complexes of cobalt(l11l1) merely by
heating them at 110° for several hours, I am wondering if
any such attempt was made to expel the nitric acid from
compound V.

Reply: (1) Experimentally one observes the quantita-
tive disappearance of one mole of strong acid and the ap-
pearance of one mole of a titratable weak acid with a pK of
approximately 7. It would seem to me that the only pos-
sible acid in the system of approximately this strength must
be one formed from a cobalt-water bond. Our experience
with several binuclear compounds has made us rather cau-
tious in predicting their properties on the basis of similar
mononuclear compounds. However, | believe a compari-
son of the relative acidities of hydrogen peroxide and am-
monium ion might convince one that the peroxo group in
this unit would have an acid weakening inductive effect as
compared with the ammonia molecule. A further compari-
son of the acidity of hydronium ion and the aqueopentamine-
cobaltic ion suggests that the over-all substitution of
(H3N)5Co-0 2 +i for an ammonia in (H3N)5C o0 (OH 23+ would
almost certainly be acid weakening in spite of the increased
positive charge.

(2) We have observed an apparently clean-cut thermal re-
action on vacuum heating of compound V but the reaction
may be more complex than the one you suggest.

L. F. Audrieth: Attention should be called to the fact
that the nitrates of the /,-peroxo compounds are substances
which approach “oxygen balance” from the explosives
chemist point of view. Decammino /i-peroxodicobalt(lll,
1V) pentanitrate may be expected to be an extremely
hazardous compound since it is an oxygen balanced sub-
stance. It can be assumed that its complete decomposition
can be represented by the equation.

Co2NiZH3,0,7 — *®2Co0O + 7.5N2+ 15H2

Care should be exercised in handling materials of this kind
for they may be sensitive to friction and impact and most
certainly to the application of heat.

W e have had occasion to study the explosives characteris-
tics of complex ammines containing coordinated or ionic oxy-
genated groups such as the nitrate, nitrite and perchlorate
radicals (Tomlinson, Ottoson and Audrieth, J. Am. Chem.
Soc., 71, 375 (1949)). Coordination compounds approach-
ing oxygen balance represent a wide variety of explosive
types; some possess appreciable sensitivity to friction and
impact, and others, when properly initiated, have brisance
values approaching conventional high explosives. Thus,
for instance, tetrammine copper(ll) nitrate is more sensitive
to impact than is tetryl and has a brisance value about the
same as that of lead azide. Hexammine chromium(lll)
nitrate is much more sensitive to impact than TNT and
actually has a brisance value only slightly lower than that
for TNT. The oxygen balance concept is an empirical con-
cept but does have practical value since it makes possible the
prediction of hazards which may be encountered in investiga-
tion of complex compounds.

Reply: (1) Initially we were quite concerned about the
possible explosive properties of these compounds, but all of
the substances which we have prepared have been tested and
none of them seem to be extremely sensitive to either shock
or heat.
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THE CHLORO COMPLEXES OF RUTHENIUM(1V)1

By Philip Wehner and J. ¢c. Hindman

Chemistry Division, Argonne National Laboratory, Chicago, Illinois

Received August SO, 1951

A study of the ohloro complexes of Ru(TV) has been made in perchlorate media.

associated with the following color changes:

The formation of these complexes is

reddish (liu(1V)) — yellow —»violet —»yellow. The compositions of certain
of the complexes identifiable with these colors have been studied by equilibrium and kinetic methods.

Evidence indicates

that the violet complex is the uncharged species Ru(H»0)2(0H)2CI2 and is transformed by the addition of chloride ion to the

yellow anionic complexes [RuH2 (0H )2CI3l- and [Ru(OH)2C14]".

The violet complex grows from rapidly formed initial

yellow complexes some of which appear to be polynuclear species.

Solutions of ruthenium(lll) and -(1V) in per-
chloric acid are unstable with respect to the decom-
position of perchlorate with consequent formation
of chloride ion.2 This behavior has emphasized the
necessity of obtaining data concerning the ruthen-
ium chloro complexes prior to undertaking any in-
vestigation of other ruthenium complex ion sys-
tems where it is desired to use perchlorate solutions
as reference starting materials. The experiments
summarized in this paper were intended primarily
to furnish information as to the number and pos-
sible formulas of the chloro complexes formed by
Ru(lVv).

Experimental

The ruthenium(lV) perchlorate solutions used
were 0.118 M or 0.305 M in Ru(lV) and 6.0 M in
HCIO4. These stocks were presumably mixtures of
at least two Ru(1V) species between which equilib-
rium is not rapidly established in perchloric acid
alone.2 The reaction mixtures were prepared by
diluting aliquots of these stocks with the appropri-
ate solution made from standardized solutions of
HC1, NaCl, NaCKR and HCIO4. In all cases the
ionic strength was kept constant at 6.2 M except
where otherwise noted. Changes in the solutions
were followed spectrophotometrically using a Cary
Recording Spectrophotometer. The samples were
contained in 2-cm. quartz cells, and the tempera-
ture of the cell compartment was thermostatically
controlled.

As a guide to the assignment of charges for cer-
tain of the complexes transference experiments
were run using a cell of the type described by Mc-
Lane, Dixon and Hindman.3 Examination of the
0.118 M stock by this technique (0.076 M Ru(1V)
in 6 M HCIOi, 20 ma., 3 hours at 25°) showed only
transference to the cathode indicating the species
present are positively charged.

The Yellow(ll) Complex—Depending on the
acid and chloride concentration, the addition of
chloride to Ru(1V) perchlorate is followed by a
series of color changes.

Ru(1V) (reddish) — > violet — > yellow [CI-] < 0.1 M

[H+] < 0.4 M

(1) Presented at the Symposium on Complex lons and Polyelectro-
lytes held under the auspices of the Division of Physical and Inorganic
Chemistry and the Division of Colloid Chemistry at Ithaca, New York,
June 18-21, 1951.

(2) P. Wehner and J. C. Hindman, J. Am. Chem. Soc., 72, 3911
(1950).

(3) C. K. McLane, J. S. Dixon and J. C. Hindman, Paper No. 4.3
“The Transuranium Elements,” Plutonium Project Record of the
National Nuclear Energy Series, McGraw-Hill Book Co., Inc., New
York, N. Y., 1949.

Ru(1V) (reddish) — > yellow — >mviolet — >myellow
[CI-] >0.1 M
[H+] > 0.4 M

Each of the yellow transitions has been found to
be associated with several complexes. The assign-
ment of a formula to the first yellow species formed
from the decay of the violet intermediate (desig-
nated Y (I1)) has been used as a guide to the as-
signment of formulas to certain of the other
complexes. The formula of this complex was de-
duced as follows: Series of samples in 6.0 molar
HCIO4 having varying [Ru] to [CI- ] ratios were ob-
tained by mixing x ml. of 0.305 M [CI- Jwith 1 —X
ml. of 0.305 M Ru(lV) perchlorate. The spectra
of the samples were checked periodically for equilib-
rium and an analysis45 of the data was made by
plotting the observed optical density at a given
wave length minus the calculated optical density
for no reaction against x (Fig. 1). Since Z)Obsd —
Dcaiod. was a maximum at 0.75, n, the number of
chloride ions in the complex, was

Corrections to this formula, due to the presence of
the Y (111) complex, were found to be negligible.

On electrolysis of a 0.042 M Ru(lV) in 0.24 M
HC1-5.4 M HCIO4 solution at 20 ma. for 6 hours at
25° this complex was transferred to the anode, an
indication that it is negatively charged. Since, in
addition, the Y(I1)  Y(111) equilibrium has been
found to be independent of hydrogen ion, the Y (I1)
complex must contain water. Based on a coordi-
nation number of 6,67 the formula for the Y (II)
complex containing the least number of chlorides is
therefore [RUH2(0H)2CI3]-. The absorption
spectrum of this complex, shown in Fig. 2, was ob-
tained from a solution 0.0495 M in ClI-, 1.00 M in
H+ and 6.2 M ionic strength. In this solution at
equilibrium the predominant species is Y (11); cor-
rection for a small amount of Y (II11) was made by
the method of successive approximations. The
molar extinction coefficient of the peak at X454 my
was found to be 6,100.

The Yellow Complexes of Higher Chloride
Content Y(I11), Y(IV) and Y (V). Under a variety
of conditions a yellow complex, designated
\ (I11), can be observed to grow at the expense of
the Y (I1) complex and eventually to exist in equilib-

(4) L. I. Katzin and E. Gebert, ./. Am. Chem. Soc., 72, 5455 (1950).

(5) W. C. Vosburgh and G. R. Cooper, ibid., 63, 437 (1941).

(6) W. P. Groves and J. Sugden, W. P. Groves, Ph.D. Thesis, Lon-

don, 1941, quoted by R. S. Nyholm, Quart. Reviews, 3, 321 (1949).
(7) D. P. Mellor, J. Proc. Roy. Soc. N. S. Wales, 77, 145 (1943).
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Fig. 1.— Plot of x versus D ob,d. — Thaicd. for Y (11) complex.

Series 1, after 49 days: #, 454 my; O, 423 my. Series 2,
after 55 days: O, 354 my; ®, 428 my.

CHLORIDE.

rium with it. The absorption spectrum of this
new species is characterized by intense peaks at 385
and 254 my together with a minor peak at 476 nry
(Fig. 2). A noteworthy feature of the transforma-
tion is that as the 385 my peak grows in intensity it
becomes asymmetric due to acquisition of a shoulder
on the short wave length side. This behavior sug-
gests that still another complex, designated Y (1V),
with an absorption maximum in the region of 360
my, is being formed in relatively minor amounts.
Support for this viewpoint is obtained in 10 M HC1,
where partial resolution of the Y(I11) and Y (1Y)
peaks occurs (Fig. 3).

Fig. 2.— Absorption spectra of various Ru(lV) species:
| ® Ru(lV) in 6 M HC104 , violet complex,
[Ru(HOM OH)2C12] ; , Y(I1), [RuHSO(OH)aCla]-;
------------ LY (1), [Ru(OH)Z14)-.

Chloro Complexes of Ruthenium(lV) 1n

WAVE LENGTH - t
Fig. 3.— Ru(1V) in 10 M HC1 after 70 days storage.

The spectrum of Y(II1) (together with Y(IV))
shown in Fig. 2 was obtained from a solution 6.2
molar in Cl-, 1 molar in H+, and 1.95 X 10“4mo-
lar in Ru(1V) after the spectral changes had reached
apparent equilibrium (3 to 4 days, no further
change in an additional 12 days). Corrections
were made for the small amount of Y (1) present by
a method of successive approximations using the
Y(I1) <*Y(111) equilibrium constant obtained as
described below. This spectrum gave the following
values, for the molar extinction coefficients of the
Y(I1l) peaks: 18,400 (254 my), 8,140 (385 my)
and 4,500 (476 my).

In order to establish the formula of the Y(III)
complex the effect of the chloride ion and hydrogen
ion concentrations upon the Y (I1) <Y (I111) equilib-
rium was studied. Mixtures of approximately
constant Ru(lV) concentration (1.18 X 10-4 M),
constant hydrogen ion concentration (1.00 Hi) and
varying chloride concentration vrere stored until
their spectra had been at equilibrium for 6 to 12
days (total storage period ranged up to 21 days).
The amounts of Y(I1) and Y (IIl) in each solution
were determined by a two-color analysis at the
wave lengths 454 my and 385 my, using extinction
coefficients of 2,750 (385 my) and 6,100 (454 my) for
Y (I1) and 8,140 (385 my) and 3,270 (454 my) for
Y (I111). A similar set of mixtures of constant chlo-
ride concentration and varying hydrogen ion con-
centration were analysed in the same manner. The
results of the measurements are given in Tables |
and I1I.

At the chloride concentrations involved in these
experiments the asymmetry of the Y(I11) peak at
X 385 was not as pronounced as is shown in Fig. 2;
consequently it is believed that interference from
Y (V) wBs not serious. From Table | it is seen
that the data can be satisfactorily interpreted on
the basis that the equilibrium involves first order
dependence on the chloride ion concentration.
From Table Il it is evident that the equilibrium is
essentially independent of hydrogen ion concentra-
tion below [H+] = 1.00 M; the departure from
this independence at the high acidities is probably
due to the increasing importance of an additional
complex, Y (V), formation of which is acid depend-
ent (see further discussion of Y (V) below).

The above results, together with the evidence
concerning the formula of Y (H), indicate that the
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Table |

Effect of Chloride lon on the Y (II) Y ()

E quilibrium

[H+] = 100 M, t = 25°, m = 6.2
[y@amil [yl

[y (n] Yy 1[ci =3 1y j[cli—
(m./1) -1 m

[C1-]

(m./1.) D%t D3 [y@ani (m.n.) ~2
0.100 1.320 0.880 0.223 2.23 22.3
.200 1.240 1.080 484 2.42 12.1
400 1.115 1.230 .876 2.19 5.48
.600 1.025 1.340 1.348 2.25 3.75
Mean, 2.28 + 0.08
Table Il
E ffect of Hydrogen lon on the Y(II) Y(TI)
Equilibrium
[CI"l = 0.200 M, t = 25° ju= 6.2
1H*] [y @]
(m./I) £S5 D3 [y(nil
0.100 1.195 0.975 0.408
.398 1.210 0.975 .395
.864 1.260 1.000 .378
1.00 1.240 1.080 484
6.20 1.083 1.295 1.07
Y(I1) Y (111) equilibrium can be represented by

the equation

[RUHD(0H)C13- + C
Y (1)

| -~

[Ru(OH)2C1q - +
Y ()

Also, the results of Table Il show that the value of
the equilibrium constant found at [H+] = 1.00 M
(2.28 + 0.08) is probably too high and that a better
value would be = 1.9

Consistent with the above formula for Y (II1) is
the fact that when mixtures of Y(Il) and Y (I11)-
Y (1V) are electrolyzed, the material transferred to
the anode is enriched in Y (I111)-Y(1V) relative to
Y (11). This behavior indicates that the Y(I1l)
and Y (1Y) species are more negatively charged than
Y (I1).

In addition to the shoulder at 360 m/i due to
Y (1V), which is most prominent at very high chlo-
ride concentrations, the Y (I11) spectrum is altered
at high acidities (>6 M) in amanner that suggests
an additional complex, Y (V), is slowly formed in
minor amounts. This species appears to have a
broad maximum in the region 430-440 rii/i but to
have an absorption less intense than that of either
Y(I) or Y(I11). While it is likely that Y (1V) and
Y(V) correspond to [RuCIKOH]* and [RuCH]=,
this has not yet been established, for solutions have
not yet been obtained in which these complexes
are the predominant species.

The Violet Complex.— This complex is observed,
as a transitory intermediate, under almost all
conditions at which Ru(l1V) and CI- react at finite
rates. Under conditions that produce appreciable
concentrations of the violet complex the relation-
ship of the violet complex as the precursor of Y (I1) is
clearly evident. From arun ([H+] = 0.87 M, [CI- ]
= 0.2 M, [Ru] = 1.18 X 10_4 M) in which at one
time about 77% of the Ru(lV) existed as the violet
complex, the qualitative spectrum of this complex
was obtained. The actual extinction coefficients
(see Fig. 2) were obtained by studying the decay of
the violet complex to Y (I1) under conditions ([H+]

H20

Yol. 56

= 6.0 M, [C1-] = 0.25 AY/ [H+] = 1.00, [CI-]= 0.5
M) where nearly pure Y (I1) was obtained (correc-
tions were applied for small amounts of Y(II1)).
Using the known extinction coefficients of Y (11) and
the qualitative violet spectrum, the amounts of
Ru (1V) present as the violet species at various stages
of the transition were calculated by a method of suc-
cessive approximations. The average of seven such
determinations gave 16.4 + 0.7 X 103as the value
of Emat X562 my.and 5.0 £ 0.2 X 103at 427 m/i.

Because of the transitory nature of the violet
complex the bulk of the effort to elucidate its form-
ula has been concerned with the Kkinetics of its
formation and decay. The effect of hydrogen ion
and chloride ion concentration upon the growth and
decay of the species is illustrated in Figs. 4 and 5
summarized in Tables Il and IV. From the
curves shown in these figures it has been possible to
establish the orders in chloride and hydrogen ion
concentrations of the rate of conversion of the vio-
let species to Y(I1).

If the rate of decay of the violet complex to Y (1)
obeys the relation

then the total amount of the complex decaying to
Y (1) will be given by

Fe= fUV]dt

where the integration is to be carried out from zero
time until the violet species has completely van-
ished. However, if all of the Ru(1V) has passed
through the violet species, Ft must equal the initial
Ru(1V) concentration, so that

[Ru(iV)l,, = g f[V]dt
r _ [Ru(V)].
2 f[V]dt

T Ey

Dv Nf
J z[Ru(1V)]odE

where Dy is the optical density of the violet species
at X562 m/i, lis the cell length, and Ey the molar
extinction coefficient of the violet species at X 562
m/i. Since the denominator of the last expression
is merely the_area under the curves illustrated in
Figs. 4 and 5, fe may be readily obtained by graphi-
cal integration.

In addition to the assumption that all of the Ru-
(IV) passes through the violet species, two other as-
sumptions are inherent in the above treatment.
One is that the rate is first order in the concentra-
tion of violet species, which seems reasonable, and
the other is that the rate of the back reaction, Y (I1)
—> Violet, is small in comparison to the forward
rate. Experience indicates that the latter assump-
tion is acceptable except at very low chloride con-
centrations. That the assumption that all of the
Ru(lV) passes through the violet species probably
becomes invalid at very high acidities is suggested
by the data of Fig. 4, which shows that as the hydro-
gen ion concentration increases the observed maxi-
mum amount of the violet complex rises and then
falls.

Table 111 shows the k2 values obtained by the
above integration method for the series of runs at
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constant hydrogen ion concentration and varying
chloride ion concentration (data of Fig. 5).
Table 111

E ffect of Chloride lon Concentration on the Rate
Constant for Violet —mY (11)
t= 25°m= 6.2

[C1-] [H+! Ki 2 ki
(m.J/10) (m.J1) (min. -1) [ii+HCi-] [H+nci-
0.600 1.002 0.0154 0.026 0.043

.3973 0.9953 .0115 .029 .073

.199 0.999 .00608 .031 .15

.0995 1.001 .00249 .026 .25

.0495 0.998 .000662 .013 .27

It is evident that, except for the run at very low
chloride concentration, a reasonably satisfactory
rate constant can be obtained if /2is considered to
contain a term involving the first power of the
chloride concentration. It is believed that the de-
parture of the run at [CI“] = 0.0495 M from this
regularity is probably due to the increasing impor-
tance of the Y (I1) —* Violet rate at the low chloride
concentrations.

Table 1V lists the k2values obtained in the same

Chiloro Complexes of Ruthenium(1V) 13

manner for the series of runs at constant chloride
concentration and varying hydrogen ion concen-
tration (data of Fig. 4).

Table IV

E ffect of Hydrogen lon Concentration on the Rate
Constant for Violet — Y (I1)
t=25° x= 62

_ ke id
(r[nH./ﬂ (r[%l (min. 3 [ci-niiq [CHHm
6.20 0.200 0.0426 0.034 0.0055
0.999 .199 .00608 .031 .031
.4035 .199 .001923 .024 .059
.206 .200 .000912 .022 11
.1052 .199 .000497 .024 .23

It is evident that kz must also include a term in-
volving the first power of the hydrogen ion concen-
tration. The deviations from constancy at [H+] >
1 M are probably due, in part, to failure of all the
Ru(1V) to pass through the violet species.

The complete rate equation for the transition
Violet —=Y (11) may thus be written as

- (Jy)2= fe[HA[CI-][V]
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where /2is of the magnitude 0.023 min.-1 (m./l.)-2
at 25°. Coupled with transference data on the
violet complex this equation leads to a plausible
formula for the violet complex.

Mixtures of 0.06 M Ru(lV) in 0.24 M [CI- ] and
6 M [H+] containing appreciable concentrations of
the violet species were chilled to 0° and electro-
lyzed 6 hours at 20 ma. The violet complex was
not transferred in either direction, an indication
that this is an uncharged species. The only simple
formulas that represent neutral species and also
satisfy the above kinetic relation for decay to Y (II)
are Ru(OH)ZC12 and Ru(OH)3C1L. If the violet
were Ru(OH)3CL, the acquisition of the first addi-
tional chloride ion would have to be rate determin-
ing inasmuch as no species intermediate between
the violet complex and Y (I1) are observed spectro-
photometrically. This step would be followed by
the fast addition of the second chloride ion to yield
the Y(I1). But this fast step would be either es-
sentially the same as the initial slow step, i.e., the
addition of chloride ion to a neutral species, or, even
worse, the addition of chloride ion to a negatively
charged species. It does not seem likely that such
a rate relationship between these steps would actu-
ally exist.

On the other hand, if the violet complex were
Ru(OH)2C12 the rate data would comply with the
simple interpretation that the violet species is
transformed to yellow (I1) by the acid-catalyzed
addition of chloride ion

ar+)
Hu(H,0)ZGH)XT12+ Cl--— ¥ [RuUHD(OH)ZX13- + H-0
Violet Y (I)

This interpretation seems much more likely than
that based on the formula Ru(OH)3CI and there-
fore it is believed that the violet complex is the di-
hydroxo dichloro species shown in the above equa-
tion. Though the acid catalysis of (lie chloride
addition seems somewhat surprising, it may actu-
ally be a rather general phenomenon in the case of
these hydroxy ruthenium species. Thus qualita-

of Fig. 5. Chloride concentrations as indicated; arrows
mark ends of induition periods. Actual ordinates of [CI-]
= 0.049J} M curve are one-half the indicated values.
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tive studies indicate that the Y (11) —=Y (I111) trans-
formation is accelerated by hydrogen ion even
though the equilibrium between these species is
independent of acidity.

The Initial Yellow Complexes, Y(IA), Y(IB)
and Y(IC).—Several features of the data shown
in Figs. 4 and 5 indicate that the formation of the
violet complex proceeds via a rather complicated
set of reactions. Thus, the time at which the violet
species reaches its maximum growth becomes inde-
pendent of chloride ion concentration when this
concentration exceeds 0.2 M. In addition, the
curves of Figs. 4 and 5 show brief initial induction
periods in which the rate of growth of the violet
complex increases markedly (for example, see Fig. 6
which shows the initial portions of the curves of Fig.
5). Such behavior suggests that the violet com-
plex is formed from a species which itself has a fi-
nite rate of formation, and that one of these steps in-
volves a reaction with hydrogen ion and becomes
rate determining at high chloride concentrations.

In addition, studies of the effect of the initial
Ru(1V) concentration on the rate of growth of the
violet species show that the steps leading to the vio-
let complex are not strictly first order in ruthenium
under all conditions. In Fig. 7 are shown the ap-
parent extinction coefficients of the violet complex,
¢)VIE[RU], as a function of time for a series of runs
at constant chloride and hydrogen ion concentra-
tions but varying initial ruthenium concentrations.
If the growth and decay of the violet species were
first order in ruthenium concentration, the curves of

Fig. 7.—Effect of initial ruthenium concentration on the
rate of growth of the violet complex; [H+] = 1.00.1/,
ICl-1= 0.2M, M= 6.2, t = 25°, and [Ru]OX 10*in m./l.:
0.179; »,1.17; ®, 0.897; A, 0.343; 0,0.171.
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Fig. 7 should coincide. It is observed that this is
the case at Ru(lV) concentrations above 9 X 10-5
M, but that at concentrations below this value the
relative rate of formation of the violet species in-
creases and the duration of the induction period de-
creases. Such behavior suggests that the reverse
rates of the steps leading to the violet complex are
not negligible and that polymeric species are prob-
ably involved in these steps.

Though these observations indicate that other
complexes are formed prior to the violet species, it
has not been possible to obtain from the kinetic data
on the growth of the violet complex unequivocal in-
formation concerning these earlier steps and spe-
cies. However, it seems reasonable to suppose that
the earlier species indicated by the kinetic data are
identical with the initial yellow complexes that are
observed prior to the violet complex under a variety
of conditions.

Examination of the spectra immediately after the
addition of Ru(1V) to chloride solutions reveals the
following effects. At low chloride and/or hydrogen
ion concentrations (e.g., [CI-] < 0.05M, [H+] = 1
M, [Ru] = 1.29 X 10~4M; [CI-] = 1M, [H+] <
0.1 M) a general increase in the level of the Ru(I1V)
absorption occurs without any evidence for definite
absorption bands. Under such conditions either no
further reaction is evident after long storage or the
formation of the violet and/or later complexes is
extremely slow. At higher chloride and hydrogen
ion concentrations at least three definite absorption
bands are formed with maxima at 369, 443 and 420
mfi (the appearance of these bands under extreme
conditions are shown in Fig. 8). These maxima
appear to be associated with three yellow complexes,
designated Y (1A), Y(IB) and Y (IC), respectively.

Though these complexes are formed very rapidly
(within a few minutes) at the higher chloride and
acid concentrations, they do not appear to have
reached equilibrium before the growth of the later
species, such as the violet complex, begins to mask
their spectra. This fact, together with the incom-
plete resolution of their absorption maxima and the
general intensification of the Ru(lV) background
absorption, makes the quantitative study of these
initial yellow complexes very difficult. Conse-
quently their formulas have not been obtained and
their relationship to the violet complex has not been
clearly established. Certain qualitative information
concerning these species has, however, been obtained.

The fractions of Y(IA) and Y(IB) initially
formed at 6.2 M chloride ion concentration and hy-
drogen ion concentrations of 0.06 and 1.00 M ap-
pear to the same, although on standing the Y (1A)
species grows at the expense of the other complex,
more so at the lower acid concentration. The
amount of both complexes increases with increasing
chloride concentration at constant acidity. It is
further observed that at constant chloride concen-
tration of 0.2 M, the concentrations of Y(IB) and
Y (IC) increase with increasing acidity and that in
6.0 to 10.6 M acid Y (IC) becomes the predominant
complex. Thus, the Y(IA) complex appears to be
the most hydrolyzed species and the Y (IC) the least.

On the basis of these observations concerning the
growth of the violet complex a conjecture as to the

Chloro Complexes of Ruthenium(lV)

Fig. 8.— Absorption spectra of Ru(lV) in solutions of
composition: [H+] = 1.0M, [CI] = 6.2 M;
, [H+] = 106 M, [CI-] = 0.2 M ; ,
[HC10]4= 6 M. Spectra taken approximately 30 seconds
after mixing.

nature of the Y (1) complexes and the steps leading
to the violet complex may be made as follows. Ap-
parently the initial steps at acid concentrations be-
low 6 M are the rapid additions of chloride ion to
the Ru(lV) perchlorate forming the complexes
Y (IA) and Y(IB) in the ratio of the species of Ru-
(1V) initially present in the stock. Inasmuch as
the violet complex is a dihydroxo species and ap-
pears to be formed via a step involving hydrogen
ion (which becomes rate determining at chloride
concentrations above 0.2 M), the Y(I1A) and Y(IB)
complexes are presumably more highly hydiolyzed
than is the violet. In view of the indications that
these complexes are polymers they may thus cor-
respond to types such as
(HO)sCIRu— OH— Ru(OH)2C1
(HO)jCIRu— OH— Ru(OH)X I+

though the actual degree of polymerization is not
known.

Formation of these initial complexes appears to
be followed by the adjustment of their concentra-
tions to the hydrogen ion concentration of the solu-
tion (such adjustment with respect to hydrogen ion
concentration is known to be slow in the absence of
chloride ion2, and then by the slow hydrogen ion
dependent step, which it seems plausible to assume
would involve breakdown of the polymer chain to
the less hydrolyzed Y (IC)

(HO)XIRu— OH—RU(OH)X1+ + H+ — s-
2 RU(OH)X I+ + HD
Y(IC)
Further addition of chloride ion would then yield
the violet species

RUu(OH)XI+ + Cl- — > Ru(OH)Xl>
(Violet)

Y(1A)
Y(1B)
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The formation for the ions Mn(I1), Fe(ll), Co(ll) and Zn(l1) have been measured with diethylenetriamine and triethylene-

tetramine at 30° and 40°.
plexes.

The authors31previously measured the formation
curves and determined the formation constants of
the complexes of diethylenetriamine (abbr. dien) and
triethylenetetramine (abbr. trien) with nickel(I1)
and the copper(ll) ions. This paper reports the
determination of the formation curves and forma-
tion constants of the complexes of these two poly-
amines with the manganese(ll), the iron(ll) the
cobalt(ll) and the zinc(ll) ions at 30 and 40° and
some of the thermodynamic values calculated from
these data.

The method used for the measurements is the pH
method developed by J. Bjerrum.6 The specific
equations for the complexes of dien and trien were
developed previously.84

From the stepwise acid-base dissociation con-
stants of dien H3s and trien H44 and the pH’s of
solutions containing known concentrations of the
metal ion, a mineral acid, and dien or trien the con-
centrations of the free amine and of the complexed
amine can be calculated. From these the values of
n, the mean number of amine molecules coordi-
nated to each metal ion, and p(dien) or p(trien), the
negative logarithm of the free dien or trien con-
centration, can be computed. These quantities
substituted into the following equations, yield the
values of the formation constants of the complex
ion Me(dien) +2and Me(dien)Z2.
logh =

p(dien) + log —

log [I + (2 ~

log k2 = p(dien) + log \--—-- 1+

log [} + (n -

Similar equations5have been derived for the com-
plex ions Me(trien)+2and Me2trien)34

(1) Presented at the Symposium on Complex lons and Polyelectro-
lytes, Ithaca, New York, June 18-21, 1951. Abstracted from the
Ph.D. dissertations of R. B. LeBlanc and A. W. Meibohm, February,
1950.

(2) Present addresses: (a) Department of Chemistry, Mississippi
Southern College, Hattiesburg, Miss, (b) Department of Chemistry,
Texas Agricultural and Mechanical College, College Station, Texas,
(c) Department of Chemistry, Valparaiso University, Valparaiso,
Indiana.

(3) H. B. Jonassen, R. B. LeBlanc and R. M. Rogan, J. Am. Chem.
Soc., 72, 4968 (1950).

(4) H. B. Jonassen and A. W. Meibohm, This Journal, 55, 726
(1951).

(5) J. Bjerrum, “Metal Ammine Formation in Aqueous Solution,”
P. Hasse and Son, Copenhagen, 1941.

Hidienlij

Formation constants and other thermodynamic properties have been calculated for these com-
The order of stability of these complexes is related to the second ionization potential of the metal.

log k1l = p(trien) + log ~ " _

log k3:2 = p(trien) + ,07\1

The log k values can also be obtained from the
formation curves ath = 0.5 andn = 1.5for the dien
complexes and n = 0.5 and n = 1.25 for the trien
complexes.

The partial aminium complexes which Schwar-
zenbach obtained by modification of Bjerrum'’s
method could not be identified under the conditions
of this investigation.6

Spectrophotometric investigations of the metal-
amine solutions under the various conditions given
in Schwarzenbach’'s work showed that only the
density values of the absorption characteristics
change with change in conditions. It seems un-
likely that the amine and aminium complexes have
the same absorption characteristics.

Experimental

Stock solutions of all the metal ions except the iron(ll)
ion were prepared by dissolving a mole of the C.p. nitrate
saltin a liter of solution. These solutions were standardized
by electrodeposition and/or precipitation as the pyrophos-
phate. Boiled distilled water was used for these solutions.
A rapid stream of nitrogen was passed through the cobalt(ll)
and the manganese(ll) solutions for ten hours to ensure the
absence of appreciable quantities of dissolved oxygen.

A stock solution of iron(ll) ion was prepared by dissolv-
ing 5.6 g. of C.p. iron powder in about 60 ml. of 6 N HC1.
The solution was filtered and diluted to a liter with boiled
distilled water. Dissolved oxygen and any trace of iron(Il)
were removed by bubbling hydrogen through the solution
for twelve hours in the presence of few drops of colloidal
palladium and indigo tetrasulfonate as catalysts. The iron
was determined gravimetrically as the oxide, the chloride as
AgCl, and the excess HC1 by potentiometric titration in an
atmosphere of nitrogen.

A 2 M KN O 3stock solution and a 4 M KC1 stock solution
were prepared by weighing the dry salts and dissolving in the
required amount of solution. A I M HNOs solution was
prepared from boiled C.p. IIN03 and standardized with
Reagent Grade Na2C 03.

Technical grade dien or trien from Carbide and Carbon
Chemicals Corporation was purified as previously described ,7
It was dissolved in a liter of solution, and titrated potentio-
metrically with the standard 1 molar acid.

The solutions (except for that of the iron(ll) ion) used for
the measurements were prepared in 100-ml. volumetric
flasks. They contained 0.1 M of metal ion, 0.1 M of HNO3,
1.00 M of KNO3 and KCI, and varying concentrations of the
amines. The 1 molar stock solution of the amines also was
1 molar in KCI.

The solutions for the iron(ll) ion measurements were

(6) G. Schwarzenbach, Helv. Chim. Acta, 33, 974 (1950).
(7) H. B. Jonassen, R. B. LeBlanc, A. W. Meibohm and R. M.
Rogan, J. Am. Chem. Soc., 72, 2430 (1950).
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0.01 M iniron(ll)ion, 0.01 M inHC1,1.27 M in KC1, and of
varying concentrations in amine. In order to minimize oxi-
dation HC1 and KC1 were substituted for H N 03and KNO3,
and the concentrations of the iron(ll) ion and the acid were
decreased to 0.01 M. The concentration of the KC1 was in-
creased to 1.27 M to make the salt concentration the same
as that used for the measurements for the acid-base con-
stants of the amines and the formation constants of the other
metal complexes.

The solutions of the cobalt(ll) ion, the iron(ll) ion and the
manganese(ll) ion were prepared up to the point of addition
of the stock solution of the metal ion. Nitrogen was bubbled
through the solutions in the volumetric flasks for 45 minutes
to remove dissolved oxygen, whereupon the metal ion solu-
tion was added. This precaution was taken since these
three ions are easily oxidized in basic solution by dissolved
oxygen.

The pH's of all the solutions were measured at 30 + 0.2°
and 40 + 0.2°. A Beckman model G pH meter, standard-
ized with Beckman buffer solutions (pH's of 4, 7 and 10)
was used. An atmosphere of nitrogen was maintained over
the solutions of the manganese(ll), the iron(ll) and the co-
balt(ll) ions during the measurements.

Results

Table | contains the data and calculations on the manga-
nese(ll) ionand dienat30°. The two formation constants of
the manganese(ll) ion and dien complexes at 30° calculated
from points on the formation curve are shown in Table I1I.

Table |

pH Measurements of Manganese(ll) Solutions Con-

taining Diethyleneteiamine at 30°

Cmncii) — 0.094917. Ckno: + Ckci = 1.00Mi Cs — total
concentration of hydrogen ions bound to dien; Cdien =
total concentration of dien in solution; C’den total concen-
tration of dien not bound in a complex ion; ridien = average
number of hydrogen ions attached to one uncomplexed dien

molecule,
aj IOg
Cdien pH dien ~dien cB 0 dien n p(dien)
0.0450 5.25 9.15 2.25 0.0999 0.0443 0.008 10.15
.0551 7.52 4.44 1.98 .1001 .0507 .046 5.44
.0655 7.84 3.80 1.96 .1001 .0510 .153 4.80
.0850 8.10 3.29 1.93 .1001 .0519 .349 4.29
.0900 9.15 3.19 1.92 .1000 .0520 400 4.19
.1047 8.26 2.97 1.90 .1000 .0525 .549 3.97
1179 8.35 2.80 1.88 .0999 .0531 .683 3.80
1302 8.42 2.66 1.86 .1002 .0539 .804 3.66
.1451 8.52 2.47 1.83 .0999 .0547 953 3.47
.1600 8.62 2.28 1.79 .0995 .0557 1.099 3.28
11901 8.73 2.07 1.73 .0996 .0574 1.293 3.07
.1999 8.88 1.80 1.65 .0998 .0606 1.468 2.80
2198 0.01 1.55 1.56 .0998 .0642 1.640 2.55
.2402 0.20 1.24 1.40 .1002 .0718 1.777 2.24
2598 9.40 0.91 1.20 .0996 .0835 1.859 1.91
.2850 9.62 0.58 0.96 .0996 .1035 1.913 1.58

Table Il

Formation Constants of Di- and Triethylenetetramine with Divalent lons

17

Formation Constants of Manganese(ll) and Diethyl-
ENETRIAMINE AT 30°

, (2 - n)[dien] k2\
A= - log ( )[dien]
\ o+ 1 ~n) )

n p(dien) log, 7 A log fd
0.153 4.80 -0.74 -0.01 4.05

.349 4.29 .27 - .04 3.98

.400 4.19 - .18 - .05 3.96

.549 3.97 + .09 - .09 3.98

.683 3.80 + .33 - .16 3.97

.804 3.66 + .61 - .28 3.99

Average 3.99
A = log » ; ;
* (n — D[dien]ici)
log 5-—- L

n p(dien) 95 A log kt
1.099 3.28 -0.96 +0.50 2.82
1.293 3.07 - .38 + .19 2.88
1.468 2.80 .06 + .08 2.82
1.640 2.55 .25 + .04 2.84
1.777 2.24 .54 + .02 2.80

Average 2.83

Table 111 shows the values of the formation constants at

30° and 40°, the free energies of binding, and the heats of

binding of the complexes of dien with the four ions.

The

data for nickel(ll) ion and the copper(ll) ion which were
previously reported3are included for comparison.

Tabte Il

Thermodynamic Values for Complex lons of

Diethylenetriamine and Divalent Metal lcns

All values in kcal./mole; AH values = Aif3»°
Cation T, °C. log ki log ki —AFi -AF2 - Atfi - a//2
Mn(Il) 30 3.99 2.83 5.5 3.9
Mn(Il) 40 3.89 2.72 5.6 3.9 4 o
Fe(ll) 30 6.23 4.13 8.6 5.7 9 3
Fe(ll) 40 6.03 3.95 8.6 5.7
Co(ll) 30 8.47 6.07 11.8 8.4 9 10
Co(ll) 40 8.26 5.83 11.8 8.4
Ni(ll) 30 10.81 8.14 15.0 11.2 12 13
Ni(ll) 40 10.54 7.83 15.1 11.2
cu(ln 30 16.11 22.3 20
cu(ln) 40  15.64 22.4
zZn(1l) 30 9.14 12.7 s
zZn(1l) 40 8.95 12.8

Figure 2 shows the formation curves of the complexes of
triethylenetetramine and divalent metal ions.

Figure 1 shows the formation curves at 30° for dien and
the iron(ll), the cobalt(ll), the zinc(ll), manganese(ll),
coppcr(ll) and nickel(ll) ions, respectively.

Fig. 1.— Formation curves of diethylcnetriamine and the
following ions at 30°: Mn,—O—; (io—O—; Cu,—m—;
Fe,—A—; Ni, — a—; Zn, —

Fig. 2.— Formation curves: complex ions of all cations at

30°.
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Table 1V gives the thermodynamic values obtained for the
complex ions of triethylenetetramine with the above divalent
metal ions as well as cadmium(ll) ions at temperatures of 30
and 40°.

Table IV

Thermodynamic Values op Complex lons of

Triethylenetetramine and Divalent Metal lons

All values in kcal./mole, AH values =

Cation T, °C. log & log 32 ~AFi —AF3;2 —AHi

Mn(Il) 30 543 2.84 7.5 3.9 4

Mn(ll) 40 5.31 2.72 7.6 3.9

Fe(ll) 30 8.31 3.92 11.5 5.4 9

Fe(ll) 40 8.08 3.70 11.6 5.3

Co(ll) 30 11.21 3.38 155 4.7 9

Co(ll) 40 11.03 3.27 15.8 4.7

Ni(ll) 30 14.34 5.63 19.8 7.8 13

Ni(ll) 40 14.01 5.41 20.1 7.8

cu(ln 30 20.62 28.6 2

cu(ln 40 20.08 28.8

zZn(11) 30 11.94 16.5 4

Zn(l) 40 1181 16.9

cd(lr) 30 10.92 3.19 151 4.4 4

cd(11) 40 1079 3.07 155 4.4
Discussion

Formation o: Complexes.—As shown in Table
111 the manganese(ll), the iron(l1), the cobalt(ll)
and the nickel(ll) ions exhibit a coordination
number of six complexing with two dien molecules.

The copper(ll) ion and the zinc(ll) ion exhibit a
coordination number less than six, but still coordi-
nate two dien molecules. As was explained previ-
ously3the equations for the calculations of forma-
tion constants are applicable to these ions for an n
value greater than one only if all the amino nitro-
gens are coordinated to the metal ion. This is not

Fig. 3.— Relative stability of complex ions, coordination
number of four: ethylenediamine, —e—; propylene-
diamine,— = — ; diethylenetriamine,— ® — ; triethylene-
tetramine, — O—; /3,(3'/3"-triaminotriethylamine, — ©— .
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the case in the copper and zinc ions and only the
first formation constant for these complexes, there-
fore, can be obtained from these data.

Figure 2 shows that in each case the formation of
a complex ion of triethylenetetramine with one
metal ion occurs. In the presence of excess amine ex-
pansion of the coordination sphere occurs for all but
the copper(ll) and zinc(l1) ions.

Comparison of the data of cadmium(ll) and
zinc(11) shows that the 1:1 complex ion is more
stable for zinc(ll) than for cadmium(ll) and that
the coordination sphere of zinc(l1) is not expanded
to a coordination of six whereas that of the cad-
mium (I1) ion is. It is to be expected that the
larger cadmium(ll) would act in this manner.

The equations of the method of this paper require
that all nitrogen atoms of triethylenetetramine be
coordinated to the central metal ion. The coordi-
nation number of six thus requires a formula [M2
A3]+4

It is possible to postulate other formulas for these
complexes such as MA2where two of the nitrogen
atoms of one of the amines would not be coordinated.
However, spectrophotometric studies8 and polaro-
graphic studies of several of these complexes indi-
cate that the complex ion with the highest amine
to metal ion ratio is the 3/2:1 complex.

The steep increase in the formation curves of the
cadmium(ll) and manganese(ll) complex ions with
trien shown in Fig. 2 is no doubt due to the fact that
at these high concentrations of amine polymeric
hydroxy complexes may exist which will change the
pH and thereby the h and p(amine) value. Such
polymers would not allow coordination of all nitro-
gen atoms in the amines and Bjerrum’s method
would not be valid.

A previous polarographic investigation of the
complex ion formed between cadmium(ll) and
triethylenetetramine9 gave log k values of 13.9 for
the 1:1 complex ion. However, the log k values
for this complex compound obtained in this investi-
gation is 10.9, and the value for the 3:2 complex
ion ivas estimated to be 3,1.

The difference in these values of the 1:1 complex
ion can be expected since a large excess of the amine
(100:1) and greater is present in polarographic in-
vestigation whereas the excess of amine in the solu-
tion from which these data were obtained was
never larger than 2:1. At such small excess the
above authors found that the electrode process was
irreversible indicating the possible presence of other
complex ions. The complex (Cd2 trien3 +4 found
in this investigation is in accord with such conclu-
sions.

Order of Stability of lons.—The order of stabil-
ity of the complex ions of the same metal ion is
that expected from the nature of the amine. The
stability of the ions formed by (i(i'/T'-triaminetri-
ethylamine (tren), an isomer of triethylenetetra-
mine indicated that sterie effects are important.6
It is sterically impossible for this amine to enter a
planar configuration as required by the copper(ll)
ion and the decrease in stability, relative to the tri-

(8) H. B. Jonassen and B. E. Douglas, J. Am. Che?n. Soc., 71, 4094
(1949).

(9) B. E. Douglas, Il. A. L&itinen and J. C. Bailar, Jr., ibid., 72,
2484 (1950).
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ethylenetetramine complex ion, is indicative of the
strain present in the ion.

The determination of the formation constants at
two temperatures permits calculation of the free en-
ergy of the ions and approximate heats of formation
of the complex ions. These are given in Table IV.

A comparison of the data of the first and second
step equilibria in the complex ions containing tri-
ethylenetetramine and diethylenetriamine shows
that the increase in stability in the second step
equilibrium is very much smaller for the trien com-
plexes than for the dien complex ions. This is to
be expected since the second step of the trien com-
plexes involves formation of dinuclear complex ions.

No evidences of the hydrogen complexes reported
by Schwarzenbach were obtained in this investiga-
tion.

Irving and Williams©Dhave recently reviewed the
stability of complex ions of bivalent metals. For
the ions, Cu(ll), Ni(ll), Co(ll), Zn(11) and Cd(II)
the stability decreases in that order irrespective of
the nature of the coordinating group.

(10) H. Irving and J. P Williams, Nature, 162, 746 (1948).
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Calvin and Melchior1lobtained the same order of
stability. Attempts by these authors to relate the
order of stability to some property of the metal
atom or ion showed that the correlation was best ob-
tained between the second ionization potential of
the gaseous atoms and the relative stability of the
complex.

Figure 3 shows the logarithms of the stability
constants of complex ions with various amines with
a coordination number of four which have been
studied quantitatively along with the second ioniza-
tion potentials as given by Latimer.12 Since only
a very few data are available for Fe(Il) and Mn(ll)
complexes with this coordination number these val-
ues are not included but the decrease in the second
ionization potential observed for these ions is also
found in the log h data of their complexes. Similar
results are indicated by the meager data available
for complexes with a coordination number of six.

(11) M. Calvin and N. C. Melchior, 3. Am. Chem. Soc., 70, 3270
(1948).

(12) W. M. Latimer, “The Oxidation States of the Elements and
Their Potentials in Aqueous Solutions,” Prentice-Hall, Inc., New York,
N. Y .f 1938, pp. 14-15.
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Many homogeneous oxidation-reduction reactions have been shown to involve coordination complexes as intermediates.
In the present work, eopper(ll) is shown to coordinate four cyanide ions, this complex ion then yielding Cu(CN)3 and CN

radical;

the coordination positions on the eopper(ll) ion, thereby bringing the rate of the reaction into a measurable range.

high concentrations of ammonia are present in the reaction mixture in order to compete with the cyanide ions for

A pos-

sible reason for the necessity of four cyanide ions in the reacting complex is discussed.

Out of the studies on the mechanism of electron
transfer have come some promising possible gener-
alizations. One of these might be stated as fol-
lows: coordination complexes are involved mecha-
nistically as intermediates in homogeneous ionic
oxidation-reduction reactions. This hypothesis
appears to be particularly applicable to reactions
Involving cationic oxidants and anionic or “Lewis-
base” reductants. For example, systems in which
:such complexes have been observed as intermedi-
ates are FeCHR-I-,1 Mn(l11)-CD r,23 Ce(lY)-
glycol,4 Ce(1V)-Cl~,6 Fe(l11)-S03,6 Ce(lV)-
C2.4=,7and a number of others.

A point of further interest in connection with
these coordination intermediates is any relationship
which might exist between the number of oxidizable
anions in the complex and the rate of “electron
transfer.” For instance, the complex FeL+ yields
ferrous ion very much more rapidly than does the

(1) A. V. Hershey and W. C. Bray, J. Am. Chem. Soc., 58, 1760
((1936).

(2) F. R. Duke, ibid., 69, 2885 (1947).

i() li. Taube, ibid., 70, 1216 (1948).

'@ F. R. Duke and A. A. Forist. ibid., 71, 2790 (1949).

i(5) F. R. Duke and J. Anderegg. unpublished data.

i6) F. R. Duke and A. Bottoms, unpublished data.

((7) S. D. Ross and C. G. Swain, J. Am. Chem. Soc., 69, 1325 (1947).

complex Fel+2; Mn(C2.i)+ yields manganous

very much more rapidly than does Mn(C24)2~.
The present work examines the Cu(ll)-CN~

reaction from the points of view outlined above.

Experimental

Reagent grade chemicals were used. Acidified cupric
chloride stock solution was standardized through thiosulfate
against KX r207 with a small quantity of Na2C 03added, and
potassium cyanide was standardized against AgN 03with the
iodide end-point. The ammonia was cooled, diluted,
standardized against HC1, and thereafter kept in an ice-box,
as were all solutions containing ammonia. Kinetic runs
were made at 0° + 0.1°, maintained by a bath of melting
ice in a dewar flask.

Separate erlenmeyer flasks containing 50 ml. of the de-
sired cupric ammonia solution and a cyanide solution of ap-
propriate concentration were cooled to equilibrium in the ice-
bath. Five ml. of the cyanide solution were then added to
the rapidly shaken copper solution by means of a pipet cali-
brated to give 5.00 + 0.02 ml. Five-ml. portions of the re-
acting solution were removed by a calibrated pipet at known
times and quenched in 2 ml. of a solution containing 0.2 M
zinc nitrate in approximately 10 M ammonia. The optical
density at 600 mu of the quenched solution was observed
and compared against an empirical curve constructed from
the optical densities of known cupric copper concentrations
under identical conditions except for the colorless cuprous
cyanide complexes. The concentration of total cupric cop-
per in the reacting solution was thus determined. Concen-
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trations of other ions subsequently cited likewise refer to the
reacting solution.

The ionic strength of the reacting solution was maintained
at 1.0 with sodium nitrate. The ammonia concentrations
remained sufficiently standard over 18 hours, and the cya-
nide solutions for even longer. Optical measurements were
performed on a Coleman Universal Spectrophotometer,
Model 14.

A separate study was made to determine the cause of the
distinct violet color resulting from the addition of cyanide
to ammoniated cupric copper. The optical density at 614
mp of the copper-ammonia-cyanide mixture was measured
as a function of time, since it is unstable. Extrapolation
over 20 seconds to zero time gave DO, the extinction at zero
time. The above wave length was chosen from fast test
runs as the approximate maximum in the absorption spec-
trum of the violet species. These optical measurements
were made with a Cary Recording Spectrophotometer,
Model 12, Serial 15.

Results and Discussion

It was noticed that a shift from blue to blue-violet
occurred when CN*“ was added to ammoniacal cu-
pric solutions. The violet color absorbed most
strongly light of wave length 615 mp. The effect of
varying CN*“ at constant Cu++ on the extinction
was determined at this wave length and found to
be linear in CN“. Since K = Cu(CN)JH (Cu++)
(CN)Xand Cu(CN)x2~x = KE, where E is the ex-
tinction, isf(Cu++)(CN-)x = KE, or at constant
Cu++, (CN“)X = K'E. The straight line varia-
tion of E with (CN-) indicates that x = 1 and that
the inconsequential amounts of copper and cyanide
are stored as CuCN+ at high ammonia concentra-
tions. Thus we were able to conclude that the
Cu++ could be represented by total copper concen-
tration and that CN*“ initially was equal to total
cyanide concentration.

The stoichiometry of the reaction was found to be
8CN- + 2Cu++ -» 2Cu(CN)3=+ (CN)*. Cyano-
gen was found to hydrolyze slowly compared with
the rate of the oxidation reaction.

Plots were prepared of Cu++ vs. time.
typical curves are shown in Fig. 1.

Some
From these

Fig. 1.— Variation in total copper (11) with time at various
cyanide concentrations.

plots, —d Cu/di was determined by the plane sur-
face mirror technique, both at zero time and other
times. The zero time rates are uncomplicated by
the presence of cuprous copper and were therefore
analyzed first. Plots were made of log (—R0O ver-
sus log a for constant original copper(ll), Tqui,
where R,, is the initial reaction rate and the zero
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Fig. 2.— Plot for the determination of kinetic order in
copper (I1) and cyanide.

time ratio of CN“ to Cu++ is a (Fig. 2). These
plots were found to have a slope of 4 for a variety
of values of a, and intercepts appropriate to the
equation: —R0O = ;~cun“4 This result indicates
a rate expression

- Ro= - (dT@n/d0o = k™{cu++). (CN-)«. (I)

Next, the effect of variation in (NH3 was con-
sidered. Utilizing the cupric-ammonia stability
constants K'n where K'n = [Cu(NH3)" ]/[Cu-
(NH3nI][NH3], and the relation Ilcull = [Cu-
(NH)*1] + [Cu(NH35r], since the concentrations
of less-ammoniated species can be calculated to be
insignificant and that of the cyanide complex is
assumed to be insignificant, it can easily be shown
that

(Cull) = 1ax 2
© GAC 4 kkXkikaiity 9
where onhv» is the activity of the ammonia. Also,

since (CN-) = TcN- = TCN- - 4Z,Qin + 4P°y
from stoichiometry, the integrable rate equation is
fcg,,(TQU(réN_- 47i°th + 4rcon)k

R =

K ©)
NMaNB k, ®**"507M03
BR = kK (TQii)(T°. - 4T°u - 4TQu)« (4)
Equation (4) reduces to (1) at zero time. Integra-

tion of (4) gives

In- + 12s - 24s2 + 64s3 - (in- + 12x,, -
X x0

24%0 + 64x~ = KKXTex- “ 4T€n)4X t (5)

where X = TN/ TgN- - 42 cdi + 4Tc*n) and x0
refers to zero time. Equation (6), X — X0 =

K"t, corresponding to (5) is valid for all conditions
other than N- — 4lF£uii = 0, when (4) must be
reintegrated.

The slow reaction may involve Cu(CN)4NH3=
rather than Cu(CN)4 as the disproportionating
species, and in this case (2) is replaced by

1Cull

(Cu(NPI3)u) (7)
PIEY%N8 F
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K' now becomes

4~ eeekHPhi

A similar treatment could be given for an interme-
diate complex of Cu(CNj4NH312J.

The validity of the mechanism which has been
postulated may be experimentally verified by the
use of (6), for the product kK’ should be independ-
ent of copper(ll) and cyanide concentrations. The
role of ammonia in the intermediate complex is
carried in K', per equation (4) or (8). For the
excessive ammonia concentrations, K' is a true
constant. Plots were prepared where the left side
of equation (6) was calculated and graphed vs. 1
Figure 3jexemplifies these plots. The lines which
resultedjwere straight and had the slopes, K", indi-
cated in column 4 in Table I.

Table |
Pseudo and True Constants for jl-= 1, T - 0°
kKiy for
for Cu(CN),-
Tnh! Tculi ?CN- K Cu(CN),- (NH,)-
125 0.00125 0.0150 5.3 x 105 2.8 X 1028 3.3 X 10%
.00125 .0100 4.8 x 106 2.7 3.2
.00150 .0120 4.9 X 105 2.7 3.2
.00150 .00900 7.0 X 105 3.6 4.2
.00200 .00800 3.0 3.6
.00250 .0100 2.9 3.4
.00300 .00900 5.3 x 105 2.8 3.3
.00600 .0120 4.8 X 105 2.5 3.0
.00600 .00900 6.3 x 105 3.3 3.9
.00600 .00600 5.1 X 10s 2.7 3.2
11.2 .00300 .00900 9.9 X 105 2.8 X 10« 4.0 X 1020
.00300 .00600 9.2 X .05 2.8 4.0
10.5 .00200 .00600 1.2 X 10« 2.9 X 102 4.1 X 1026

The last two columns of Table | indicate the re-
sults of an attempt to determine the role of ammo-
nia in the reaction by calculating the denominator
of K* in the two mechanisms mentioned previously.
If we now substitute the formal concentrations of
ammonia, TnH, for activities, the denominator of
K" in (4) becomes 2.4 X 106 Tnh, + 15 X 10B
TBHorin (8), 3.6 X 10 T\m, + 23 X 10“ 7% ,
The values of kKn and kKiy in Table | are calcu-
lated under these conditions and should therefore
be considered as independent of variations in cop-
per(ll), cyanide or ammonia. These values defi-
nitely disallow any categorical statements regard-
ing the function of ammonia in the reaction, except
that ammonia greatly lowers the rate in closest
agreement with the assumption that Cu(CN)4' is
the intermediate species. The high inverse de-
pendence of the rate on ammonia concentration pre-
cluded the possibility of obtaining data over wide
ammonia variations.

In searching for a reason why four CN~ ions
must be in the complex for the reaction to pro-
ceed, we tentatively arrived at the conclusion that
cuprous cyanide complexes having less than three
cyanides must have very high free energy, too high
to represent to any measurable extent the Kinetic
product of the reaction. Another way of saying es-
sentially the same thing is that the activated com-
plex must have substantially the properties of
the product, and the high energy products repre-
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sent activated complexes of considerably higher
free energy than that involving four cyanide ions.

Fig. 3.— Plot testing equation (6).

This work was performed in the Ames Labora-
tory of the Atomic Energy Commission.

REMARKS

Robert E. Connick: The authors have stressed an inter-
pretation of the data in terms of an activated complex struc-
turally very similar to known or plausible complex ions.
It should be pointed out that such a picture is not unique
and the activated complex may consist of an arrangement of
atoms quite unlike the stable complex ion. The kinetic data
will be fitted equally well as long as the stoichiometric com-
position of the activated complex is the same.

Thus one could interpret a first order rate law for the de-
composition of the ceric-glycol complex in two steps: first,
the dissociation of the complex into ceric ion and glycol;
and, second, the collision of these two species to form the
activated complex. The geometrical arrangement in space
of the ceric ion and glycol might be completely unlike that of
the stable complex.

Such an interpretation, when applied to the copper cyanide
reaction gives a plausible rationalization of the observed
fourth order dependence on cyanide ion concentration.
Thus the activated complex may consist of the copper with
three cyanide groups arranged around it in positions similar
to those found in the product, Cu(CN)3 The fourth
cyanide ion would be the one oxidized and could have a posi-
tion completely unrelated to any stable complex ion. For
example, it may be turned 180° from its normal coordination
configuration.

It is of course impossible to deduce from kinetic data the
structural arrangement of the atoms within the activated
complex.

Reply: My attitude on this question is consistent with
the principle of accepting the simpler of trvo possible alterna-
tives which cannot be distinguished.

Further, the existence of an interatomic orbital involving
the oxidant and reductant could provide a convenient path
for the electrons. Perhaps compelling evidence will show up
in the future in favor of one or the other of these possible
views.

I agree with Dr. Connick that both points of view should
be presented for the sake of scientific completeness.
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The rates of aquation and hydrolysis of several C-substituted acetatopentamminecohalt(lll) ions have been measured.

These have been found to be dependent upon the base strength of the coordinated ligand but independent of its size.

This

has been interpreted to mean either that the incoming group approaches the complex largely from a position opposite to that

of the group being displaced or that the substitution occurs by means of an ionization mechanism.

In addition it was found

that there is a hundredfold spread in the rates of hydrolysis as compared to only tenfold for the rates of aquation in the same

series of ions containing ligands of different base strengths.

This has been interpreted as being due to a change in the re-

sidual positive charge on the central cobalt atom having a greater effect on the approach of a negatively charged hydroxide

ion than on that of a neutral water molecule.

I. Introduction

The mechanism of substitution reactions in com-
plex ions has been of interest to coordination
chemist ever since the acceptance of Werner's co-
ordination theory of valence. Some of the ap-
proaches to an elucidation of these mechanisms
have included studies in stereochemistry2-5 chem-
ical kinetics67®and isotope exchange.“D Bailar
has written an excellent review on the stereochem-
istry of complex compoundsll in which he sum-
marizes some of the views on this subject of reac-
tion mechanism. Werner has interpreted his ob-
servations as being indicative of no correlation be-
tween the positions occupied by the incoming and
outgoing groups during a substitution reaction. It
would be of interest to know, however, if the in-
coming group approaches the complex from the
same side or from a position opposite to that of the
outgoing group. In an attempt to contribute to the
solution of this problem, an investigation has been
made of the reaction rates of various C-substituted
acetatopentamminecobalt(l1l) ions. The rates of
aquation and hydrolysis have been determined for
two series of such complex ions, one containing ace-
tato groups of different base strength while the
other contains acetato groups of analogous base
strength but of different steric requirements.

1. Experimental

A. Preparation of Compounds.— The starting material
used for the synthesis of the necessary compounds was car-
bonatopentamminecobalt(l11) nitrate made according to tie
procedure of Werner and Goslings.22 In general all of the
acetato complexes were prepared by the reaction of the

(1) This investigation was supported by a grant from the United
States Atomic Energy Commission under Contract AT (II-1)-89-
Project No. 2.

(2) A. Werner, Ben, 44, 873 (1911); Ann., 386, 1 (1912).

(3) A. Werner, B e 45, 1228 (1912).

(4) J. C. Bailar, Jr.,, and W. Auten, J. Am. Chem. Soc., 56, 774
(1934).

(5) J. C. Bailar, Jr.,, 3. H. Haslam and Eldon M. Jones, ibid., 58,
2226 (1936).

(6) A. B. Lamb and J. W. Marden, ibid., 33, 1873 (1911).

(7) J. N. Bronsted, Z. physik. Chem., 122, 383 (1926).

(8) F. J. Garrick, Trans. Faraday Soc., 34, 1088 (1938);
139, 507 (1937).

(9) G. W. Ettle and C. H. Johnson, J. Chem. Soc., 1490 (1939).

(10) A. W. Adamson, J. P, Welker and M. Volpe, J. Am. Chem. Soc.,
72, 4030 (1950).

(11) J, C. Bailar, Jr., Chem. Revs., 19, 67 (1936).

(12) A. Werner and N. Goslings, Ber., 36, 2380 (1903).
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carbonato complex with an excess of the desired acid. The
techniques employed to isolate these salts from solution var-
ied slightly depending upon their solubility characteristics.
In every case the compound was analyzed for ammonia us-
ing the method described by Horan and Eppig.13

The general method of synthesis may be illustrated by a
description of the procedure for the preparation of acetato-
pentamminecobalt(lll) nitrate. Five grams (0.018 mol) of
carbonatopentammmecobalt(ll1l) nitrate is suspended in
15 ml. of water and 12 g. (0.2 mol) of glacial acetic acid is
added. The reaction mixture is concentrated on a steam-
bath for 90 min. during which time a red crystalline salt
separates. After cooling to room temperature, 50 ml. of
water is added and the product is collected on a filter. The
mother liquor is removed from the filter flask and then the
salt is washed with 50 ml. of cold water followed by alcohol
and ether and dried at 50°; yield 3 g. Anal. Caled. for
[Co(NHJBC2HD2](N03J2:NH3 26.0. Found: NH3 26.2.
An additional 2 g. (over-all yield 83% ) of the salt may be ob-
tained by adding 15 g. of ammonium nitrate to the mother
liquor. The precipitated salt is collected, washed and dried
as described above.

Essentially the same procedure was used for the prepara-
tion of all these compounds except that in every case other
than that of the acetato complex the salts were sufficiently
soluble so they did not separate during the digestion of the
reaction mixture. In all instances, except for the isobutyr-
ate and pivalate, the nitrate compounds were separated from
the solution by the addition of an excess of ammonium nitrate
to the reaction mixture. In case of the isobutyrato and
pivalato derivatives, these were isolated by the addition of
the concentrates to absolute alcohol. All of the complexes
were isolated as the nitrate salts. Good evidence that the
complex ions contain the acetato groups and not nitrate
comes from the fact that under these same conditions the
aquation of [Co(NH3)3N 03 +2 is much more rapid— k(70°)
(min.-1) = 2 X 10-1.

B. Procedure for Determining the Rates of Aquation.—
The aquation reaction for all of these complex ions may be il-
lustrated by the equation [COo(NH3)X]+2 + H2D —»
[CoO(NH38 2D ]+s + X -. The aquo complex, [Co(NH8)5
HjO] +s, resulting from this aquation is an acid of ionization
constant 2.04 + 10-6.u The rates of aquation were fol-
lowed by titrating the amounts of this acid produced using a
standard solution of sodium hydroxide. It was found that
thymol blue served as a suitable indicator, providing the
concentration of the complex did not exceed 0.01 M. The
aquations were all run at 70 + 0.05°, with solutions ap-
proximately 0.004 ,1/ in complex containing two equivalents
of perchloric acid. From time to time samples (25 ml.)
were withdrawn and discharged into some cracked ice to
quench the reaction. The solution was then titrated with
0.0755 N NaOH from a microburet graduated directly to
0.01 ml. Rate constants were obtained by plotting the
usual first order expression against the time.

C. Procedure for Determining the Rates of Hydrolysis.
— The hydrolysis reaction for all of these complex ions may

(13) II. A. Horan and H. J. Eppig, J. Am. Chem. Soc., 71, 581
(1949).
(14) 1 N. Bronsted and K. Volqgvartz, ibid., 134, 97 (1928).
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be designated by the equation [Co(NH3)oX]+2 + OH' —
[Co(NH3B0H] +2 + X -. The procedure used to follow the
rate of hydrolysis is similar to that described for the aqua-
tion reaction. However, in this case the unreacted hy-
droxide ion is determined by titration with standard hydro-
chloric acid using thymol blue as an indicator. The hydroly-
ses were carried out at 25 + 0.05° with solutions approxi-
mately 0.004 M in complex plus an equivalent amount of
sodium hydroxide. The usual second order function was
plotted against time to get the rate constants.

I11. Results and Discussion

A. Acetato Groups
Strengths.— Among the simplest substituted acetic
acids having appreciably different dissociation
constants are the haloacetic acids. The base
strength of the anions of these acids will vary in-
versely as the dissociation constant of the corre-
sponding acids. Accordingly, the reaction rates of
the trifluo-, trichloro-, dichloro- and monochloro-
acetatopentamminecobalt(l11) nitrates have been
investigated. Some representative data collected
on the aquation reactions are plotted in Fig. 1 and
for the hydrolysis reactions in Fig. 2. In all cases
duplicate runs were made with better than + 10%
precision in the value for the rate constant.

The rate constants for these reactions along with
those for the glycolato and acetato derivatives are
summarized in Table I.

Table |

Acetato Groups with Different Nucleophilic

Character

Diss. Aguation, Hydrolysis 25°
Oo(NHs)BX (NO* const. 70° k (liters
X! H X k (min.-1)  mole-1 min.-1)
CFaCOO 5 X 10“13.3 X 10“3 4.4
CChCOO- 2 X 10'13.2 X 103 4.3
CHCI,COO- 5 X 10~29.6 X 10'4 1.6
CHXICOO- 1.4 X 10'33.5 X10'4 2.5 X 10'1
ch2ohcoo- 1.5 X 10'4 7.0 X 10'2
ch3coo- 1.8 X 10-6 4.9 X 10“4 4.2 X 10~2

It can be seen that considerable correlation is
found between rates of reaction and the acidity of
the particular coordinated acetato group. That
the correlation is not perfect is clearly illustrated in
Fig. 5. Itisfelt that some of the discrepancies may
result from the experimental difficulties encoun-
tered in making accurate measurements of these rate
constants. Unfortunately all of these complex ions
in solution have a tendency to liberate ammonia as
typified for the aquation reaction by the equation
[Co(NH3X ]+ + (N + 1H»0 — >

[Co(NH36,,(HD),+i]+3+ X” + nNH3

and for the hydrolysis reaction by

[Oo(NH35X]+2+ (n + I)OH-— >
[Co(NH35-,(OH),+ri+3-" + X + ANH3

Lamb and Marden6experienced this same difficulty
and made a study of this decomposition of acidopen-
tamminecobalt(l11) ions showing that the evolution
of ammonia appears to be autocatalyzed. Actually
what appears to happen is that the first ammonia
molecule comes off from the complex ion with diffi-
culty, but then the next four ammonias are displaced
rather readily. That ammonia is liberated during
these reactions was confirmed by sweeping the am-
monia out of the reaction mixture with a stream of
air and into a solution containing Nessler reagent.

with Different Base
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Fig. 1.— Aquation of
-, CCIXO00O-~:
CH.COO .

[CO(NH35 X] +2 at 70°: X ' =
A, CHXICOO" 0O, CHXICOO-; O,

6« m
Fig. 2.— Hydrolysis of [Co(NH35 X ]+2 at 25°: X~ =
-, CCbCOO-; O, CH,CICOO'; A CHCbCOO-; O,
CH3COOy

This was done with the aquation reactions after the
excess acid had been neutralized with sodium car-
bonate. Qualitative tests of this type resulted in
only very faint or no coloration of the Nessler solu-
tion after the mixture had been allowed to stand at
the conditions of our experiment for less than four
hours. However, after standing for a period longer
than five hours there resulted a marked coloration
of the Nessler solution indicating that appreciable
guantities of ammonia had been evolved.

As soon as an appreciable amount of ammonia is
released, data collected by the titration method be-
come meaningless. For this reason most of the
rates reported in Table | and Il are for the initial
stages of the reaction, from 5 to 10% completion.
However, the stronger acids are displaced rapidly
enough compared to ammonia so that their com-
plexes may be followed considerably further (up to
60% for trifluoracetato). The assumed Kinetics,
first order for aquation and second order for hy-
rolysis, were based chiefly on the results obtained
from these more rapid reactions. Also the possible
effect of hydrogen ion on the rate of the aquation
reaction was checked for the trifluoracetato and for
the acetato complexes. The rates were found to
be the same in 0.004 and 0.008 M acid so that
catalysis by hydrogen ions is not important. Like-
wise the hydroxide ion concentration has been var-
ied in the hydrolysis of the trichloroacetato and
isobutyrato complexes. In all cases there was
found a first order rate dependence upon the con-
centration of hydroxide ion.

It is of interest to note that the hydrolysis curve
of Fig. 5 is more nearly linear than would be an an-
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alogous curve fcr the aquation reactions. Also the
spread in the rates of hydrolysis (100-fold) is
greater than the spread in the rates of aquation (10-
fold). This is reasonable if it is assumed that the
effect of changing the nature of the acid ligand
works in two ways. First, the stronger acid ligand
forms a weaker bond with the central cobalt ion and
is more easily removed than a weaker acid ligand.
This would be true if the process of removing a sub-
stituted acetate ion from a positive cobalt ion is
similar to the process of removing it from a positive
hydrogen ion. Second, the stronger acid group
leaves a greater effective positive charge on the
central cobalt ion. This would greatly facilitate
the approach of a negatively charged hydroxide
ion, but would have only a small effect on the ap-
proach of a neutral water molecule.

B. Acetato Groups with Comparable Base

Strength but Different Steric Requirements.—
A second series of “ substituted” acetic acids were
chosen in which the dissociation constants are
not too different. However, in this series the hy-
drogen atoms attached to the methyl group in ace-
tic acid are progressively replaced by methyl
groups—i.e., CHXH2ZOOH, (CH32ZHCOOH, and
(CH33COOH The data collected for the rates
of aquation and hydrolysis of the acidopentamine-
cobalt(l11) ions containing these “substituted” ace-
tato groups are plotted in Figs. 3 and 4. The rate
constants for these reactions are summarized in
Table II.

LOG (0- K).

Fig. 3—Aquat|0n of [Co(NH35 X]+2 at 70°: =
0 ,CHXO0O0-; A (CHOICHCOO-; O, CH, CHSCOO— .,
(CH,)XC00-

Fig. 4.— Hydrolysis of [Co(NH36 X ]+2 at 25°:
O, CH3COO-; O, CHXHZOO~; A, (CHJ)ICHCOO-
., (CH3ZCOcCr.

Yol. 56

Tabre |1
“Acetato” Groups with Different Steric

R equirements

Diss. Aquation Hydroly5|s 25°
const. 70° (Ilters
Co(NH,))iX (NO0,)8 H X k (min.-1) mole-1 min.-1)
X - X i0-5 X 10 X 10-2
ch3Xxoo- 1.8 4.9 4.2
ch3&hZXZoo- 1.4 1.9 2.7
(CH3XCHCOO- 1.5 1.6 3.4
(CH33CCOO- 1.0 2.6 1.8

These results indicate that the rates of aquation
and of hydrolysis for these complexes are at least
comparable. These reactions could not be followed
to more than 10% completion because of interfer-
ence due to the evolution of ammonia as previously
described. It is therefore felt that some of the
variations observed may well be attributed to the
experimental difficulties.

IV. Conclusions

A consideration of molecular models&clearly
shows that an approach to the central metal atom
by the incoming group from the same side as that of
the group being displaced becomes increasingly
more difficult as the size of the group attached to
the carboxyl gets larger. In all of the compounds
investigated, an approach from a position opposite
to that of the group being displaced is equally avail-
able. Since the rate data indicate that comparable
rates of aquation and hydrolysis are observed if the
groups have similar base strengths regardless of the
steric hindrance at the front of the ion, it seems
reasonable to conclude that in these examples either
the incoming group approaches the complex largely
from the back side (side opposite to the outgoing
group) or the substitution occurs by means of an
ionization mechanism. Additional support is given
to this supposition by the fact that even in the
series of compounds where the basic property of the
coordinated groups do change, the relative rates of
reaction are those to be expected without taking
into account the frontal steric changes accom-
panying these changes in nucleophilic properties as
shown in Fig. 5.

LOG IKHx « 106).

Fig. 5.— Rates of hydrolyses of [Co(NH35 X]+2 vs.
strengths of X -

base

(15) The central cobalt(l1l) atomic model was constructed using
the hexacovalent radius of Co(lll) given by Pauling« and the linear
scale dimensions of 1cm. in the model equal to 1A. in the atom adopted
for the Fisher-Hirschfelder-Taylor atom models.

(16) L. Pauling, “The Nature of the Chemical Bond,” Cornell Uni-
versity Press, Ithaca, N. Y., 1945, p. 182.



Jan., 1952

REMARKS

Victor Ilv. LaMer: What is the slope of the line in the
plot in Fig. 5 of the log of the specific rate of hydrolysis
against the log of the base strength of the group being re-
placed?

Response: The line has a slope of approximately 0.8.

F. R. Duke: On what basis is the Sn2 mechanism for the
reactions postulated?

Response: Both kinetic and stereochemical data on
numerous substitution reactions involving cobalt(ll1l) com-
plexes suggest tire reaction path is primarily that commonly
referred to as S\2. Although this appears plausible since it
has been shown by various investigators that these reactions
are second order and likewise they are not accompanied by
raeemization, it has not been unequivocally established.
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V Henry Taube: How do you know that the C -0 bond is
not broken rather than the Co-0 bond when the groups are
replaced? Tracer experiments conducted by J. P. Hunt and
A. C. Rutenbcrg at the University of Chicago show that in
the replacement by water of carbonate in Co(NH3)iC03+ the
C -0 bond is severed rather than the Co-0 bond.

Response: To begin with I do not feel the two systems
are analogous as the evolution of carbon dioxide may well
enhance the breaking of the carbon-oxygen bond. 1 am also
of the opinion that our results would support cleavage of the
cobalt-oxygen bond. If the bond broke between carbon
and oxygen one may expect that the rates of reaction would
decrease with increasing steric hindrance as is the case with
the hydrolysis of esters. Since we found that the rates of re-
actions were not dependent on steric hindrance, it would ap-
pear that the approach is from the opposite side of the cobalt
which remains unchanged. This in turn suggests that the
cleavage occurs between cobalt and oxygen.

COMPLEX IONS FROM IRON AND ETHYLENEDIAMINETETRAACETATE:
GENERAL PROPERTIES AND RADIOACTIVE EXCHANGE

By S. S. Jonesland F. A. Long
Department of Chemistry, Cornell University, Ithaca, N. Y.

Received August SO, 1951

The complex ion formed from ferrous ion and ethylenediamine tetraacetate ion, FeY*“, has a dissociation constant of

about 10~14
complex is much more stable;

It is easily and rapidly oxidized to the ferric complex.

The acid H2ZFeY is quite strong as is HFeY. The ferric

the dissociation constant, determined by a radioactive indicator method is about 10 ‘2]
However FeY” undergoes photosensitized reduction in the presence of sunlight.
iron of FeY" and Fe ++ is instantaneous at pH values of from 2 to 5.

The radioactive exchange between the
The analogous ferric exchange at 25° is much slower.

In the pH range from 1 to 2.5 the rate of exchange depends on pH in a complex manner and analysis of the exchange data

shows that at least three separate kinetic terms enter.

Introduction

Ethylenediaminetetraacetate ion, which is cus-
tomarily abbreviated as Y*“=, forms stable com-
plexes with avariety of di- and trivalent metal ions.
The ratio of metal to ethylenediaminetetraacetate
is invariably one and since the latter ion contains
six potential coordinating groups, there is the inter-
esting possibility that the Y” ion alone is so ar-
ranged around the metal ion as to give an octahe-
dral structure. Early studies on the complex ions
were made principally by Pfeiffer2‘4 and Brint-
zinger6-7 and co-workers. Schwarzenbach and co-
workers8-14 have studied several of the complexes
with emphasis on the analytical applications. Of
particular interest are the pK values of the acid
H4Y ; according to Schwarzenbach and Acker-
manDin 0.1 molar potassium chloride at 20°, these
are: pKx = 2.00; pKi = 2.67; pK3 = 6.16;
pKt = 10.26.

(1) Knolls Atomic Power Laboratory, General Electric Company,
Schenectady, N. Y.

(2) P. Pfeiffer and W. Offermann, Ber., 75B. 1 (1942).

(3) P. Pfeiffer and H. Simons, ibid., 76B, 847 (1943).

(4) P. Pfeiffer, ibid., 77A, 59 (1944).

(5) H. Brintzinger and G. llesse, Z. anorg. allgem. Chem., 249, 113
(1942).

(6) H. Brintzinger, H. Thiele and 13. Muller, ibid., 251, 285 (1943).

(7) H. Brintzinger and S. MunkeR, ibid., 256, 65 (1948).

(8) G. Schwarzenbach, Helv. Chim. Acta, 29, 1338 (1946).

(9) G. Schwarzenbach, W. Biedermann and F. Bangerter, ibid., 29,
811 (1946).

(10) G. Schwarzenbach and H. Ackermann, ibid., 30, 1798 (1947).

(11) G. Schwarzenbach and Il. Ackermann, ibid., 31, 1029 (1948).

(12) G. Schwarzenbach and W. Biedermann, ibid., 31, 459 (1948).

(13) G. Schwarzenbach and W. Biedermann, Chimia, 2, 56 (1948).

(14) G. Schwarzenbach, Helv. Chim. Acta, 32, 839 (1949).

Very little has been reported on the complex of
ferrous ion and ethylenediaminetetraacetate.
Schwarzenbach and Biedermannl2 mention some-
what incidentally that ferrous ion is one of several
divalent metal ions which can be determined quan-
titatively with this complexing agent, which implies
that the complex is moderately stable. The ferric
complex has been studied somewhat more exten-
sively. Brintzinger prepared the compounds HFeY
and NH4~eY-H2 and discussed qualitatively the
properties of solutions of the complex ion. He con-
cluded that the complex is relatively unstable.
Klemm® reports that the compound HFeY has a
magnetic susceptibility similar to that of ferric salts
and concludes that the bonding in FeY- is ionic.
Schwarzenbach, et al.,2studied the titration curves
of mixtures of ferric ion and NaZ2H2Y and concluded
that in basic solution the complex becomes Fe-
YOH-.

One way to obtain information on the stability of
complex ions is to study the rate of exchange of the
metal ion in the complex with the free metal ion
using radioactive indicators. Preliminary studies
on the radioactive exchange of several complex ions
of Y“* with the hydrated metal ions have been
reported earlierband it was shown that the ferric,
cobaltic and nickelous complexes exhibited slow
exchange whereas the ferrous and cobaltous com-
plexes underwent rapid exchange. When, as is the
case with the ferric complex, the exchange is slow

(15) W. Klemm, Z. anorg. allgem. Chem., 252, 225 (1944).

(16) F. A. Long, S. S. Jones and M. Burke, Brookhaven Conference
Report No. BNL-C-8 (1948).
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but measurable it is of additional interest to deter-
mine the rate law.

The following sections give the results of a more
detailed study of the ferrous and ferric complexes.
These studies show that the ferric complex is actu-
ally highly stable whereas the ferrous complex is
relatively unstable with respect both to dissociation
and to oxidation. The radioactive exchange of fer-
ric iron in the complex with free ferric ions is shown
to be pH dependent and to follow a complex rate
law.

Materials and Procedures

Ethyloiiediaminetolraarelif. acid was obtained in a
specially purified grade from the Bemvorth Chemical Com-
pany of Framingham, Massachusetts. It was dried in a
vacuum oven at 60° for 12 to 24 hours before use. Titration
curves indicated a purity of 100 + 1 % for the dried acid.

Radioactive iron, a mixture of Fe6 and Fe59, was obtained
as a ferric chloride solution from the Atomic Energy Com-
mission, Oak Ricge, Tennessee. The iron was freed from
radioactive impurities, principally Co@), by extraction of the
ferric chloride solution with diethyl or diisopropyl other.
Radiofcmc sulfate was prepared by repeated evaporation of
ferric chloride solution to near-dryness with sulfuric acid.
Active ferrous sulfate solutions were prepared by reduction
of radioferric sulfate with hydroxylamine sulfate. Radio-
ferric perchlorate solutions were made by repeated precipi-
tation of the hydroxide which was finally dissolved in an ac-
curately known quantity of perchloric acid. Other chemi-
cals were of reagent grade.

Two solid compounds of the ferric complex, NH4FeY-H2D
and HFeY, were prepared using procedures similar to that of
Brintzinger, et al,6 Due to the manner of preparation the
ammonium salt contained small amounts of impurities.
However, the acid, HFeY, was quite pure.

Analysis of the D rif.d Acid

c, % 11, % X. % Fe, %
Observed 34.97 4.24 7.97 16.07
Observed 34.79 3.69 8.13 16.08
Observed 16.10
Caled, for HFeY 34.80 3.80 8.12 16.18

Comparison with the theoretical analysis for the formula
HFeY clearly shows that there is no water in the coordina-
tion sphere of the acid. This fact was further confirmed by
titration of the acid with standard base.

Absorption spectra were determined with a model DU
Beckman quartz spectrophotometer. Measurements of pil
were made with a laboratory model Beckman pH meter.
Except where noted otherwise, all exchange runs were car-
ried out at 25.00 + 0.1°. Precipitation was carried out in

Fig. 1.— Titration of HFeY and Na2Hd 2 with 0.1 M NaOH.
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fritted glass funnels and solutions of the separated exchange
species were diluted in volumetric containers for counting.

The iron in a few of the solutions was electroplated on cop-
per disks using a procedure similar to that described by
Hahn.l7 However, in most eases the solutions were counted
directly. To accomplish this, a dipping counter of the sort
described by Solomon and Estesl8was surrounded by a glass
jacket in such a way that solutions could be poured in at the
top, counted, and removed through a stopcock at the bot-
tom. Solutions of the complex did not cause counting dif-
ficulties hut it was necessary to count, ferric ion in strongly
acid solutions to prevent the adsorption of ferric ion or its
hydrolysis products on the glass surface. As long as wafer
solutions of roughly the same salt content were counted, no
correction for differences in radiation absorption was needed.
Background and coincidence corrections were made on all
counts.

Properties of the Ferric Complex. -A solution
of FeY- is stable to acidified permanganate at
room temperature. Sulfide solutions- cause a color
change followed by partial precipitation. Thiocy-
anate ion causes a definite color change with mod-
erately acid solutions of the complex, but the nor-
mal red color of the ferric thiocyanate complex is
produced only when the solutions are highly acid.
The FeY“ complex does not react with orthophen-
anthroline. It is not decomposed by phthalate,
benzoate or phosphate ions (at pH 5) or by an am-
monia-ammonium ion buffer. It is however de-
composed by alkali hydroxides giving ferric hydrox-
ide; cupferron also precipitates the iron.

Titration Curves.—The titration of the acid
HFeY is compared in Fig. 1 with the last half of
the curve for the acid H4Y. The latter is clearly a
weak acid and breaks are evident for neutralization
of the second and third protons. In contrast
HFeY, down to pH 7, behaves like a completely
strong monobasic acid. However, at still higher
pH values a second inflection occurs and, as noted
by Schwarzenbach,2this is accompanied by a color
change which is without doubt due to formation of
the complex, FeYOH".

Spectrum.—Figure 2 gives the absorption spec-
trum of the ferric complex at high and low pH and
also the spectrum of the ferrous complex. For
all solutions the complex was 0.0125 molar and the
absorption path length was 1.00 cm. The absorp-

Fig. 2.— Absorption spectra: solutions are 0 0125-If;
length is 1.00 cm.

path

(17) P. F. Hahn, Ind. Eng. Chem., Anal. Ed., 17, 45 (1945).
(18) A. K. Solomon and H. D. Estes, Rev. Sci. Instruments, 19, 47
(1948).
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tion of the ferric complex at pH 2.5 is such as to
give a yellow color to the solution. At pH 9 the
absorption band has moved considerably into the
longer wave lengths so that the complex FeYOH*
has deeper orange color. In contrast to these the
ferrous complex appears to be essentially colorless.
An incidental point is that solutions of the ferric
complex obey Beer’s law.

The continuous variation method of JobH as
modified by Vosburgh-has been used to determine
whether FeY- is the only complex formed in acid
solution. The procedure is to mix two solutions of
equal molarities, one of ferric ion and one of com-
plexing agent in differing ratios and then measure
the optical densities of the mixtures at selected wave
lengths. One plots Z, the difference between ob-
served optical density and that calculated assuming
no reaction, against a composition function, X. Z
will be a maximum or minimum for a composition
where the reactants are combined just in reacting
proportions. In the present case solutions were
prepared by mixing 0.0025 molar phthalate buf-
fered solutions of NaZHar and ferrous sulfate and
then oxidizing to obtain the ferric complex. All
solutions were at pH 2.75 + 0.1 and optical densi-
ties were measured at wave lengths 360, 380 and
400 millimicrons. Figure 3 gives the results. The
ordinates are Z = D — L[eiM{\ — X) + e™MX]
and X, where A' is volume fraction of NaZH2Y solu-
tion in the mixture, &\ and e2 are molar extinction
coefficients for ferrous and NaZH2y solutions, re-
spectively; M is the molarity of solutions used, L
is optical path length and D is observed optical
density. For all three wave lengths the Z versus X
plots are essentially intersecting straight lines with
amaximum at X = 0.5. This result indicates that
the only complex formed under these conditions is
FeY-, i.e., a 1:1 ratio of ferric and complexing
agent.

Photosensitivity.— Solutions of FeY- are stable
indefinitely when stored in the dark or even in
red glass containers. However in sunlight the
complex undergoes a light induced reduction rather
similar to that observed with solutions of ferrioxa-
late and ferricitrate ions. Studies have been made
of this photosensitized reduction using 0.01 molar
solutions of the ferric complex at high and low acid-
ity and with and without contact with air. At
either high or low acidity a solution of Fe\r- in a
Pyrex glass container is converted to the colorless
ferrous complex after standing in sunlight for a few
hours. The reaction may be represented approxi-
mately as

FeY- + hv = FeY” + Decomp. Pdts. of H4Y

If the resulting solution is now kept in the dark and
exposed to air the ferric complex is reformed by the
reaction

FeY" + 1/2 H,0 + 1/40= = FeY" + OH~

Since this reaction produces hydroxide ions, if less
than one equivalent of acid was initially present
some of the hydroxy complex, FeYOH*", is formed
and the oxidized solution will have an orange color.
(19) P. Job, Ann. Chim. (10) 9, 113 (1928).
(20) W. C. Vosburgh and G. R Cooper, J, A?n, Chem. Soc,, 63, 437
(1941).
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On repeated photoreduction and subsequent oxida-
fion enough hydroxide is formed to decompose the
complex and precipitate ferric hydroxide. How-
ever, if the solutions are kept from contact with air
the first formed FeY* will persist indefinitely. Be-
cause of this photosensitivity of FeY- solutions the
majority of experiments with it were performed in
red glass containers.

Properties of the Ferrous Complex.—No solid
salts of this complex have been prepared and even
aqueous solutions of it are rather difficult to
work with, partly because the dissociation con-
stant of the complex is comparatively high but
more importantly because the complex is very eas-
ily oxidized. Thus even weak oxidizing agents
rapidly oxidize the complex to FeY-; dissolved
oxygen also rapidly affects the oxidation when the
pH is only moderately high. As an example, solu-
tions of 0.004, 0.010 and 0.012 molar FeY“. all at a
pH of 2.5, were prepared using distilled water and a
minimum of agitation; even so, in 8 minutes oxida-
tion took place to the extent of 65%, 40% and 35%,,
respectively. For ordinary solutions the rate con-
trolling step is clearly diffusion of air since with
shaking all solutions are completely oxidized in a
few minutes. The qualitative experiments listed
below were done with minimum exposure to air and,
as discussed later, for more quantitative experi-
ments air was rigorously excluded.

The ferrous complex is not precipitated by ammo-
nia at pH 9; however alkali hydroxides do decom-
pose it giving a mixture of ferrous and ferric hy-
droxides. The iron in the complex is not removed
by ferricyanide ion but is by alkali or ammonium
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sulfide and by orthophenanthroline. A solution of
0.025 molar FeY=initially at a pH of 2.3 will in a
few hours show a definite precipitate of the solid
acid H4Y. These results indicate a moderate sta-
bility of the ferrous complex if not subjected to ox-
idizing conditions.

Titration Curves.—Figure 4 gives titration
curves for solutions of HZeY under varying
conditions. One would expect this acid to be
fairly strong and thus the predicted titration curve
is one with a single inflection at a pH of 7 when two
equivalents of base have been added. In Fig. 4 it
can be seen that when a fairly concentrated solution
is titrated with stirring by nitrogen the curve is
close to that predicted. However for titrations
done in the presence of air there is a notable trend
toward an earlier inflection point. This is to be
expected if any oxidation of the complex occurs
since the oxidation reaction in acid is

I-LFeY + 1/4 02 = HFeY + 1/2 HD

All the titration curves of Fig. 4 were made up
from stoichiometric amounts of solid ferrous sulfate
and NaH2y solution. For the curve to the left
the solution had free access to air and was motor
stirred. The curve shows that oxidation to HFeY
was complete. The intermediate curve represents
a more vigorous attempt to exclude air but oxida-
tion to the extent of about 50% still occurred.
Even in the third and most favorable case about
16% oxidation occurred. The conclusion from
these experiments is that the acid HZeY doubtless
is a strong dibasic acid but for the acid to show its
true properties air must be entirely excluded.

One can use the change in pH accompanying the
oxidation of the ferrous complex to compare its
rate of oxidation with that of ferrous ion. Specifi-
cally a solution was prepared containing 0.10 molar
ferrous ion, 0.10 molar FeY= and 0.05 molar H +
and then the increase with time of the pH of the
solution was followed. The solution was exposed to
air and stirred at each pH measurement. The sig-
nificant point is that the pH rose to the value of the
first inflection point (about pH 6) before a detect-
able amount of ferric hydroxide was formed. This
means that approximately 50% of the ferrous com-

Vol. 56

plex was oxidized before a measurable amount of
oxidation of the ferrous ion occurred. Additional
qualitative experiments lead to the same conclusion,
that the ferrous complex, at all pH values, is oxi-
dized by oxygen at a considerably greater rate than
is ferrous ion itself. Because of this sensitivity to
oxidation, it is highly unlikely thai the analytical
determination of ferrous ion using this complex,
as suggested by Schwarzenbach and Biedermann,
can actually be done.

Spectrum of FeY=.—Figure 2 shows the ab-
sorption spectrum for this complex in the visible
region. Because of the ease of oxidation of these
solutions extreme care was used in their prepara-
tion. The calculated amount of analyzed ferrous
sulfate was weighed directly into an absorption cell.
Then the cell was filled completely with a mixture
of 0.0100 molar Na3HY and 0.0025 molar NazH2y
and the cell top sealed in place with wax before any
significant amount of the solid salt had dissolved.
After the solid had dissolved and the solution mixed
the spectrum was measured. No visible color
showed in the solution until the cell was opened at
the end of the experiment. A duplicate run gave
the same spectrum and the same final pH of the sol-
ution (2.81). Although traces of the ferric com-
plex may still have been present, these results show
that the ferrous complex is almost, perhaps en-
tirely, colorless.

Dissociation Constants.— Approximate values
for the equilibrium constants have been obtained
for both the ferrous and ferric complexes using
rather different procedures in the two cases. The
ferrous complex is of lower stability so that in solu-
tions of intermediate acid concentration there is
extensive dissociation with concomitant formation
of weak acids from the Y“= ion. Consequently a
determination of the actual hydrogen ion concentra-
tion in a mixture of the complex and a known
amount of acid, combined with a knowledge of the
acidity constants for ethylenediaminetetraacetic
acid permits a calculation of the dissociation con-
stant for the complex. Thus using Schwarzen-
bach’s values for the ionization constants of the acid
the following equations may be written, where the
subscript zero refers to total concentrations before
dissociation.

(H+o - (H+) = (Y—) [4 X 102209(n+)4 + 3 x
10w (H+)s + 2 X 10 X(H+)2 + 1010-25 H+] + (ITSOs-)
(Y") =
(1+),, - (H+) - (Hs04)
102, -rqH+)> + 10195 il-)s + 101872(H+T2 + 10IOM(II+)
4
(Fe++ = Y, ELY*"
x=0
= (Y--)[102-011+)4+ 1019 H +)1 + 10'»«(H +)2
+ 10BARTI+) + 1]

(FeY") = (FeY-)o — (Ftw+)

Duplicate determinations of the dissociation
constants were made, with extreme care to avoid
oxidation of the complex. Since the results were
identical (measured pH values of 2.80 and 2.81)
calculations for only one of them are given in Table I.
The activity coefficient of hydrogen ion was esti-
mated from the results for solutions of hydrochloric
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acid in barium chloride2l and the concentration of
bisulfate ion was calculated using Klotz and Eck-
ert's2value of the apparent ionization constant of
this ion at the given ionic strength. The accuracy
of these determinations is low; the reason is that
the hydrogen ion concentration at equilibrium is
so low that relatively small errors in its determina-
tion make a large change in the dissociation con-
stant. However, on the basis of these two results
one can say that the concentration dissociation con-
stant for FeY” ion is approximately 10-u.

Table |

D issociation Constant of FeY", 25°

(Na2FeY)o, M 0.012S
(Na2s04jii, M .0050
(H2S04)a M .0075
pH 2.81

/h o+ .80
(H+) = oh+//Ih+, M .00194
(HS04_), M .00096
(Y - ), M 10-13-64
(Fe++), M .0047
(FeY"), M .0078
Ad 10-139

A similar procedure cannot be used for the much
more stable ferric complex; its dissociation constant
has been evaluated using the radioactive indicator
method of Cook and Long.Z In fact, the detailed
procedure is much the same as that used by these
authors for the nickel complex of ethylenediamine-
tetraacetate ion. A solution containing 0.025 mo-
lar of the ferric complex, 0.60 molar hydrogen ion
and enough sodium perchlorate to give an ionic
strength of 2.02 was held at 25° to permit equili-
brium dissociation of the complex. Then equal
volumes of this solution and one of 0.025 molar ra-
dioactive ferric perchlorate were mixed. An ex-
trapolation of data on the per cent, exchange for
this mixture as a function of time shows an “in-
stantaneous exchange” at zero time of 15% (see
curve A of Fig. 5). This instantaneous exchange
results from the mixing of the radioactive ferric ion
with the non-radioactive ferric ion from the equilib-
rium dissociation of the complex; its value is re-
lated to the fractional dissociation of the complex by

_ d@a b
} - a+ db

where/ is the fractional exchange, d is the fractional
dissociation of the complex in the original equili-
brated solution and a and b are total concentrations
of added ferric ion and complex ion in the solution
after mixing. In the present case a = band d cal-
culates to be 0.081. Thus in the original complex
solution the ferric ion concentration is 0.081 X
0. 025 or 0.00203 molar. In this highly acid solu-
tion it can be shown that the predominating equa-
tion for the dissociation is

FeY- + 4H+ = Fe++++ H,Y
1 e, essentially all of the Y' ion is removed as the

(21) H. S. Harned and C. G. Geary, J. Am. Chern. Soc., 59, 2032
(1037).

(22) 1. M. Klotz and C. F. Eckert, ibid., 64, 1878 (1942).

(23) C. M. Cook, Jr,, and F. A. Long, to be published.

Iron-E thylenediaminetetraacetate lons

29

Fig. 5.— Fractional exchange versus time in strongly acid
solutions. Concentrations of FeY- and of Fe+++ are
0.0125 M.

undissociated acid. This simplifies calculation of
the dissociation constant and one can write

(Fe+++)>
(Fe +++)][(H+)0 -

where A d is the concentration dissociation constant,
Aa is the over-all dissociation constant for the acid
H4y, 10-21-® from Schwarzenbach’s data, and the
zero subscripts refer to total concentrations in
the original solution before dissociation. Using the
above value for the ferric ion concentration we cal-
culate Ad = 10-23 9 which confirms the conclusion
that the ferric complex is highly stable. A similar
calculation for a second solution for which the im-
mediate exchange was 10% gave Ad = 10-23-7.
This value of Ad = 10-24 can only be considered
approximate since the ionic strength of the equili-
brated solution is much higher than the value of 0.1
used by Schwarzenbach in his determination of the
acidity constants.

FeY”’-Fe++ Exchange.—Three
were made on this exchange; the data are given
in Table 1l. In all cases the concentrations of
complex and ferrous ion were equal. The experi-
ments at low pH were done with only moderate
precautions to minimize contact with the air.
However, the run at pH 4.7 was done in an all-glass
apparatus designed so that all solutions could be
flushed with purified nitrogen and thereafter kept
from exposure to air; without this precaution oxi-
dation of the complex would have been very rapid
and extensive. Separations were made by remov-
ing the ferrous ion with an ammonia-ammonium

_Kd

[(FeY-)» - 4(Fe+++)]4 Kk

experiments
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ion buffer. Counts were usually made on both
fractions and the completeness of separation was
confirmed by analysis of the fractions for iron.

The data of Table Il show that at pH values of
4.7 and lower this exchange is essentially instantane-
ous. This is the expected result in view of the
comparatively large dissociation constant listed
earlier for this complex.

Table Il

D ata ox FeY~-Fe++ Exchange 25 £+ 2°

lonic iy. for

(FeSOIt) (NasFeY) str. Exchange, min.
0.0125 0.0125 1.50 0.14 <
.0150 .0150 2.49 .15 <i
.0125 .0125 4.74 .22 <i

FeY~-Fe+++ Exchange. —From the high
stability of the ferric complex it might be expected
that this exchange would be slow and this is found
to be true. Preliminary experiments using solu-
tions of radioactive ferric sulfate and of the sodium
or ammonium salt of the complex showed that at
25° the half-time for exchange is several hours at
acid concentrations of around 0.01 molar and, fur-
ther, that the cate of exchange is strongly depend-
ent on acidity. It was therefore decided to invest i-
gate the kinetics of this exchange in detail. To
avoid uncertainties about other complex ions, all
studies were made in perchlorate solutions; in addi-
tion the majority of studies were made at a high
and constant ionic strength of 1.10.

Log (H) » 3.
Fig. 6.—log R verms log (H +):
FeY- are 0.0125 M and ionic strength is 1.10.

For most exchange experiments the solution of
complex ion was made up using the solid acid,
HFeY, sodium perchlorate, and perchloric acid.
The radioactivity was usually in the ferric perchlo-
rate solution. Most separations were made by pre-
cipitating the ferric ion as ferric hydroxide using an
ammonia-ammonium ion buffer as the precipitating
agent. However as a check, separations were made
by precipitation of the ferric ion with benzoate ion,
phthalate ion, phosphate ion and also by ether ex-
traction of ferric thiocyanate. In no case was there
noted any dependence of the exchange rate on the
method of precipitation. However, with the sepa-

concentrations of Fe+++ ami
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ration of the ferric ion as the hydroxide, iron analy-
sis of the separated fractions showed that usually
from 2 to 5% of the complex was also decomposed,;
consequent!}7 radioactivity counts were generally
made on the complex fraction.

Exchange rate was determined in the usual manner
by plotting log (1 — fraction exchange) versus time
to get the half-time. From this the rate, R, is cal-
culated from the relation

. ab  /0.693X
" aT+b VT77)

where a and b are concentrations of complex ion
and of added ferric ion in the exchange mixture and
the half-time is in minutes. Typical plots of per
cent, exchange versus time are given in Fig. 5. It
is seen that the plots are all linear indicating no
complications in the exchange process. For all but
the most acid solutions the plots extrapolate to
zero exchange at zero time. For the very acid runs
the points extrapolate to give an immediate ex-
change at zero time, e.g., Curve A inFig. 5. Thisis
of course due to the equilibrium dissociation of the
complex discussed previously. For all these cases
the amount of immediate exchange is relatively
small, hence the rates were calculated using the ap-
parent concentrations of complex ion and ferric
ion, i.e., ignoring the changes due to dissociation.
Calculations showed that this approximation made
in the worst case only a 1% error in the rate. It is
however important to use the true half-time, the
time when (1 — fraction exchange) is half its
extrapolated value at zero time.

A log-log plot of R at constant reactant con-
centrations against hydrogen ion concentration
is shown in Fig. 6. The complex character of
this plot clearly indicates that at least two
kinetic terms enter in the rate law. In actual
fact the rate law7 involves at least three sepa-
rate terms; hydrogen concentration enters in
one to the third power, in another to the zero
power and in a third to the inverse first power.
Although for each of these terms there is a pH
range in which it is dominant, the contributions
invariably overlap some; this makes the deter-
minations of the separate rate constants and
orders rather complex.

Table 111 gives values for the exchange rate
in solutions of low7pH Runs 1, 2, 3 and 5 can
be used to determine the order of the rate at
high acid with respect to hydrogen ion, assum-
ing that one kinetic term is dominant. Since
all concentrations but hydrogen ion are con-
stant one can write

Rate = Al +}

and thus the slope of a plot of log It against log(H+)
should give the value of z.  Actually the points for
these runs are the four points on the left of Fig. 6
and it can clearly be seen that these give at high
acidity a slope of 3. Thus in highly acid solutions
the rate is third order in hydrogen ion concentra-
tion. At somewhat loweér acidities the slope is
lower as would be expected if a term involving hy-
drogen ion to a lower powér is beginning to enter.
Runs 6 to 10 serve to determine the order of this
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TasLe III
FeY—Fe+++ ExcuanGE AT Hicu Acipiry, 25°
) Tonic t1/,

No. (Fe***)y (FeY~)s (H*) Strength min. 105R
1 0.0125 0.0125 0.310 1.10 25 17.3
2 L0125 .0125  .215 1.10 68 6.37
3 0125 0125  .119  1.10 308 1.41
4 .0125 0125 119+ 0.194 420 1.03
5 .0125  .0125  .0751 1.10 676 0.64
6 .0250  .0250  .191  0.482 105 8.25
7 0125  .0125  .191 .482 120 3.61
8 .00625 .00625 .191 .482 135 1.60
9 .0125  .0250  .191 .482 72 8.02

10 L0250  .0125  .191 .482 116 4.98

first term with respect to the principal reactants.
Writing the general rate as

Ry = ky(Fet++)x(FeY —)v(H™")3

where R, refers to the contribution to the rate from -

the first kinetic term, one can write for these runs
at constant acidity
Ry = k"(Fet++)x(FeY )

The tabulated data all indicate that the rate is
first order in the complex ion and zero order in ferric
ion but with a significant contribution at lower acid-
ities from another kinetic term which is first order
in each. Thus the half-times for runs 6 to 8 are
roughly constant, indicating a first order reaction
but do decrease with increasing concentration as
would be expected if a second order term also enters
to a smaller extent. The results for runs 9 and 10
show particularly clearly that the reaction is essen-
tially first order in complex ien and zero in ferric
ion. The rate for run 9 is almost identical with
that of 6 indicating the rate is independent of
changes in ferric ion. Run 10 has half the complex
and double the ferric concentration of 9 and the
rate is about half that of 9.

The conclusion from these runs is that at high

acidity the rate may be written
R = k(FeY)(H™*)3 + ko(FeY )2(Fet++)o(H+)e .

with preliminary indications that a and b are one
and c is zero. These latter orders are in fact con-
firmed by the lower acidity runs of Table III. Thus
one can write this equation as
R p— ¥ A
Fe¥) ~ k(H*)? + ky(Fett™)

and a plot of B/(FeY ™) versus (H*)? will give val-
ues for both k; and k,. Such a plot has been made
for solutions containing constant ferric jon concen-
tration, and the points fall rather well in a straight
line. The slope of the plot gives k; = 0.47 liter?
mole— min.~! and the intercept gives a tentative
‘value of k; = 0.02 liter mole ! min. %

The runs at still lower acidity given in Table IV
permit a more accurate determination of the sec-
ond kinetic term and also a study of the third. As
shown by runs 11 to 14 the rate of the exchange does
not continue to decrease with increasing pH but ac-
tually increases. This suggests a term in which hy-
drogen ion enters to an inverse power. Sinee it is
known. from the work of Rabinowitch and Stock-
mayer?* that at these lower acidities the first hydrol-
ysis of ferric ion is significant, an obvious possibility

(24) E. Rabinowitch and W. H. Stockmayer, J. Am. Chem. Soc., 64,
335 (1942).
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is that the third term involves reaction of the spe-
cies FeOH++ and therefore that the hydrogen ion
concentration enters to the inverse first power.
Thus a plausible rate equation at low acidity
where the contribution from the first kinetic term is’
negligible, is
(Fe+++ -)
R = k(Fe+++)(FeY~) + ks (FL(T-—)EL];*’“

If this is correct then a plot of R/(Fe*+++)(FeY ")
against 1/(H™) sheuld give a straight line of slope
ks and intercept k.. Furthermore, if as implied by
the above rate equation ferric ion and complex ion
enter to the first power in both kinetic terms, points
for runs with different concentrations of the princi-
pal reactants should all fall on the same curve. It
should however be noted that due to hydrolysis of
ferric ion, the hydrogen will be slightly higher than
that added and the ferric ion will be lower. A plot
of this sort is shown in Fig. 7. The values of Ry;
used are simply the values of the observed rate mi-
nus the calculated contribution for the first kinetic
term. The values for ferric and hydrogen ion con-
centration have been calculated using for the hy-
drolysis constant of ferric ion a value of 6.35 X
10—*; this is the value calculated for an ionic
strength of 1.1 from the data of Stockmayer and
Rabinowitch. The straight line through the points
deliberately emphasizes the data at higher acidity
since there is a possibility of further hydrolysis at
the lowest acidities. From the line of Fig. 7 k, =
1.5 X 102 liter mole ™' min.~tand k; = 9 X 10~
min. L,

TaBLE IV

. FeY—Fe*** ExcHANGE AT LOWER AcIDITY, 25°
Tonic t1/,,

No. (Fet++)y (FeY-)o (H%o strength min. R X 108
11 0.0125 0.0125 0.0241  1.10 1480  0.292
12 L0125 .0125  .0165 1.10 1370 .316
13¢ 0125  .0125  .0085 1.10 900 .481
14 .0125  .0125  .0035  1.10 740 .585
15 .0250  .0250  .0320  1.10 790  1.10
16 .00625 .00625 .00823 1.10 2320  0.093
17 .0125  .0250  .0165  1.10 960 .60
18 .0250  .0125  .0165  1.10 1016 .57
19 .0125  .0125  .0035  0.0915 354  1.22
20 .0125  :0125  .0241  0.0991 790  0.55

@ This run disagrees considerably with the others and is
not used in later calculations.

All the data in Table IV are consistent with the
fact that the order of both the second and third
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acidity.
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terms is first in both complex ion and ferric ion.
For example the data of runs 15 and 16 fall nicely
on the line of Fig. 7. Of particular interest is a
comparison of runs 17 and 18 with 12; at the same
acidity doubling either ferric or complex ion con-
centration doubles the rate.

The over-all rate equation at ionic strength 1.1
appears to be
H = 0.47(FeY-)(H+)3+ 0.015(Fey-)(Fe TH) +

(FeY-)(Fe +++)
9 X 10%6
(H-) -

Since we are assuming that the third term involves
the first hydrolysis of ferric ion, we can use the pre-
viously quoted value for the hydrolysis constant
and rewrite this as

R = 0.47(FeY-)(H+)3+ 0.015(FeY-)(Fe+++) +

0.14(FeY-)(FeOH ++)

Table V gives for the various acidities the contri-
butions of each of the terms of the rate equation to
the total rate and also gives a comparison of the ob-
served and calculated rates. The only region where
there is a consistent deviation of the calculated
from the observed is in the region around 0.1 molar
hydrogen ion; here the calculated rate is consist-
ently low. The most likely explanation for this
deviation is that a term involving ferric ion, complex
ion and hydrogen ion, each to the first power,
makes some contribution in this pH region. How-
ever, our data are not accurate enough to justify
detailed consideration of a fourth Kinetic term.

As a matter of fact a three-term rate law of the
type
R = fci(FcY-)(H+)3 + fe(FeY-)(Fc+++)(H+) +

fe(FeY-)(Fe+++)

(H+)

will, with the proper choice of rate constants, fit
the observed data only slightly less well than the
equation given earlier. Because of this we con-
clude that there is a real uncertainty about the or-
der with respect to hydrogen ion of the second
term.

For solutions of low ionic strength the predicted
primary Kinetic salt effects are: no salt effect for the
first term; large negative salt effects for both the

Table V

Comparison of Observed and Calculated R ates

Run (H+) 105Si 10872 105/73 1087213 10520bsd.
1 0.310 17.6 0.23 17.8 17.3
2 .215 5.84 .23 0.05 6.07 6.37
3 .110 D. 99 .23 .01 1.23 1.41
5 .0751 .26 .23 .02 0.51 0.64
11 .0244 .000 .220 .056 .204 .292
12 .0170 .003 .225 .070 .307 .316
14 .0049 .208 .255 463 .585
15 .0331 .04 .03 17 1.14 1.10
1> .00863 .055 .038 0.003 0.093
17 .0170 .006 450 .159 .615 .60
18 .0174 .003 452 .155 61 .57

second and third terms. Although none of the
rates was measured in solutions of sufficiently low
ionic strength to expect the limiting laws to hold,
the observed salt effects are still of some interest.
In the high aeidity region where the first term is
dominant, a small positive salt effect is observed,
c.g., runs 3and 4. In the low acidity regions where
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the second and third Kkinetic terms are dominant,
e.g., runs 19 and 20, there is a negative salt effect but
as would be expected its magnitude is much smaller
than the limiting law prediction.

From the rate law one may write down plausible
mechanisms for the exchange process. In the
highly acid solutions the rate-determining step is
clearly an acid induced dissociation, for example

FeY- + 2H+ = H,FeY +
H,KeY+ + H+ = Fe+++ + H3(~

Equil.
Rate Det.

For the second and third terms the obvious mecha-
nisms are simple bimolecular processes

FeY- + Fe+++
and

= FeY- + Fc+++ Slow

FeY- + FeOH++ = FeY- + FeOH++ Slow

It is of some interest that the rate constant for
the second of these bimolecular reactions is about
tenfold larger in spite of the lower net charge on the
hydroxoferric ion.

REMARKS

F. A. Long (Communicated): After our paper was sub-
mitted to this symposium, an article by G. Schwarzenbach
and J. Heller (Helv. Chim. Acta, 34, 576 (1951)) became
available which gives the results of a detailed e.m.f. study
of equilibrium constants for the ferrous and ferric complexes
of ethylenediaminetetraacetate. For the ferrous complex
these authors give pKo = 14.2 and for the ferric complex
pKd = 25.1, both in good agreement with our less precise
results.

Schwarzenbach and Heller also report studies on the
titration of the acids of these two complexes. They con-
clude that the acid FIFeY is strong and that the acid HZeY
is strong in the first proton but somewhat weak in the second.

Arthur E. Martell: At what ionic strength was the
dissociation constant of FeY- determined to be 10-24?

Response: The ionic strength was about unity, but it
may possibly have been somewhat higher than that.

A. E. Martell: A study of the effect of added electro-
lyte on the stability of CaY '2 has just been completed at
Clark University. The results indicate a decrease in log K
(stability constant) from about 10.5 to 8.5 as the ionic
strength is increased from zero to unity. This seems to be in
line with the difference between your dissociation constant
of 10_24 at ionic strength of unity, and 10-25 in 0.1 M potas-
sium chloride reported bj' Schwarzenbach.

A. E. Martell (further comments personally communi-
cated after the talk): (1) Dr. Jones mentioned sodium and
lithium ions as examples of metals which have negligible inter-
action with the ethylenediaminetetraacetate'4 ion. On the
other hand Schwarzenbach has reported stability constants
of the order of magnitude of 101and 103for these two ions,
respectively. While it may be argued that these interactions
are negligible, considerable interaction apparently takes
place with another eompiexing agent, the anion of amino-
barbituric acid, -N,N-dracetic acid. In this case | believe
that the stability constant reported by Schwarzenbach for
the lithium ion is about 10s.

(2) Sometimes it is desirable to further purify ethylenc-
diaminetetraacetic acid (EDTA) for experimental purposes.
This may be accomplished by recrystallization from hot
water. However, because of the low solubility of the acid,
even in boiling water, the method is a tedious one if appreci-
able amounts are desired. | have found a convenient method
to be (1) long stirring of the acid in a large volume of hot
water (to remove soluble sodium salts) followed by (2)
extraction of the filtered and washed acid with water in a
soxhlet. In cases where sodium ions are not objectionable,
recrystallization of the disodium salt from hot water is, of
course, the most convenient method of purification.

Henry Taube: It seems possible that the various terms

in the rale law have similar interpretations. In every case
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it can be assumed that the slow step is removal of the chelat-
ing group from ferric ion. This removal is facilitated by
ions which associate with Y' Parallel processes take
place with various types of cations—H +, Fe+++, FeEOH ++—
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functioning. A test of the role which the metal ions play
would be to study the rate of exchange in the presence of an
ion such as Al+++ which is not involved in the net exchange
process.

OBSERVATIONS OF THE KINETICS OF THE EXCHANGE OF WATER
BETWEEN Cr(PID)6t++ AND SOLVENT

By Robert A. Planeland Henry Taube

The George Herbert Jones Laboratory, University of Chicago, Chicago, Illinois

Received August 30, 1951

The rate of the exchange Cr(H2D)6+++-H 2 has been found to be first order in Cr(H2)6+++, and to increase with the

concentration of anion.

For solutions at varying high salt concentration, the rate varies directly with concentration of anion.
The anions decrease in effectiveness for promoting the exchange in the order NOs-, Cl10,-, CI
anion present, the rate of exchange greatly exceeds the rate of formation of the ion Cr(HD )5 I++.

,Br-. With CI- as the only

The activation energy

for the exchange in the perchlorate system is24 + 2kcal./mole and the pz factor ca. fi X 10131 mole-1 min.“1 The rate
of exchange is markedly increased by Cr ++, slightly by Cr2 7-, and is induced by the reaction of Cr+++ with Ce+4. The

effect of Cr ++ is greatly enhanced by CI-.

Some observations on the rate of exchange of wa-
ter between hydrated cations and solvent have al-
ready been published.234 The ions investigated
were Al+++, Cr+++, Fe+++, Co+++, Co++, Ga+++
and Th(lV). Of these, only Cr+++ showed a
measurably slow rate of exchange of the bound
water with the solvent. A few results were ob-
tained4 on the kinetics of exchange in the chromic
ion-water system, but the investigation was by no
means complete.

In the present work, a study in some detail of the
kinetics of water exchange for the hydrated chromic
ion was undertaken. The results of the work al-
ready referred to proved that chromic ion in the
presence of acid and perchlorate ion exists as the
species Cr(HD)6+++. It seemed of interest to
learn whether the exchange of water with the sol-
vent resembles that of other complex ion substitution
reactions in its Kinetic properties such as rate law
and activation energy. The hope that the results
of the investigation would have a direct bearing on
the problem of the mechanism of substitution in
hexacoordmated complex ions provided an addi-
tional stimulus for undertaking the work.

Besides the aspects of general interest referred to,
the system Cr(H2)6+++-H 2 presents some of spe-
cific interest. The system can serve as a tool in the
study of the rate of electron transfer between Cr-
(HD)6+++ and chromium in other oxidation states.
If the rate of exchange of water between Cr++ ag.
(for example) and solvent is rapid, Cr++ ag. must
increase the rate of exchange between Cr(H2)6++ +
and HXD at least to the extent fixed by the rate of
electron transfer between Cr++ ag. and Cr-
(HD)6+++. The catalytic effect exerted in the
Cr(HD)6+++-H 2D exchange will therefore set an
upper limit on the rate of electron transfer. The
investigations of this type can be extended also to
unstable oxidation states of chromium, by studying
the Cr(H20)0+++-H 20 exchange induced by oxidiz-
ing agents acting on Cr+++ aq. or of reducing agents
acting on CrCh".

(1) A.E.C. Preaoctoral Fellow, 1950-1951.

(2) 3. P. Hunt and H. Taube, J. Chem. Phys., 18, 757 (1950).

(3) H. L. Friedman, H. Taube and J. P. Hunt, ibid., 18, 759 (1950).
(4) J. P. Hunt and H. Taube, ibid.. 19, 602 (1951).

Where applicable, the method seems a particu-
larly good one for studying the rate of electron
transfer, since it does not require that the oxidation
states undergoing electron exchange be separated.
The sampling procedure involves only removal of a
small fraction of the solvent by distillation and,
assuming reasonable kinetic behavior, negligible
effects will be introduced by it.

Experimental

Definitions.— Most of the symbols used in the paper are
defined in Table 1.

Tavie |

M eaning of Symbols

concentration in moles per liter
the mole ratio H2 /C 0 2used in isotopic equilibration of
the two species.
the normalized ratio mass 46/mass 44 obtained from the
mass spectrometer measurements
K  the equilibrium constant for the reaction:
HDI1S= CO®W B+ HND B
V¢ the mole fraction of C 0180 18in normal C02
NX the mole fraction H2 1Bin the solvent water of a reacting
solution. The right-hand superscript designates the
time
h/, the half-time for water exchange in any experiment ex-
pressed in hours.
r the rate of the reaction carrying the isotopic exchange
k2 defined by r - K2 (Cr(HX))6+T()(Anion). In most
cases, the anion is C104-. Units of K2 1 mole-1
min.-1

O Z

Cco026 +

General Procedure.— The methods used in the research
were essentially those described elsewhere.4 Water en-
riched 0 IS was added to the chromic salt and other sub-
stances dissolved in water of ordinary isotopic composition.
Periodically, the solvent was removed for isotopic analysis
by distillation. The concentration of OBin the water was
determined by allowing the water to equilibrate with C02,
and analyzing the CO02 by a mass spectrometer. The
change with time of isotopic composition in the solvent
samples is a measure of the rate of exchange of water be-
tween chromic ion and the solvent.

The sampling procedure differed slightly from the vacuum
distillation used by Hunt and Taube.4 Inert gas at a pres-
sure of 12 mm. was maintained in the apparatus during distil-
lation. The time of distillation was thereby prolonged to
about 3 minutes, and the process was made more control-
lable. In each distillation ca. 0.2 of the water was removed.
To ensure complete equilibration of C02and H2, the sub-
stances were left in contact for about 20 exchange half-
lives, 6 days. In earlier experiments, C02 was separated
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from HD after cnlv 3 days in contact. The earlier data are
noticeably less precise.

The only oxyanions which have been added to the solu-
tions are CIO«-, CrO«" and NO*-. Their exchange charac-
teristics are sufficiently well known so that allowance for
these effects can be made. Perchlorate ion has been shownl
to exchange immeasurably little with water during the. time
of the experiments under the prevailing conditions. Chro-
mate ion exchanges rapidly with the solvent in acid solu-
tion.5 The exchange of NO3’ with water was followed for a
solution 3.0 M in LiNO3and 0.5 M in HNO3 Even after

Tim« (hr.).

Fig. 1.— Kinetics of the exchange: Cr(H2)s+++1hO.

Fig. 2—Kinetics of the exchange: Cr(HD)s+++—11%).

Fig. 3—Kinetics of the exchange: Cr(H2)6'M'I-H.

(5) G. R. Mills, J Am. Chem. Sor., 6», 2833 (1940).
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45 days, the isotopic composition of the water had not
changed outside the limits of the precision of the measure-
ments, + 0.1% in the value of AT, Complete exchange of
the nitrate would have resulted in a 20% change in the
value of Jv.

Materials.— Chromic perchlorate was purified by repeated
recrystallization from water of a commercial C.P. sample.
Different preparations have been used, without noticing a
difference in the observations. NaClO« was prepared by
crystallization from a solution made by combining A.R.
NaOH and A.R. HC104. Aluminum perchlorate was pre-
pared by crystallization from the solution obtained on fum-
ing aluminum nitrate in 30% HCIO«. Cerous perchlorate
was prepared in a similar manner. Ce(C104)4aq. in HCIO«
aq. was prepared by the double decomposition of Ce(HS04)4
aq. in HCIO« aqg. with Ba++ (Ba(OH>2). The procedure of
Lingane and Pecsok6was followed in preparing Cr(C104)2aq.
The solutions contain zinc ion at a molar concentration one-
half that of the chromous ion. Kept from air, they were
stable for many hours, and were found to give no test for
Cl1”. The sodium bromide, sodium dichromate, chromic
nitrate and perchloric acid were A.R. grade, used without
further purification.

Treatment of the Data.—The value of NS was
calculated from the measured values of R, Qand N°

and the known value7of K using the equation

R R AT
c K+R+Q{\+R) Q

Ns thus obtained is directly proportional to the
mole fraction of 0 1Sin the solvent water, and for
the purposes of the rate data, it is unnecessary to
correct for the fractionation on distillation.

For all experiments but one8a straight line was
obtained in the plot of log — N°) against t
®f. Figs. 1, 2 and 3 for representative data). The
rate of the chemical reaction producing the ex-
change in each experiment is related to the slope k
by the equation9

= . (Cr(ITR)f,+++)(HoO)
T 6(Cr(H.,0)% ++ )+ (1-hO)

The r calculated in this manner refers to the rate of
exchange of all six water molecules.

Since (H2) is large compared to 6(Cr-
(H2)6+++), the term on the right-hand side reduces
practically to /c(Cr(HD)t,+++). Hence, the con-
stancy of k{or of £1/) will be a test of a rate law for
the exchange having the rate proportional to the
first power of chromic ion concentration. The
rate law: r = fACr(H2)6+++)(anion) has also
been tested, and the values of h calculated applying
it have been recorded for most of the experiments.
The data on catalysis were treated by setting r as es-
tablished from the slope as the sum of two terms, of
which one represents the normal rate in the absence
of catalyst, and the other, the contribution by the
catalytic path.

Since the water bound by chromic ion even in the
most concentrated solutions used is only a small
fraction of the water in the system, very high preci-
sion in the sampling, equilibration and isotopic
analysis stages is required in order to obtain even
reasonably accurate values of the specific rates.
The accuracy of the values decreases as the chromic
salt concentration decreases. To keep the accuracy

(6) .T. J. Lingane and R. L. Pecsok, Anal. Chern., 20, 425 (1948).

(7) At 25°, K = 2.078; II. C. Urey, J. Chem. Soc.t 562 (1947).

(8) In this experiment chloride ion was the only anion present.

experiment is described in a later section of this paper.
(9) R. B. Duffield and M. Calvin, J. Am. Chem. Soc., 68, 557 (1946).

The
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within the range * 10%, it was necessary to work
with solutions of chromic salt 0.5 M or higher in
concentration. Accurate data at lower salt con-
centrations could be obtained if a suitable precipi-
tating agent were found for Cr(H2D)6+++. The
properties of the agent would need to be such that
H2 coordinated to Cr+++ could easily be removed
from the product salt. A search was made for such
a reagent but without success, and the present work
therefore does not cover the interesting range of di-
lute chromic solutions.

Results

Table Il contains a summary of the results of ex-
periments performed to establish the rate law for
the reaction.

Table Il

Variation of Rate with Concentration of Cr(H.O),+++
and CIO,- (Temp. 27.0°)

I — Concentratlons ----------------- t/2  h X H)f
No. Cr+++ ClO4- 11 % Other salt hr. min.
1 0.450 1.760 0.444 None 80 +15 78 + 15
2a .721 2.515 .358 None 48 £ 5 87 + 9
3 939 3.208 .391  None 39+ 3 82+ 6
4a 1.118 3.723 .373  None 32+ 2 84 + 5
4b 1.118 3.723 .373  None 34+ 2 79+ 5
5ab 1.349 4.362 .336  None 27 £ 2 8l + 6
ohb 1.349 4.362 .336  None 26 £ 2 84 + 6
6 0.827 5.195 .353 2.363 NaClOi 27 £ 2 73+ 5
7C 705 4.659 420 0.703 M(CK>%)a 25+ 2 90+ 7
acCf. Fig. 1 6Cf. 1in. 2. '=Cf. Fiic. 3.

The earlier work4indicated that the rate of reac-
tion is higher than first order in salt concentration.
This behavior has been borne out by the present
experiments which cover a much wider range of
salt concentration. W. is far from constant, and
decreases as the salt concentration increases. The
values of k> are satisfactorily constant however.
Experiments 6 and 7 compared with 5a and 5b are
important in showing that the second order varia-
tion in salt concentration is produced by the prod-
uct (Cr(HD)6+++) (CIO4-) rather than the product
(Cr(HD)8+++).2

The effects of anions other than ClIO4 have been
studied, and the data relating to them are presented
in Table I11.

Tabte Il

The Dependence of Rate of Exchange on the ldentity
of Added Anion (Temp 27.0°)

—Composijition-—----—-—-————- fe X 10s,
No. *(Cr+++)  (11+) Anion hr. min.
16a 1.134 0.847 425 M C - 35+ 2 67 + 4
24 0.812 .303 2.74 M NOj- 28 + 2 137 + 10
8 1.352 349 441 M NOj- 165+ 05 133+ 4
9b 0.841 .359  2.882 M CIlO4-,
2.313 M Br- 29 + 2 66 + 10

“ Solution made up using freshly prepared blue Cr(HjO)«Cl,
1Bromide was added as NaBr. The specific rate was calcu-
lated subtracting the contribution bj' the perchlorate path
as given by the specific rate in Table Il from the total rate,
and attributing the residual rate to Br.

In addition to the experiments reported, one was
done for comparison with Exp. 16, but using
chromic chloride at ca. 0.6 M. In this experiment,
the rate of exchange was observed to be very rapid
initially, but it diminished gradually during the
course of the experiment, ti/, based on the final
stages being considerably in excess of 35 hr.  No ex-
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planation for this behavior has been found. The
sample of Cr(H2)fCli had stood for several days
before the second experiment was done. However
the solution prepared from it was blue, and all the
chloride was precipitated at once on the addition of
Ag+. Transformation of the blue form to green
chromic chloride cannot be the explanation of the
behavior. It is possible that an unknown catalyst
which was destroyed during the reaction was re-
sponsible for the unusual behavior noted in the ex-
periment.

The effect on the rate in the presence of CIO4- of
changing the concentration of acid was studied by
Hunt and Taube.4 Their data are summarized in
Table 1V. Included is the result of an experiment
performed in the course of the present work.

Table IV

Experimental Results Showing the Reaction Rate as

a Function of Acid Concentration (Temp. 25.0°)

o Concentratlons ------- A2 X

So. Cr(C IICIO 106 (min.) Z
1 1.093 0.000 (pH 2) 84 =H 5
ir* 1. too .0956 73+ 5
AV 0.810 .090 SO+ 5

.810 090 70+ 5
T 1.118 .373 63 £ 4
il 1.084 1.12 65 + 4

“ Results obtained bv Hunt and Taube.1 b Corrected to 25°
using measured temperature coefficient.

When the data are expressed in terms of the f2
rate law, a slight increase in rate as the concentra-
tion of acid increases is observed. The variation,
while outside of experimental error, is too slight to
suggest formulation of a rate law, and may be due
to a salt effect. It may be noted from Table IV
that the specific rate obtained in the present work is
in reasonable agreement with the earlier work.

The data obtained in a study of the variation of
rate with temperature are shown in Table V. The
activation energy calculated from the data for the
lower temperature interval is 23 + 2 keal. and for
the higher is 26 £ 2. Using the average value for
the activation energy, pz for the reaction is calcu-
lated as6 X 10131 mole* 1Imin.-1.

Table V
Resi-LTS OF ExperimeNTS AT Different T eMPERAT. RE

Temp., —(’oncentrations — ki x 106,

no. °C. Cr(ClQ)i»a  1[CIO4 117it hours min.
10 20.15 1.113 0.370 80 + 4 34+ 2
4 27.00 1.118 .372 33+ 2 8l 6
1 35.01 1.106 .368 105 + 0.5 250 t 14

Exposure of samples to the light of a 100-watt in-
candescent, bulb at a distance of 3 in., and increasing
the surface (Pyrex) to volume ratio by a factor of 4
did not result in a noticeable change in rate of ex-
change. The effect of these variations in conditions
was tested on samples in the series for experiment
3, Table II.

Table VI presents a summary of experiments per-
formed to test catalysis of the Cr(HD)6++--H2
exchange by oxidizing agents, including Cr2 7.

A definite catalysis of the exchange by CT2Z)7"
can be noted from the results in Table VI. Ceric
ion exerts an even more marked catalytic effect.
Under the conditions of the experiments, CclV is
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Table VI

E ffect of Oxidizing Agents on the Rate of the
Exchange Cr(H2)6+++-H 20

Temp. 27°; CI10O,- present
. Residual rate®
ﬁ/z, X 104 mole
No. (Cr+++4) (H+) Other r. 1._1 min. “l
12 0.990 0.514 0.184 M NajCnOj 26 1.1 + 0.4
131 0.784 71 (CelV)o = (Cem o 17 26 + 4
= 0.0493 M
18c  1.032 .80  (CelV)o = (Cellly 18 24+ 4
0.024 M
19 0.744 .69 0.18 M Ce(lll), 29.5 05+ 4

0.0164 M NaaCriOi

“ In the absence of catalyst, r in each case would be about
25 X 10-4 mole I.-1 min.-1 the exact value depending on
the concentration of CrfCIOA. b Exchange 19 + 2% com-
plete in first 7 min. o Exchange 9+ 2% complete in first
16 min.

reduced rapidly, the major part being consumed a
few minutes after mixing. During the first inter-
val of time, considerable exchange is observed (19%
in experiment 13), and following this there is a con-
tinued constant catalysis throughout the duration of
the experiment, which is independent of the initial
amounts of CelV used (c/. experiments 13 and 18).
Experiment IS proves that the continued catalysis
is not due to interaction of the products Cem and
Cr07=. In evaluating experiments 13 and 18, it
should be noted that the net oxidation of Cr-
(HD)6+++ to form the exchangeable species
Cr27= accounts for only a small fraction of the ini-
tial induction.

Attempts to induce the Cr(HD)6+++-H2D ex-
change by the action of reducing agents on Crd %=
were without success. The solutions used were ca.
0.80 M Cr(C1043 0.73 M HC104and 0.14 M Na2
Cr207 The reducing agent, in one case Fe++, in
the other As02~, each used in amount so as to make
the initial concentration 0.052 M, was added slowly
over a 3-minute interval. Calculation of isotope
balance showed that within experimental error,
+2% of total exchange, exchange in Cr(H2) ) 6+++-
H2 was not induced.

Chromous ion exerts a marked catalytic effect
on the exchange Cr(HD)6+++-H2D. The results
of three experiments on this aspect of the work are
presented in Table VII.

Table VII
Catalysis of the Exchange CI’(HZ))@'*""‘-HZ) by Cr++
Temp. 27°; CIO,- present

-------------- Composition*----------—--—---
No.(Cr+++) (Cr++)b (H+) (NacCl) H/9 hr. kz
20 0.99 0.099-0.039 0.30 .......... 6.5 + 1.50.023 + 0.011
25 1.05 .173- 151 .33 ... 2.1 £ 0.2 .028 + .004
23 1.03 .081- 074 .330.011M 0.9 0.1 .143 + .02

“ Each solution contains Zn++ at a concentration one-half
that of the initial chromous concentration. b (Cr++) was
determined at zero time and at the time of final sampling.
Both values are recorded. ¢ Calculated on the assumption
that the catalytic term is ki (Cr++) (Cr+++).

Owing to the marked decrease in Cr++ in experi-
ment 20, the result is rather inaccurate and the rate
law for the catalysis is not proven. The effect of
Cl- in enhancing catalysis by Cr++ is very striking.

Two other experiments were performed on cataly-
sis by chromous ion. The results however cannot
be compared directly with those presented in Table
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VIl since the final concentration of chromous ion
was not determined, and later work showed that
there was considerable loss of chromous ion during
the handling procedure to which the solutions were
subjected. In one of the experiments, the initial
composition corresponded approximately to that
recorded for experiment 20; the half-time for the
Cr(HD)6+++-H2XD exchange was however very
much shorter, only 0.3 £0.1 hr. The chromous
solution used in this experiment had stood for ca. 12
hours before being used, and had developed a green
color. Tests showed chloride ion to be absent.
From the procedure followed in preparing the solu-
tions, (differing from tha7 used for the other experi-
ments) it seems possible that F~ or a reduction
product of NO3 was present and produced the
anomalous effects.

An experiment was performed to measure the
rate of exchange between Cr++ ag. and water.
For a solution 0.394 M in Cr(C1042 0.197 M Zn-
(CIOO* and 0.403 M in HC104 the exchange was
observed to be complete in two minutes. The ex-
periment incidentally shows that exchange of Zn++
ag. and solvent is also very rapid.

Discussion

The observations recorded in Table Il show that
the half-time for the exchange of Cr(H2)6+++ with
water depends markedly on the concentration of
salt, and that the half-time is fixed by the concen-
tration of the anion C104~. It has been found that
with both C104 and N 03~ as anions, the rate varies
as the product (Cr(H2)6+++)(anion). Although
the concentration of the anion has a marked effect
on the rate, changing the nature of the anion in the
series N03, C104, Cl-, Br- affects the rate by
only afactor of about two.

In attempting to arrive at an understanding of
the role which the anions play, itis difficult to sepa-
rate salt effects (which imply a general ion atmos-
phere effect exerted by the anions) from chemical
effects (which imply a well-defined participation by
the anion in the activated complex) since the ex-
periments were performed in solutions at high vary-
ing salt concentration. An argument which favors
a chemical interpretation is that the magnitude of
the effect exerted by the anions seems large for a
salt effect on rate-determining reactions of the type

Cr(HD)6+++ — > Cr(HaD)6+++
or
Cr(HD)6+++ + HD —

By either mechanism, the activated complex differs
only in extent of hydration from the reactants and
the variation of activity coefficient with concentra-
tion would be expected in each case to be similar for
both states. The fact that empirically the rate can
be expressed as the product fACr(H2)e+++)(an-
ion) for both the C104 and N 03~ is also an argu-
ment in favor of a chemical interpretation, but is
only of limited value. On the view that the acti-
vated complex contains Cr(H2)6+++ and an
anion, it is very remarkable that the rate is inde-
pendent of ionic strength over the range of high
values covered.

Of the chemical effects which an anion may exert,
the mode by which it operates forming a complex
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ion Cr(H2)6X++ which then aquatizes can be re-
jected at least for the system containing CI“.
Under the conditions of the experiments, the half-
time for the formation of the chloro complex in
equilibrium amount is in excess of 150 hours. It is
so long in fact that the solutions were not appre-
ciably green even after the water exchange reaction
was essentially complete. A possible mode of ac-
tion for the negative ion is that water in its hydra-
tion sphere is replaced by a water molecule oriented
about the chromic ion in the first sphere and the
additional interaction resulting therefrom reduces
the energy required to remove water from the
cation. This type of mechanism is similar to that
demonstrated by Swain“ for substitutions on car-
bon. Another possibility is that the energy levels
for chromic ion are sufficiently affected by the charge
of the anions to lower the activation energy for
replacement of water.

In respect to pz factor and activation energy,
there is nothing peculiar about the exchange Cr-
(HD)6+++-HAD. Many substitution reactions in
hexacoordinated complex ions have frequency and
energy factors about the same in magnitude as was
observed for the exchange reaction.

The catalysis of the exchange Cr(HD)6+++-
H2 by Cr2:- is too great to be explained by the
exchange of Cr(lll) and Cr(VI).1lL The effect of
chromate ion may simply be that of an anion which
because of the higher charge is particularly effective
in promoting exchange by the 2 path. On this
basis f2for Cr20 7* would be 9 times as great as for
C104~. Another possibility is that CrD 7 in con-
tact with Cr+++ generates Cr(1V) and Cr(V).R2
Since these ions have vacant inner d orbitals, the
exchange of associated water with solvent is ex-
pected to be rapid.4 If electron exchange with Cr-
(111) is rapid, they can be expected to act as cata-
lysts for the Cr(HD)6+++-H2 exchange. It
seems likely that these intermediates explain at
least in part the experiments with ceric ion. There
is some difficulty however in fitting both the initial
induction and the continued catalysis to the model.
To explain the continued catalysis as due to Cr(1V)
or Cr(V), it must be assumed that ceric ion persists,
although at low concentration, for long periods of
time. If both the rate of formation of Cr(1V), for
example, and if destruction are of the same order in
ceric ion, the steady state concentration of Cr(1V)
will be independent of the concentration of oxidizing
agent and a constant steady state concentration of
Cr(IV) will be maintained. The experiments with
reducing agents added to Cr2D 7 are inconclusive.
The rate of oxidation of Fe++ and As02‘ by Cr(l1V)
and Cr(V) may be so rapid that the intermediates
are kept at concentrations too low to be effective
in the catalysis of the Cr(H2D )6+++-T12D exchange.

The experiments with chromous ion added dem-
onstrate the usefulness of this indirect method of
studying rate of electron transfer between different
oxidation states of the same element. It can be ap-
plied conveniently however only in systems such as

(10) C. C. Swain, Record, of Chemical Progress, 12, 21 (1951). Re-
view.

(11) H. E. Menker and C. S. Garner, J. Am. Chem. Soc., 71, 371
(1949).

(12) F. H. Westheimer, Chem. Revs., 45, 429 (1949).
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the present one, in which one ion exchanges associ-
ated groups much less rapidly than the other.
Since Cr++ has been shown to exchange rapidly
with solvent, an upper limit for the rate of electron
transfer between Cr++ and Cr+++ under the condi-
tions of our experiment of 0.028 1 mole“ 1min.-1 can
be set. It seems very likely that electron transfer
is the only path for the Cr(H2)6+++-H2 ex-
change opened up by Cr++, and that the value
mentioned above measures the specific rate of the
Cr++-Cr+++ electron exchange. Catalysis of the
exchange by CI*“ is not unexpected in view of the
behavior of the other systems of this type. 134
The observations made on the catalysis by Cr++ of
the exchange between Cr(H2)6+++ and water
make reasonable an electron transfer mechanism
for the catalysis by Cr++ of the dissolution of CrCI3
in water.5 The reaction is ordinarily slow, but can
become very rapid when Cr++ or certain reducing
agents are added. Conversion of Cr+++ in a ma-
trix of CI1* to Cr++ by electron transfer makes pos-
sible the rapid release of CI“. Since there is not
net consumption of Cr++, the process can continue.
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REMARKS

F. A. Long: The fact that the u/, values are so nearly the
same for the three different anions, perchlorate, nitrate and
bromide, makes it seem quite possible that the differences
are simply due to salt effects on the reaction of the Cr-
(H,0)6+++ complex with water.

Response: If the anion is excluded from the activated
complex, the reaction in question becomes an ion-dipole
reaction. Don’t you think a factor of three is rather large
for a secondary salt effect?

Response (F. A. Long): There are examples of ion-
dipole reactions which show even larger salt effects.

Response (R. A. Plane): Perhaps we are saying the same
thing in different words. We must conclude that at least
in the chloride case, the exchange does not proceed by forma-
tion of a complex ion. Since it is an outer sphere effect, it
is equivalent to what you call an activity effect.

Robert E. Connick: Would you care to make some re-
marks about the role of the anion in the exchange if the
intermediate Cr(H2)5K ++ is excluded.

Response (R. A. Plane): Several mechanisms can be
postulated. The anion can be “hydrated” by one of the
H2 molecules coordinated to Cr+++, and thus assist in the
removal of the water molecule. Or, a complex of the type
Cr(H2)6 anion++ may be formed which rapidly exchanges
water.

Response (R. E. Connick): In the first case, should not
the effectiveness of the anion in catalysis be related to base
strength, and permit calculation of the relative effectiveness
of anions?

Response (R. A. Plane): The relation is not simple be-
cause the difference in the energy of hydration of the anion
by .solvent water and water attached to Cr +++isin question.

Fred Basolo: INn all your work you discuss water ex-

(13) D. J. Meier and C. S. Garner, J. Am. Chem. Soc., 73, 1894
(1951)— catalysis of Eu(ll1)-Eu(lll) by CI-.

(14) W. F. Libby, private communication—'Catalysis of Ce(l11)-
Ce(lV) by F-.

(15) R. Abegg and Fr. Auerbach, “Handbuch der Anorganischen
Chemie,1 Bd. 4, Abt. 1, S. Hirzel, Leipzig, 1921, pp. 75-76.



38 R. K. OsTERHELD AND L. F. AUDRIETH Vol. 56

change for hydrated metal ions. Have you investigated the
analogous situation with more stable complex ions of the
type [Co(NH3)sH2D] +++ or [Co(NH))4AHD)2]+++?

Taube on the exchange of ('of XH3)3TO with water.
The exchange in this system proceeds at about the same rate
as for cr(H s0)6+++. Some observations which have been
made indicate that the rate is independent of the anion
concentration when SOW is the anion.

Response: Work has been started by Rutenberg and

POLYMERIZATION AND DEPOLYMERIZATION PHENOMENA IN
PHOSPHATE METAPHOSPHATE SYSTEMS AT HIGHER TEMPERATURES.1
CONDENSATION REACTIONS INVOLVING THE POTASSIUM
HYDROGEN ORTHOPHOSPHATES

By R. K. Osterheld23and L. F. Audrieth
Noyes Laboratory of Chemistry, University of lllinois, Urbana, Illinois

Received August 30, 1951

Methods of differential thermal analysis, X-ray diffraction, chemical analysis together with dehydration studies have been
employed to investigate the condensation reactions which take place when the potassium hydrogen orthophosphates and
mixtures thereof are heated to higher temperatures. Potassium dihydrogen orthophosphate is converted directly into the
insoluble potassium metaphosphate, dehydration beginning at a temperature above 200°. Heating curves for the anhydrous
dipotassium hydrogen orthophosphate indicate that conversion proceeds in two steps, the first beginning at about 282°
involving loss of one-half of the constitutional water to yield an intermediate whose composition can be represented by the
formula ¢(K-HPOi KjP/);, and the second, around 400° corresponding to complete dehydration to the pyrophosphate,
K4P207.

The preferred first, reaction for any mixture containing both the mono- and dihvdrogen orthophosphates leads to tripotas-
sium monohydrogen pyrophosphate in accordance with the equation: KH2P04+ KoTIPO, —»K3HP;(>7 + H2 (A). Using
equimolar ratios of the reactants this process goes to completion at 245°. The effect of further heating of such mixtures de-
pends upon the initial mole ratios of the reactants. Kxcess of the dipotassium hydrogen orthophosphate results in formation
of potassium triphosphate: KjHIbth + KjHI'Qj -* K530 L + I1TO (13). If no excess of the monohydrogen orthophosphate
is present condensation of two moles of the tripotassiuin hydrogen pyrophosphate takes place to give the intermediate
tetraphosphate whose disproportionation is believed to account for the formation of metaphosphate and triphosphate as

reaction products:
readily at 325°.
equation (A) will be converted into metaphosphate.

Introduction

The aggregation reactions eiiected by the heating
of various hydrogen orthophosphates have been the
subject of considerable study. Most of this work,
however, has been concerned only with the ultimate
reaction products and has been limited largely to a
study of the behavior of the sodium hydrogen ortho-
phosphates. Much of the work in this field has
been purely empirical. To produce a given sodium
polyphosphate any mixture of sodium hydrogen
phosphates having the proper sodium to phosphorus
ratio is heated to an appropriate temperature.
Whereas such an approach is effective from a tech-
nological point of view, it serves to obscure some of
the more interesting scientific aspects of these re-
actions, which, in themselves, may become of
technological importance.

The phosphates resemble the molybdates, chro-
mates and vanadates with respect to the formation
of isopoly (condensed) acids, but differ from the
latter in one important aspect. Whereas the aggre-
gation (dehydration polymerization) of molyb-
dates, chromates and vanadates may be accom-
plished readily in aqueous solution by the addition

(1) Presented at the Symposium on Complex lons and Polyelectro-
lytes, Ithaca, N. Y , June 18-21, 1951. Abstracted from a thesis sub-
mitted by R. K. Osterheld to the Graduate College of the University
of Illinois in partial fulfillment of the requirements for the Degree of
Doctor of Philosophy, 1950.

(2) Victor Chemical Works Research Fellow in Chemistry 1948-
1950.

(3) Baker Laboratory of Chemistry, Cornell University,
New York.

Ithaca,

2K.illIPi(l — |K&P4i3+ HXD] —»KPO3 + K.,p30ii+ H2D (C).
Any excess of potassium dihydrogen orthophosphate over that required for the reaction represented by

Reactions (13) and (C) take place

of acid, it is necessary to employ high temperature,
essentially ansolvous acidic media to bring about
the conversion of orthophosphates into poly- and
metaphosphates. Such reactions therefore repre-
sent polymerization processes occurring in high
temperature acid systems. For preparative pur-
poses, the hydrogen ion is generally the acid em-
ployed, that is, adjustment of acidity is ac-
complished by using the appropriate hydrogen
phosphate, or mixture of hydrogen phosphates, as
the starting material.4 It is noteworthy, however,
that other high temperature acids, both protonic
(ammonium and hydrogen sulfate ion) and non-
prot.onic (sulfur trioxide and dichromate ion), will
cause these aggregation reactions to take place. It
is also possible to bring about the reverse process at
higher temperature, that is, depolymerization of
polyphosphates by the use of appropriate bases,
just as the polyanions of Cr(VI), Mo(VI) and V(V)
are degraded to the simple ortho-ions in aqueous
solution by raising the pH. Fusion of sodium poly-
metaphosphate melts with oxides, hydroxides, car-
bonates, sulfides and fluorides effects such depoly-
merization.45 It is only recently46that the funda-
mental nature of these high temperature polymeri-
zation-depolymerization reactions as acid-base
phenomena has been emphasized.

There is presented in the experimental portion of

(4) O. F. Hill and L. F. Audrieth, T his Journat, 54, 695 (1950).

(5) O. F. Hill, Thesis, University of Illinois, 1948.

(6) L. F. Audrieth and G. T. Moeller, J. Chem. Education, 20, 219
(1943).
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this paper the results of a study of the aggregation
reactions which the potassium hydrogen orthophos-
phates, and mixtures thereof, undergo at higher
temperatures. It had already been recognized
that the thermal behavior of the potassium mono-
and dihydrogen orthophosphates is different from
that of the corresponding sodium salts. The method
of differential thermal analysis was used to deter-
mine the course of the condensation reactions. The
identity of the intermediate and final products was
verified by chemical methods and by X-ray diffrac-
tion analysis. The specific objectives were (a) to
define more clearly the mechanism of the reaction
leading to the formation of potassium triphosphate
and (b) attempt the preparation of potassium tet-
raphosphate by a high temperature aggregation re-
action. The latter objective was not realized, even
though it had been shown that discrete polyanions
become more stable toward thermal treatment as
the size of the cation is increased.78

Experimental Procedures

Differential thermal analyses were carried out in a small
electric furnace heated at a controlled rate of eight to ten de-
grees per minute. Weights of sample were standardized at
ten grams. Sample temperatures were recorded continu-
ously by means of a Wheelco recorder. The differential in
temperature between the sample and a similar amount of
ignited aluminum oxide was recorded simultaneously on a
Brown recorder. The temperature sensing units for both
these purposes were bare junction Pt-90Pt IORh thermo-
couples. The thermocouple and recorder combination used
to determine sample temperature was calibrated periodically
against benzoic acid (m. 122.5°), potassium dichromate (m.
397.5°), potassium sulfate (tr. 583.0°), and sodium chloride
(m. 800.4°). The temperatures recorded are considered
accurate to £ 5°.

The analytical procedure recommended by Jones9 was
used for determination of orthophosphate. The Bell method
was employed for the quantitative determination of pyro-
and triphosphate.10 Since potassium metaphosphate is in-
soluble in water, it was collected on an ashless filter
paper, then ignited for an hour at 575°, followed by an hour
at 800°.

Thermal Behavior of the Individual Reactants. Potas-
sium Dihydrogen Orthophosphate.— Thermal analysis of
potassium dihydrogen orthophosphate showed that the rate
of dehydration becomes appreciable at 208°. At about 258°
a strong endothermic process takes place, during which water
is lost rapidly and the material froths. The resulting de-
hydration product, potassium metaphosphate, melts at
805°. Although it is possible to prepare disodium dihy-
drogen pyrophosphate by partial thermal dehydration of
sodium dihydrogen orthophosphate, there is disagreement in
the literature about the formation of appreciable amounts of
dipotassium dihydrogen pyrophosphate as an intermediate
in the conversion of potassium dihydrogen orthophosphate to
potassium metaphosphate. The dehydration process was
therefore studied at 245°, since the behavior at this tempera-
ture is of particular importance to a later stage of the
present investigation. Data for the reaction are presented
graphically in Fig. 1. 1t will be noted that at 245° water is
lost steadily by potassium dihydrogen orthophosphate until
essentially complete.’ conversion to potassium metaphos-
phate has occurred. The analytical data for samples taken
at stages during the process show that no appreciable
amounts of any intermediate are present at any time, and
that potassium metaphosphate appears early in the dehydra-
tion. Thermal analysis of a sample of dipotassium dihy-
drogen pyrophosphate prepared in another way further
showed that its decomposition commences below 200°, be-
coming rapid at 230°.

(7) 1. Flood and T. Kurland. Act« Chern. Scand., 1, 781 (1947).
(8) Il. Flood and A. Milan, ibid., 4, 364 (1960).

(9) L. T. Jones, Ind. Eng. Chem.t Ana!. E(l., 14, 536 (1942).
(10) R. N. Bell, Anal. Chem., 19, 97 (1947}.
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A. WEIGHT LOSS VS, TIME

B. COMPOSITION VS WEIGHT LOSS.
Fig. 1.— Dehydration of KIhPO, at 245°.

Potassium Monohydrogen Orthophosphate.— Anhydrous
potassium monohydrogen orthophosphate was prepared by
dehydration, at 200°, of reagent grade KjHPOVSHsO.
The heating curve for the anhydrous material showed that
the conversion into potassium pyrophosphate proceeds in
two steps: one starting at 282° and a second around 400°.
Samples heated at 325° lose one-half of their constitutional
water. The second half can be removed by heating to 400°.
Analyses of the “half-dehydrated” and completely dehy-
drated samples showed them to contain 51.3 and 96.7%, re-
spectively, of the phosphorus content as pyrophosphate.
With the exception of several minor lines, all the lines in the
X-ray diffraction pattern of the intermediate material could
be ascribed to K jHPOj, the starting material, or to Kd’'o0-,
the ultimate product. Further studies are planned to
elucidate the nature of the intermediate material and lhe
reason for the two stages in the aggregation process.

Thermal Behavior of Potassium Dihydrogen-Monohy-
drogen Orthophosphate Mixtures.— Samples representing
2:1, 2:2, 3/2:2 and 1:2 mole ratios of the dihydrogen to
monohydrogen orthophosphate were prepared by thoroughly
mixing and grinding together the proper amounts of the an-
hydrous materials. Differential thermal analysis data for
these mixtures are presented in Fig. 2 in the form of ap-
proximate redrawings of the curves obtained. Data for the
individual reactants are similarly presented for comparison.

From an examination of these data, it seems likely that the
initial reaction is the same for each of the various mixtures.
A reaction starts in each mixture around 180-200° and in-
creases in rate up to 230-250°. Comparison with the heat-
ing curves for the pure reactants makes it clear that this reac-
tion is not due to either component acting as an individual.
Pure potassium dihydrogen orthophosphate undergoes a
rapid endothermal process in the vicinity of 260°, as do mix-
tures rich in this component. The relative magnitude of
this arrest becomes smaller as the KH 2?04 content is de-
creased, indicating that this particular break in the first
three curves represents the same process. Pure dipotassium
monohydrogen phosphate undergoes no change below about
280°. In the curves for the mixtures shown in Fig. 2 the two
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Fig. 2.— Thermal analyses for KHZ2 04K 2H P 04mixtures;

over-all reaction: A, KH2P04 — KPO03, B, 2KH2P04
+ K2HPO04 3/2KP0O3 + IMKsPsCho; C, 2KH2P04
+ 2K2HPO4 KPOs + K5Xio, D, 3/2KH2 04+ 2K2
HPO4 1/12KPO3+ K60, E, KH2P04 + 2K2HPO4
— KjPsOio; F, 2K2HPO04* K&PD 7.

upper breaks at 618° and 650° represent, respectively, the
eutectic for the K58 3ioK P 0 3system and the incongruent
melting point of K3P3io- The relative magnitudes of these
breaks change properly in accord with the composition.

A temperature of 245° was chosen as one which would be
likely to bring the initial reaction to completion in a reason-
able time period without inducing further reaction. Sam-
ples containing 2:1, 2:2 and 1:2 mole ratios of potassium
dihydrogen to monohydrogen orthophosphate were prepared
by two methods: (a) those termed “ground mixtures” were
mixed and ground together as thoroughly as possible and (b)
those called “intimate mixtures” were prepared by evaporat-
ing a solution of the reactants as quickly as possible to bring
about rapid, intimate cocrystallization of the components.
These mixtures were heated to constant weight at 245°.
Table 1 presents data for the weight losses (calculated as
moles of water) experienced by these mixtures in reaching
constant weight, and reports the analyses of the products ob-
tained. The data for the three mole ratio mixtures will be
considered separately.

Reaction in Equimolar KH2P 04K 2HPC>4 Mixtures.—
When equimolar mixtures of potassium dihydrogen and
monohydrogen orthophosphate were heated to constant
weight at 245°, the weight losses were found to correspond
to the evolution of 2.04, 2.05, 2.02 and 2.06 moles of water
per two moles of each reactant. The possible reactions
which would lead to this result are

2KH22P 04+ 2KHPO04— > 2KHPD 7+ 2H,0 (1)
2KH2P 04+ 2KHPO4— >
2KP03+ 2HD + (2K.HPO4 (2)
2KH22P 04+ 2K2HPO4— >
KHPD7+ KPD7+ 2HD (3)
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2KH2P 04+ 2KJIPO. — GO
K3PDO+ 2HD + (KH.PO4) (4)

2KH2P 04+ 2KHPO, — >
KPOa+ IWAPDT7+ 2HD + (KH2P04) (5)

Although each of these equations accounts for the
observed weight loss, the last three are believed to
be unlikely since they présuppose that KH2PO4 or
K2H2P207 are stable at 245°. Equations (3) and
(5), which involve the direct dehydration: 2K2
HPO4 —»K4P207 —+ H2 , as an independent reac-
tion, are also unlikely since this reaction does not
take place to an appreciable extent below 280°.
Table | presents a comparison of analytical data
for constant weight products at 245° from “ground”
and “intimate” mixtures with the compositions
predicted for each of the five possible reactions
listed above. Equations (1) and (3) agree most
closely with the experimental data for equimolar
mixtures. Perfect agreement with theory cannot
be expected for reactions of this kind. While sin-
tering takes place during early stages of the reac-
tion, no appreciable liquid phase is present to ensure

Table |
Reaction of Various M ono- and Dihydrogen Phosphate
M ixtures at 245°

A. Weight loss, as moles of water, in achieving constant
weight at 245°

Type of Male ratios, KH2P0O4: K HPCL
sample 2:1 2:2 1:2
Ground 1.96 2.05 1.28
Intimate 1.98 2.04 1.21
Theoretical 1 2.00 2.00 1.00
for 2 2.00 2.00 1.00
equation 3 1.50 2.00 1.50
4 1.00 2.00 2.00
5 2.50 2.00 2.00

B. Analyses of products obtained by heating to constant
weight at 245°"

Type of rc p« Mole ratios. KH2PO4: KjHPOi
sample as 2:1 2:2 1:2

Ground POa~ 8.0 10.8 5.0

rom- 0.0 2.8 9.0

eo,-4 87.9 64.2 52.0

Intimate po3 5.8 0.0 0.9

P3sOw -5 0.0 0.0 1.7

pd 7< 89.8 79.4 62.0

Theoretical for P03 33.3 0.0 0.0

equation 1 Ps0,0"° 0.0 0.0 0.0

P207-4 66.7 100.0 66.7

equation 2 P03 66.7 50.0 33.3

P3010- 0.0 0.0 0.0

P207- 4 0.0 0.0 0.0

equation 3 POs- 0.0 0.0 0.0

pP.O,,- 0.0 0.0 0.0

P207-4 100.0 100.0 100.0

equation 4 Ro - 0.0 0.0 0.0

P30,,-6 50.0 75.0 100.0

P207- 4 0.0 0.0 0.0

equation 5 Pos- 66.7 25.0 33.3

P3D10-6 0.0 0.0 0.0

p207-~ 33.3 75.0 66.7

“ The differences from 100%
phate.

correspond to orthophos-
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thorough mixing of the reactants. The slow dehy-
dration of the dihydrogen phosphate, KHZ2 04 is a
competing reaction at 245°. It is evident, how-
ever, that the use of the intimate mixture tends to
eliminate this side reaction.

Of the possibilities that correspond most closely
with the analytical data, equation (1) has been
chosen as representing the major reaction at 245°
for several reasons: (a) the X-ray pattern indi-
cates that none of the usual potassium phosphates
is a major constituent of the product, (b) KHPD 7
is normally not stable at 245°, and (c) the conver-
sion of K2ZHPO4 to K4P207 will normally not take
place below 280° at an appreciable rate.

Reaction in 1:2 Molar Ratio KHP 04KZ2HP04
Mixtures.—The experimental data for mixtures
containing a 1:2 mole ratio of potassium dihydro-
gen to monohydrogen orthophosphate are pre-
sented in Table I, together with the results pre-
dicted by the following possible reactions (equa-
tions based on the same premises as those in the
preceding section but modified to take into account
the different mole ratio of reactants)

KH2PO4 + 2K41PO, — >
jHPjOt+ IPO + (KsHPOj) (1)
KHjPO, + 2KHPO4— *-
KPOj + IPO + (2lv,HPO4)
IvHOPO, + 2K5HPO4 — *-
TXHPD7 + KAP207 + 1'AHD
KHP04+ 2K2HP04— > K5P3010 + 2HD  (4)
KH-.POj + 2IPIIPO, — >
KPO, + KPD7+ 2tPO (5)
It is apparent from these equations and from the
data reported in Table | that the actual weight
losses experienced at 245° by the 1:2 mixtures do
not agree closely with any of the possibilities pre-
sented. The data agree best with the require-
ments for the first three equations. In a later sec-
tion evidence will be presented for a second reac-
tion commencing near 250° which may be respon-
sible for high observed weight losses for this mixture.
The analytical data show, once again, that the use
of intimate mixtures tends to eliminate a side reac-
tion which is appreciable in the ground mixtures.
The analytical data for the product obtained from
the intimate mixture are in good agreement with
the requirements of equation (1) and no other.
Reaction in 2:1 Molar Ratio KH>P04K ZHP 04
Mixtures.—The possible reactions in 2:1 mole
ratio mixtures, that correspond to those considered
in the previous sections, may be represented by
the equations
2KIPPO, + IAHPO4 — >
K#HPD7+ IvPOa + 2H,0 (1)
2KHP04+ KHPO4— ~
2KP03+ 2I-PO + (KHP04
2KIPPO, + KHP()4— ~
KHPD7+ ViK.P/h + TAIPO

IVHPCP— >
7XFPO0 - HD + (IV2KIPPO4)

4
2KH.PO4 + k Zhpod—
2KPO3 + VJPPT): + 2'AH.O0 (5)

From the data presented in Table I it can be seen
that the observed weight losses for the reaction at

03
3

@

©)
2KIPPO4 +
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245° in mixtures of this composition agree well with
the first two equations. However, the analytical
data, presented in the same table, are in complete
disagreement with the composition expected on the
basis of equation (2). The data are infair agreement
with a process represented by equation (1). It is
possible in this case that a K HHZ2P 2D 7intermediate in
the KHZ2P 04dehydration to KP 03is stabilized by the
K3HP207 formed according to equation (1). Heat-
ing the intimate sample for which data are reported
in Table I to 270° brought its composition into bet-
ter agreement with equation (1) (analvses, % P as:
P03-32.1, P10 60.0, PD 7~456.1).

Conclusions Concerning the Interaction of
KHZ 04 and KHPO04 at 245°.—A consideration
of both the weight loss and analytical data
(chemical and X-ray) for the reaction taking
place at 245° between several different mole ratios
of potassium dihydrogen and monohydrogen ortho-
phosphates shows that the preferred reaction may
be represented by the equation: KHZP04 +
KHP04—-KHPD 7+ HAD. Absolute agreement
with theory is a practical impossibility since allow-
ance must be made for the inherent nature of solid-
phase reactions, which may not go to completion,
and for the fact that side reactions are likely to take
place.

The Effect of Higher Temperatures

Products obtained by heating to constant weight
at 245° starting mixtures consisting of 2:2 and 1:2
mole ratios of potassium dihydrogen to monohvdro-
gen orthophosphate are of special interest. The
first of these products consists largely of the previ-
ously unreported tripotassium monohydrogen pyro-
phosphate; the second yields potassium triphos-
phate upon heating to a sufficiently high tempera-
ture.

The differential analysis curves reproduced
schematically in Fig. 3 depict the effect of further
heatingonsamplesalready heated to constant weight
at 245°. Figure 3 shows that a sample of 1:2 mole
ratio (curve B) which has reached constant weight
at 245° needs to be heated only to a slightly higher
temperature before another process begins to take
place. In fact, it is likely that this second process
takes place to an appreciable extent even at 245°.
This would explain the higher than theoretical
weight losses observed for samples of this composi-
tion when heated to constant weight at 245° and
also accounts for the presence of triphosphate in
such a product (see Table I). The mixture consist-
ing initially of KHZ2 04+ 2KZH P04 undergoes the
following reaction at 245°

KHZ2P04+ 2KHP04— > KHPD7+ KOHPO4 + H30

It reacts further at a somewhat higher tempera-
ture according to the equation

KHPD7+ KHPO4— > K5P3010 + HD

Differential curve 3-B indicates that this reaction
can be completed at 325°. The “tailing off” of the
the curve above 400° may be due to the decomposi-
tion of unreacted K2ZHP0 4 As before, the two up-
per arrests correspond to the eutectic in the K5P3-
O10-KPO3 system and the incongruent melting
point of K5P3010, respectively. The strength of
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Fig. 3.— Thermal analyses for samples previously heated at
245°; Sample A: 2KH2P0O4 + 21C.HPOD First, heated to
B: KHoPOt + 2I1C.HPO4>constant weight

lat 245°
C: K|HP> + IVvHPO,, synthetic

ture, see text.

Reaction A: 2h-I(P>0; — K5 ,0io+ KPO03
B: KHPD7+ KdIPO, — K5®,0
C: K,HP2j + K,HP04— KtP,Ow

mix-

the latter arrest indicates the final product is essen-
tially pure K5P3010.

A synthetic mixture of equimolar quantities of KsHP-Oj
and K2HPO4 was prepared by mixing K2HPO4 with the
product obtained by heating an equimolar mixture of
KHZ204:K2HP04 to constant weight at 245°. The dif-
ferential thermal analysis for this mixture is presented as
Fig. 3-C. The resemblance to Fig. 3-B is clear, although
the reaction is not as clean-cut. This is to be expected since
the synthetic mixture constitutes a loss intimate composi-
tion than that used in 3-B. This is also the reason for the
increased strength of the break at 420°, corresponding to the
second half of the dehydration of K.HPO4, and for the fact
that the two upper breaks indicate that less K;P3i0 was
produced.

An intimate mixture of the mole ratio KI11.PO-2 KdIPO,
which had first been heated to constant weight at 245° was
heated subsequently at 325° to constant weight. A sepa-
rate sample of the original KH2PO4-2 K2HPOa4 mixture was
heated to constant weight at 325° directly. Analyses for
these products are presented in Table Il. It is clear that
the reaction to produce potassium triphosphate may be com-
pleted at 325°.

Figure 3-A shows the effect of further heating upon the
product obtained at 245° from an equimoleeular KIPPOi-
K2HPO4 mixture. The major reaction in this case takes
place at a higher temperature than that which characterizes
the K3HP207-K2HPO4 reaction. It is postulated that two
moles of tripotassium monohydrogen pyrophosphate con-
dense with the elimination of water to form an unstable tet.ra-
phosphate intermediate, which immediately disproportion-
ates to triphosphate and metaphosphate

2KHP20D7— > (K®PD,) + HD

curve 3-A may be due to the KBHP207-K2HPO4 reaction dis-
cussed previously. The tripotassium monohydrogen pyro-
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phosphate prepared by thermal dehydration at 245° is never
pure; some unreacted orthophosphate is also present.
Tabite Il

D ata fok Samples Heated to Constant

W eight at 325°

Analytical

Mole ratios,
Thermal KI11.POi: K2UPO4
treatment % r as 2m 1:2
Heated to constant PO: 24.0 4.1
weight at. 325° in P.i0id -i> 75.6 91.5
steps p207-4 0.0 0.0
Heated to constant PO,r 4.3
weight at 325 ° di- p 3 10-5 95.0
rectly PD7-4 0.0
Theoretical I'0j- 25.0 0.0
P A 0-5 75.0 100.0
P T7-4 0.0 0.0

A sample of a ground mixture consisting of equimolar
quantities of Kil>PO, and KJI I'O, which had previously
been heated to constant weight at 245° (to effect conversion
to KHP(@7) was subsequently heated at 325° until constant
weight was achieved. Analyses for this material are given
in Table I1l. They agree well with the expected composi-
tion and are in accord with the postulated reaction given
above.

Conclusions

The preferred first, reaction in any mixture con-
taining the compounds KHZ0 4and K2HPO4 is the
formation of tripotassium monohydrogen pyrophos-
phate

(A) KIILPO, + K.HPO4 — > K3HP207 + HA)

This reaction can be carried essentially to comple-
tion at 245°.

The effect of further heating depends upon the
initial mole ratios of the reactants. If KHPO04is
present in excess, heating at a higher temperature
will result in the formation of potassium triphos-
phate in accordance with the equation

(B) K3HP20, + KdIPOi — > K.I500 + HA)

If no excess monohydrogen orthophosphate is pres-
ent, a temperature slightly higher than that neces-
sary for the reaction just given causes condensation
of two moles of the KHP2 7to give tetraphosphate
as a postulated intermediate. The latter dispropor-
tionates to triphosphate and metaphosphate.

(C) 2K3HP207 — (KEP,013 + H)

' N IvP30I0 T KPC),

Both reactions (B) and (C) will take place at 325°.
Excess KH2PO4 over that required for reaction (A)
will be converted into potassium metaphosphate
slowly at 245°, but more rapidly at a slightly higher
temperature.
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Two fractions of polymethacrylic acid having molecular weights of 43,000 and 90,000 wore investigated as a function of the

degree of neutralization and concentration by the following methods:
Except in the non-ionized case, the concentration dependence of the scattering is similar to that already
anticipated theoretically and considered to be characteristic of polyelectrolytes.

and conductance.

light scattering, viscosity, potentiometric titration

The dissymmetry likewise exhibits a char-

acteristic concentration dependence and its extrapolation to zero concentration permits the evaluation of the size of the poly-

ion under these conditions.

is about fivefold in the root-mean-square end-to-end separation.

It is found that the expansion of the higher molecular weight fraction over the unperturbed size

If the intrinsic viscosity data are determined from extra-

polation of Fuoss's equation and the size estimated by means of the Fiory-Fox equation, values consistent with the dis-
symmetry results arc obtained. The concentration dependence of the pH at a given degree of neutralization appears to be
different from that previously assumed and as a consequence a somewhat different expression for the apparent pH at infinite

dilution is obtained, i.e., [pH]* =

7.70 — 2.45 log (1 — a)/a.

The limiting conductance is interpreted to show that the

net charge on the polyion deviates from the titration value beyond about 40% neutralization.

The present state of knowledge concerning the
behavior of polymeric, electrolytes in solution de-
rives principally from investigations of viscosity,2'8
electrometric titration,' 1 conductancel?'’5 and
diffusion.’5 However, the interpretation of much
of the data so obtained rests upon theories1? Dthat
are as yet unproven. Moreover, thermodynamic
investigations, such as those of osmotic pressure,
sedimentation, equilibrium and light scattering,
have not been adequately brought to bear on the
basic problems of theintermolecularand intramolec-
ular interactions in polymeric electrolytes. In an
attempt to improve this situation we have carried
out a coordinated study of polymethacrylic acid
fractions by means of light scattering techniques
combined with measurements of viscosity, electro-
metric titration and conductance as a function of
polymer concentration and extent of neutralization.

The results presented here are restricted to solu-
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tions of the polyacid and its sodium salt: that is,
solutions with added electrolyte are not included in
this present study. It may seem that this limita-
tion narrows the investigation to a particularly
simple case. Actually the reverse is true. In at-
tempting to characterize macromolecules and their
interactions it is essential to perform measurements
over a dilute concentration range in which contacts
between the solute molecules arc essentially limited
to binary contacts and then to extrapolate (gener-
ally in a linear fashion) the data to zero concentra-
tion. In the case of uncharged polymer molecules,
the molecular size remains approximately constant
in the dilute concentration range and the absolute
value of the concentration in this range (usually
about 0.1 to 1.0 g./IOO cc.) is large enough to pro-
duce an adequate response in most procedures em-
ployed. It is these two conditions that do not ap-
pear to apply in aqueous solutions of partially or
completely dissociated polymeric electrolytes. In
these cases the size of the molecule appears to in-
crease greatly upon dilution and the concentration
range required for reliable extrapolation may be
shifted to much lower values. Some experiments
in which the effective size of the polvion and its
gegenion atmosphere appear to be stabilized by ad-
justment of the gegenion concentration will be pre-
sented later.

I. Experimental Procedures

A. Preparation and Fractionation of Polymethacrylic
Acid.— The polymethacrylic acid was prepared in a manner
similar to that used by Arnold and Overbeek.9 A 10%
aqueous solution of the freshly distilled monomer was poly-
merized at 25° using the hydrogen peroxide-ferrous sulfate
initiator system. The amount of initiator used was chosen
in order to produce a polymer having a weight average mo-
lecular weight of about 100,000. The polymerization was
stopped after it was 60%. complete. The polymer was pre-
cipitated by butanone and then redissolved in water and
dialyzed. A crude fractionation was carried out by the addi-
tion of 5 N hydrochloric acid to a 2% aqueous solution of
the polymer. By this process two fractions, A and B, were
obtained and these were refractionated into three fractions
each, A,, A», A3and Bt, B2 B3 Those fractions were dia-
lyzed and then electrodialyzed in order to remove all small
ions. Only fractions A» and Bi were used in this study.

B. Viscosity Measurements and Estimation of Molec-
ular Weights.— The viscometer employed throughout this
study had the following characteristics: capillary radius,
0.227 mm.; volume of bulb, 2.91 cc.; length of capillary,
7.7 cm.; efflux time for water, 210 sec.; gradient for water,
1010 sec.“l1; Hagenbach correction, 1.0%. All measure-
ments were made at 25°.
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Inasmuch as Arnold and Overbeek9 had used viscosity
data of 2 N sodium nitrate solutions of completely neutral-
ized methacrylic acid for the estimation of molecular
weights, using the intrinsic viscosity-molecular weight re-
lation for polymethyl methacrylate in benzene, similar meas-
urements were made with our fractions in order to compare

the molecular weight of our fractions with theirs. Using the
relation mentioned2l
M = 2.42 X 105M 1-® (1)

the results obtained were: for fraction Ai, [r] = 0.450, M =
84,000; for fraction B2 [7] = 0.265, M = 42,000. On the
basis of the molecular weight determinations discussed in
the next paragraph, it appears that these results are es-
sentially correct indicating that the state of coiling of the
polyion at high ionic strength is comparable to that of its
methyl ester in benzene solution. This conclusion is similar
to that reached by Katehalsky and Eisenbcrgé when 2 N
sodium hydroxide was used as the solvent.

C. Light Scattering Measurements and the Determina-

tion of Molecular Weight.—The light scattering photom-
eter employed in these studies has been described by
Brice, Halwer and Speiser.2 For further details of its
calibration and the procedures used, reference should be
made to Doty and Steiner.23 The solutions were cleaned by
centrifuging for a" least four hours at 20,000 g. The solvent
used for the molecular weight determinations was hydro-
chloric acid solution having a pH of 1.55. In this solvent
the ionization of the polymethacrylic acid was negligible
(a ~ 0.001). The limiting dissymmetry (45°/135°) was
unity for fraction Bi and 1.025 for fraction A2. In the latter
case the limiting c/Rm ratio has been corrected by 1.5%.

The light scattering data are summarized in Table 1.
Tabite |
Light Scattering Data for Two Polymethacrylic

Acid Fractions in Hydrochloric Acid Solution

Fraction A2 Fraction Bi
AD X Ke/Rm X Rw X Kc/Rw X
c, g./cc. 105 10* c, g./cc. 105 105
0.01005 29.1 1.421 0.01000 15.75 2.63
.00471 15.2 1.275 .00500 8.45 2.46
.00286 9.8¢ 1.204 .00250 4.31 2.40
.00166 5.90 1.171 .00125 2.21 2.35
.00091 3.30 1.145
0 1.125 0 2.32
« - 1.025 P(90) = 0.985 2 = 1.00 P(90) = 1.00
M = 1/(1.125 X 1C”"» X M = 1/(2.32 X 10-) =
0.985) = 90,300 43,100

B = 0.15 X 10~4ce. moles/g.2 B = 0.16 X 10-4 cc. moles/g.1
A- 4370 A, dn/dc = 0.1594, K = 2irw(dn/dc) VA'oX4= 4.15 X 10"2

Some of the data for fraction A2are plotted in Fig. 1 in ac-
cordance with the basic equation

K (c/Rm)P(90) = 1/M + 2Be 2)

Fig. L—Plot of (Kc/Rso)P(”0) against ¢ for polymetha-
crylic acid, fraction A2 at different degrees of ionization.
Data taken from Table I1.
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(23) P. Doty and R. F. Steiner, J. Chem. Phys., 18, 1211 (1950).
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D. Potentiometric Titration and Conductance Measure-
ments.— A Beckman pH meter, model G, was used for the
determination of pH at 25°. For these measurements the
solutions were prepared with the usual precautions in order
to avoid carbon dioxide absorption. The dilutions and pH
measurements were made under streaming nitrogen with a
Beckman pH Meter, model G, at 25°. Without the use of
nitrogen, the drift of the pH was evident at ionizations
greater than a = 0.5. Conductivity measurements were
made with a relatively simple conductance bridge, Model
B.C, of the Industrial Instrument Co. A soda lime trap was
used to close the conductivity cell. These measurements
were likewise made at 25°.

I1. Light Scattering

A. Absolute Intensity Data.— In the investigation which
has preceded this one, 2 the behavior of solutions of a protein
salt (bovine serum albumin carrying fifty charges) was stud-
ied. In this case the polyion is small and rigid; conse-
quently, the variations in the dissymmetry which were ob-
served were due entirely to the effects of external interfer-
ence. It was found that the value of rose sharply
from the intercept at zero concentration, gradually fell off
and after reaching a concentration of about 0.4 g./100 cc.
was nearly independent of concentration. This behavior
was shown to be consistent with concept of the protein ion
and its gegenion atmosphere behaving as either a hard or, bet-
ter, a soft sphere whose size was comparable with that of the
gegenion atmosphere and which therefore varied in size ap-
proximately inversely as the cube root of the concentration
of gegenions and hence of protein. The data could be rep-
resented by expressions derived for three closely related

models. For the case of non-repelling hard spheres
Kc/Re = ilW ) [1 + W/WcHKD)] (3)
where B' = (2/3)7rD3V0, -Vo being Avogadro’s number and

D the hard sphere diameter. The quantity 4>(/iD) is the com-
mon scattering function (3/r3) (sin X — X cos xX) where X =
hD and h = (4ir/\') sin (6/2). If the potential between
particles is of the form In [1 — exp(—r/r0)2, which is a good
approximation to the potential between charged particles,
one can derive the expression

Kc/Re = [+ T3™No./Mcr@Bexp (—fixoza)] (4)

At higher concentrations these equations become somewhat
inadequate since only the second virial coefficient has been
used in their derivation. In the absence of gegenions that
do not belong to the protein salt the hard sphere diameter,
D, or the distance of average approach of centers, r0, is as-
sumed to be inversely proportional to the cube root of the
concentration. Therefore, the coefficients of the last term in
both equation (3) and (4) are concentration independent and
the concentration dependence of Kc/Re is due solely to the
variation of the function <>(hD) or the exponential as a con-
sequence of the dependence of D and r0 on concentration.
This functional relation is satisfactory for representing the
observed data for serum albumin. A similar concentration
dependence of Kc/R is to be expected for polymethacrylic
acid when sufficiently ionized except insofar as it may be
modified by the variation in size of the polyion with concen-
tration and by much larger charges which the polyion may
bear.

The reduced intensity at 90°, liso, and the dissymmetry,
z (45°/135°), have been measured as a function of concen-
tration at several different extents of ionization and are pre-
sented in Table Il and graphed in Fig. 1 for fraction A,.
In obtaining these data the solution at a concentration of
about 0.5 g./100 cc. is brought to the desired state of
ionization by the addition of dilute NaOH solution. The
solution and solvent are then made optically clean by cen-
trifuging at 20,000 g. for at least five hours at about 5°.
The solvent in this case is doubly distilled water. In princi-
ple the pH of the water should be that of the solution but in
this particular system those pH values are so close to that of
distilled water that adjustment is not necessary. The
scattering measurements were made in two ways. (1)
For concentrations below 0.1 g./100 cc. the semi-octagonal
cell is filled with 50 cc. of optically clean water (z < 1.1)

(24) P. Doty and R. F. Steiner, ibid., in press.
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and the concentrated solution is gradually added and mixed
by means of a magnetically rotated, glass-enclosed iron nail.
(2) At higher concentrations the cell is filled with 50 cc. of
the concentrated solution and dilutions are made stepwise
with optically clean water. For the concentration range
in which the minimum occurs, measurements were made in
both ways. It was demonstrated that centrifugation had
not significantly altered the concentration of the solution.

It will be recalled that RO is the quantity of thermo-
dynamic significance. In work with polymers this is
usually derived from measurements of R by dividing the
latter by P(90) which in turn is evaluated from the limiting
dissymmetry, [z]. However, in view of the unusual
concentration dependence of z it is believed that ROis better
approximated by using P(90) derived from the dissymmetry
observed at each concentration. The difference between
these two procedures generally amounts to only a few per
cent. The data plotted in Fig. 1 fora =0 are taken from
Table 1.

It is noted that the concentration dependence of Kc/Rm
is of the nature anticipated and -hat the initial slope as well
as the remainder of the data increase with a. The data for
different values of a are consistent with a common intercept
but the precision is not sufficient to prove this for the higher
degrees of ionization. The precision attained in this 'work
was not accomplished without considerable effort since the
excess scattering over that of water was only 10 to 100%.

The data in Fig. 1 can be rather well represented by equa-
tions (3) and (4) by choosing a value of D or rOto fit the
data at high concentration and then providing for an ap-
propriate increase in D or rOwith decreasing concentration.
In the former study of serum albumin2 equation (3) was
found to fit the observed data within a small difference re-
sulting from the use of a hard sphere potential rather than an
electrostatic potential wdien the following points were con-
sidered: (1) the contribution of the counter-ions present
due to the acid required to maintain the relatively low pH,
(2) the macro-ion possessed a finite size which was independ-
ent of concentration, (3) the hard sphere diameter was the
sum of the mean diameter of the protein molecule and a
counter-ion atmosphere whose effective thickness varied as
the inverse cube root of the concentration of counter-ions.
When considering the present data the first point need not
be considered. The second and third points must be con-
sidered together since the size of the macro-ion is in this
case variable. If the finite size of the macro-ion is neg-
lected, it was found that the concentration dependence
must be much less pronounced, say about inverse sixth root
of concentration, in order to obtain moderate agreement.
A more reasonable alternative, especially in view of the dis-
cussion of the viscosity behavior below, is to permit the ef-
fective diameter, D, to increase toward a limiting size upon
dilution. This is in contrast to the limit of infinite size
used for the serum albumin. Within the precision of Fig. 1a
variety of forms of the concentration dependence of D can be
employed. Among these is the particular form D3 =
A/{1 + B Vc) which is analogous to the reduced specific
viscosity. Although these data do not justify an attempt to
elicit a precise form of the concentration dependence of D,
the following might be said in summary. The initial slopes
are not infinite but do increase with charge. Therefore, the
value of D appears to reach a limiting value upon dilution
w'hich is a monotonic function of the charge. The value of
Kc/Rm at which the curves essentially level off at higher
concentration is a measure of the extent to which the solution
is filled with spheres of diameter D.

The curves for a = 0.25, 0.45 and 0.71 differ little from
each other and, moreover, are very similar in shape and ab-
solute value with the corresponding data for serum albumin
which carried only fifty charges. The insensitivity to the
value of a beyond 0.25 is probably due to a compensation be-
tween the further increase in charge and a corresponding in-
crease in gegenion concentration which might in part be due
to association of gegenions with the polyion at larger de-
grees of ionization. The similarity with serum albumin,
despite the much greater charge on the polyion must be a re-
flection of the net interaction in each case being about the
same. This is understandable inasmuch as the charges on
serum albumin reside within a relatively small volume giving
rise to interactions that, approach those of point charges;
the charges on the polyions are so widely distributed that
much less effective repulsions exist between flexible mole-
cules.
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Tabte Il

Light Scattering Data for Fraction A2as a Function

of Degree of lonization

a ¢ (g'l/(%c') X Ra x 10s hi A(%{Rf())}j(go)
0.155 0.0151 0.357 1.25 1.46
.0258 .566 1.19 1.645
.0412 726 1.15 2.08
.0666 .900 1.12 2.77
.0925 1.06 1.12 3.27
.168 1.77 1.14 3.51
.233 2.36 1.18 3.57
.269 2.80 1.19 3.72
.379 3.54 1.20 3.82
.450 4.28 1.21 3.72
0.25 0.0232 0.454 1.45 1.574
.0418 .600 1.39 2.22
0695 775 1.26 3.08
.1045 971 1.24 3.73
.154 1.04 1.25 5.075
.209 1.16 1.30 6.01
.235 1.27 1.33 6.10
.314 1.67 1.35 6.11
377 2.02 1.35 6.09
471 2 23 1.42 6.61
0.45 0.0208 0.250 1.65 2.30
0374 .355 1.60 2.99
.0623 479 1.565 3.74
.080 .580 1.52 4.07
125 .766 1.40 5.14
.187 927 1.45 6.20
249 1.15 1.52 6.40
.299 1.34 1.55 6.47
374 1.66 1.57 6.50
0.71 0.0268 0.222 1.70 3.25
0536 .301 1.63 4.97
.092 .455 1.56 5.86
1085 749 1.49 6.47
1955 840 1.51 6.91
.266 1.10 1.63 6.75
.322 1.25 1.74 6.76
374 1.43 1.72 6.96
448 1.70 1.72 7.06
.560 1.99 1.75 7.38
.700 2.44 1.75 7.50

B. Dissymmetry Data.— Equations (3) and (4) lead to
the following expressions for dissymmetry

1+ 2(B'/M)c*(hD)
1'31 + 2(B'/M)c$(hiD) 1

and
,, 1+ T¥*(No/M)cr03exp (-fe 2x0aA)

1 + )rsA(Ar/Ai)cr03exp (—hi*rov«) 4

where hi and h2are evaluated at 6 = 45 and 135, respectively.
If D and r0 are independent of concentration, as in un-
charged macromolecules, both of these expressions show
that with increasing concentration the dissymmetry, z,
falls rapidly at first and then more slowly from the limiting
value, [z], at zero concentration. The absolute magnitude
of the charge increases with D and r0. On the other hand,
if D and rOare assumed to be inversely proportional to the
cube root of the concentration in the case of protein salts, z
Will drop from its limiting value to quite low values at ex-
tremely low concentrations and then rise (convex upward)
more slowly approaching the original value of [Z] asymptoti-
cally.

An examination of the dissymmetry data in Table 11
(Fig. 2) shows that the level of the dissymmetry increases
with the degree of neutralization and that the concentration



Fig. 2.—Plot of dissymmetry against c for polymeth-
acrylic acid, fraction A2 at different degrees of ionization.
Data taken from Table II.

dependence is intermediate between the two cases described
in the foregoing paragraph. Below concentrations of 0.1
g./100 ce. z increases with decreasing c in a regular manner
which appears to permit reasonably precise extrapolation.
Essentially the same intercepts as those shown are obtained
if I/(z — 1) is plotted against concentration as is often the
practice with neutral polymers. From the limiting values
of z assignments of the mean radius can be interpreted in
terms of either random coils or rods. Consideration of the
actual magnitudes observed indicates that the results should
be interpreted in terms of random coils. For example, if
[z] at a = 0.71 were due to rod-shaped particles, they would
be only half the contour length of the polymer molecule.
This conceptual difficulty does not occur if one accepts the
random coil model. In this case the data require that the
coil be expanded until its root-mean-square separation of its
ends, R, is about one-third the contour length of the mole-
cule. At this degree of expansion the Gaussian approxima-
tion begins to fail but the error which results in this particu-
lar case should net exceed a few per cent. The measure-
ment of the angular intensity distribution would provide a
more direct resolution of this point but the low level of scat-
tering in this system has discouraged such work for the pres-
ent. We conclude, then, that upon charging the mole-
cules of fraction Ai their size as measured by R increases
from about 170 to 1180 A. at zero concentration as given m
Table 11l1. The contour length of the chain is 2660 A.
The size of the uncharged polymer is deduced from viscosity
measurements discussed in the next section. The value of z
in this case is too small for use in the precise determination of
R; it places an upper limit of 210 A. on R.

The concentration dependence of z displayed in Fig. 2
cannot be easily accounted for quantitatively. This is not
surprising inasmuch as both the interaction between the
polyions as well as their size maj7 vary considerably in the
concentration range studied. The fundamental limitation
to interpretation probably lies in neglecting virial coefficients
higher than the second (equation 6). Moreover the fitting
of the concentration dependence of z puts much more rigor-
ous demands on the theory than the fitting of the concentra-
tion dependence of Kc/Rm- In particular it is not possible
to explain the return of z to high values, comparable to [z],
at high concentrations without requiring the size of the
polvion to be essentially independent of concentration.
This requirement appears to be unacceptable for several
reasons. First, in non-electrolyte polymer solutions, there
is a direct proportionality between the size R and the slope
R. Alternatively we would expect R to be directly related
to the effective diameter D. In either view the data in Fig.
1 would indicate that the size of the polyion decreases sig-
nificantly with concentration. Second, the viscosity data
discussed below lead to the same conclusion. Therefore, it
would appear that the difficulty lies in the inadequacy of
the theory for the concentration dependence of z at high
concentration.

To test this conclusion we have examined the dissymmetry
at a = 0.71 upon diluting isoionioally from concentrations
of 0.266 and 0.700 g./100 cc. These two concentrations
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bracket the range in which high dissymmetries are exhibited.
The measurements, which will be published later, showed a
sharp drop upon dilution and a mild rise again after passing
through minima. The intrinsic dissymmetries were found
to be 1.32 and 1.25, respectively, corresponding to It =
650 and 750 A. Since isoionic dilution of the serum albumin
solutions under similar circumstances2l showed that the ef-
fective diameter D was held constant by such a procedure,
we may, take this as an indication that R is at least as small
as 650 A. atc = 0.7 g./lOO cc. and increases to 1180 at in-
finite dilution. This supports the interpretation of the
Rrn measurements and the viscosity data.

Tabte Il

M easurements and Estimates ok R for Two Fractions
of Polymethacrylic Acid as a Function or the Degree

of lonization

a hi vk R’ R, Rv Rt  R\kk

0.001  0.115 (210) 171 142 142
155 3.70 6.64 334 710 540 895 1700
25 185 7.01 446 940 925 1185 2100
A5 455 7.57 640 1110 1250 1710 2400
.68 555 8.18 786 1340 2100 2560
71 1180
75 2530

0.001  0.063 109 100 100
.08 0.465 6.16 114 212 280 430
.20 227 6.83 188 360 480 875
.35 105 7.3 264 600 685 1080
.50 7.7C 326 850 1180
75  13.9 8.39 394 658 1015 1250

1.00 13.4 650 1250

I1l. Viscosity Measurements

It has been shown31 that the specific viscosity-concen-
tration data of polymeric electrolytes can be well represented
by the expression

Vip _ A___
C 1+ By/c (7)

By plotting the data according to this equation in reciprocal
form, a straight line is obtained which apparently allows the
intrinsic viscosity to be determined by extrapolation. Re-
cently the following relation relating intrinsic viscosity,
[iil, to R has been proposed® and shown to be valid in a
number of cases.

2.1 X (8)

By combining these two relations a new method for deter-
mining the value of R for polymeric electrolytes results.
Such a procedure is, however, open to some criticism.
First, the use of equation (8) in preference to others such as
those due to Kuhn and Kirkwood and Riesman may not
find universal agreement.. We believe that at present the
Flory-Fox equation has received the widest experimental
verification. Second, can one expect an equation derived
for randomly coiled chains to hold when the molecules are
extended so that R may be as much as 45% of the contour
length? In reply one can only state that up to this degree
of extension, the polymer chain of this length is still essen-
tially Gaussian and that on a time scale comparable to the
gradient employed in the viscosity measurements the mole-
cule will probably be spherically symmetrical. Therefore,
despite the extreme state of extension, equation (8) may still
be applicable. However, since this is the first experience
with applying this equation to such extended molecules, the
results should be interpreted with caution.

The viscosity measurements for the two fractions of poly-
methacrylic acid as a function of ¢ and a are shown in Table
1V. Some of the data for fraction A. are plotted in accordance
with equations (7) in Fig. 3 where the linear behavior is
evident. The values of A, which we consider equal to
M , and B are also given in Table IV. It is interesting to
note that although B as a function of a passes through a
flat maximum, it appears to be independent of molecular
weight.

The values of R calculated from equation (8) are listed in
Table 111, under the heading /i,. Although the differences

(25) P. J. Flory and T. G. Fox, J. Polymer Set., 5, 745 (1950).
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Fig. 3.—Plot of the reciprocal reduced specific viscosity
against the square root of concentration for polymethacrylic
acid, fraction As, at several degrees of ionization.

between these values and those of Rr,. are for the most part
beyond that of probable experimental error, assuming that
the methods of extrapolation are valid, the comparison re-
veals no major discrepancies. Thus this interpretation of
the viscosity results is consistent with the light scattering re-
sults.

Tabte IV

Specific Viscosity Data for Two Polymethacrylic Acid
Fractions as a Function of Degree of lonization and

Concentration

Fraction Aa
¢, (g./100 CX:) a = 0.155 a = 0.25 a = 045 a = 0.08
0.272 0. 600 1.08 4.20 5.27
107 0. 877 2.804 6.50 7.84
.0432 1. 145 4.10 9.52 11.70
.0174 1. 640 5.715 13.16 16.6
.00697 2.046 7.77 18.2 21.4
A (3. 70) (18.5) (45.5) (55.5)
i (9. 85) (16.8) (18.4) (18.2)
Fraction Bi
(g.liobcc) « = 0.08 « = 020 « =035 a - 0.75 a =10
0.2166 0.121 0. 403 1.222 171 1.705
.1083 .158 0. 552 | .66 2.20 2.19
.0541 .193 1. 702 2.18 2.90 2.92
.0271 .228 0. 909 2.89 3.80 4.04
.0135 .281 3.68 4.95 4.81
A ( 465 (2.27) (10.5) (13.9) (13.4)
B (6.0) (9.75) (16.1) (16.1) (15.2)

It is interesting to note that the value of a occurring in the
equation
M = )

increases from 0.82 to 1.87 upon ionization (a = 0.001 to a
= 0.7). Since these values are based on only two fractions,
the accuracy cannot be high, but they are consistent with a
transition from a small coil to a highly extended configura-
tion in agreement with similar measurements of Katchalsky

and Eisenberg.6

1V. Potentiometric Titrations

A. Theory.—In two recent theoretical studies relations
between the difference in the apparent pk (which depends
on the degree of ionization) and the intrinsic pk of the
monomeric acid, i.e., pKo, and the ratio of the size of the
polyion at degree of ionization a and uncharged, ffo/Ifohave
been proposed. The equation derived by Hermans and
Overbeek4is

[pH],“ + log (1 -

KM -

a)/a - PKO=C (20)
[pH]" refers to pH at zero concentration and degree of

ionization a
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c = aconstant having a value between 0.52 and 0.56
z = degree of polymerization

r = electronic charge
D — dielectric constant

R' = [(0/36)AV(l + Rcr/R™)}/'- (10a)
By a somewhat different procedure which ignores the effects
of gegenions, Katchalsky and Gillis1l conclude that

pK - pANo = 24 X JO-5X/(2X.52'4  (11)

where

X 1+ In(3lia721?02)

X = In(37fav2Ifold - 1

s = no. of monomer units per statistical element of un-
charged, randomly coiled, polymer; taken as 3 in
this work as a result of viscosity measurements: a
value of 4 is sometimes used by other workers

h = length of monomer in chain direction, 2.52 A.

In addition the value of n, defined by the relation
pH = pk —nlog (1l —a)sa (12)
is found to be related to the expansion factor in the following
way
I = 0821 X 10-'X/(2X»&*)¥» (13)
B. Evaluation of pKk at Zero Concentration.—In order
to test these relations the pH has been measured as a func-

tion of polymer concent ration at several valuesofa. The re-
sults for fraction B, are given in Table V. Since the pH is

n -

Table V

Titration Data for Polymethacrylic Acid (Fraction
B,|. The Observed pH as a Function of Degree of
X Eutralization

o]
(ft-/100 cc.)

a =008 a- 020 a =035 a =050 a=075

02166 447 554 6.04 673 778
1083 461 570 624 694 803
05415 477 588 640 7.08 826
02707 4.83 602 656 721 846
01353  4.98 (.72 7.38 856

b = [pl]a 516 635 7.02 7.68 8.92
E 216 256 313 310 353

concentration dependent the need for extrapolating to zero
concentration in order to evaluate pk is evident. It, has
been stated® that- the concentration dependence could be
represented by adding a term in ¢'A onto equation (12).

Fig. 4—Plot of pIT as a function of \/c/(I + v <Qfor
polymethacrylic acid, fraction B,, at several degrees of

ionization.
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However, this proved inadequate for the present data.
In analogy with the Debye-Huckel expressions for the
activity coefficients for electrolytes, the term Dy/c/(1 +

E\/c) was added to expression (12). It was found that
when E was given the value of unity and c expressed in g./I0OO
cc. the data could be fitted as shown in Fig. 4. The earlier
data of Katchalsky and SpitnikI9 are also well fitted by this
type of plot. Likewise titration data of /3-lactoglobulin5
in the acid range are represented by this type of plot with
E = 0.5. On the basis of very limited data, therefore, it
appears that this is an improvement in representing the con-
centration dependence of the activity coefficients of macro-
ions. The values of [pH]“ obtained by the extrapolations
shown in Fig. 4 are plotted againstlog (1 — a)/a in Fig. 5.
The straight fine representation found here leads to the ex-
pression of the titration data in the form

[pPH]* = 2451log (1 - a)/a (14)

The values of the constants found by Katchalsky and Spit-
nikl9were 7.02 and 2.0, respectively. The principal reason
for this difference hes in the different methods of extrapola-
tion to zero concentration. Since our data covered a
larger range of concentration and extended to more dilute
solutions, we believe it correct to use our values in the fol-
lowing calculations. It should be added that the data of
Arnold and Overbeek9which were obtained at only one poly-
mer concentration are considerably higher than ours at the
lower values of a.

7.70 -

Fig. 5.— Plot of — [pH]“ against log a/(l
metiacrylic acid, fraction Bj.

— a) for poly-

C. Estimation cf Molecular Size and Slope of Titration
Curve.— The values of pK found by extrapolation are listed
in Table 111 together with the values of R"' derived from
equation (10a). Using the values of Ra corresponding to the
size estimated from viscosity measurements of the hydro-
chloric acid solution (a = 0.001), the values of R have been
calculated and are listed under Rt. These values are some-
what larger than those obtained from dissymmetry and vis-
cosity at lower values of a. At larger a values Rt is con-
siderably higher than the other estimates. This increasing
divergence with a may be expected inasmuch as the theory
on which equation (9) is based assumed only moderate ex-
pansion of the coiled molecule.

Turning now to an examination of the other theoretical re-
lation, equation (1C), one finds that no comparison can be
made. This is because the expression on the right side does
not yield values in the range observed. Thus when Ra/Ro
= 8, the right side cf equation (9) has a value of 5.0 whereas
the observed value, that is, the left side of equation (9), is
about 2.0.

In view of this experience with equation (10) one cannot
expect a very satisfactory prediction of the value of the slope
constant, n, from equation (12). Choosing a value of
Ra/Ro = 8, this being approximately the case for both
fractions near a = 0.5, we find from equation (12) a value of
n = 1.83 which is tc be compared with an observed value of
2.45.

D . Activity Coefficients of Polymeric lons.— The form of
the activity coefficient described in Section B above invites
some speculation. Putting the activity coefficient in the
Debye-Huckel form, equation (12) may be written as

pH = pK —nlog (1 — a)/a —
nZ*iAVm/(1 -f- afim) (15)

A and /3 are the usual constants having values of 0.505 and
0,329. The ionic diameter is represented by a and the ef-
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fective charge by Z*. As before m is equal to the molality
of gegenions. At a — 0.5 it is found that Z* — 3.25 and a
= 12.7 A. Thus one might imagine that the proton be-
haves as though in solution with gegenions of these char-
acteristics or that a part of the polymer chain defined in this
manner were the effective unit in determining the activity of
hydrogen ions. In order for the observed concentration de-
pendence to be preserved as a function of a it is necessary
that both Z* and a vary inversely as y/a. Thus upon going
to higher degrees of ionization the charge and size of the
chain segment acting on each proton decreases and upon
going to states of smaller ionization Z* and a increase until
at states of low a the entire polyion acts as the gegenion to
the proton. However, it is most unlikely that the potential
of the hydrogen ions with respect to the polyions is in all
cases sufficiently small compared to KT for the Debye-
Huckel theory to be valid. Therefore, these conclusions
are merely a description of the situation in familiar though
not strictly applicable terms.

V. Conductance Measurements

In formulating a satisfactory concept of polyelectrolyte
solutions, it is necessary to know to what extent the gegen-
ions are associated with polyions. In particular one won-
ders if the absence of even moderate changes in light scatter-
ing and viscosity in the range of a = 0.5 to 1.0, in compari-
son with the radical changes found in the 0 to 0.4 range of a
may not be due to the association of gegenions at higher
values of a. To obtain some information on the variation
of the effective charge of the polyion with degree of ioniza-
tion conductance experiments were undertaken. Mean-
while, however, these questions have been answered in a
very elegant manner by means of transference and diffusion
experiments.131619

The specific conductance of fraction Bi was measured as a
function of concentration at five different degrees of ioniza-
tion. The reduced specific conductance is recorded in Table
V1. The concentration dependence at constant a was found
to follow a relation of the form

k/c = (K c)o — Ay/c + Be (16)

In order to evaluate the effective charge of the polyion as a
function of the degree of neutralization, we compute the
Table VI

Reduced Specific Conductance of Polymethackylic
Acid (Fraction BO as a Function of the Degree of

lonization and Concentration

C. k/c X 10 .
(9/100 cc) a = 1.0 a = 075 a = 050 a = 035 a = 0.20
0.2166 4.23 3.43 3.06 2.43 1.47

.1083 4.44 3.70 3.27 2.75 1.775
.0541 4.73 3.99 3.54 2.95 1.93
.0271 5.24 4.14 3.84 3.18
.0216 2.20
.01353 5.69 4.66 4.12 3.32
(k/c)0 (6.70) (5.57) (4.75) (3.78) (2.55)
A 102 1.08 0.905 0.636 0.418 0.240
B 102 1.18 0.96 0.575 0.276 0.0122

limiting molar conductivity, AO = 1000 (k/c) where c is ex-
pressed in moles of monomeric units (mol. wt. 86) per liter.
Then if Xr is the limiting molar conductance of the polyion,
Z' is the effective charge of the polyion and X/ is the equiva-
lent conductance of the counterion (Na = 51.0), we have
Ao = Z'K + X~ (16a)
Now the mobility of the polyion is given by the expression
(A, - Z\+H)/Z'F

u = (17)

where F represents the number of faradays.
n, can also be expressed as

M= (Hez")/f

The mobility,

(18)

where H represents the applied electric field and / the fric-
tional constant of the migrating particle. If it is assumed
that the value o f/ is proportional to [ij], = fcfo], we
have by combining the two preceding equations and com-
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bining all the constants into a single one, D, equal to

He}/k, the equation

DZ'»/[,] + Z'K ~ A» =0 (19)

Thus if D is known, we can evaluate Z' from [17] and AOfor
the corresponding degree of neutralization.

Since D is not independently known, we can to a first ap-
proximation evaluate it by assuming that for low values of
(« < 0.30) the effective number of charges Z' is equal to the
titration charge aZ: then we can solve the quadratic equa-
tion for Z', rejecting the root which leads to a value of Z'
larger than the corresponding aZ. The results are shown in
Fig. 6 where it is seen that up to nearly a — 0.5, the effec-
tive charge is essentially equal to the titration charge but
that it increases much more slowly thereafter with increasing
neutralization. Ata = 1.0,Z' = 0.6Z. The curve shown
in Fig. 6 is in nearly quantitative agreement with that ob-
tained from transference and diffusion measurements.131516
This cation binding is most clearly shown by the lack of pro-
portionality between (k/ c)0and a in Table VI.

Fig. 6.— The net charge
per polyion as a function
of the degree of neutraliza-
tion a for polymethacrylic
acid, fraction Bi.

V1. Discussion

The foregoing data and their interpretation pro-
vide a consistent picture of the limiting size and in-
teraction of polymeric electrolytes at low concen-
tration as a function of the degree of neutralization.
With increasing ionization the polymer molecule
expands, rapidly at first, and then more slowly
reaching a maximum size (for the sample studied
about seven times its original root-mean-square
end-to-end distance) at about 60 to 80% neutrali-
zation. The expansion as a function of a is shown
in Fig. 7 for fraction A2 As in the case of ordinary
electrolytes, there is a rather academic ambiguity
concerning the real concentration at which this de-
scription holds. Over the concentration range cov-
ered by our measurements most of the gegenions
could be considered as belonging to the ionic at-
mosphere of the polyions or as being associated with
them. In extrapolating to zero concentration, it is
implied that this situation persists. Yet at infi-
nite dilution most of the gegenions would in time
leave the polyion. Thus at truly infinite dilution
after equilibrium has been attained, the polyion is
involved with only a few ions resulting from the ion
product of water and the picture we have drawn
probably does not apply. However in a practical
sense, at some less degree of dilution but still at
concentrations less than that experimentally acces-
sible, the polyion we have described probably ex-
ists and its characterization is important since the
behavior of real solutions of finite concentration can
be so conveniently referred: it is the goal to which
polyions at finite concentration tend upon dilution.

It is interesting to note the discrepancy between
our results and the theory of Kuhn, Ivunzle and
Katchalsky which attempts to relate the expan-
sion of the polyion to its degree of ionization and
hence to various physical properties. The predic-

POLYMETHACRYLIC ACID 49

tions of their theory are shown in Fig. 7 as taken
from Table I1l. These values are much larger than
indicated by our data and for large a correspond to
nearly complete extension. This disagreement is
essentially a reflection of their assumption that the
effect of gegenions was negligible at high dilution.
It is unlikely that there is any way to determine the
characteristics of polyions completely separate
from gegenions. Their claim that such conditions
exist in dilute solutions is not supported by these
investigations or their own if properly assessed. In
the interpretation of their viscosity data on poly-
methacrylic acid (Fig. 7, reference 20) their extrapo-
lation to zero concentration falls short of that which
would have resulted from equation (7) by a factor of
1.8. On the other hand, the molecular weight as-
sumed for this polymer was less by 6.5 than later
measurementséshowed it to be. The ratio of these
two factors, i.e., 6.8/1.8, is approximately the ex-
tent to which (RI/RI) deduced from their theory
differs from that derived from the data in Table I11.

methacrylic acid, fraction A«, Ra/Ro as a function of the
degree of neutralization as determined from dissymmetry
and viscosity measurements. The results calculated from
titration data are also shown. The dashed line is calculated
from the theoiy of Kuhn, Kunzle and Katchalsky.2 Rt, has
been computed from [f] = 0.115. Since this is abnormally
low, presumably due to hydrogen bonding,16 use of fo] =
0.450 (Part 1) as a closer approximation to the size of the
unperturbed coil may be preferred. Doing this increases Ro
by a factor of 1.58 and correspondingly alters the scale of
this figure by the same amount. O, dissymmetry; #.
viscosity; 6, titration.

Only qualitative statements can be made about
the concentration dependence of the size of the
polyion. The Kc/R9data show that D decreases
with concentration and we deduce that the size of
the polyion must likewise decrease. The dissym-
metry measurements when isoionic dilutions are
made lead to the same conclusion. In the particu-
lar case of fraction A2at a = 0.71 it would appear
from both types of measurements that R decreases
about 2- to 4-fold upon increasing the concentration
from zero to 0.5%.
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The well-known variation of jsp/c with ¢ leads to
the same qualitative conclusion. To obtain more
precise information from viscosity measurements
two contributions to the value of fjsv/c must be elim-
inated so that that portion due only to polyion
size can be evaluated. The first contribution is the
eleetroviscous effect, that is, the augmentation of
\sp/c by the counterion atmosphere. The fact that
size determinations based on extrapolation to in-
finite dilution where the effect of the gegenions
should be maximal are consistent with those from
light scattering indicate that the eleetroviscous ef-
fect is unimportant. Measurements of this effect
in the serum albumin system, to be published later,
show likewise that the effect, although important at
low viscosities as in protein solutions, is negligible
in polyelectrolytes of high molecular weight. We
conclude that tne observed values of I&p/c for solu-
tions of polysalts is due to the size of the polyions
and their interactions; the effect of the gegenions
directly is negligible. Therefore, only the effect of
interactions must be taken into account. On the
basis of preliminary experiments it appears that
this may be done at least to a good approximation,
by making isoionic dilutions from various points on
the TB®/c versus ¢ curve for the polysalt. Further
investigation along these lines by both viscometric
and light scattering measurements will probably
clarify the problem of the concentration depend-
ence of the polyion size.

It may be useful to remark at this point that the
success of Fuoss’s approximate equation

to represent the viscosity of many polyelectrolyte
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solutions is consistent with the views outlined here.
This is readily seen by comparing this with the cor-
responding equation for ordinary electrolytes

®_ 4yv
y i + bvc

(20)

In the later case i)g¥/¢ increases without limit upon
dilution. This is consistent with the assumption
that the size of the counterion cloud, which is in
this case solely responsible for the increased viscos-
ity over that of the solvent, varies inversely with
the square or cube root of the concentration and
thus reaches infinite size at zero concentration.
With polyelectrolytes on the other hand, yg¥c ap-
proaches a finite limit of A with decreasing con-
centration. This is consistent with the size of the
polymer ion being the controlling factor, the value
of .1 reflecting the limiting size to which the polvion
expands.

Finally mention should be made of three other
reports of light scattering observations on polymeric
electrolytes®2728 which have appeared recently.
In all of these the diminution of Rmwith increasing
charge was observed and in one caseZBthe dissym-
metry showed the characteristic minimum similar
to that in Fig. 2. However, the essentially quali-
tative nature of these observations and their restric-
tion to relatively high concentration prevents fur-
ther comparison.
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Theoretical equations have been derived to describe the interaction of fibrous nylon suspended in aqueous acids or bases.
To test the theory, experiments have also been carried out using undrawn nylon fibers with aqueous sodium hydroxide.
Good agreement is observed between theory and experiment, and the results have been used to calculate equilibrium con-

stants for the ion absorption and neutralization processes.

The numbers of carboxyl and amino groups within the nylon

are also calculated and the results are found to be in good agreement with titrations carrier, out in solution.

Introduction

When an insoluble substance containing ioniz-
able groups is placed in an aqueous solution of an
electrolyte, ion absorption or ion exchange generally
occurs. In particular, if the substance is a polymer
like nylon, whose molecules contain carboxyl and
amino end groups, one can expect marked interac-
tions with acids and bases. Indeed it is presumed
that acid dyes attach themselves to nylon through
salt formation with the amino end-groups.2 Since
nylon provides a relatively simple model of a solid

(1) Chemical Department, E. |. du Pont de Nemours and Com-
pany, Wilmington 98, Delaware.

(2) McGrew and Schneider, J. Am. Chem. Soc., 72, 2547 (1950).

acid-base system, we have carried out quantitative
studies of its interactions with aqueous alkali. The
experimental results have also been compared with
asimple theory based on mass action considerations.

Gilbert and Rideal3have already treated theoret-
ically the interactions of wool with electrolytes and
have compared their conclusions with the experi-
mental results of Steinhardt4 6and others.7 Since
wool is presumed to have equal numbers of acid and
base groups, the theoretical equations assume quite

(3) Gilbert and Rideal, Proc. Roy. Soc. (London), 182A, 335 (1944).
(4) Steinhardt and Harris, Bur. Stand. J. Res., 24, 335 (1940).

(5) Steinhardt, ibid., 28, 191 (1942).

(6) Steinhardt, Fugitt and Harris, ibid., 30, 123 (1943).

(7) Speakman and Stott, Trans. Faraday Soc., 31, 1425 (1935).
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simple forms. Nylon, on the other hand, can have
almost any ratio of acid to base end-groups; hence,
it provides a more drastic test of the theoretical
considerations involved.

Suppose that a certain nylon fiber, which is to be
immersed in a solution of an appropriate electro-
lyte, contains all total A« carboxyl groups and BO
amino groups. Let us further suppose, for the sake
of our present discussion, that Anis greater than
BO Then since the proton affinity of an amino
group is greater than that of the carboxylate ion, we
can expect that the fiber will initially contain ap-
proximately BO positive (-NH3+) and Banegative
(-COO-) groups as well as A0 — Bo un-ionized car-
boxyls (-COOH). If the fiber is now placed in a
solution of sodium hydroxide, for example, we can
expect the following over-all reactions to occur

— COOH + Nat+ + OH- — > —COO-Na+ + H-.0
and

—NH,+ + —COO- + Na+ + OH- — >u

—COO-Na+ + —NIL + 11O

By the symbol -COO~~Na+ we shall mean a sodium
ion attached to the fiber, presumably in the neigh-
borhood of a negatively charged carboxyl group.

The reactions written above imply that both fiber
and solution remain electrically neutral; of course
this will not be exactly the case, but it will be very
nearly true for fibers that are large compared to
colloidal sized particles. If: is evident that if ap-
preciably different amounts of positive and negative
ions were taken up by the fiber, a prohibitively
large fiber potential would be set up; hence it will
be assumed that equivalent amounts of positive and
negative ions react. In any event, the interaction
of the fiber with alkali will take place in two distinct
stages, the first involving un-ionized carboxyls and
the second involving pairs of ionized groups.
Therefore, we can predict (as is verified experimen-
tally) that the base titration of solid nylon (with
,40 > B0 will be accompanied by a break occurring
approximately after the completion of the first re-
action and before the start of the second.

Theory

Although our experiments were carried out only
with sodium hydroxide acting on nylon with excess
acid end-groups, it would seem appropriate to deal
theoretically with six different possibilities. These
involve titration with either acids or bases of ny-
lons with Ao > Bo, An = Bo, and AO< Bo. The
theory is a generalization of that developed by Gil-
bert and Rideal3who made use of Fowler’'s8 statis-
tical methods and also took cognizance of the possi-
ble existence of an electrical potential on the fiber.

Certain assumptions concerning the nature of the
fiber and of the absorption processes will be made
in the development of the titration equations;
these assumptions can be summarized as follows.
The acidic and basic polymer end-groups, which are
presumed to be randomly distributed throughout
the fiber, are the specific sites occupied by absorbed
ions. All carboxyl sites are assumed to be identical
with respect to their interactions with ions, irre-

8) Fowler and Guggenheim, “Statistical Mechanics,” Cambridge

University Press, 1939, p. 420.
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spective of whether or not neighboring sites are oc-
cupied; similarly, all amino sites are identical.
Each site can interact with only one ion, which then
makes this site unavailable for further absorption.

When nylon fibers are suspended in an aqueous
solution of either a monovalent acid or monovalent
base, two or more of the following reactions can
take place

—COO- + H+ ~zi —COOH (i)
—COO- + B+ > —COO-B+ )
—NH, + H+ — NH3+ 3)

—NH,+ + A- —NH ,+A- 4)

H+ + OH-~Zi H.O (5)

In these equations, -COOH and -NH 2 represent
the carboxyl and amino end-groups, respectively,
within the nylon fiber, and B+ and A - represent the
cation of a base and the anion of an acid. The sig-
nificance of the remaining symbols obviously fol-
lows.

As suggested earlier, let us define Anand BOas the
total concentrations of carboxyl and amino end-
groups in the fiber, to be expressed as moles per
gram of fiber. We can therefore assert that

40 = [~COO-] + [—COOH] + [—COO-B+] (6)
and

Bo = [NH;] + [NHA] + [MNHCA-] )

where the bracketed terms represent the concentra-
tions of the enclosed end-group species, likewise ex-
pressed in moles per gram of fiber. Certain frac-
tions, 0i, 02 Band Mare further defined by the equa-
tions

[ COOH] —a0Lio (8)
—CO0O0-B+] = Mo O»
FNHSs = 6iia (10)
I—NIL LA*] —Sjia 1)
[coo-] = (1-m —0Odlo (12)
1-NHJ = (1 —O - oiBo (13)

Equations expressing the free energy changes ac-
companying reactions (1) through (5) can now be

written in terms of the quantities just de-

fined.

am, = Am° + RT In X _ 0 - RTIn[ll+]

Am =  Am’° + «Tin 3~ *-RT In [B+]

AMB -  Am0O + RTIn — - RT In [H+] + (16)

Am, = Aml + RTIn® - RTIn[A~]- /<> (17)
V2,

Am, = Am?- RT In [OH-] RT In [H+] (18)

Ami represents the free energy change per unit of
reaction concerned, while An° is the corresponding
standard value. The last term in each of equations
(14) through (17) is the contribution to the free en-
ergy of reaction which can be attributed to the
charge on the fiber.3 The quantity ~ is the elec-
trostatic potential of the fiber, and F is the value of
the faraday.

It will be necessary to subdivide the subsequent
development into the several aforementioned cases.
These cases will include separate treatments of the
absorption of acids and of bases subject to a further

+ F\p(14)

+(15)
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breakdown according to the relative numbers of
acidic and basic end-groups within the fibers.

A. Titration with Acid.— It is obvious in this instance,
where no base is involved, that @ = 0. Now let us con-
sider in order three possibilities, namely, Ao < B0, A0 = -Bo,
and Ao > Bo.

Case 1. Ao < BO0.— Before reacting with a solution, prac-
tically all of the carboxyl groups in a fiber with AO< BOwill
be ionized to carboxyl ions and an equivalent number of
amino groups ionized to ammonium ions. Thus when acid
is added to the solution, the protons find two possible ab-
sorption sites available, namely, the carboxyl ions and the
un-ionized amine groups. Obviously the amino groups
of the nylon are the sites preferred by the protons, so it
will be assumed that the amino groups become completely
saturated with protons before absorption of protons by
the carboxyl ions begins. The absorption of acid by these
fibers is thLbs diviged into two regions corresponding to

"—%————— = O0fand G < < 1.
must be treated individually. N

Subcase (a). 0 < 04< ----..Ii.)....- =

0 < e < These regions

0*.— As protons are

absorbed by the amino groups, an equivalent number of
acid anions must also be absorbed. These anions form salt
linkages with the alkyl ammonium ions, thus contributing to
the following over-all reaction which is a combination of reac-
tions (3) and (4)

—NH2+ H+ + A- — NH3+A- (19)

After sufficient time, the fibers will come to equilibrium with
the solution in which they are suspended. At equilibrium

Atu 'f' Ain - 0 (20)

Hence

Am3 + Amd + RT Inj g--_ — —

RT In[H+][A-]1 = 0 (21)

It will be noticed that the two electrostatic potential terms
present in the parent equations (16) and (17) do not appear
in equation (21). This cancellation occurs, of course, be-
cause the two terms are of equal magnitude and opposite
sign.

Since the solution contains only acid, and since protons
and anions are absorbed in equivalent amounts, it follows
that

[H+] = [A-] (22)
It is obvious, under these particular circumstances, that
0=0 (23)

and
(24)

Equation (21) can then be rewritten with [A-] and 63
eliminated and the natural logarithm converted to a common
logarithm

log - ----——— = 2log [H+] - (Aju° + anl)
1_Bo_ix< (25)
Further simplification leads to
log = ~2pH + "I (26)
where
o] 2;_?_3 (A + A (27)

The quantity ai is a constant at any given temperature.
Thus the desired titration equation, which relates the pH of
the acid solution to a function of the amount of acid ab-
sorbed, has been obtained for the condition that 0 < 04< 04.

Subcase (b). B° ~ Ao = 0¥ < 04 < 1.—For this ab-

sorption region, the acid concentration of the suspending
solution has been increased to a point where all of the amino
sites are covered with protons. Further absorption of pro-
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tons takes place at the carboxyl ion sites of the fiber giving
rise to the over-all

—COO" + —NH3++ H+ + A-

— COOH + —NH3+A- (28)

Proceeding in the same manner as before, we have at equi-
librium

AVI° + AMP + R T ,n ff7~ -

RT In[H+][A-] = 0 (29)

Here again the electrostatic potential terms have cancelled.
Besides equation (22), the following additional equalities
hold

®= (1-

04) = (30)

a - Oi)_‘ji)
Making use of these relationships, equation (29) can be re-
duced to the desired expression in terms of pH and 04

log (1 _ Oi)i = -2pH + <2 (31)

“2= ~j] 03 (32)
Case 2. A0 = BO— The similarity of this case to the upper
absorption region, 04 < 0, < 1, of Case 1 is obvious. Thus

equations (28) and (29) also apply here. However, since

Ao = BO equation (30) is modified to

®B=(1- 0= (- 0 (33)
and the final titration equation becomes

log = -pH + | (34)

This is precisely the titration equation developed by Gilbert
and Rideal.3 It should be noted that in this instance, one
equation is sufficient to describe the absorption of acid from
zero to total saturation.

Case 3. A0> BO— In this case, all amino and an equiva-
lent number of carboxyl groups are initially ionized with the
excess carboxyl groups un-ionized and taking no part in the
reaction. Therefore, the absorption is described by a single
titration equation which shares some of the simplicity of
Case 2. The over-all reaction is given by equation (28)
and the corresponding free energy expression by equation
(29). Equations (30) also hold, although the relative mag-
nitudes of Ao and BOare, of course, reversed. Thus the final
equation obtained is

log = ~2PR + “e- (35)
where QF is still defined as (BO — A0)/B Obut is now a nega-
tive quantity. Remington and Gladding9 offered a similar
equation in their recent work on nylon fibers.

B. Titration with Base.— When a simple base, such as
sodium hydroxide, is added to the solution in which nylon
fibers are suspended, the driving force for the absorption
process is supplied by the tendency of the hydroxyl ions to
strip protons from the end-groups of the fiber and to react
with them to form water. Now it is evident that the pro-
tons should first be removed from the carboxyl sites, after
which they are taken away from the ammonium groups.
Any tendency of the fiber to take on a prohibitedly high
negative charge by means of proton removal is counteracted
by the absorption of an equivalent number of sodium ions
which become associated with the negatively charged car-
boxyl end-groups. Thus the net effect is the stoichiometric
absorption of NaOH by the fiber followed by the elimination
of water. Since no acid is now involved, it is obvious that
O = 0. Here too it is necessary to consider the three pos-
sibilities, Ao < Bo, Ao = B0Oand Ao > Bo. Let us now con-
sider the derivation of titration equations for the various
fibers.

Case 1. Ao < BO— In the normal fiber (with AO< BO0)
the transfer of protons from the carboxyl groups to an equiv-
alent number of amino groups is complete. Since the ex-
cess amino groups remain un-ionized, they will not take part
in the subsequent absorption of base. Therefore, the ab-
sorption process involves the removal of protons from the

(9) Remington and Gladding, J. Am. Chem. Soc., 72, 2553 (1950).
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ammonium groups and the absorption of the cations of the
base by the carboxyl groups

—co0o0- + —NH.+ + B+ + oh-7-»
—COO-B+ + —NH2+ HXD (36)
Noting that Oi = 04 = 0, we have at equilibrium
4»° - An? + An? + RT In -
i2rin[B+][OH-] = 0 (37)

HereYagain the two electrostatic potential terms of the
parent equations do not appear because of their equal mag-
nitudes and opposite signs.

Since only base is added to the solution and the absorption
of cations by the fibers is accompanied by the formation of
water, it follows that

[B+] = [OH-]

This equation, in combination with equation (18), can be
used to eliminate both [B+] and [OH-] from equation (37).
There is"then obtained, after simplification and a change to
common logarithms

(38)

0g(T=*)* = “2I0g[H 1 11T{™ -

An? - AM) (39)
The following relationship exists between 02and 03
= - B (40)
so equation (39) becomes
- 0/
, (02 e%)eo , (a1)
og (1 - 022 2pH + OB
where
* Ao — HO
e 42
& - Ao 42)
and
—2.303 , [o} j0 , .0,
a3 = fiji (A2 )\juS Afib) (43)

02 is a negative quantity similar to 0* of case 3 for acid titra-
tion.

Case 2. A0 = HO—This example is similar to the
previous one, differing only insofar as no un-ionized amino
groups are present. Since these groups do not participate
in the absorption, their absence results in simplification of
the titration equation. Thus, because A0 = B0 02 becomes
equal to zero and the titration equation becomes

logr ~-2= pH + | (44)

Case 3. Ac > BO— Here all the amino groups and an
equivalent number of carboxyl groups are ionized, but there
still remains an excess of un-ionized carboxyl groups. Thus,
for this fiber there are two distinct absorption stages, one in-
volving the 0 < @2 < 0 - = 0* and the second oc-

curring in the range 0* < 2 < 1, where (2 is now positive.
Each of these regions must Re corBidered separately.

Subcase (a). 0 < 2< —’\Ab ----- = 0*.— The over-all re-
action for this subcase is
— COOH + B+ + OH- -COO-B+ + HD (45)
At equilibrium
A" + A2+ AT +
RT |na - RT In [B+][OH"] = 0 (46)

Here again the electrostatic potential terms of the parent
equations cancel out. We also note that 03 = 1 and

1r- 0-02=7j*“ 47)
With the additional help of equations (18) and (38), there is
obtained upon simplification
2PH + “4

log 3* = (48)
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where
233
“4= — ~Rf=(-A1° + ~ An°) (49)
Subcase (b). - -50 = 02 < 2 < 1.—This subcase

bears a close resemblance to Case 1. At the start of ab-
sorption in both instances, the fiber contains an equivalent
number of carboxyl and alkyl ammonium groups for partici-
pation in the subsequent absorption. Thus, the over-all re-
action for both cases is given by equation (36) and the free
energy by equation (37). Here again, 03 = 0 and equations
(38) and (40) apply, except that the relative magnitudes of
AOand Bo are reversed. Proceeding as we did in Case 1, we
obtain the titration equation

- W <Ee <*y»

Experimental

In the theoretical section of this study, equations have
been derived which should describe the absorption of either
a monovalent acid or a monovalent base by nylon fibers.
Two of the cases considered have already been subject to
experimental investigation; one involved the absorption of
acid by nylon fibers for which Ao > Ho,9and the second was
concerned with the absorption of acid by fibers with A0 =
Bo, except that wool instead of nylon actually was used.1011
The foregoing analysis of the effect of various end group
ratios on the absorption pattern for nylon fibers has indi-
cated that in certain instances the absorption should differ
significantly from that observed in previous studies.

The absorption of acid by fibers with AO< BOor the ab-
sorption of base by fibers with A0> Ho, should manifest two
distinct regions. The experimental portion of the present
study has been devoted to an investigation of the absorption
of base by nylon fibers for which Ao > HO. The two stages
of absorption involved in this case provide the opportunity
for a more rigorous test of the theoretical development.

The nylon used in this work consisted of undrawn fibers
of the so-called 66 variety (polyhexamethylene adipamide)
which contained about 82 X 10-* mole of carboxyl end-
groups and 42 X 10~6mole of amino end-groups per gram of
polymer as determined by the titration method of Waltz
and Taylor.2 These fibers were allowed to come to equilib-
rium with solutions of sodium hydroxide, the concentrations
of which were so chosen that the absorption varied from ap-
proximately zero to total saturation of the fibers.

When the concentration of the equilibrium sodium hy-
droxide solution was between 0.01 and 0.2 molar, which cor-
responded to the upper portion of the absorption region, the
following procedure was used. Three to five grams of nylon
fibers and 50 to 75 ml. of sodium hydroxide solution were
placed in a 100-ml. Pyrex weighing bottle equipped with a
tightly fitting cover which was greased and held firmly in
place with rubber bands. The vessel was placed in a 25°
constant temperature bath for at least 100 hours to permit
the attainment of equilibrium. At the end of this period
samples of the equilibrium solution were withdrawn for
chemical analysis. Knowing accurately the weight of ny-
lon, the volume of solution, as well as the initial and equi-
librium concentrations of the solution, the amount of so-
dium hydroxide absorbed by the fiber could be calculated.

Carbonate-free sodium hydroxide solutions were used
throughout this work. In all phases of the work, the solu-
tions were protected from air by an atmosphere of nitrogen.
Dry nylon fibers absorb water from the air so rapidly that it
Was found necessary to determine the moisture content by
weighing samples of the fibers before and after heating in a
75° oven for six hours. Chemical analyses of both the
initial and equilibrium sodium hydroxide solutions were ob-
tained by titrating samples of these solutions with standard
potassium acid phthalate. When the volume of solution
available for analysis was small and the concentration low,
microtechniques were employed.

In the lower portion of the absorption region for the nylon
fibers, the concentrations of the equilibrium solutions and

(10) Gilbert, Proc. Roy. Soc. {London), 183A, 167 (1944).

(11) Lemin and Viekerstaff, /. Soc. Dyers and Colourists, 63, 405
(1947).

(12) "Waltz and Taylor, Anal. Chem., 19, 448 (1947).
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tlic amounts of sodium hydroxide absorbed were so small
that the chemical method described above was inadequate.
Accordingly, radioactive tracer techniques were substituted
whenever the concentration of the equilibrium solution lay
between 0.0001 and 0.01 molar.

Since the concentrations of most of the initial sodium hy-
droxide solutions were below the range for chemical analysis,
more concentrated solutions were first prepared and chemi-
cally analyzed. These solutions were then diluted by known
factors to the desired low concentrations. A small amount
of radioactive sodium (X a22) was introduced into these solu-
tions before transferring the required volume over the nylon
fibers in the reaction vessel. After the required period for
attainment of equilibrium, the large bulk of equilibrium
solution was poured off the fibers. A count of the radio-
activity of a measured volume of this equilibrium solution
and also of a sample of the initial solution was made. Un-
der the conditions of the experiment, the concentrations of
the initial and equilibrium solutions were proportional to
their radioactive counts, thus permitting calculation of the;
concentrations of the equilibrium solutions. From these
concentrations it was possible to calculate the amount of
sodium hydroxide absorbed by the fibers and the pH of the
equilibrium solution.

For almost half of the reactions carried out, an additional
direct determination of the amount of sodium hydroxide ab-
sorbed by the fibers was made. At the end of the reaction,
after the bulk of the equilibrium solution had been poured
off, the fibers were mechanically squeezed as dry as possible.
The weight of residual solution still on the fibers was ob-
tained by weighing the soaked fibers and subtracting the
weight of the dry fibers. The fibers and residual solution
were then dissolved in 88% phenol. The resulting viscous
solution was dilut'd to a convenient volume with a 1:10
mixture of 95% sulfuric acid and ethanol. The radioactive
count of this solution was then measured. Again taking ad-
vantage of the proportionality existing between radioactive
count and amount of sodium hydroxide, it was possible to
calculate the moles of sodium hydroxide absorbed by the
fibers after correcting for the radioactive count of the resid-
ual solution clinging to the fibers.

Relative radioactive counts of the various solutions were
obtained by placing 25-ml. samples of these solutions into
glass cells which fitted snugly around a Geiger-Mueller tube.
The Geiger-Mueller tubes used were self-quenching with a
wall thickness of 83 mg./cm.2 They were sensitive to beta
and gamma emissions with energies above 0.35 mev. These
tubes were used in conjunction with a Model 163 Scalar of
the Nuclear Instrument and Chemical Corporation. The
sodium isotope (N a22) used in this work was available as its
chloride salt in aqueous solution. The concentration of salt
in this solution was less than 10"7 mole per liter and only a
few tenths of a milliliter was added to each 300 to 500 ml. of
initial sodium hydroxide solution. Therefore no correction
had to be made to compensate for the addition of this ma-
terial to the solutions. The amount, of Na2 added to the
sodium hydroxide solutions gave these solutions activities
equivalent to 1000 to 2000 counts per minute. Radioactive
counts ranging from 100 to 700 per minute were obtained for
the solutions of dissolved nylon. Background corrections of
<10 to 50 counts per minute were applied. Coincidence cor-
rection curves for each Geiger tub«' used were obtained by
means of the dilution method. Such corrections were ap-
plied to the radioactive counts whenever necessary, but they
were never much greater than 1%. Duplicate counts were
made involving times sufficiently long to insure a statistical
error of less than 2% . Since Xa22has a half-life of 3.0 years,
no decay corrections were necessary.

Results and Conclusions

Experiments involving interaction of the nylon
fibers with sodium hydroxide solutions were carried
out for twenty-four different concentrations. In
each instance, the amount of sodium hydroxide ab-
sorbed and the concentrations of the equilibrium
solution were determined. The results of these
measurements are given in Table I. The values
given in the second column were obtained from
measurements made on the solutions, whereas those
in the third column were obtained from a direct
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measurement of the amount of sodium in the fibers.
The concentrations of the equilibrium sodium hy-
droxide solutions, expressed in moles per liter, are
tabulated in the fourth column. The measure-
ments for experiments numbered 1 through 6 were
made by conventional chemical means, whereas ra-
dioactive tracer techniques were used for the re-
mainder of the reactions. The last column in the
table contains values for the pH of the equilibrium
solution as calculated from the concentration data
of column four.

Tarie |

Summary of Results

Reaction [COO -Na+] X 10«

number Indirect Direct [OH-] X 10s pH
1 79.4 194.6 13.29
2 77.6 135.3 13.10
3 76.0 78.27 12.89
4 68.7 42.17 12.63
5 63.0 26.90 12.43
0 58.0 17.25 12.24
i 44 .4 8.73 11.94
8 40.1 7.08 11.85
9 39.2 5.83 11.77
10 35.4 5.07 11.70
11 31.7 2.98 11.47
12 29.2 30.3 2 54 11.41
13 23.4 1.43 11.16
14 17.7 18.2 1.16 11.06
15 11.2 0.83 10.92
16 12.8 11.8 .79 10.90
17 5.37 5.61 .53 10.72
18 2.06 .40 10.60
19 0.74 0.53 .35 10.54
20 .23 .25 10.40
21 .57 0.26 .24 10.38
22 .14 .13 .14 10.15
23 .05 .09 9.97
24 .02 .008 .08 9.87

The nylon fibers employed in this study con-
tained a larger number of carboxyl than amino end-
groups. The theoretical discussion presented ear-
lier indicates that the absorption of sodium hydrox-
ide by such fibers should take place in two steps sub-
ject to equations (48) and (50). This absorption
pattern is qualitatively reflected in the titration
curve of Fig. 1, in which the moles of sodium hy-
droxide absorbed are plotted against the pH of the
equilibrium solution. As would be expected, the
solid line curve of this graph contains two steps.
The first step corresponds to the removal of protons
from the un-ionized carboxyl groups, the second to
their removal from the ammonium groups. The
point of inflection between the two steps occurs at
[FCOO Na™] = An— B0 which is the number of
excess un-ionized carboxyl groups in the fiber. This
point, it should be recalled, also corresponds to d*
of equations (48) and (50). The broken line
curves drawn on the graph in the neighborhood of
To — BOrepresent the hypothetical completion of
the first absorption process and the beginning of
the second.

The titration equations (48) and (50) enable us to
make a quantitative interpretation of the absorp-
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Fig. 1.— Amount' of absorbed sodium ions plotted against pH
of solution.

tion data for the fibers studied in this work, These
equations can be written

fr-e) " (52)

and
@2 - 9)9..[H+I2 = '3
(i - «0O2
Taking advantage of the fact that 6?7 —AO0— BO/AQ

(52)

and Alw = [H+][OH"]and letting ki = eai Ki and
A2 = e"3A\t, ] Jwe obtain
[ COO~Na-~] o
{-40 - B,) - [ COO-Na+IHOH-p M
and
[-COO-Na+] 1f—COO-Xa+] - (1, - B,)j
B nm Wh <m [2 2 1

In these expressions, kxanti fi2are the “equilibrium
constants” for the reactions which occur during the
first and second stages of the absorption. Equa-
tions (53) and (54) can lie rewritten in the forms

[ COO- Xa+]

—I'i[—COO~Na+] +
- [OH-]2

h(Aa —B) (s5)
and
I-COO-Na+fl [ OOOwXa+J - (A, -
T \ " [OH-12
-V h\—CO0O-\a+] + VW . (50)

Thus, if € is plotted against [-COO- Na+] for the
first stage of the absorption, a straight line should
be obtained with a slope equal to —kxand an ab-
scissa intercept equal to (.40 — Bo). Similarly for
the second stage, a plot of r against [-COO~Na+]
should give a straight line with a slope equal to the
negative square root of and an abscissa intercept
equal to AO Values of a for [-COO-Na+] <
(Ao — BO) and those of r for [-COO-Na+] >
(do — Bo) are given in Table Il. It should be
noted that the a plot must be made before r can be
computed.

BO\
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Table I
Vai(UES FOR SAND T

0O B’} X 10
Indirect Direct Indirect Direct r X 10*
79.4 0.298
77.G 449
76.0 .696
68.7 1.109
63.0 1.403
58.0 2.028
4.4 2.090
40.1 1.600
39.2 1.629
35.4 1.38
317 3.57
29.2 30.3 4.53 4.70
234 11.44
17.7 18.2 13.15 13.52
11.2 16.25
12.8 11.8 20.51 1891
5.37 5.61 1911 19.97
2.06 12.88
0.74 0.53 6.04 433

In Figs. 2 and 3, values of a and « are pioti
against [~-COO~Na+]. While the points are some-
what scattered, the data plotted in these two graphs
do determine two straight lines. Thus the exist-
ence of two constants kxand kg, as required by the
theoretical analysis and defined in equations (53)
and (54), is confirmed by the experimental data.
The slopes of the two lines give for the equilibrium

Fig. 2.—Plot of a vs. amount of absorbed sodium ions for
first stage of titration.

Fig. 3.— Plot of r rs. amount of absorbed sodium ions for
second stage of titration.
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constants of the two absorption stages the values
ki = 6.8 X 105 and k2 —5.5 X 103 The relative
magnitudes of the equilibrium constants reflect the
fact that more free energy is required to remove a
proton from the ammonium groups of the fiber than
from the less basic carboxyl groups. From the ab-
scissa intercepts of the two lines, there are obtained
the values Af = 34 X 10-6 and BO= 47 X 10-6 for
the mole of carboxyl and amino end-groups, re-
spectively, per gram of fiber. These numbers com-
pare reasonably well with the values A0 = 82 X
10~6and Bo = 42 X 10-6 obtained outside this Lab-
oratory by an entirely independent method.12

Before passing on to other considerations, a more
critical examination of Figs. 2 and 3 and the data
represented there is in order. In both figures, cer-
tain points occurring in the region of [-COO- Na+]
= AO — B, are represented by crosses. These
points correspond to the transition from the first
to the second stages of the alkali absorption and are
seen in Fig. 1 as the points approximately midway
between the dashed “ theoretical” curves.

In Fig. 2, the values of § corresponding to
[-COO-Na+] < 3 X 10-6 are also represented on
the graph by crosses; they likewise do not conform
to equation (55) However, the experimental cir-
cumstances indicate that this divergence can be at-
tributed to inaccuracy of the work done in the low

(92e»)92
4= s|-e2

Fig. 4.— Plots of log 4 and log x vs. pH. Straight lines have
correct theoretical slope equal to 2.
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pH region rather than to a real deviation from the-
ory. The fact that the solutions were substantially
unbuffered is undoubtedly responsible for the dif-
ficulty. All reasonable precautions were taken to
guard against extraneous depression of the pH, but
these precautions obviously were insufficient to
cope with the problem. Attempts were made dur-
ing the course of the experimental work to check by
direct measurement the pH values of these solutions
which were calculated from the radioactive count
data. These direct measurements were made with
a glass electrode used in conjunction with a calomel
reference cell and a laboratory model pH meter.
In the upper portion of this first absorption stage,
where [-COO~Na+] > 3 X 10-6, the calculated
and directly measured pH values were in good
agreement; but in the low pH region in question,
the observed values were considerably below those
obtained by calculation. It is probable that nei-
ther the observed nor the calculated values are of
much quantitative significance, so we can conclude
that the data for experiments 18 through 24 have
only qualitative meaning. Since these reactions
were concerned only with the small initial absorp-
tion, it is felt that the dubious character of the data
does not detract from the significance of the results
obtained for the remainder of the absorption proc-
€ss.

Another method for illustrating the agreement be-
tween the theoretical analysis of the absorption
process and the experimental data involves the di-
rect application of equations (48) and (50). For
simplicity of notation, let us define

6 a (f3- et)e2
@ - fo ™" a- @2
Using the aforementioned values of AOand BOto de-
termine d*, values of log $>and log X, respectively,
have been calculated and plotted against pH in Fig.
4. According to equations (48) and (50), the
points in each of these graphs should be on straight
lines with slope equal to two. The straight lines
drawn in Fig. 4 are lines which have the correct the-
oretical slope; in this respect the graphs demon-
strate agreement of experiment with theory.

0=
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Several theories have been developed to account for properties of polymeric materials containing ionizing groups, when

they are dissolved in solvents such as water.
tential method is applicable in many cases.

Certain Debye-1 iiickel approximations are inaccurate, but the Donnan po-
We have developed a satisfactory model and theory, which depends on the

validity of the Poisson-Boltzmann equation, and the legitimacy of replacing the chain force by a central force.

Introduction

The term polyelectrolyte will be used in this pa-
per to denote any high polymeric material which
contains ionic groups attached to the polymer
chains. The chain may be linear, or crosslinked.
The ions may correspond to the ions of strong elec-
trolytes, for example quaternary ammonium groups
(chain)-NR3+, or to the ions of weak electrolytes,
such as carboxyl ions, (chain)-COO- .

The properties of such molecules of interest here
are those observed in ionizing solvents such as wa-
ter. The solvent must always contain the counter-
ions of the polyelectrolyte formed by its original
dissociation, and frequently contains added salt,
wdiich has a marked effect on the properties of the
polyelectrolyte.

A number of theories have been developed to ac-
count for the properties of these substances, not-
ably by Kuhn, Katchalsky and Kiinzlel-3 and by
Hermans and Overbeek.4 These theories have
generally followed the lines of the Debye -Huckel
theory of strong electrolytes, a procedure which is
open to question because of the high electrical po-
tentials which are produced in polyelectrolytes. In
this paper it will be shown that the Debye-Huckel
approximations are extremely inaccurate, but that
the method used by Donnan5for estimating poten-
tials across semipermeable membranes may be ap-
plied in many cases.

The Electrostatic Problem

Let us first consider the example of a single, rigid,
spherical polyelectrolyte molecule immersed in a
large volume of uni-univalent salt solution. The
polyelectrolyte molecule can be considered as a
fixed concentration of immovable ions decreasing
from a high value at the center to zero at large dis-
tances. If r is the distance from the center, we
may represent this as a function cQ(r). If the ions
of the polyelectrolyte are singly charged, this
distribution of ions creates a distribution of electri-
cal charge density

qo(r) = ecqr) 1)

If the molarity of the ambient salt solution is M,
the concentration of “movable” positive ions will
be a function cXr) and tha:) of negative ions a func-
tion C2(r), both functions approaching M as r in-
creases.

(1) A. Katchalsky, O. Kiinzle and W. Kuhn, J. Polymer Set., 5,
283 (1950).

(2) W. Kuhn, O. Kiinzle and A. Katchalsky, Helv. Chim. Acta, 31,
1994 (1948).

(3) 0. Kiinzle, Rec. trav. chim., 68, 699 (1949).

(4) J.J. Hermans and J. T. G. Overbeek, ibid., 67, 761 (1948).

(5) F. G. Donnan, Z. Elektrochem., 17, 572 (1911).

We now introduce the usual assumptions that
edr) and c2(r) are governed by the Boltzmann equa-
tion

d(r) = M exp (2a)

efr) = M exp (2b)

where jPil) is the electrostatic potential determined
by the Poisson equation

vv = - % q[) (3)
Here q(r) is the net charge density

(i0) = e (oi(r) + c,(r) — c2r)) (4)
Combining these equations gives

47re 8tMe | 3
W = D ro(r) + tD sinh k\‘f) (5)
If we define

ap
U~ kf ¢2)
SwMe2 6b
DkT (6)
X —KT (6¢)

— QO

m = oM (6d)

Then equation (5) edyges to
>I<z§;< sinh u — f(x) )

We seek the solutions of this differential equation
which satisfy the boundary conditions that u is
finite for x = 0 and approaches zero sufficiently
rapidly as X approaches infinity.

Equations of the type of (7) have been attacked
by two different methods of approximation. One
method, originally applied by Debye and Hickel,6
approximates by the assumption that u is small
enough so that sinh u « u. If we denote the solu-
tion obtained by this approximation by v, then v
satisfies the differential equation

1A (RAA .
x2dx V. AXx)

By using Green’s functions, this can be solved to
give the solution

f(x) (8)

vV=- f Kixy)yfiy) Ay 9)
x Jo
where
K{x,y) = sinhye 1 iy < x)
— sinh x e~v iy > x) (10)
(6) D. A. Maelnnes, “Principles of Electrochemistry,“ Reinhold

Publishing Corp., New York, X. Y., 1939, p. 138.
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The other method of approximation is essentially
that used by Donnan5in studying membrane equi-
libria, and consists of neglecting the derivative term
in equation (8). We therefore define as the re-
duced Donnan potential the function

«=(¢) = sinh-'/(*) (m

We shall show that of these two approximations
to U4 w is the better under the conditions found in
polyelectrolytes The demonstration depends on
the following fo.ir theorems, which are proved rig-
orously in the appendix.

Theorem 1: The functions u(x), v(x) and w(x) arc
nowhere negative.

Theorem 2: The function r(.r) isgreater than u(.r)
for all values of x.

Theorem 8: There are values of x for which u(x’)
is greater than tv(.r), and also values of x for which
w(Xx) is greater than u(x), and hence there is at least
one value of x for which u(x) equals w(x).

Theorem 4- If d//d.r is negative for all values of
X, then m(0) is less than w>0).

To illustrate the use of these theorems consider
the case of an imaginary polyelectrolyte in which
Co(r) is a constant inside a sphere and vanishes
outside. Then fix) is a constant,/f for x < a and
zero for x>a. Equations (9) and (11) then give

v=/lo jl1—( e “ sinh-- x<a)
—fa (acosh a—sinh @) e*/z>a) (12

w = sinh-1/,, Ex <a; (15)
=0 X >a

For typical polyelectrolyte dimensions, a is of the
order of 5to 10 Near the center of the polyelec-
trolvte, v is approximately equal to /< while w is
sinh"1fQ F o r = 10, which again is typical, we
would havev ~ 10and w ~ 3. Since both vand w
are larger than u by Theorems 2 and 4, w must be
nearer to U than vis.

That this situation is general can be seen from
equation (9). The kernel K(x, y) has a sharp peak
on the line X = y, and becomes small when x differs
from ij by about unity. If the charge distribution
is spread out so that f(x) varies only slightly in a
range of unity in X (1/k in r) the integral in (9)
can be approximated by replacing/(y) by a Taylor
series

ICH =) + (/- X)f(X) + D - X)ANK) + —
Substituting this series into (9) gives

+ eecee

V=Ffix) + 2/¢r) 1 — (14)
which shows that if f(x) is slowly varying, v is ap-
proximately equal to/Or). But wissinh"1. [|f/
is small these approximations are the same, but in
regions where / is large w is much smaller than v.
Since both are larger than u, w must be the better
approximation.

In cases where /(.r) is slowly varying, it is now
clear that the Donnan potential ir is the proper ap-
proximation to use. If this approximation is used
in equation (2) we find
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g {fo + v QR 4M2] (10a)

ci(r) =

e>(r) = ~ {- G, veim - 17 (151))

The Distribution of the Bound lons

Up to now we have considered the ions of the
polyelectrolvte as fixed in position. Actually
these ions can move, but are restricted in their mo-
tion by the forces of the polymer chain. These
forces counteract the tendency of the ions to dif-
fuse and the repulsions between their charges, and
keep the polyelectrolyte molecule together. To
represent these forces in a tractable way, we shall
use the device of replacing the chain force by a force
of attraction to a fixed center. It is well known
that the links of an uncharged polymer chain are
normally distributed, i.e., if it were not for the elec-
trostatic forces, the concentration of ions would be
of the form

lr = ae w22 (16)
where .4 and a are constants. If we replace the
chain forces by a central force F(r) whose potential
is F(r), the Boltzmann law requires

cqr) = Ac~VM/KT 17)
Comparing (16) and (17) shows we must put
I'C) = ARD (18)

and

In other words the force must be directly propor-
tional to the distance from the center, and directly
proportional to the absolute temperature.

If we now include the effect of the electrostatic
repulsions, equation (16) must, be modified to
Ae r2\a»2i, rYw

This, together with the Donnan approximation to
the potential

fo(r) = (20)

@ (21)

sth s oy

gives a pair of simultaneous equations for ~ and cQ
The solution of these equations is

(22)

ooz 1 + yfe-12 222

[ R
@ (23)

To determine the parameters in these equations,
we note first that a characterizes the chain restoring-
force. It can be estimated from the size of similar,
but uncharged, polymer molecules, being in fact
given by

2= H2 (24)

where R is the root-mean-square distance of a link
of such a polymer from the center.

The constant A must be determined to give the
correct total number of ions, z, on the polvelectro-

lyte. The relationship is
-l - - i g a (25,
Jo V1+%
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If in this equation we put A = bM, and r = yay/2

2= 8ry/2asM hf y*e~*Xl + be~yt)~'/idy (26)

= 8uv A t3Mb 1(b) (27)
where

1(b) = J jv X "I(1 + 6e-»!)-V2dy (28)

Values of the functions 1(b) and bl(b) are given in
Table I.

Table |
6 1(i>) bl(b)
0 0.432 0.0
1 .387 0.387
3 327 .930
10 242 2.419
30 1672 5.02
100 .1040 10.40
300 0644 19.32
1000 0371 37.1
3000 .0220 65.9
10000 01220 122.0
30000 .00710 213.1

For larger values of b. I(b) ~ (ir/2b)l/~

To grasp the behavior of the polyelectrolyte as the
salt concentration is varied, consider the value of
r at which r~0Q(r) is amaximum, i.e., the “most prob-
able” value of r. This is located at the root of the
equation

0 -3+~ ('"-3 =0 <>
which varies from r = afor small valuesof bto r =

<uV2 for large value of b. Since equation (27)
shows that bis small for large values of M and large
for small values of M it follows that in high salt
concentrations the polymer has the same “most
probable” radius as the corresponding uncharged
polymer, and extends as the salt concentration is

reduced, but by not more than a factor \/2 in
radius.

This is a much smaller extension than has been
obtained by previous theories. This is because of
the fact that previous theories have introduced
much higher electric fields. In the present theory
the electric field has been shown to be small, and
the main effect causing the extension of the chain is
the diffusion tendency of the counter ions, which in
dilute salt solutions essentially doubles the diffu-
sion tendency of the ions of the polyelectrolyte.

Discussion

The applications of this model of polyelectro-
lytes to viscosity measurements and titration curves
will be discussed in later papers. It may be pointed
out here that the extension of the model to viscosity
measurements involves additional assumptions
concerning the permeability of the polyelectrolyte
to the flow of solvent, and that the titration curves
involve questions of chemical equilibrium under
unusual conditions. However, neither of these
problems can be discussed except in the light of a
model of the action of the salt solution on the poly-
electrolyte molecule.
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The correctness of the model we have presented
here depends only on the validity of the Poisson-
Boltzmann equation, and the legitimacy of replac-
ing the chain forces by a central force. The limits
of the validity of the Poisson- Boltzmann equation
have been discussed at great length, and there are
serious objections to its use at high potentials.
Nevertheless it is still the only tractable approxi-
mation available, and is used here for lack of a bet-
ter approximation.

The main objection to the use of the central field
approximation is the assumption that v has the
same value in a polyelectrolyte as for an uncharged
polymer. This in effect neglects any stiffening of
the chain by the repulsions of the ions. As the
counter-ions affect these repulsions, this stiffening
may be considerable, and would have the effect of
making a larger in dilute salt solutions, thus in-
creasing the degrees of stretching. As a result,
this model may be expected to become a poor ap-
proximation in very dilute salt solutions. Nevei-
theless these objections do not hold in moderate
salt concentrations and there the model should be
a reasonably good approximation.

Appendix
Proofs of Theorems

Theorem 1.— Suppose that there is an interval xi, X« over
which v is negative. The lower bound, xi, is either 0, or a
point at, which u = 0, and the upper bound, x2, is either o
or a point at which u — 0. Consider the integral

Using equation (7) this can be put in the form
1* x2
li = 1

J

which must be positive.
be written

X2 (sinh a —f) dx

Also by integrating by parts, it can

The integrated part vanishes at both limits, and the remain-
ing integral term is obviously negative. This is a contra-
diction, so there can be no interval in which u is negative.
The proof for vis similar, and the theorem for w is obvious.

Theorem 2.— Suppose there is an interval Xi, x2over which
v < u. The lower bound X, is either 0, or a point at which
u = ' The upper bound x2is either co, or a

vand V' < u'.
point at which u = vandv' > u'. Aon' consider

By equations (7) and (8) this may be written
J'2

[«(sinh u — i) + /(«
A

which is clearly positive. On the other hand, the integra-
tion can be carried out directly, giving

— v)]x* dx

which is negative or zero. This is a contradiction. Hence
r must everywhere be greater than u.

Theorem 3.— The integral

£ A (L dii\
Jo tx\ dx)
ro,die) ™ .
L dxjo )
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But by equation (7

h 2(sinh u —/) dx

Xz(sinh u — sinh w) dx

Since the integral vanishes, sinh u must be greater than
sinh w in some regions and less in others, and the theorem
follows.

Theorem 4.— Suppose m(0) > w(0), so that sinh m(0) >
/(0). Let x, be the upper bound of the interval in which
sinh u{x) > /(x). By Theorem 3 this interval is finite, and at

Xi, sinh u(x) = /(x) and (sinh u —f) < 0. Consider

The value at the lower limit is 0, hence

h "
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But by equation‘?)

.XZ (sinh u —f) dx

which is positive. Hence
On the other hand, at Xi

(sinhu —f) = gX (sinh u —sinh w) < 0
which requires

do\
(e )., > (Ax)x

.3

> 0 while it was postulated

and hence

But this also requires

that < 0 for all values of x. Hence the supposition

leads to a contradiction and t ie theorem is proved.

IN SOLUTIONS OF WEAK ELECTROLYTES

By Edward H. deButtsl
Mallinckrodt Chemical Laboratory, Harvard University, Cambridge, Mass.

Received August SO, 1951

Using the successive ionization constants of a weak electrolyte, it is possible to calculate the concentrations of all ions
present in a solution of that electrolyte at any specified average degree of ionization, but when the number of dissociation
steps becomes large, the determination of such a distribution curve by this method becomes an almost impossible task. The
manner in which the concentration of any particular ion of a weak electrolyte, relative to its concentration at some arbitrary
point, varies with average degree of ionization may be found by direct analysis of potentiometric titration data. With an
s-basic acid, it is shown that the concentration or number of ions of charge i at a degree of ionization, a, can be determined by

(ni-v a
— =1 (I — sac)d( —In aH+).
(I‘I <Umax. Jct=i/s
equation has been tested by application to the titration curve of 1,2,3-propanetricarboxylie acid. A comparison of the result-
ing distribution curve to that obtained by the classical method is made. It is seen that the two methods are equivalent.
By numerical integration of the titration curve of a polymeric acid, one can obtain similar curves. It is also feasible to use

In Here the subscripts indicate the range over which the integration is run. This

this tool to test theoretical titration curves which are in the literature.

These are of the form pH + log-—---—-— = pj{o

a

0.434 AF/KT. AF can be written as the product of the degree of ionization and a function of the dimensions of the polymer

and the ionic strength. Thus AF = aF(R,w).

1—iss

exp

Using these results, it is shown that the distribution curve can be calculated

- [{R, w)/2kT][a i/spf'e Curves are shown which

illustrate the sensitivity of the method and some predicted plots are compared with experiment.

If one has at his disposal the various equilibrium
constants which characterize the dissociation of a
weak electrolyte, then it is possible to calculate the
concentrations of all ions present at any particular
average degree of ionization of that electrolyte.
When the number of dissociation steps is small, this
is not a difficult task. However, if the number of
equilibria involved is large, then these calculations
become extremely laborious. In addition, the un-
certainty involved in the estimation of the various
mass law constants increases. When one considers
the case of the polymeric electrolytes, it is for all
practical purposes impossible to calculate the dis-
tribution curves of the ions present by the method
outlined above.

It has been found to be possible to evaluate the
manner in which the relative concentration of an
ion of any specified charge varies with average de-

(1) Hercules Experiment Station, Wilmington, Delaware.

gree of ionization by direct analysis of potentiomet-
ric titration data. In effect, the method to be dis-
cussed by-passes the calculation of the individual
dissociation constants. We shall derive from mass-
law considerations the basic equations involved.
After doing this, we shall show by an example that
relative distribution curves obtained by our method
are the same as those obtained classically. Finally
there will be suggested a method by which some of
the theoretical titration curves in the literature can
be checked against actual titration data.

Without loss of generality, the development of the
necessary equations can be accomplished by work-
ing with a hypothetical polybasic acid. Following
the notation suggested by Wall and deButts,2let us
assume that we are dealing with a solution of N
molecules and ions of an s-basic acid. In this solu-
tion suppose that there are ns~, ions of charge i and

(2) F.T.Wall and E. H. deButts, «.. Chem. Phys., 17, 1330 (1949).
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that the average degree of ionization is a. Clearly
f:O n,-\ X (1)
and
3
a= "% 2
«2 n=>
i=0

To develop the end-result in as simple a manner
as possible, let us divide the numerator and denom-
inator of (2) by ns, the number of uncharged mole-
cules in our solution and then examine the quotients
n3 i/ns. By simple algebraic manipulation of the
various expressions for the equilibrium constants, it
can be seen that

ris-i/n. = ~ 11 K i " d f ., @3
Here Kj is the ./th ionization constant, the/’'s repre-
sent the activity coefficients of the ions and oh+is
the activity of the hydrogen ion in the solution.

Upon substitution of equations (3) into (2), we
obtain

Y (i/sl/s-i(fIH*)" 7 Ks
i a=1

y\f.% j(«h * T K,
1 =1

_ 4
oIn /m//»-j(«<hW 7T KI
1 L j =i

S d(—Mmaah)

Both equations (4) and (5) have been derived pre-
viously.3
By substituting the result of (3) in (5) and requir-
ing that the concentration of acid be held constant
we obtain
1 5 1In n,
s d(— In oH+) (6)
This result was reported in a previous publication2
but the derivation there was based on a model. Here
no model has been assumed, and the equation
should be valid for any weak electrolyte which dis-
sociates to give an ion of the parent material and an
ion which is common to all equilibria. It will not
apply to compounds whose ions car. assume mixed
charges.
Equation (6), while interesting, is not terribly use-
ful. If, however, we take the logarithm of (3) and
differentiate, we obtain

diInn,-,
5( — In cm+) 1

dInn,
d( — In gjht)

And when we make the substitution indicated by
(6) we see that
In.n,--,

X by =1 —2 ®
The most obvious implication of this result is that

when the average degree of ionization is numerically

equal to the charge on a given ion divided by the

(3) J. Wyman, Jr., Adv. in Protein Chem., 4, 437 (1948).
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basicity of the acid, the concentration of that ion
passes through a maximum. In addition we see that
if we have an analytical expression for a in terms of
(—In aH+) we can calculate the distribution curve
directly. Failing this, we can obtain the same in-
formation by numerical integration of the potentio-
metric titration curve.

To demonstrate this latter course, and to show
that the method outlined here is equivalent to that
previously reported, we replotted data obtained by
Morton4 on 1,2,3-propanetricarboxylic acid and
calculated a relative distribution curve for the
doubly charged ion by integration around the point
a = 23 In Fig. 1 this curve is compared to that
reported by Morton. The circles represent points
obtained from the dissociation constants and the
curve shows the variation of the ratio of the concen-
tration of the doubly charged ion at various average
degrees of ionization [(«i)a] to its concentration at

the point where it ismaximum [(ni)mex] e It isseen
that the two methods are equivalent.
Tig. 1.— Relative distribution curve for the doubly

charged ion of 1,2,3-propanetricarboxylic acid: O, calcu-
lated from ionization constants; , calculated directly
from titration curve.

If we turn now from acids of very low basicity to
those of very high basicity, we find that there are
reported theoretical expressions which relate the de-
gree of ionization to the activity of the hydrogen
ion.5~7 All of these have the form
PIVO + 0.4343 417 9)
Here pH is taken to be equal to (—log an+), Ko is
the inherent ionization constant, and AFa/KT is the
electrical free energy of ionization. We note fur-
ther that the free energy can be factored according
to

H + lo =
P 9 4

AFa = OtJ(Rw)
Here R is a measure of the dimensions of the ions

(4) C. Morton, Trans. Faraday Soc., 24, 14 (1928).

(10)

(o) E. J. Cohn and J. T. Edsall, “Proteins, Amino Acids and Pep-

tides,” Reinhold Publishing Company, New York, N. Y., 1943, p. 476.
(6) J. J. Hermans and J. Th. G. Overbeek, Rec. trav. chim., 67, 761
(1948).
(7) A. lvatchalsky and J. Gillis, ibid., 68, 879 (1949).
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and w is the ionic strength. Equation (9) can thus
be written (using natural logarithms)

- Inda* + li — - = - InAo+ af(RwW/KT (11)
If we differentiate this expression with respect to
(—In«h+), holding R, iv, and T constant, substitute
the result in (8), and integrate between the limits of
a = i/s (where ws-i is maximum) and a, there is
obtained after simplification

(»m-i)t

(Hi-i/miu.

Va\/s/l —a\: .

YVisi Vv - ifs) 2. O
(12)

When one is dealing with acids of high basicity,
the ratio of concentrations is of significant value
over a very small range of a (cf. Fig. 2 or 3), so that

. 2.— (Offert, of basicity on relative distribution curve;
|/s = 0.083, f(Rw)/2kT ="11: ,S= 512 —— ,S=
1024;-—--- 's = 1615.

Fig. 3.— Effect of f(R,w)/2kT on relative distribution
curve. Comparison of theoretical curves with experiment:

————————— , f(R,w)/2kT = 0 (no electrical interaction); G,
f(R,w)/2kT =4.5 (experiment); -—- ,f(R,w)/2kT = 7.0
(Cohn and Edsall);------- JF(R,w)/2kT = 17.7 (Ivatchalsky
and Gillis).
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one can expand the exponential and obtain as an ex-
cellent approximation

(afl—i)er
(ag-i)mal\.

f(Rw

M 'v A r [m 217

It is this form which we have used in our calcula-
tions.

Since the relative distribution curves can be ob-
tained either directly from experiment or from the-
ory, it is natural to use these curves to test the theo-
retical expressions in the literature. The question
of sensitivity of the method arises. It will be use-
ful if (a), it is not too sensitive to basicity (i.e.,
molecular weight), (b) it is reasonably sensitive to
the function /(/£, w) and (c) the data required for
numerical integration can be obtained with suffi-
cient accuracy.

If one examines Figs. 2 and 3, it is seen that the
first two requirements are met satisfactorily. To
obtain the family of curves in Fig. 2, we varied the
basicity, s, while holding the free energy function
constant. It is seen that when we change the num-
ber of ionizable groups by a factor of two, distin-
guishable plots are obtained. If the basicities
were changed by only 10%, then on the scale we
use the curves would not be perceptibly different
from those shown. We can, of course, measure the
basicity of polymeric acids to about 1 or 2% so that
errors in the distribution curve due to errors in meas-
urement of basicity will not be noted. If now rve
hold the basicity constant, and vary f(R, w), the
curves in Fig. 3 are obtained. The reason for
choosing the values of f(R, w)/KT will be evident
later. The point ave wish to make now is that small
errors in the exponential will not drastically alter
the distribution plots, but large errors will. This
means that calculation of distribution curves from
theory, using dimensional and molecular weight
data from experiment, will show reasonably large
deviations from the experimental distribution curve
only if the validity of the theory is to be seriously
questioned.

The situation with regard to the data required for
the numerical integration is not so satisfactory.
When the data in the literature are examined and
an attempt is made to prepare a distribution curve
based on these data, it is evident that they are not
sufficiently accurate. To obtain the points xvhich
are shown in Fig. 3, it was necessary to assume one
more significant figure in a and in ?/H than was jus-
tified. Thus the plot shown is not extremely mean-
ingful. This difficulty can very probably be OAer-
come by use of a differential titration apparatus.

In addition to showing the manner in which varia-
tion in the electrical free energy function alters the
plot of relative concentrations versus degree of ioni-
zation, Fig. 3 also illustrates an experimental curve
and the predictions of three different theories.
Before discussing the actual plots, it would probably
be wise to describe the manner in which they were
derived. The numerical integration of the titration
curve is more conveniently performed if equation
(8) iscast into the form
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1,n (zg__*)on« a) (cl — 111 «H+) (8a)

The value of the integral is then obtained from a
plot of (i/s — a) against (—In an+) by measure-
ment of the appropriate areas around the point
where (i/s — a) has the value zero. The values of
( —)af (ns—pmex result.

In the case shown, we used data reported by Arn-
old and Overbeek8 for the neutralization of poly-
methacrylic acid in 10_4 M potassium chloride
solution. The degree of polymerization based on
viscosity measurements is 1615. The value of i/s is

0.083. When these are substituted in equation
(13), we have
Nitg—i‘ig
( Ha—i)max.
. f(R, w)
j1s1sa o7 (B —

(13a)

The three theoretical distribution curves were cal-
culated from this formula.

Unfortunately the work of Hermans and Over-
beek6 cannot be tested without independent meas-
urements of the coil dimensions. We can, how-
ever, examine cases where/(/f, w)/2KT is zero, and
where this function takes the form described by
Katchalsky and Gillis7and in Cohn and Edsall.5

Katchalsky and Gillis relate the mean “end-to-
end” distance, ha. to the degree of ionization by

/. 3hi
wfr V 222 0

Since h@ can be determined from theory, we are
able by (14) to calculate the manner in which ha
changes as a increases. The value of ha at some
particular a (in this case 0.083) can then be substi-
tuted in their free energy expression

f(R, tr) =

(14)

_se*

bkTha X [} + In 2hI\

On the basis of equation (14), the value of hais
found to be 33.0 X 10-6 cm. In turn the value of

®) R. Arnold and J. Th. G. Overbeek, Ree. trav. chini.,

(1500

(15)

69, 192
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(15) is 17.7. This theory of course neglects the
effect of counter ions on the conformation of the
polymeric species.

In the case of the titration curve reported in the
monograph edited by Cohn and Edsall,6we have

fRw = r. 1 j nn
2KT 21)k7 Lo (1 + KR,)j 11
Here K is the familiar Debye reciprocal radius and
Ra was taken to be that dimension shown by Debye
to be related to the mean square end to end distance
of non-charged polymers by

(1?)

In our example K is 0.74 X 106cm.-1 and hQis cal-
culated to be 523 X 10“6 cm. It follows that
f(R, w)/2kT = 7.0. It should be mentioned that
this theory assumes that the dimensions of the
polymer coil do not change as a increases.

The manner in which the relative concentrations
vary with average degree of ionization using these
values of f(R, w)/2KT is compared to experiment
in Fig. 3. The broadest curve is that which results
when one assumes that ionization proceeds on a
statistical basis, i.e.,f(R, w)/kT = 0. It is quite
evident that the assumption of no electrical inter-
action is invalid. It is likewise clear that the effect
of counter ions is felt at rather low concentrations
for the Katchalsky and Gillis theory gives us too
high a value for the free energy term. Surprisingly
enough the equation of Cohn and Edsall results in a
plot which is quite close to experiment. This
means that expansion of the coil is suppressed
rather drastically by the sodium, hydrogen, and
potassium ions present in the solution. Indeed a
fit to experiment can be obtained from their expres-
sion if we use 1.28 as the value of ha/hn  This is to
be contrasted with the value 6.3 predicted by (14).
In closing we must reemphasize the fact that the
experimental points are considerably in error.
Because of this we can conclude only that the ionic
strength of the solution with which we are working
is too high for the work of Katchalsky and Gidis to
be valid.
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The precipitation of bovine serum albumin by four synthetic polyelectrolytes was studied as a function of pH, ionic

strength, polymer/protein ratio and the degree of polymerization of the resin.

Bovine serum albumin recovered from its

complex with polymethacrylic acid had the same optical activity, solution viscosity and crystallizability as the original ma-

terial and seemed, therefore, to be in its native state.

Anion binding, characteristic of serum albumin, was considered to

cause the shift of the precipitation curves to lower pH in the presence of chloride or thiocyanate and to account for the

high stability of albumin complexes with a copolymer of styrene and maleic anhydride.

It was shown that oxyhemoglo-

bin can be separated from serum albumin in the interisoelectric range by precipitation with polymethacrylic acid.

I. Introduction

It has long been recognized that the coprecipita-
tion of proteins at pH values lying between their
isoelectric points presents problems in any scheme
of protein fractionation.2 Green suggested3 that
the separations could be enhanced by approaching
the precipitation zone from the direction where all
the proteins bear charges of the same sign. More
recently a fractionation scheme has been described4
which takes advantage of protein-protein interac-
tion for the separation of groups of proteins. The
value of the method depends on the presence of spe-
cifically interacting proteins in the original mixture.

This principle can be extended to the isolation of
individual proteins from binary mixtures by the
addition of a new charged component. On look-
ing about for such charged components one is im-
mediately attracted to the synthetic polyelectro-
lytes56 since they are readily available and may be
tailored to fit the problem. Furthermore, in many
cases they are known to form highly insoluble pre-
cipitates with specific counter-ions, thus suggesting
a method for their eventual removal from the pro-
tein system.

The synthetic materials can be made very cheaply
and in great variety by copolymerization of a large
number of readily available monomers or by chemi-
cal modification of polymers and copolymers.
Since they can be made with a much greater density
of ionizable groups than that characteristic of pro-
teins, it may be expected that they will displace
proteins from their salt-like complexes, permitting
a more quantitative separation of normally inter-
acting proteins. Before attempting protein sepa-
rations a study of the interaction of polyelectro-
lytes with pure individual proteins seemed indi-
cated, and bovine serum albumin was chosen as the

(1) Public Health Service Research Fellow of the National Heart
Institute.

(2) E. J. cohn, J. Gen. Physiol., 4, 697 (1922).

(3) A. A. Green, J. Am. Chem. Soc., 60, 1108 (1938).

(4) E. J. Cohn, etat, ibid., 72, 465 (1950).

(5) Naturally polyelectrolytes such as protamines7*
nucleic acids9and gum arabie,10have frequently been shown to precipi-
tate proteins under suitable conditions.

(6) Synthetic polyelectrolytes have also been used lately for the pre-
cipitation of bacterial suspensions.1l

(7) F. Haurowitz, Kolloid-Z., 74, 208 (1936).

(8) A. Kleczkowski, Biochem. J., 40, 677 (1946).

(9) K. B. Bjornesio, and T. Teorell, Arkiv Kem. Mineral Geol., A19,
No. 34 (1945).

(10) H. G. Bungenberg de Jong, “ Colloid Science,”

Press, Inc., New York, N. Y,, 1949, Chapter 10.
(11) E. Katchalski, in preparation.

occurring
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first to be investigated, since its high solubility in
water would put particularly stringent requirements
on an efficient precipitating reagent.

Il. Experimental

The bovine scrum albumin (BSA) was a crystallized
sample obtained from Armour and Company. A stock
solution of 1% was made up and the albumin concentration
determined by ultraviolet absorption measurement using the
optical density data of Cohn, Hughes and Veare.2 The
solution was kept frozen at —17° in small ampules and
melted only immediately before use.

The oxyhemoglobin was prepared by Miss Virginia Gos-
sard according to the method described by Drabkin.13
Its concentration was calculated from the optical density
at 350 nift using the data reported by Sidwell, Munch, Bar-
ron and Hogness.¥4

Polymethacrylic acid (MA) was prepared from glacial
methacrylic acid which was distilled at reduced pressure un-
der nitrogen and kept frozen at —17°. The monomer was
mixed with five parts by weight of benzene, benzoyl peroxide
catalyst added (1.5% of the weight of the monomer) and the
polymerization was carried out by heating for two days at
60°. The resin suspension was washed with acetone and
ether and vacuum-dried at 70°. The yield was 98%, the
intrinsic viscosity in methanol 1.05. Some of the polymer
was fractionated by precipitating twice from aqueous solu-
tion at pH 6.8 and a calcium acetate concentration of 0.05M .
The precipitate was dissolved in 5% sodium hydroxide,
dialyzed three days against .17/100 hydrochloric acid, the
solution frozen and vacuum evaporated.

Polymethacrylic acid samples of a range of different mo-
lecular weights were prepared at 60° from solutions of 10 ml.
of glacial methacrylic acid (Rohm and Haas) in 40 ml. of
methyl ethyl ketone with different amounts (29 mg., 83
mg., 165 mg., and 328 mg.) of azo-bis-isobutyronitrile cat-
alyst. After 24 hours the polymerization was essentially
complete. The precipitated resin was washed with ether,
dissolved in water, dialyzed for two days and dried from the
frozen state. Intrinsic viscosities in methanol were 1.58,
1.11, 0.79 and 0.57.

Methacrylic aeid-vinvipyridine copolymer was pre-
pared from 2-vinylpyridine (Reilly Tar & Chem. Co.) dis-
tilled at reduced pressure under nitrogen immediately be-
fore use. A monomer mixture containing 1.5 mole per cent,
vinylpyridine was polymerized in methyl ethyl ketone solu-
tion at 60° to a conversion of 12%. The copolymer had an
absorption coefficient 27.0 at 265 mp in solution of
pH 4.0.

Polvvinylamine hydrobromide (PVA) prepared by the
method of Reynolds and KenyonBwas supplied by the East-
man Kodak Co. It analyzed 60.27% bromine and 11.34%
nitrogen. The intrinsic viscosity in 0.15 N sodium chloride
(based on the concentration of polyvinylamine) was 1.12.

Maleic anhydride-styrene copolymer (MAS) containing

(12) E. J. Cohn, W, L. Hughes, Jr., and J. H. Weare, J. Am. Chem.
Soc., 69, 911 (1947).

(13) D. L. Drabkin, J. Biol. Chem., 164, 703 (1946).

(14) A. E. Sidwell, Jr., R. H. Munch, E. S. G. Barron and T. R.
Hogness, ibid, 123, 335 (1938).

(15) D. D. Reynolds and W. 0. Kenyon, J. Am. Chem. Soc., 69, 911
(1947).
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50 mole per cent, of each monomer was obtained from Car-
bide and Carbon Chemicals Co. (Resin SYHM). The in-
trinsic viscosity in methyl ethy Iketone was 0.31. This resin
is soluble in water only after hydrolysis of the anhydride
groups (achieved rapidly by treatment with dilute alkali and
more slowly by stirring in water at 80°).

Methacrylic acid-diethylaminoethyl methacrylate co-
polymer (DEM M A) was prepared as described in a previous
communication.’6 It contained 54.6 mole per cent, meth-
acrylic acid, had an isoelectric point of 8.0 and an intrinsic
viscosity in pyridine of 1.5.

Ground glass stoppered tubes were used for mixing the
albumin and polyelectrolyte solutions, using a total volume
of 10 ml. for each experiment. When it was desired to vary
pH at low ionic strength, stock solutions of the polyelec-
trolytes. were made up to different degrees of neutralization
and mixed in varying proportions so as to avoid exposing the
protein to local concentrations of acid or alkali. Acetate
buffers were used when it was desired to keep the pH at a
given value while investigating the effect of another variable.
After introducing all reagents precooled to 0°, the stoppered
tube was inverted several times and left standing at 0°, for at
least three hours although equilibrium was apparently at-
tained much more rapidly. The precipitate was separated
in a refrigerated centrifuge and the supernatant was used
for analysis and pH determination on a glass electrode at
25°,

Analyses were carried out by determinations of the optical
density with a Beckman spectrophotometer using 1-cm.
quartz cells to hold the appropriately diluted samples.
Since many of the supernatants from protein precipitations
were slightly hazy, buffers had to be added to produce clear
solutions before the absorption measurements. In such
cases the blanks contained the same buffer concentration.
Supernatants from precipitation with anionic polymers
were diluted with an equal amount of M /10 disodium phos-
phate unless they contained alkaline earths cations, in which
case a mixture of five parts M /4 trisodium citrate and one
part M /4 citric acid was used. Supernatants from poly-
vinylamine precipitations were diluted with acetate buffer of
pH 4.00 and ionic strength 0.8. Polymers MAS and PVA
had characteristic UV absorption maxima and the concen-
trations of albumin and polymer could be obtained from
optical density measurements at two wave lengths (see
Fig. 1). The results obtained from analyzing the super-
natants from a series of experiments involving precipitation
with MAS were checked by dissolving the precipitate in di-
sodium phosphate solution and analyzing in a similar man-
ner. The amounts of protein and polymer found in the two
phases added up to the quantities known to be present
within an average error of 6% . Copolymer DEMM A had

an absorption coefficient E\*°’m 0.55 at 280 m/x due probably
to light scattering from the very high molecular weight ma-
terial. The resin had no characteristic absorption maxi-
mum and no attempt was made to interpret optical densities
in terms of protein concentration. Polymethacrylic acid
had E\ '|m 0.385 at 280 m,u and its contribution to the opti-
cal densities of supernatants from albumin precipitation was
neglected.

Fig. 1.— Ultraviolet absorption spectra of bovine serum
albumin at pH 4, maleic anhydride-styrene copolymer and
polyvinylamine.

(16) T. Alfrey, Jr.,, R. M. Fiioss, H. Pinner and H. Morawetz, in

preparation.
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Viscosity measurements were carried out in an Ostwald
type viscosimeter at 25°.

Optical activity was determined using a 20-em. polarim-
eter tube and allowing 15 minutes after mixing the reagents
before taking a reading. Two samples were prepared by
mixing partially neutralized resin solutions with a con-
centrated solution of BSA, so that no precipitation occurred.
One sample was made by precipitating BSA by polymetha-
crylic acid at pH 4.0 and redissolving the precipitate by ad-
dition of disodium phosphate. The protein concentration
was calculated from the optical density at 280 mp, after
allowing for the absorption of the resins.

I1l. Results

A. Polymethacrylic Acid.— The effect of the resin/pro-
tein ratio on the precipitation of BSA by MA in buffered
solution at various pH values isshown in Fig. 2. Resin addi-
tion beyond an optimum amount increases albumin solubil-
ity. Holding the resin/protein ratio constant and studying

Polymethacrylic Acid Added, in gm/liter.

Fig. 2.— Precipitation of bovine serum albumin by poly-
methacrylic acid: effect of resin/protein ratio at constant
pH; r/2 = 0.04 (acetate buffer); BSA concn. = 1.82 g./
liter.

the albumin precipitation as a function of pH at different
concentrai ions of acetate buffer and in the presence of thio-
cyanate, the data plotted in Fig. 3 were obtained. Acetate

Fig. 3.— Precipitation of bovine serum albumin by poly-
methacrylic acid: effect of acetate and thiocyanate.

has little effect on the complex format.ion but thiocyanate
produces a considerable shift of the precipitation curve to
lower pH values. Figure 4 shows that both the molecular
weight of the polymer and the precipitation temperature are
only of secondary importance.

Results obtained in a study of the interaction between
alkaline earth cations and a copolymer of methacrylic acid
with a small amount of vinylpyridine were used in selecting
the optimum conditions for polymethacrylic acid precipita-
tion. The pyridine residues facilitated the determination of
the polymer by optical density measurement at 265 m»i and
were not expected to produce an important change in the
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Fig. 4.— Precipitation of bovine serum albumin by poly-
methacrylic acid: effect of temperature and molecular
weight (~ [ij]) of resin.

properties of the polyelectrolyte above pH 5. It was found
that the efficiency of the precipitation increased in the order
Mg++ < Ca++ < Ba++, the polymer salt being most in-
soluble in the pH range 6.0 to 6.5. As little as0.01% MA is
flocculated from 1% BSA solution by 0.04 M barium chlo-
ride, and no protein is carried down with the polymer.

Three criteria were used for the absence of protein dé-
naturation: optical activity, solution viscosity and crystal-
lizability. Table I lists results of optical activity measure-
ments. Since some of the readings were as low as 2°, the
differences between the optical activities found for the var-
ious samples are within the probable experimental error.
They are also in satisfactory agreement with the value of
78° + 2° found by Cohn, Hughes and Weare.'2

Tabite |

E ffect of Polyelectrolytes on the Optical Activity of

Bovine Serum Albumin

BSA G. Specific
concn., resin/g. optical
g./l- BSA Resin pH activity
29.0 0.00 5.33 -75°
28.5 47  MA, 45% neutralized 6.00 -78
13.8 .49 MAS, 53% neutralized 6.46 -75
14.2 .45 MA, added at pH 4 ppt. 5.28 -76

redissolved by Na2H P04

The BSA used had an intrinsic viscosity of 0.43 and could
be crystallized at —5° from a20% solution containing 0.1 M
acetic acid, 0.5 M sodium acetate and 40% by volume of
ethanol, it was found that small amounts of polymeth-
acrylic acid raise substantially the intrinsic viscosity and in-
hibit completely the crystallizability of the protein. These
two criteria were used, therefore, to prove the separation of
the pure albumin from its complex with the polymer, as well
as the preservation of the protein in the native state.

The BSA was precipitated at pH 4.71 by 0.4 g. of frac-
tionated polymethacrylic acid per gram protein. The pre-
cipitate was redissolved at pH 5.38 and the resin precipitated
by making the solution 0.05 molar in barium chloride.
After centrifugation, the supernatant was filtered through
fritted glass, dialyzed for tivo days and dried from the frozen
state. The recovered protein had an intrinsic viscosity of
0.44 and crystallized under similar conditions as the starting
material with comparable yields.

That proteins can be separated in the interisoelectric range
by use of polyelectrolytes, as postulated, has been demon-
strated by the separation of oxyhemoglobin and BSA. At
1.9% BSA, 2.5% oxyhemoglobin, ionic strength 0.08
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and pH 5.75 the optimum MA/oxyhemoglobin ratio was
found to be 0.15. Under these conditions 91% of the oxy-
hemoglobin was precipitated while all of the albumin re-
mained in solution.

B. Maleic Anhydride-Styrene Copolymer.— Copolymer

MAS had a characteristic ultraviolet absorption spectrum
and it was, therefore, possible to follow the concentration of
both components in equilibrium with resin-albumin pre-
cipitates. The effect of varying the amount of MAS added
to a BSA solution is shown in Table Il. These data cannot

Tabiue Il
E ffect of the Resin/P rotein Ratio on the Precipita-
tion of a 0.31% Bovine Serum Albumin Solution by

M aleic Anhydride-Styrene Copolymer ,

Initial Supernatant Precipitate,
g. .MAS/g. BSA MAS, g. MAS/g.
BSA jiH g./l g.l. BSA
0.09 5.39 2.71 0.13 0.11
17 5.70 2.20 .34 .13
.26 5.25 1.07 .36 .16
.43 4.62 0.49 .80 .16
.57 4.42 .10 1.11 .23
.86 4.27 .06 1.75 .26

be readily interpreted since the degree of ionization of both
resin and protein vary simultaneously with their relative
amounts in solution. When the resin/protcin ratio was
kept constant and the degree o: resin neutralization was var-
ied, the results represented in Fig. 5 were obtained. Con-

pH.
410 445 475 500

5% 5%

Fig. 5.— Precipitation of bovine serum albumin by maleic
anhydride-styrene copolymer: effect of the degree of resin
neutralization.

versely, the variation of the resin/protcin ratio in buffered
solutions at pH 4.77 and 5.16 gave the data shown in Fig. 6.
Any MAS added beyond a given amount remained in solu-
tion and the addition of excess rosin increased the albumin
solubility from its minimum to a new characteristic level.
The insolubility of the resin-protein complex in sodium
chloride solution is apparent from the data of Table I11.
Although the albumin precipitate with MAS dissolved on
raising the pH of the solution, the complex proved to be very
stable and all attempts at its dissociation failed. The
presence of the resin increased the protein solubility above
its isoelectric point at low ionic strength and high ethanol
concentration. In fact, a solution containing 3 g./l. BSA,
1.3 g./l. of half-neutralized MAS and 30% by volume of
ethanol, could not be precipitated by addition of 95% etha-
nol or anhydrous acetone. Calcium acetate solution added
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MAS added, gm/liter.

Fig. 6.—Precipitation of bovine serum albumin by maleic
anhydride-styrene copolymer: effect of resin/protein ratio
at constant pH.

in the pH range 6.2 to 6.4 precipitated all the protein with
the resin. The precipitation became progressively less
complete at higher pH values, but the resin/protein ratio
was essentially the same in the precipitate and the super-

natant. Optical activity measurements (Table 1) indicate
that no protein denaturation is involved in this complex
formation.

Table HI

E ffect of lonic Strength on the Precipitation of
Bovine Serum Albumin by Maleic: Anhydride-S tyrene

Copolymer

3.1 g./l. BSA, 2 g./l. MAS, degree of resin neutralization
0.106
Normality of supernatant
sodium chloride BSA. g./I MAS, g./I.
0.000 0.19 1.29
.017 .38 0.68
.033 .37 .54
.050 .20 47
.067 .21 .38
.083 .19 .33
C. Polyvinylamine.— The precipitation of BSA by I'VA

leads to the formation of a precipitate which has the appear-
ance of a highly viscous second liquid phase in contrast to

Fig. 7.— Precipitation of bovine serum albumin by poly-
vinylamine as a function of pH: effect of sodium chloride.
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Tabite IV
Precipitation- op Serum Albumin-with Polyvinylamine

3.1 g./h BSA, 1.6 g./l. PVA

Mole sodium Normality
hydroxide/equiva- of Supernatant
lent polyvinylamine sodium s PVA,
hydrobromide chloride pH g./l. g./l-
0.145 0.00 3.95 3.05 1.60
.333 .00 4.76 3.05 1.61
521 .00 5.70 2.97 1.53
.630 .00 6.78 2.62 1.58
.738 .00 7.53 1.94 1.33
.846 .00 8.25 0.86 0.98
.955 .00 8.67 .22 .46
.145 .05 4.51 2.76 1.48
.239 .05 4 93 1.75 1.28
.333 .05 5.42 1.37 1.18
427 .05 5.82 1.03 1.10
521 .05 6.42 0.82 0.98
.630 .05 6.73 .58 .85
.738 .05 7.18 44 72
.846 .05 7.70 A7 .63
.955 .05 8.70 1.63 91
. 145 17 4.74 0.31 0.80
.239 17 5.22 .31 .76
.333 17 5.63 .31 .70
427 17 6.00 42 72
.630 17 6.60 .79 72
.73S 17 7.44 2.44 1.41
Effect of 32 Volume % Ethanol
0.521 0.00 0.55 1.00
.738 .00 .09 0.86
.955 .00 .04 .30

the flocculent precipitates observed with the anionic poly-
mers. Addition of chloride results in a surprisingly large
shift of the precipitation curve toward lower pH values and
an even greater effect is produced by thiocyanate (see Table
1V and Figs. 7 and 8). Ethanol reduces the solubility of the
BSA complex with PVA.

Mois NoOH/Equivalent Polyvinylamine Hydrobromide.

Fig. 8.— mPrecipitation of bovine serum albumin by poly-
vinylamine as a function of the degree of neutralization.

All the albumin could be precipitated by alcohol in the
presence of PVA, but some of the resin was carried down
with it. At 1.8 g./l. BSA, 1 g./l. PVA, 40% ethanol by
volume, pH 4.77, ionic strength 0.04 and —5°, the precipi-
tate contained all the BSA with 30% of the PVA. Con-
versely, the precipitation of polyvinylamine by sulfate in
the pll range 5-6 did not precipitate any of the protein.
It was found, however, that at high protein/resin ratios the
polyvinylamine sulfate tended to remain in colloidal suspen-
sion and could not be satisfactorily separated.
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D. Diethylaminoethyl Methacrylate-Methacrylic Acid tein precipitation isfound to correspond to about 20

Copolymer.—Wnen 1% solutions of the amphoteric poly-
electrolyte DEM M A and of BSA were mixed a precipitate
was formed, the amount depending on the ratio of the solu-
tions taken. The precipitation was always very incomplete
as can be seen from the optical densities of the supernatants
plotted in Fig. 9. The precipitate formed only at ex-
tremely low ionic strength and dissolved in 0.005 N sodium
chloride.

56 65 0 pH+ 72 735

Fig. 9.— Interaction of bovine serum albumin with a meth-
acrylic acid-diethylaminoethyl methacrylate copolymer.
Extinction at 280 m/x is plotted vs. resin/protein ratio.

IV. Discussion

The solubility studies here reported include so
many complicating factors that no more than a
qualitative interpretation of the results is justified.
In principle, the complexing of proteins with poly-
electrolytes may be regarded as an extension of the
use of polyvalent ions for protein precipitation4.
Previous studies have indicated that protein pre-
cipitation by such naturally occurring polyelectro-
lytes as gum arabicl0 and protamines8 can take
place only at low ionic strength. Among the syn-
thetic polyelectrolytes used in the present investi-
gation only the ampholyte DEMMA formed such
easily dissociable complexes with bovine serum al-
bumin, while the albumin precipitates with the cat-
ionic and anionic polymers were surprisingly stable
at relatively high salt concentrations. This stabil-
ity of the complex may be related to the flexibility of
the polymer chain, permitting a close approach of
its ionic charges to the opposite charges of the pro-
tein.

It was generally found that a critical ratio of
resin to protein was required for maximum precipi-
tation (Figs. 2 and 6). The solubilization of the
precipitate on addition of either component im-
plies the formation of soluble complexes, as ob-
served in antigen-antibody reactions. Maximum
precipitation would be expected to coincide with
the formation cf isoelectric complexes and Bungen-
berg de JongDhas shown that this is the case for the
gelatin-gum arabic system. Computing the charge
of polymethacrylic acid from titration data ob-
tained in the absence of albumin, maximum pro-

anionic polyelectrolyte charges per BSA molecule,
at pH 4.02, 4.78 and 4.96 while a higher ratio of
anionic charges is required at pH 5.12. This is
more than the albumin charge at any but the low-
est of these pH values,I7 but the proximity of the
oppositely charged colloid reduces the electrical
free energy of ionization and undoubtedly increases
the charges of both components to values which are
difficult to estimate.

The effect of the resin/protein ratio on complex
formation at constant pH could be studied particu-
larly well with copolymer MAS, since both
components could be determined spectrophoto-
metrically in the supernatant (Figs. 5 and 6). The
data indicate that with increasing amounts of MAS
added to a given amount of albumin, the resin/pro-
tein ratio in the precipitate increases to a maximum
and any further resin remains entii'ely in solution.
The constant albumin solubility in the presence of
large amounts of resin may be interpreted as char-
acterizing the solubility of the resin-albumin com-
plex of this limiting composition. The results re-
semble somewhat those obtained by Bjornesjo and
Teorell9in their extensive study of the precipitation
of ovalbumin by thymonucleie acid.

The precipitation equilibria were almost inde-
pendent of the molecular weight of polymethacrylic
acid (Fig. 4), as would be expected, since it is known
that for any but very low molecular weight poly-
electrolytes the electrical field due to the ionized
chain molecules is almost independent of their de-
gree of polymerization.8

While the precipitation of BSA with the anionic
polymers was reversed rather sharply in the neigh-
borhood of the isoelectric point of the protein,
polyvinylamine added at low salt concentration be-
came an effective precipitant only above pH 7
(Fig. 7). The low tendency of serum albumin to
complex with basic colloids has been ascribed by
Haurowitz7 to a steric configuration in which most
of the anionic groups are located in the interior
of the molecule.

The precipitation of BSA with polyvinylamine
was shifted to much lower pH values when chloride
or thiocyanate were added to the solution (Figs.
7 and 8). The effect to be expected from such salt
addition could be ascribed in general to a com-
bination of the following factors: (a) Reduced
electrostatic interaction of the oppositely charged
colloids due to increased counter-ion density, (b)
Increase in the negative charge of the albumin due
to anion binding, (c) Increase in the polyelectro-
lyte charge due to a reduction of the electrical free
energy of ionization.

The experimental data indicate that factors (b)
and (c) outweigh the effect of increased counter-ion
density. The observation that thiocyanate is
more effective than chloride is in accord with the
relative affinity of serum albumin for these two an-
ions. Scatchard, Scheinberg and Armstrong
found® that isoelectric human serum albumin

(17) C. Tanford, J. Am. Chem. Soc., 72, 441 (1950).

(18) A. Katchalski and P. Spitnik, J. Polymer Sci., 2, 432 (1947).

(19) G. Scatchard, I. H. Scheinberg and S. H. Armstrong, Jr., J.
Am. Chem. Soc., 72, 535, 540 (1950).
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bound six chloride ions and sixteen thiocyanate
ions when the free anion concentration was 0.05 Ah
On the other hand, no specific anion binding is ob-
served with soluble synthetic polyelectrolytes. 6

Thiocyanate shifts also the BSA-polymetha-
crylic acid precipitation curve to lower pH values,
(Fig. 3) but the effect is much less pronounced than
in PVA precipitation. This may be due to a com-
petition of the polymeric acid for the cationic cen-
ters at which thiocyanate ions can be bound to al-
bumin.

The anion binding characterizing serum albumin
is no doubt responsible for the striking stability of
the BSA complex with copolymer MAS containing
a phenyl group for every two carboxyls. The pre-
cipitation range extends in this case well beyond the
isoelectric point of the protein and the complex
seems to be stable even in solution at higher pH, as
indicated by the failure of all attempts to separate
the components. It is significant, that copolymer
MAS can be separated from 7-globulin,Dwhich does
not exhibit anion binding. This interpretation is
supported by Ballou, Boyer, Luck and Lum report-
ing the relative affinity of serum albumin for ace-
tate and phenylacetate.2l Similar conclusions were
reached by KJotz in comparing the albumin bind-
ing of succinate and the anions of various aromatic
acids.2

The present studies of the interaction of serum
albumin with synthetic polyelectrolytes were un-
dertaken to evaluate their utility as reagents for
protein fractionation. The removal of added re-
agents and the recovery of the protein in its native
state are prerequisites of any fractionation process.
Polymethacrylic acid and polyvinylamine could be
precipitated quantitatively from albumin solutions
by barium and sulfate ions, respectively, pro-
vided the polyelectrolyte was freed of its low molec-
ular weight fraction. Bovine serum albumin re-
covered from its precipitate with polymethacrylic
acid was found to be unchanged with respect to in-
trinsic viscosity, specific optical rotation and crys-
tallizability. Similar tests for dénaturation could
not be carried out with albumin recovered from its
polyvinylamine complex, because of the lack of
available PVA. However, the albumin recovered
in these experiments also appeared grossly unal-

(20) E. Alameri, private communication.

(21) G. A. Ballou, P. D. Boyer, J. M. Luck and F. G. Lum,

ical Investigation, 23, 454 (1944).
(22) 1. M. Klotz, J. Am. Chem. Soc., 68, 2299 (1946).
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tered. The optical activity of serum albumin has
frequently been shown to increase sharply on déna-
turation23-25 and it is therefore significant that even
the albumin complex with maleic anhydride-sty-
rene copolymer retained the specific optical activity
characteristic of albumin in the native state, al-
though the forces binding the protein to the poly-
electrolyte were too strong to allow separation of
the components. Preliminary studies with M. J.
Hunter in this Laboratory have also shown "hat
liver esterase retained its activity following copre-
cipitation with serum albumin and polymethacrylic
acid.

In confirmation of these results may be mentioned
prior studies on the interaction of enzymes with nu-
cleic acids and protamines. Thus Warburg and
Christian used nucleic acid to precipitate enolase
and recovered it without loss of activity.® Krebs
showed that the inactivation 0: phosphorylase by
salmine or polylysine is reversed by precipitating
the basic colloid with insulin.Z Large organic an-
ions can also be used under proper conditions as pro-
tein précipitants without resulting dénaturation.B

The application of polyelectrolytes for protein
fractionation was illustrated by the separation of
albumin and oxyhemoglobin in their interisoelectric
range, using polymethacrylic acid reagent. In the
usual procedure the interaction of the proteins is
avoided by carrying out the separation at a pH
below the isoelectric point of albumin, although
oxyhemoglobin is rather unstable in this region.
The avoidance of extreme pH values may be of ad-
vantage in other separations of relatively labile
proteins. For blood proteins, whose isoelectric
points are usually acid to the pH of optimal stabil-
ity, the use of basic resins would appear preferable.

The phenomenon of anion binding by serum albu-
min indicates that polyelectrolyies may even prove
useful in albumin separations from other proteins of
the same isoelectric point. This might be ef-
fected either by making the albumin more negative
by addition of a strongly bound anion, or by use of
such polyelectrolytes as copolymer MAS containing
groups known to enhance anion binding.

(23) H. W. Aten, C. J. Dippel, K. J. Keuning and J. Van Doren,
J. Colloid Sci., 3, 65 (1948).

(24) W. Pauli and W. Koelbl, Roll. Bei., 41, 417 (1935).
(25) R. B. Simpson, Doctoral thesis, Princeton, 1949.
(26) O. Warburg and W. Christian, Biochem. Z., 310, 384 (1942).

(27) E. G. Krebs, private communication.

(28) T. Astiup and A. Birch-Anderson, Nature (London), 160, 637
(1947).
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The binding by bovine albumin of the optically isomeric forms of an anionic azo dye was investigated with a view to clari-
fying the extent and limitations of the configurational adaptability of the combining regions of the protein. The range of
moles of dye bound per mole of protein (r) was 1to 17. In addition to the equilibrium dialysis measurements of the binding,
observations were made of the absorption spectra of the bound dyes and of the inhibitory effect of colorless structurally
related anions. It was found that the same albumin sites bind the d and | forms of the dye although some selectivity is
evident. This discrimination is manifested both in the divergence of the binding curves for small values of r and in the differ-
ent spectral shifts of the bound dyes at r = 0.5. It is concluded that the dye is bound by an attractive three-point inter-
action probably over the whole range of r studied and that the combining regions of the protein possess a high degree of
configurational adaptability. The s-igmoid shape of the binding curve for the d dye has been interpreted as arising from a
structural alteration of the protein. It is suggested that the initial binding of the dye causes the rupture of secondary intra-
molecular bonds leading to a partial and reversible opening-up and thereby making additional combining regions available.
It appears that the | dye also effects such a transformation but the absence of the sigmoid shape here is attributed to the large
initial slope of the binding curve. Arguments are presented to support the view that at least a portion of the entropy in-
crease which is almost invariably observed in protein-anion combination arises from this structural alteration of the protein.

In a recent discussionl of the binding properties
of serum albumins we suggested that these proteins
possess a number of combining regions characterized
by a high degree of configurational adaptability.
This adaptability was associated with the ability of
these regions to assume a large number of equilib-
rium configurations of approximately equal en-
ergy. The formation of a complex between an or-
ganic anion and the protein was ascribed to the sta-
bilization through combination of that configura-
tion which permitted maximum interaction of the
protein groups with the appropriate groups of the
anion. This kind of picture seems to be necessary
to account for the large association constants ob-
served and to explain the wide variations in struc-
ture which can be accommodated by the same pro-
tein sites.

A study of the binding of optically isomeric an-
ionic dyes was undertaken in an effort to clarify
this phenomenon and evaluate its significance un-
der the least ambiguous conditions experimentally
possible. The dye selected for this study was
phenyl-(p- (p-dimethylaminobenzeneazo) -benzovl-
amino)-acetic acid.

|

Its use was suggested by the experiments of Land-
steiner and van der Scheer,2in which the dextro and
levo forms of phenyl-(p-aminobenzoylamino)-acetic
acid were diazotized and separately coupled to
proteins. These hapten-proteins were used as im-
munizing antigens to produce antibodies directed
against the stereoisomeric haptenic groups. By
the appropriate precipitin tests it was demonstrated
that the configurational difference between the
isomers was reflected in the different specificities
of the homologous antisera. This clearly estab-

(1) F. Karush, ./. Am. Chem. Sor., 72, 2705 (1950).

(2) K. Landsteir.er and J. van der Scheer, ./. Exptl. Med., 48, 315
(1928).

lished that the combination of the haptenic group
with the homologous antibody was a three-point
interaction involving the three substituents on the
asymmetric carbon atom. Such a three-point in-
teraction is a necessary condition for the purposes
of our investigation. That this condition would be
satisfied with the dye above in its interaction with
albumin was rendered probable by the immuno-
chemical study of Landsteiner and van der Scheer
as well as by more general considerations based on
the chemical nature of the groups present in the dye.

Experimental

The preparation of the optically active dyes, as well as the
inactive dye, was carried out essentially by the procedure de-
scribed by Ingersoll and Adams3with minor variations.
The starting material was rf/-phenylaminoacetic acid ob-
tained from Eastman Kodak Company. The resolution of
this racemic mixture into the levo and dextro forms was ef-
fected by fractional crystallization of the salts formed by
these compounds with d- and Z-camphorsulfonate, respec-
tively, according to the method developed by Ingersoll.3
The levo form of the amino acid was obtained first by addi-
tion of d-camphorsulfonic acid, recrystallization of the pre-
cipitated salt and hydrolysis with aqueous ammonia. To
obtain the pure d-amino acid the isomeric mixture remain-
ing in the first supernatant was treated with ammonia to re-
cover the partially resolved amino acid. This was dissolved
in water and inactive oamphorsulfonic acid added to yield
by fractional crystallization the rf-amino acid /-sulfonate.
Recrystallization and treatment with ammonium hydroxide
resulted in the desired product.

The phenylaminoacetic acid was condensed with p-nitro-
benzoyl chloride to form phcnvl-(p-nitrobenzoylamino)-acetic
acid. This was converte<lto phenyl-(p-aminobenzoylamino)-
acetic acid by reduction with ferrous sulfate and ammonia
and recrvstallized from water. The melting points of the
dextro and levo forms of this compound agreed with those
given by the above authors. Ten-ml. solutionsin 1 .V HC1
were prepared with 0.5000 g. of the /-isomer and 0.3794 of the
d-isomer. These solutions gave observed rotations with a
sodium light source of —9.27° for the former and +7.00°
for the latter compound. These values agree to within 1%
with the results reported by Ingersoll and Adams.3 The p-
amino compounds were diazotized and coupled to dimethyl-
aniline in acetate buffer. The resulting dyes were re-
crystallized three times from 60% aqueous alcohol. The ac-
tive dyes readily formed needle-shaped crystals whereas the
racemic dye appeared amorphous. The melting points of

(3) A. W. Ingersoll and R. Adams, J. Am. Chem. Soc., 44, 2930
(1922).
(4) A. W. Ingersoll, ibid., 47, 1168 (1925).
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the dyes derived from the active intermediates were both
189-190° in agreement, with Ilugersoll and Adams. The
melting point of the inactive dye, not reported by these au-
thors, was approximately 218°. Also these authors were
unable to measure the optical rotations of the dyes. We
shall designate the dye derived from d-phenyl-(p-amino-
benzoylamino)-acetic acid as the d-lIp dye and that derived
from the corresponding levo form as the Z-lpdye. The de-
signation Ip dye will be used for the purpose of chemical
identification without regard to stereoisomerism.

The measurement of the absorption spectra of the r/-[pdye
and Z-1,,dye as well as the <l1I-1, dye showed that the shapes of
the absorption curves were identical both in the visible and
ultraviolet regions, from 220 to 600 mp. However, the d-
and /-Ip dyes gave an apparent molar extinction coefficient
which was 1.7% lower than that for the <i-lpdye. We at-
tribute this difference to the presence of tightly bound
water in the crystals of the active dyes. Apparently the
drying conditions employed, six hours at 100° over P205in
vacuo, were inadequate to remove this water. Prolonged
exposure of the dye to higher temperatures was deleterious.
Confirmation of our interpretation was furnished by elemen-
tary analysis of the dl-1p dye and the Z-lpdye. The former
gave a value of 68.6% for carbon in agreement with the
value of 68.6% calculated for whereas the latter
contained 67.6% carbon, 1.5% less than above.

For reasons which will become apparent below the binding
of the structurally related dye p-(p-dimethylaminobenzene-
azo)-benzoylaminoacetic acid was measured. This dye,
designated H,, was prepared by the diazot.ization of p-
aminohippuric acid and the coupling of the diazonium salt
to dimethylaniline in acetate buffer. It was recrystallized
three times frommethylcellosolve and melted at 227°.

The protein used in this study was crystallized bovine
serum albumin supplied by Armour and Company. Stock
solutions of the protein in water at a concentration of 1.50
X 10~4 M were made up periodically and stored in the
frozen state. Correction was made for the moisture and ash
content of the protein and a molecular weight of 69,000 was
used.

The protein binding of the dyes was determined by the
method of equilibrium dialysis as previously described.l
Initial volumes of 10 ml. inside and outside the dialysis bag
were used. The inside solution usually contained 3.00 X
10-5 M albumin in 0.0500 M phosphate buffer, pH 7.0 and
the outside solution contained the dye in the same buffer.
Duplicate measurements were always made and their agree-
ment was usually within 1% . Equilibration was effected by
overnight rocking in a constant temperature bat h maintained
at 25.0 + 0.1°. Since the dye was adsorbed to the dialysis
bag an appropriate correction for this effect was made.
Over the range of free dye concentration encountered in this
work, from 3 X 10~6to 4 X 10"4M, the average amount of
adsorbed Z-Ipdye was 8.4% of the total free dye without any
consistent difference in the amounts adsorbed at low and
high concentrations. For the d-lp dye the adsorption is
somewhat lower, 7.1%, and for the dl-Ip dye a value of
7.7% was used.

The absorption spectra of the dyes were determined with
the model DU Beckman spectrophotometer. As noted
above, the shapes of the absorption curves were identical.
In Fig. 3 is shown part of the absorption curve of the dye in
0.05 M phosphate buffer, pH 7.0. The absorption maxi-
mum in the visible spectrum occurs at 470 nm with a value
of the molar extinction coefficient, «, of 2.90 X 10* A
minimum appears at 342 m/i with e = 0.295 X 104and an-
other maximum at 278 mp with t = 1.19 X 104 The dye
concentrations in the outside solutions of the dialysis tubes
were determined by measurement of the optical density of
appropriate dilutions of these solutions. Adherence to
Beer’s law was established for the range of concentrations
encountered in the analytical procedure using a 1-cm. ab-
sorption cell. Measurement of the absorption at high con-
centrations, up to 74 X 10~5M, with a reduced light path
revealed no change in the shape: of the absorption curve.
From this constancy we infer that the dye is monomolecu-
larly dispersed in the range of free dye concentration em-
ployed in this study.

Results and Discussion

The Binding Curves and Their Significance.—
The experimental results for the albumin binding

Interaction op Optically Isomeric Dyes with Bovine Serum Albumin 71

of the d-1, dye, Z-lp dye and dl-1pdye are repre-
sented in Fig. 1in the form of a plot of r/c vs. r,
where r is the average number of dye ions bound per
protein molecule at free dye concentration C.
Through the experimental points have been crawn
the best smooth curves and these have been lin-
early extrapolated to the vertical axis. The in-
tercepls have the values 40.4 X 104, 29.1 X 104and
19.3 X 10' for the Z-Ipdye, dl-Ipdye and d-l1pdye,
respectively. The reasons for presenting the re-
sults in the form of an r/c vs. r plot will be clear from
the following discussion.

On the assumption that there are n binding sites
per protein molecule with intrinsic association
constants 7vtand, furthermore, that there is no in-
teraction among the bound ions, the law of mass ac-
tion leads to the following relation between r and ¢

--SrTfc «-m.*, . .») m
Scatchard5has pointed out that for the case of equal
K/s, equation (1) can be rearranged to give

r/c = Ik —rk )

and that a plot of r/c against r will serve as a test
of the validity of the above assumptions. Devia-
tions from linearity can arise from interaction of the
bound ions and from unequal association constants.

It is apparent from Fig. 1 that the dye binding
does not adhere to the simple assumptions of equa-
tion (2). The binding curve of the I-Ipdye is char-
acterized by a decreasing negative slope noth in-
crease in r. Its shape is very similar to that round
for the binding of another anionic azo dye.l1 In
the latter case the binding curve was quantita-
tively interpreted in terms of the existence cf two
groups of sites characterized by two considerably
different association constants.

In contrast to the I-1pdye, the binding of the d-Ip
dye exhibits a strikingly different behavior. This
contrast is of particular interest both because of its
relation to the configurational difference of the op-
tical isomers and because it appears to represent the
first case of a sigmoid-shaped binding curve. From
this shape it can be inferred that the binding of the
first few d-Tpdye ions either results in the availabil-
ity of additional combining regions or otherwise fa-
cilitates the binding of additional d-1pdye ions.

An increase in available sites as a consequence of
the combination of dye ions with the protein could
be readily accounted for if such combination in-
volved the opening-up or partial unfolding of the
protein molecule. It has previously been suggested
by lvlotz6that the value of n may indeed vary with
the number of bound ions. This suggestion was
based on the wide variation in the values of n re-
ported for several anions and on the absence of even
a single case of a soluble albumin complex in which
a plot of r vs. log ¢ exhibits a limiting value of r.

Aside from the shape of the d-1pdye curve, there
are other less direct indications of a structural
change of the protein associated with anion binding.
Studies with inorganic anions, alkyl sulfates and an-

(5) G. Scatchard, Ann. N. Y. Acad. Sci., 51, 660 (1949).
(6) 1. M. Klotz, Cold Spr. Harb. Symposium Quant. Biol., 14, 97
(1950).
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Fig. 1.— Binding curves of the isomeric Ipdyes:
0.05 M phosphate buffer, pH 7.0 at 25°.

ionic azo dyes have demonstrated that the associa-
tion of these icns with albumin is characterized by
a positive value of the entropy (ASQ and that this is
the dominant term in determining the value of
AF06 The entropy change has been interpreted as
due to the release of ion-bound water attendant
upon the charge neutralization which occurs when
the anion is bound to the cationic group. Quanti-
tatively, however, this interpretation does not ac-
count for the observed wide variation of ASQ, from
8.7 e.u. for chloride ion to 24.0 e.u. for dodecyl sul
fate. In particular, it is difficult to see why ASOfor
octyl sulfate (16.7 e.u.) should be about 7 e.u. less
than that for dodecyl sulfate on the basis of charge
neutralization. It appears likely to us, rather, that
part of the entropy increase in anion binding is due
to the reversible conversion of the protein to a less
condensed state involving the rupture of intramo-
lecular bonds. This picture is consistent with the
structural interpretation of the d-Ip dye binding
curve suggested above.

Another related argument in favor of this view is
to be found in the efficacy of dodecyl sulfate as a de-
naturing agent. At a concentration as low as 0.01
M this detergent can cause extensive unfolding of
horse serum albumin, as revealed by the increase in
asymmetry of the protein.7 At the same time
about 110 molecules of detergent are bound per
molecule of albumin. In much more dilute solu-
tions the detergent is strongly bound to bovine al-
bumin without denaturation, and a value of n = 14

(7) H. Neurath and F. W. Putnam, J. Biol. Chem., 160, 397 (1945).
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has been deduced from the binding curve.8
Dodecyl sulfate is the most strongly
bound anion yet studied thermodynami-
cally and exhibits the largest entropy
change observed.6 It is thus reasonable
to infer that its strong binding in dilute
solutions is causally related to its denatur-
ing action at higher concentration. The
picture involved here is that with increas-
ing concentration of detergent there is
an increasing availability of sites, and
amount of detergent bound, associated
with a continuous, or perhaps stepwise,
unfolding of the molecule. If such a
structural transformation does indeed
occur when the number of anions bound
is small, then we must conclude from the
available evidence that, under these con-
ditions, the structural changes are re-
versible and do not greatly alter the gross
geometry of the protein. The latter is
suggested by the ability of horse albumin
to bind about 55 detergent molecules
without measurable change of molecular
shape.7

We have already noted the fact that
the Z-Ip dye curve does not exhibit a sig-
moid shape and is very similar to the
binding curve of an anionic azo dye pre-
viously described.1 This does not how-
ever exclude the possibility that the same
phenomenon found with the d-1pdye may
be involved in the binding of these other
dyes. In fact, as is discussed below, the
position of diI-1p dye curve relative to the other
curves furnishes cogent evidence for the view that
the binding of the I-Ip dye is associated with
similar structural changes in the protein. It is not
unlikely that the failure to observe the sigmoid
shape with these dyes is due to the large negative
initial slope which would tend to obscure the ef-
fect under discussion.

The fact that optically isomeric dyes are bound
differently by bovine albumin raises a number of in-
teresting questions with important structural im-
plications. The first problem to be considered is
whether or not the same sites are involved in the
binding of the d- and Z-Ipdyes. A partial answer to
this question is found in the comparison of the ob-
served binding curve for the dl-lp dye with a theoret-
ical binding curve calculated from the d- and I-
curves. This calculation is made on the assump-
tion that there are no common binding sites for tbe
d- and Z-Ip dyes and that in their binding the iso-
meric dyes are also otherwise independent of each
other. In Fig. 2 the broken line, representing the
theoretical curve, falls above the observed curve
and is considerably higher in the region of large
values of r. It is in this region, of course, where the
effect of competition of the isomers for common
sites would be most evident. We may conclude,
therefore, that the same combining regions of the
albumin are involved in the binding of both iso-
mers. That there is some selectivity in the reac-

(8) F. Karush and M. Sonenberg, J. Am. Chem. Soc., 71, 1309
(1949).
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tion of these sites with the isomeric dyes, however,
is evident from the divergence of the d- and Z-curves
for small r. This divergence indicates that there
are a small number of sites, perhaps only one or
two, which bind the Z-isomer preferentially.

For values of r larger than 9 we note that the d-
and Z-curves are rather close and, furthermore, that
the dl-curve falls between them. This means that
those sites associated with large values of r bind
both isomers and, in fact, almost equally well. We
have suggested for the ;-1p dye that these addi-
tional sites become available as a consequence of
structural alterations of the protein associated with
the initial binding of the dye anions. It follows
therefore, that the Z-Ip dye must also similarly ef-
fect a structural change in the protein resulting in
the appearance of additional combining regions.

The discrimination exercised by bovine albu-
min in its binding of the isomeric dyes reveals that
the combination of dye and protein, for small val-
ues of r, involves a three-point interaction between
them. This means that aside from the carboxyl
group, which is undoubtedly linked to a cationic
group, both the phenyl group attached to the a-
carbon and the substituent group containing the
azo linkage are involved in the interaction with the
protein. These interactions contribute to the sta-
bilization of the complex, that is, decrease the free
energy of the reaction. For the azo substituent
this effect is indicated by the relatively strong bind-
ing of both the d-lp dye and Z-Ip dye, a condition
which is characteristic of anionic azo dyes. It is
more directly demonstrated by the fact that, as can
be estimated from Table Il and Fig. 1, the ZIp dye
is bound about 100 times as strongly as phenylace-
tate. The important contribution of the a-phenyl
group is unequivocally evident from the binding of
the Hpdye, which differs from the Ipdye only by the
absence of this group. The binding of the Hp dye
was measured under the same conditions as that
used for the Ipdyes. Its weaker tendency to com-
plex is indicated by an extrapolated value of 3 X
104for r/c as r — 0. This value is less than one-
sixth that for the d-Ip dye and one-thirteenth that
for the ZIp dye.

The divergence of the d and Zbinding curves at
low r implies that the sites responsible for this dif-
ferentiation possess a configurational asymmetry
which is common to all or most of the albumin
molecules. Thus, if in a large collection of such
molecules the participating protein groups were
randomly arranged with respect to the cationic cen-
ters, then the observed interaction between the dye
and the protein should not be different for the
isomeric forms. That there is a common pattern of
asymmetry among the several sites on the same
molecule is also suggested by the binding curves,
particularly by the fact that the dl-curve con-
sistently falls between the curves for the isomeric
dyes. However the available information is inade-
quate to permit a definitive statement on this mat-
ter.

With respect to those combining regions which
are involved in the binding at large values of r, the
evidence suggests that here too there is an attractive
three-point interaction between the dye and pro-
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2 4 6 8 10 12 14
r.

Fig. 2.— Comparison of the observed and calculated "upper
curve) binding curves for the dI-T, dye.

tein. This conclusion can be surmised from the
fact that the isomers are not bound equally and that
the r/c values even up to r = 15 are larger than the
limiting value of 3 X 104 found for the Hp dye.
The observation, as discussed below, that the spec-
tral shift for the bound isomeric dyes at r — 15 are
very close to those for r = 5 is also consistent with
this view.

The differences observed in the binding of the iso-
mers are a reflection of the limitations in the con-
figurational adaptability of the combining regions.
On the other hand the ability of these sites to form
strong complexes with both isomers attests to the
extreme structural accommodation of which they
are capable. From the configurational point of
view the geometrical relation between the optical
isomers represents a difference which is much
greater, for example, than that associated with po-
sition isomerism. In contrast to the sharp selectiv-
ity which enzymes and antibodies exhibit in their
reactions with optical isomers, the adaptability of
albumin assumes distinctive proportions.

In this connection we may point out an ambi-
guity in the conception of configurational adapta-
bility which does not lend itself readily to experi-
mental clarification. This arises from our inabil-
ity to specify which groups of the protein are in-
volved in formation of a complex. Thus a partic-
ular combining region may bind the optical iso-
mers equally well but we are unable to decide from
this fact whether the same individual protein
groups, e.g., a phenolic group of a tyrosine residue,
are linked to the constituent groups of both dye iso-
mers or whether only the same kinds of protein
groups participate, different amino acid residues
being involved for the two isomers.

The Absorption Spectra of the Bound Dyes.—
The combination of both the cZIpdye and Z-Ipdye
with bovine albumin results in a change in the
absorption spectra of the dyes. This spectral
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shift has served to provide additional evidence for
the selective behavior of the protein. The absorp-
tion spectra of the dyes at several values of r were
determined under the same conditions used in the
binding experiments, i.e., in 0.0500 M phosphate
buffer, pH 7.0 with 3.00 X 1 0 M albumin. The
temperature was maintained at 250with a thermo-
stated cell compartment. The total dye concentra-
tions were approximately 2 X 10 r, 20 X 10-5 and
74 X 10-5 M and optical density readings were
made with path lengths of 10, 1 and 0.2 mm., re-
spectively. The actual dye concentrations were

300 360 420 480 540 600
X in m/i.
Big. 3.— Absorption spectra for free and bound Ipdye at
r = 0.5.
Xin mm.

Fig. 4.— Absorption spectra of bound (-lp dye at, various

values of r.
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X in m/t.

Fig. 5.— Absorption spectra of bound d-lp dye at various
values of r.

accurately determined and the distribution between
the free and bound forms calculated from the bind-
ing curves. With this information the absorption
spectra of the dyes were computed. These are
shown in Figs. 3, 4and 5. In Table I are presented
the values of r at which the spectra were measured
together with the corresponding molar extinction
coefficients at the wave length of maximum absorp-
tion. These spectra represent, of course, an aver-
age of the contributions made by the dye ions bound
at different sites.

Table |
Absorption Results for Bound Ip-Dyes at Various

Values of r'in 0.0500 M Phosphate Buffer and 3 X 10“6

.1/ Atbumin: T = 25°
Total dye % of e at
concn. in dye Xmax. Xmax.
Isomer m./\. X 10» free r in mix X 104
| 1.922 8.9 0.584 448 2.45
d 1.964 15.2 0.555 460 2.58
| 19.22 17.7 5.27 440 2.52
d 19.64 20.4 5.21 4.48 2.53
| 73.8 43.5 13.9 440 2.56
d 74.2 40.7 147 440 2.56
Free dye 470 2.90

An examination of the absorption spectra reveals
that for all values of r there is a substantial spectral
shift. For r"= 0.5, however, the bound d- and Z
isomers exhibit a considerable difference in the ex-
tent to which the protein affects their absorption
properties. This observation provides independ-
ent evidence that the sites involved in the binding at
small r interact differently with the d and Zforms
of the dye. It agrees well with the binding results
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Table Il
E ffect of Structurally Related Anions (0.001 M) on Binding of /-1, D ye by Bovine Serum Albumim, 0.05 .11
Phosphate, pH 7.0, 25°. Pbotein Concn. = 3,00 X 10“5M, Initial Dye Concn. (outside) = 950 X 10~£m
/-—\ /- v O H H -— .
((CH9N— N=N— —C—N—C—<" )
O O—
. Free concn.
Anion Structural formula C X 10sM /e
None 0.996 2.45
H
Acetate H(()) 1] 1.010 2.43 0.97
o (-
. . o 11 1l
p-Aminohippurate TI..N- -C— _8“ 1.070 2.39 .910
O O-
O H H
Hippurate -C—N—CH 1.282 2.24 762
O O-
¢-Phenyl-(p-aminobenzoylamino)-at'eta:e 1.35 2.19 720
Phenylacetate 1,47 211 .055
dZ-Phenyl-(p-nitrobenzoylamino)-acetate 1.63 1.99 577
dI-Phenyl-(benzoylamino)-acetate 1.65 1.97 567
d-Phen}J-(benzoylamino)-acetate6 1.626 1.92 .500
¢-Phenyl-(benzoylamino)-acetate6 1.630 1.92 .557
O O0—

° ST is the average number of dye anions bound per protein molecule at free dye concn. (c) in presence of competitor; r

is the corresponding quantity in absence of competitor at same (c).

although a binding difference is not a necessary
concomitant of a spectral difference.

The spectra for larger values of r show significant
relations both with respect to the spectra for the
same dye and with respect to the spectra for the iso-
mers at the same r. For each isomer it is evident
that the spectra for the two higher r values are dis-
tinctly altered relative to that obseiwed for r =
0.5. This alteration is not in the direction toward
the spectrum of the free dye, however. It appears,
therefore, on the basis of the optical results that the
interaction between dye and protein does not grow
less intimate with increasing r. Furthermore the
closeness of the spectra forr = S5and r = 14 or 15
for each dye is quite striking in view of the dif-
ferent portions of the binding curves to which they
refer. The indication here is that the bound dye
molecules at the two r's are combined in much the
same way. Indeed they may even possess more or
less equal binding constants in spite of the fact that
the curvature of the binding curves would suggest
the contrary conclusion. The similarity of the

minitial dye concn. was 9.29 X 10~5M.

spectra can, in fact, be further increased by taking
into account that contribution to the curves for r —
5 which is due to the site or sites which give rise to
the spectra observed with r = 0.5. This correction
was made with the assumption that one site out of
the five occupied produced these spectra. These
corrected spectra are shown in Fig. 6.

A comparison of the spectra for the bound isomers
reveals that at r = 5 and higher the differences ob-
served with r = 0.5 are considerably reduced. In
other words the protein sites exert about the same
influence on the absorption properties of the bound
dye regardless of its configuration. This behavior
is consistent with the binding curves, since these
demonstrate that the d- and (-isomers are bound al-
most equally well, and fits in with the view that
these sites possess a high degree of adaptability.
There is, however, some difference between the d
and | binding curves at large r and it is perhaps
more than a coincidence that there is a small but
consistent difference between the spectra of the
bound isomeric dyes as r changes from 5to 15. This
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Fig. 6.— Comparison of absorption spectra and spectral shifts
for the active Ipdyes at indicated values of r.

is apparent in Fig. 6 for wave lengths larger than
450 mp. These binding and spectral differences
suggest the possibility that the sites involved may
have a common pattern of asymmetry which en-
ables them to exercise a small but consistent selec-
tivity with respect to the d- and 1-isomers.

Inhibitory Effects of Structurally Related An-
ions.—In an effort to secure additional informa-
tion about the adaptability of the combining
regions a study was made of the inhibitory effect
of colorless anions structurally similar to the dye
on the binding of the latter. Among these in-
hibitors were included optical isomers whose
configurational relation to the isomeric Ip-dyes
was known by virtue of their synthesis from the
same active intermediates used for the dye
preparations. The inhibitor was always used in
an initial concentration in the protein solution
of 2.00 X 10-3 M to yield in the equilibrated
system a concentration of 1.00 X 10~3 M un-
corrected for the small amount bound to the
protein.

The first experiments of this kind involved
the use of the d and | forms of phenyl-(p-amino-
benzoylamino)-acetate with both the d- and Z-Ip
dyes. The results here showed practically no
difference in the behavior of the isomeric in-
hibitors. As with the Ip dyes the valid inter-
pretation of these results is contingent upon the
demonstration that there is or is not a three-
point interaction of the inhibitor with the pro-
tein. For this purpose the inhibitory effect of
the group of anions shown in Table Il was evalu-
ated. This was done with a view to ascertain-

Vol. 56

made by the various groups attached to the «-car-
bon. It is evident that the «-phenyl and the ben-
zoylamino groups enhance the binding of the inhibi-
tor. From this we infer that phenyl-(benzoyla-
mino)-acetate isbound, to at least some of the protein
sites, through an attractive three-point interaction
involving the carboxyl group in addition to the two
aromatic groups. On the other hand, this conclu-
sion cannot be stated unequivocally for the p-amino
derivative described above although a similar
three-point interaction is not excluded for this com-
pound.

Since the suitability of phenyl-(benzoylamino)-
acetate for our purpose was established the inhibi-
tory effect of its d and | forms on the binding of the
isomeric Ip dyes was determined. The results are
presented in Fig. 7 in the form of a plot of n/r vs. ¢
where n and r represent the number of dye anions
bound per protein molecule with and without inhib-
itor, respectively, at the same free dye concentra-
tion c. This kind of plot readily reveals the extent
to which the inhibitor has rendered the protein sites
unavailable to the dye at various concentrations of
the latter. This plot is also useful in that the limit-
ing value of n/r can be used to estimate an aver-
age association constant for the inhibitor, as is eas-
ily shown with the use of equation (2). For the
inhibitor under consideration this constant is of the
order of 1 X 103 The range of n encompassed by
the results of Fig. 7is 0.8 to 3.

These inhibition experiments clearly demonstrate
that both isomers are effective with respect to both
dyes though not equally so in the case of the I-
Ip dye. These observations substantiate the con-
clusion reached) onsthe basis [of (the dye binding
curves that the same sites can bind both forms of
optically active anions. Thus the configura-
tional adaptability of these sites again manifests it-
self.

Nevertheless a distinctive difference between the
dand | dyes in the competitive effect of the isomeric
inhibitors is apparent. With respect to the I-1pdye

Fig. 7.— The inhibitory effect of the d and | forms of a
structurally
acetate,_ on the dye binding.
the indicated concentration of free dye (c) with and without
N ) A N inhibitor,
ing the contributions to complex formation 19-x M.

related colorless anion, phenyl-(benzoylamino)-

A and r are observed values at
Inhibitor concentration =

respectively. 1.00 X
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the | competitor is more effective at low c than the d
anion, up to n equal to about 2, but the reverse ob-
tains at higher ¢. This behavior can be correlated
with the dye binding curves since in these the | dye
is also bound more strongly at small r than the d dye
but this relation is reversed for larger r. This im-
plies a selectivity by the sites binding at small r in
favor of the | structure whereas those sites which be-
come available as a consequence of dye bound to the
other sites exhibit a preference for the d structure.
With respect to the d-1pdye the equal effectiveness
of the competitive anions over the entire range
studied is not readily accounted for in a manner
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which is consistent with our interpretation of the |
dye results. Though the identity of the curves at
small ¢c can be explained, the difficulty is that a di-
vergence of the inhibition curves analogous to that
for the | dye would also be expected for the d dye.
However an extension of these experiments involv-
ing a wider range of ¢ (and =) is required before the
significance of our current findings can be assessed.
We may also note that the d dye inhibition curves
exhibit a minimum, a feature which is undoubtedly
related to the sigmoid shape of the binding curve of
the d-lp dye. A more detailed interpretation of this
observation awaits further studies.
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Quantitative binding studies have been earned out to compare the interactions of human and bovine albumin, respectively,

with each of four azobenzene anions.
same as that of bovine albumin.

At pH 9, however, the former protein is markedly superior to the latter.

At pH 6.8 crystallized human albumin binds methyl orange with an affinity about the

Variations in the

affinity of human albumin for anions have been observed with samples obtained by different methods of preparation. All

the albumins examined showed increased binding as the pH was increased from 6.8 to 9.2.
Since electrostatic factors should produce the opposite effect, it is concluded that access to new or auxiliary
Spectra of anion-albumin complexes clearly reveal a reversible change in

for this increase.
binding sites becomes possible at the higher pH.

the configuration of human albumin molecules as the pH is raised.

Buffer effects cannot be responsible

New types of binding site become available. A compari-

son of these spectra with those of the anions in simple solvents gives some indication of the side chains involved in these

interactions.

Introduction

Among the many proteins which have been
examined for their ability to bind anions, serum al-
bumin is exceptional in its possession of a very
strong affinity for these small ions. The general
impression obtainable in a comparison of binding
data from various sources is that bovine albumin
and human albumin possess closely comparable
affinities toward anions. Thus the extent of bind-
ing of sulfonamides by human serum4 differs only
slightly from that observed with crystallized bovine
albumin.6 Similarly the intrinsic constant for
complex formation with chloride ion is 44 for hu-
man albumin6compared to 27 for bovine albumin.7

In the present paper the affinities of albumin
from bovine and human sources are compared under
essentially identical conditions. In addition the
optical properties of anion-protein complexes under
comparable conditions are described. Although
binding abilities of different albumins have been
found to be similar in magnitude at some pH'’s,

(1) This investigation was supported by grants from the Office of
Naval Research (Project No. NR121-054) and the Rockefeller Founda-
tion. Presented at the Twenty-fifth National Colloid Symposium,
under the auspices of the Divisions of Colloid and of Physical and
Inorganic Chemistry of the American Chemical Society at Ithaca,
New York, June 18-20, 1951.

(2) Junior Fellow of the National Institutes of Health, 1948-1950.

(3) Department of Chemistry, Kansas State College, Manhattan,
Kansas.

(4) B. D. Davis, J. Clin. Invest., 22, 753 (1943).

(5) 1. M. Klotz and F. M. Walker, J. Am. Chem. Soc., 70, 943 (1948).

(6) G. Scatchard, I. H. Scheinberg and S. H. Armstrong, Jr., ibid.,
72, 535 (1950).

(7) 1. M. Klotz and J. M. Urquhart, T his Journal, 53, 100 (1949).

substantial differences appear for certain anions at
other pH’s. Furthermore, absorption spectra of
the complexes indicate marked differences in the
nature of the interaction of organic ions with albu-
mins of different origin. These variations in be-
havior make available a method of obtaining some
insight into the configurational differences between
these proteins.

Experimental

Absorption Spectra.— The absorption of light by the or-
ganic anions examined was measured with the Beckman spec-
trophotometer, model DU, at approximately 25°. One-
centimeter cells were used and extinction coefficients, ft,
were calculated from the equation

<= " logio (/,, /1)
where lois the intensity of the light emerging from the sol-
vent, | the intensity of the light emerging from the solution,
c the molar concentration of the solute and d the thickness of
the absorption cell in centimeters.

Dialysis Experiments.— The extent of binding of each of
the compounds studied was measured by the differential
dialysis technique described previously.8 Experiments were
carried out with mechanical shaking for an eighteen-hour
period in an ice-bath at 0.0 + 0.1°. The protein concentra-
tion was between 0.1 and 0.2%.

Reagents.— Of the azo compounds used, two were ob-
tained commercially and two synthesized. The methyl
orange was a reagent grade sample obtained from Merck and
Co., Inc. Methyl red was a commercial sample but was
purified by extraction with toluene, followed by recrystal-
lization first from toluene and then from a pyridine-water
mixture until a constant melting point was reached. The
observed melting point of a sample dried at 110° was 178-8

8) 1. M. Klotz, F. M. Walker and R. B. Pivan, J. Am. Chem. Soc.,
68, 148« (1946).
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179° (uncorrected); the value reported in the literature9is
181-182°.

4'-Dimethylaminoazobenzene-3-carboxylic acid and 4'-
dimethylammoazcbenzene-4-carboxylic acid ("meta methyl
red” and “para methyl red,” respectively) were prepared
according to the procedure used in the synthesis of methyl
red,9except that fl and p-aminobenzoic acids, respectively,
were used as starting reagents in the coupling with dimethyl-
aniline. The crude products were extracted and recrystal-
lized in the same manner as was methyl red. The samples

Fig. 1.— Relative affinities for methyl orange (1) of human
albumin (lot 179-ox), O, and of bovine albumin, #, at pH
6.8. Experiments carried out at 0° in phosphate buffer.

Fig. 2.— Relative affinities for methyl orange (1) of human
albumin (lot 179-0x), O, and of bovine albumin, =, at pH
9.2. Experiments carried out at 0° in borate buffer.

(9) ‘‘Organic Syntheses,” Coll. Vol. I, John Wiley and Sons, Inc.

New York, N. Y., 19-1, pp. 374 -377.
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were dried at 110°.
low.

Pertinent analytical data are listed be-

Nitrogen, %

Melting poing, °C. Caled, for

Obsd Liter.” Found C16H1602N 3
Meta methylred 199-200 210 15.88 15.61
Para methyl red 271-273 15.85 15.61

a A. Thiele and O. Peter, Z. anorg. u. allgem. Chem., 173, 169(1928).

As a further check on the purity of the dyes prepared in
this manner, meta methyl red was subjected to chromato-
graphic analysis.10 The column contained 60-200 mesh
alumina that had been washed first with hydrochloric acid
and then with water and finally activated. The dye was
placed on the column and then eluted with each of three
solvents: dilute hydrochloric acid, dilute potassium hy-
droxide and basic potassium sulfanilate. In each case only a
single component was eluted.

Crystallized bovine serum albumin was purchased from
Armour and Co. The O-lactoglobulin came from Dr. T. L.
McMeekin of the Eastern Regional Research Laboratory.
Three samples of human albumin were studied. The crys-
tallized preparations labelled lot 179-5x and Decanol 10,
respectively, were gifts of Professors E. 3. Cohn and W. L.
Hughes, Jr., of the Harvard Medical School.ll The former
sample was crystallized with the aid of chloroform, the
latter with the aid of decanol. A third sample of human
albumin was obtained from Drs. P. H. Belland R. 0. Rob-
lin, Jr., of the American Cyanamid Co. It had been pre-
pared from contaminated plasma by standard blood-bank
procedures and according to Dr. Bell had a purity of 97-
99% as estimated by electrophoretic methods. We are
deeply indebted to each of these sources for their cooperation
and generosity.

Buffers were prepared from reagent grade phosphate and
tetraborate salts. The phosphate buffers were 0.10 M, the
borate 0.050 M. The organic solvents, ethyl alcohol, n-
amyl alcohol, N-n-butylacctamide and N,N-di-n-butylacet-
aniide, were commercial samples of high purity.

Results and Discussion

Comparison of Binding Energies.—The relative
affinities of human and bovine albumin for a speci-
fic organic ion vary markedly with pH. Figures 1
and 2, for example, illustrate some of the data ob-
tained with methyl orange (1) at pH’s 6.8 and 9.2.
The degree of binding is represented in graphs of

(CHj)sX- > N=N-

Hie average number of bound ions per mole of pro-
tein, r, versus the logarithm of the concentration of
free anion, (A). A comparison of these two graphs
shows that both proteins bind methyl orange with
almost equal affinities at pH 6.8, but that human
albumin is markedly superior to bovine at pH 9.2.
From curves2 Bpublished previously in connection
with other problems, it is apparent that the relative
standing of the two proteins at pH 7.6 parallels
that at pH 9.2.

A comparison of binding affinities can also be
expressed in terms of the energy differences in-
volved. Free energies of binding can be evaluated
from these data by methods described in detail
previously.78 If the binding sites all have the same
intrinsic constant, k, then

W ot = nk i

(10) We are indebted to Dr. David Zaukelies for carrying out these
experiments.

(11) E. J. Cohn, W. L. Hughes, Jr., and J. H. Weare, J. Am. Chem.
Sac., 69, 1753 (1947).

(12) I. M. Klotz, H. Triwush and F. M. Walker, ibid., 70, 2935
(1948).

(13) 1. M. Klotz and J. M. Urquhart, ibid., 71, 1597 (1949).
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where n is the total number of available sites for
the anion on one protein molecule. As this equa-
tion implies, one may plot r/(A) versus (A) and
obtain nk from the extrapolated intercept at (A) =
0.

For a single set of binding sites, furthermore

nk = ki ¥)]

where ki represents the equilibrium constant for the
first anion complexed with the protein. Thus ki
may also be calculated from an extrapolation of the
experimental binding data and hence AFi° may be
computed from the general thermodynamic rela-
tion

AFi° - -RT Inh (3)

Values of Aii° for complexes of methyl orange
with each albumin at pH 6.8 and at pH 9.2 are
listed in Table I. Again it is apparent that the en-
ergy of binding of methyl orange by human serum
albumin is very close to that for bovine albumin at
pH 6.8 but substantially greater at pH 9.2.

Table |

Comparison of Binding Affinities at 0° for Bovine

and Human Serum Albumin

Human Serum
Albumin

Bovine Serum
Albumin

AFi°, AFi°,

. 7rs'5>< 105 call M x 105 cal
Anion pH [_(A)Ja = 0 mole 1 [(a)Ja = o mole-1
Methyl orange 6.83 0.72 -6080 0.82 -6140
9.18 3.2 -6900 14 -7660

Methyl red 6.83 120 6350 1.57 -6500
9.18 2.4 -6730 3.3 -6900

Meta methyl 6.83 3.9 -6980 4.2 -7040
red 9.18 3.9 -6980 5.5 -7190
Para methyl  6.83 0.82 6150 16 6510
red 9.18 26 6790 4.6 -7100

Very similar results have been obtained with a
related series of azo compounds, methyl red (1)
and its meta and para isomers, (I11) and (1V), re-
spectively.

As the data in Figs. 3-8 and in Table | indicate,
human albumin in all cases forms stronger com-
plexes with these anions than does bovine albumin.
With the ortho and meta compounds, however, the
differences between the two species of protein are
small.

Effect of pH.— It seems pertinent to point out
that for each compound the extent of binding
increases as the pH is raised from 6.8 to 9.2, no
matter which of the two proteins is used. Such
behavior is indeed surprising, for one would expect
a decrease in affinity of the protein for anions as the
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negative charge on the protein is increased. That
this electrostatic factor is operative has been dem-
onstrated in the acid region in experiments with
methyl orangel3as well as with chloride ion.6

Fig. 3.— Relative affinities for methyl red (I1) of human
albumin (lot 179-5x), O, and of bovine albumin, O at pH
6.8; temperature, 0°; phosphate buffer.

Fig. 4.— Relative affinities for methyl red (11) of human
albumin (lot 179-5x), O, and of bovine albumin, #,atpH
9.2; temperature, 0°; borate buffer.

At first glance one might attribute the unex-
pected behavior of albumin in the region of pH 6.8
to 9.2 to the influence of the buffer. Marked varia-
tions in binding because of the differences in buffer
present have been observed in previous experi-
ments.7 In the present situation, however, a few
rapid calculations indicate that buffer effects are
not the cause of the differences in binding.

If the buffer is competing with the dye anion, 7122
then the limiting value of r/(A) as (A) approaches
zero is given not by equation (1) but by the ex-
pression

nk
I+MB) )

where ks represents the binding constant for the
buffer and (B) its concentration. For phosphate
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LOG [m-METHYL RED] FREE.

Fig. 5.— Relative affinities for meta methyl red (111) of
human albumin (lot 179-5x), O, and of bovine albumin, #,
at pH 6.8; temperature, 0°; phosphate buffer.

Fig. 6.— Relative affinities for meta methyl red (111) of
human albumin (lot 179-5x), O, and of bovine albumin, #,at
pH 9.2; temperature, 0°; borate buffer.

buffers ks has been shown4 to be7 approximately

(14) In this calculation, the assumption was made that glycine
ions exert no competitive effect in binding by albumin. This assump-
tion seems to be warranted, for on the basis of it a k of 27 was calculated
for the binding constant of chloride ion with bovine serum albumin,
whereas direct measurements by Scatchard, Scheinberg and Arm-
strong6 led to a value of 44 for the binding constant of chloride with
human albumin. In view of the slightly greater affinity of the latter

Yol. 56

Fig. 7.— Relative affinities for para methyl red (1V) of
human albumin (lot 179-5x), O, and of bovine albumin, #,
at pH 6.8; temperature, 0°; phosphate buffer.

Fig. 8.— Relative affinities for para methyl red (1V) of
human albumin (lot 179-5x), 0> and of bovine albumin, =,
at pH 9.2; temperature, 0°; borate buffer.

15. In a solution of approximately 0.1 M concen-
tration, the effect of the buffer would be to reduce
the extrapolated value of r/(A) by a factor of about
2.5. One might expect, therefore, a difference in
binding energy between the experiments at pH 6.8
and at pH 9.2 of RT In (2.5) or 500 calories due to
the difference in buffer effects. The electrostatic
effect, however, would tend to counteract this buf-
fer influence. For each additional negative charge
placed on the protein the energy of binding should
decrease by about 40 calories/mole.8 Reference to
Tanford’s® titration curve indicates that albumin
at pH 9.2 carries about 20 more negative charges
than at pH 6.8. The electrostatic effect, there-
fore, should amount to approximately 800 calories,
a value more than sufficient to counterbalance the
buffer influence.

Thus from electrostatic considerations, even when
suitably corrected for buffer effects, one would ex-
pect a decrease in extent of binding of anions by al-

protein, for anions, a k of 44 is essentially in agreement with that of 27
for the former protein.
(15) C. Tanford, J. Am. Chem. Soc., 72, 441 (1950).



Jan., 1952

bumin as the pH is increased. An increase is ac-
tually observed. Evidently, then, some additional
factor must be operative. An uncovering of new
sites on the protein molecule as the pH is raised in
the neighborhood of 7-9 could account for the in-
creased binding.  On first thought such an interpre-
tation does not seem very attractive since increases
in pH in this region tend to decrease the number of
cationic loci on the protein. As will be shown
shortly, however, the optical properties of certain
albumin-anion complexes point clearly to a modifi-
cation in the nature of the binding sites as the pH
is raised from 7 to 9.

Comparison of Binding Ability of Human Al-
bumins.—Since three samples of human albumin
were available at various times during the course
of this study, it seemed desirable to compare their
binding abilities. Figure 9 summarizes the results
obtained with the two crystallized samples at pH
6.8. The sample (Decanol 10) crystallized with the
aid of decanol shows a slightly, but significantly,
lower affinity for methyl red. The drop may be
due to the presence of small amounts of residual dec-
anol in the protein, but no attempt was made to
remove this alcohol and examine the residual
protein.

Fig. 9.— Comparison of affinities for methyl red (Il) of
crystallized human albumins at pH 6.8; lot 179-5%, O» lot
Decanol 10, ®; temperature, 0°; phosphate buffer.

A comparison was also made of the binding abil-
ity of the Cyanamid sample with the crystallized
material 179-5x, and the results, with methyl
orange, are illustrated in Fig. 10. Once again the
latter sample showed the greater affinity. The
Cyanamid material in the solid state had a slight
brownish tinge probably due to combined bilirubin
in the protein, and it is possible that the bilirubin
combines with sites which otherwise would be avail-
able to the reference anion, methyl orange. Mar-
tin® has demonstrated that interactions of albumin
with bilirubin are strong.

Among the three samples of human albumin ex-
amined, that crystallized with the aid of chloro-
form, 179-5x, shows the greatest affinity for anions,
at least for the azo-dye type used in these studies.
It should be pointed out, therefore, that if either of

(10) N. Il. Martin, 3. Am. C/iem. Son.. 71, 1230 (1919).
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LOG [METHYL ORANGgQFREE,

Fig. 10.— Comparison of affinities for methyl orange (1)
of samples of human albumin at pH 9.2; lot 179-5x, O;
Cyanamid, «; temperature, 0°; borate buffer.

the other two human albumins had been used in the
studies summarized in Table I, the distinction from
bovine albumin would have been definitely smaller.
Thus it is obviously desirable to specify the details
of the method of crystallization of the protein as
well as its species origin.

In the light of these differences among samples of
human albumin purified in different ways it is
striking to recall in passing that the relatively
drastic treatment with O-methylisourea to prepare
guanidinated albuminXZ does not affect binding
ability.13

Spectra of Complexes with Proteins.—The
effect of pH on the optical characteristics of
methyl orange complexes with albumin is illus-
trated by the graphs in Fig. 11. The presence of
bovine albumin lowers the absorption maximum
and shifts its peak by roughly the same amount at
each of the four pH's 5.7, 6.9, 7.6 and 9.2. On the
other hand, with human albumin the spectrum of
the anion-protein complex at pH 5.7 differs mark-
edly from that at pH 9.2. The absorption at) pH
5.7 is similar to that of methyl orange in any one of
several organic solvents, as will be shown shortly.
On the other hand, the spectrum at pH 9 is reminis-
cent of that of the acid form of this indicator. Thus
there seems to be a pronounced difference in the
nature of the protein-anion interaction at the two
pH’s, in addition to the small differences in the ex-
tent of binding cited earlier.

The three available preparations of native human
albumin have been examined in this connection.
All behaved comparably in their over-all effects,
though they showed differences in the degree of ex-
altation of the spectrum of methyl orange, or in the
pH at which the transition in their optical effects

(17) W. L. Hughes, Jr., H. A. Saroffand A. L. Carney, ibid., 71, 2476
(1949).
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5.7 6.9

Yol. 56

7.6 9.2

Fig. 11.— Comparison of effects of bovine albumin and of human albumin (lot 179-5x) or. spectra of methyl orange at

each of a series of pH's (listed at top of figure).

In each case the optical density of methyl orange in buffer alone was

assigned a relative value of 1 at the maximum to facilitate comparison of protein effects.

occurred. Thus the Cyanamid sample produced a
larger effect at pH 7.6 than did the crystallized al-
bumin lot 179-5x (Fig. 12). Between the two crys-
tallized albumins, the outstanding difference in be-
havior occurred at pH 6.9 (Fig. 13), where the
sample 179-5x produced a shift in the spectrum of
methyl orange toward lower wave lengths, whereas
the decanol sample caused an exaltation in absorp-
tion and a shift toward higher wave lengths. At
this same pH, 6.9, the Cyanamid albumin hardly
affected the spectrum of methyl orange.

As is apparent from Fig. 11, lot 179-5x at pH

7.6 produces the same type of optical shift with
methyl orange as does lot Decanol 10 at pH 6.9.
Similarly, the effect of the Cyanamid sample in-
creases with increasing pH. The essential differ-
ence between these albumins lies, then, in the pH
at which the transition in type of spectrum occurs.
The albumin crystallized with the aid of decanol
produces the anomalous spectrum at a pH lower
than that required by the other two types of pro-
tein. In all cases, however, some modification
occurs in the protein which makes new sites avail-
able for interaction with organic anions.

Fig. 13.— Comparison of effects of crystallized human
albumins on spectrum of methyl orange in phosphate buffer
at pH 6.9; lot 179-5x (0.2%): C; lot Decanol 10 (0.15%),
A; methyl orange alone, B.
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The reversibility of the spectroscopic effect has
been demonstrated with both types of crystallized
human albumin. In each case the procedure used
was the following. A sample of the albumin was
dissolved in a phosphate buffer at a pH of 7.7 and
divided into two portions. The effect on the spec-
trum of methyl orange was measured with one por-
tion. To the second portion a known quantity of
standard HC1 was added to bring the pH to 6.9.
Again the effect on the optical absorption of methyl
orange was measured and the results obtained were
compared with those observed with a sample of al-
bumin dissolved originally in a phosphate buffer at
pH 6.9. No significant difference was observed in
the spectra of the two albumin samples at pH 6.9.
Some typical readings have been assembled in
Table Il. The reproducibility is not quite as good
as can usually be obtained, but normally no correc-
tion has to be made for the dilution effect of the added
acid. There is no doubt that the effect of pH can
be reversed, and, furthermore, that each protein
returns to the state it characteristically exhibits at
pH 6.9. That is, despite the large difference in be-
havior of each type of crystallized human albumin
at pH 6.9, an increase in pH and subsequent return
to pH 6.9 does not bring both proteins to a common
pattern. Each protein undergoes a change in con-
figuration during the alteration in pH, yet is
capable of returning to its characteristic structure
if the acidity is also returned to its original value.

Tabite Il
Demonstration of Reversibility of Optical
Interaction of Human Serum Albumin with Methyl
Orange

Molecular extinction coefficient

Lot 179-5x Lot Decanol 10
Sample Sample
originally at originally at
Wave Sample pH 7.68, Sample H 7.70,
length, kept at adjusted to kept at adjusted to
mp pH 6.88 pH 6.88 pH 6.88 pH 6.88
410 19,200 19,000 13,300 13,500
420 16,950
430 26,400 26,000 20,700 20,800
440 27,700 27,200 24,500
450 26,300 26,400 28,200 27,800
460 24,600 24,800 32,000 31,200
470 34,400 33,200
480 20,300 20,600 34,800 33,200
490 32,400 30,800
500 14,200 14,500 27,300

In the experiments described so far, suitable
buffers were used to maintain the desired pH.
Since some concern might be raised by the presence
of buffer ions, a spectrum was also obtained for
methyl orange in the presence of human albumin
(Cyanamid) at pH 9.1, with the pH being adjusted
merely by the addition of dilute sodium hydroxide.
The absorption curve obtained did not differ signifi-
cantly from that shown in Fig. 11 for human al-
bumin at pH 9 in borate buffer. Thus it is apparent
that the anomalous spectrum produced by human
albumin at pH's above about 7 is not dependent on
the presence of specific buffer ions.

Among the other proteins which have been ex-
amined for their affinity toward methyl orange
anions, only /3-lactoglobulin shows an appreciable
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degree of binding.13 The spectrum of the complex
with this protein has also been examined at several
pH’'s and the results are illustrated in Fig. 14.
Evidently, /3-lactoglobulin behaves in a manner
analogous to bovine rather than to human al-
bumin.

Fig. 14.— Effect of /3-lactoglobulin on spectrum of methyl
orange: methyl orange alone, A; with protein (ca. 0.1 %) at
pH 6.8, B; with protein (0.8%) at pH 9.2, C.

Significance of the Spectra.—The large differ-
ences in the spectra of methyl orange complexes
with bovine and human albumin, respectively,
suggest the existence of major differences in the
molecular environment of the small anion when it
is combined with the protein. A clue to the nature
of these differences can be obtained from an ex-
amination of the spectra of methyl orange in a
variety of simpler solvents.

Methyl orange, normally in the form of a sodium
salt, is not readily soluble in organic solvents par-
ticularly of the aliphatic type. Sufficient solute has
been dissolved, nevertheless, to obtain spectra in
each of two alcohols and two amides. The absorp-
tion curves in ethyl alcohol, n-amyl alcohol, N-n-
butylacetamide and N,N-di-n-butylacetamide,
respectively, are illustrated in Fig. 15. It is of in-
terest to note that each of these curves has a peak
in the neighborhood of 420 mp, i.e., at shorter wave
lengths than aqueous solutions of methyl orange.
The spectra in these organic solvents thus are simi-
lar to those of aqueous methyl orange complexes
with bovine albumin at all pH’'s, or with human
albumin at pH'’s below about 7.

The alcohols and amides used have no special
structural feature in common. All, of course, have
aliphatic chains of some length, but that of ethyl
alcohol is quite short. If we keep in mind that
the methyl orange was used in the form of its
sodium salt, it seems most likely that the common
feature among the four organic solvents is that they
are incapable of ionizing the methyl orange salt to
an appreciable extent. Thus the solute molecules
probably occur as ion pairs, Na+ . .._0 3R in these
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Fig. 15.— Absorption spectra of methyl orange in various
solvents: N,N-di-ra-butylacetamide, A; ra-amyl alcohol, B;
ethyl alcohol, C; N-ra-butylacetamide, D: water, pH 7.7, E;
0.01 M HC1 in water, pH 1.98, F.

solvents. Evidently then a spectrum with a peak
in the neighborhood of 420 mp is a reflection of the
short-range electrostatic interaction between a
cation, such as Na+, and the azosulfonate ion,
RS03 , for in aqueous solution the freely ionized
RSOs~ shows a maximum slightly above 460 m/i.

On the basis of optical properties, therefore, one
should interpret the spectral shifts of methyl
orange complexes with bovine albumin as strongly
electrostatic in origin, for the shift is in the same
direction as is obtained in the non-aqueous solvents
described. Thus the spectra agree with chemical
evidencel3 in ascribing binding largely to interac-
tions, represented by P-NH3+ . . .-0 B8R, between
cationic loci of the protein molecule and the small
anion.

On the other hand, the anomalous spectra pro-
duced by human albumin at the higher pH’s men-
tioned are distinctly different from those obtained
in the non-aqueous solvents. The peaks with
human albumin are shifted toward higher wave
lengths, as compared with non-complexed methyl
orange. In this respect they remind one of the
spectrum of methyl orange in an acidified agueous
solution (Fig. 15).

In acid solutions, the methyl orange anion picks
up a hydrogen ion either at the dimethylamino or
azo nitrogen.18 It is tempting, therefore, to at-
tribute the spectrum of methyl orange in a human
albumin complex to contributory bonding with
a hydrogen donor group from the protein, lead-
ing to a linkage which may be represented as

/B-3

P—OH- --N(ll\lg‘,. The nitrogen atom of the anion

again could be either one of the two in the azo linkage
or that of the dimethylamino group. The hydroxyl

(18) 1. M. Kolthcff, “ Acid-Base Indicators,” The Macmillan Co.,
New York, N. Y., 1937, p. 228.
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group from the protein could originate in side
chains of serine, threonine or tyrosine residues. Of
these three residues, the phenolic hydroxyl of tyro-
sine is likely to act most as a hydrogen donor since
resonance with the benzene ring would favor a

structure of the form — >=0— in which

the positively-charged oxygen facilitates hydrogen
bonding.

This picture of the specific interaction of methyl
orange with human albumin raises a number of
immediate questions. On the basis of the informa-
tion presented it is not possible to decide whether
electrostatic bonding between the S03 substituent
of the azo molecule and a cationic locus on the pro-
tein also contributes to the stability of the complex.
The presence of electrostatic bonding could be de-
tected if the source of the anomalous spectral effect
could be removed. In this connection experiments
with iodinated albumin suggest themselves, for if
the tyrosine residues are converted to diiodotyro-
sine groups, the acidity of the phenolic hydroxyl is
increased so greatly that few such groups could act
as hydrogen donors at pH 9. Furthermore, it
would be desirable to establish clearly which of
the nitrogens on the methyl orange molecule is in-
volved in the interaction which leads to the acid-
type spectrum with human albumin. Such an
identification might be made from a study of inter-
actions with related small anions in which substit-
uents have been introduced which could block the
approach either to the azo nitrogens or to the di-
methylamino nitrogen. Finally, the major problem
still remains of explaining the differences between
human and bovine albumin in configurational
terms.

Studies with suitably modified albumins and
with related azobenzene anions, designed to answer
these questions, have been carried out and will be
described in a subsequent paper.

Conclusions

The experiments which have been described here
lead to three important conclusions. It is apparent,
first, that human albumin, irrespective of method
of preparation, undergoes a marked change in con-
figuration in the pH region near 7. This transfor-
mation is a reversible one, at least insofar as the
optical criteria used here are concerned. Its origin,
however, is not clear. It seems possible that the
increase in charge on the protein with increasing
pH may increase the electrostatic repulsion be-
tween regions within the molecule so that an altera-
tion in folding is brought about. On the other
hand, itis also conceivable that the change in shape
is due to the breaking of specific inter-chain bonds
involving histidine or a-amino side chains whose
pK's fall in this critical region near 7. Whatever
the cause of the change in intramolecular bonding,
it is clear that as a result new side chains are made
available for interactions with specific anions.

It is also evident from the data presented that
increases in binding ability of both human and
bovine albumin as the pH is increased cannot be
ascribed to buffer effects. Since the increases are
contrary to what one should expect from electro-
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static considerations, it seems likely again that the
reason lies in the availability of additional or aux-
iliary sites which augment the ability of the protein
molecule to remove specific anions from the aqueous
phase.

Finally, one may conclude that although bovine
and human albumin exhibit binding abilities of the
same order of magnitude, significant differences
nevertheless do appear in the extent of interaction
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reflection of differences in configuration around the
cationic loci on the protein molecule. That such
differences in configuration affect interactions with
anions of different structure has been emphasized
by Karush®in his analysis of binding constants in
competitive interactions with albumin. Examina-
tion of the spectra of specific anion-protein com-
plexes allows one to obtain a more revealing clue as
to the molecular character of these configurational

differences.
(19) F. Karush, J. Am. Chem. Soc., 72, 2714 (1950).

with specific anions. These differences may be
greater at one pH than at another. They must be a
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The interaction between human /3-liproprotein and 7-globulin has been studied by measuring the solubilities of the separate
components and of their mixtures. The /3-lipoprotein has a minimum solubility at pH 5.4, while 7-globulin has a solubility
minimum at about pH 7.3. Their mixtures are much less soluble between these pH values, with a broad minimum near
pH 6.7. The solubility is highly dependent upon ionic strength. This interaction has little specificity, and is weak, easily
reversed by high ionic strength or change of pH. The interaction between insulin “monomers” has been studied by measur-
ing the sedimentation constant as a function of the concentration of insulin, and of the pH and ionic strength of the medium.
A reaction between 3 molecules of insulin of molecular weight 12,000 (1) to give a “trimer” of molecular weight 36,000 (13)
is postulated. This interaction appears to have a high degree of specificity, but is relatively weak, again easily reversed by
changes of pH and ionic strength. The interaction between human serum albumin and its homologous equine antibody is
similar to other antibody-antigen reactions already described. It has been studied by redissolving specific precipitates in
a known excess of serum albumin, and making quantitative measurements of the total protein, and free albumin (from

ultracentrifuge studies).
pH or ionic strength.

There are no interactions more interesting and
important than those between proteins. The
extent of reaction, as judged by the extent and
specificity of the forces involved, varies over wide
limits. We would like to discuss several of these
protein-protein interactions which have been
studied in our laboratory recently.

Interaction of /3-Lipoprotein and Y-Globulin (with
F. R. N. Gurd)

It has long been recognized that proteins or
other polyelectrolytes will form interaction com-
plexes when the two reactants bear net charges of
opposite sign. As early as 1894, Kossel2 pointed
out that just as the nucleic acids precipitated pro-
teins from acid solution, so the strongly basic
protamines precipitated proteins from alkaline
solution. This striking property of protamines to
form precipitates with proteins was the basis for
Kossel's well-known theory that the protamines
were the fundamental units of proteins to which
other materials could be added in a variety of ways.
Following Kossel, the precipitation of proteins by
protamines and histones received considerable
attention.8-11

(1) F. R. N. Gurd, Ph.D. Dissertation, Harvard University, 1949.

(2) A. Kossel, Deutsche Med. Wochenschr147 (1894); Z. physiol.
Chem., 22, 156 (1896).

(3) L. Bauman, Am. J. Med. Sci., 198, 475 (1939).

(4) F. Bischoff, Am. J. Physiol, 117, 182 (1936).

(5) F. P. Gay and T. B. Robertson, J. Exp. Med., 16, 479 (1912).

(6) H. C. Hagedorn, B. N. Jensen, N. B. Krarup and |I. Wodstrup,
Acta Med. Scand., Suppl, 78, 678 (1936).

The interaction is found to be highly specific, and difficult or impossible to reverse by changes of

Nearly all the investigations of this kind have
involved the interaction of either the highly basic
protamines or the strongly acidic nucleic acids
with proteins which were isoelectric at less extreme
pH values. It was pointed out in 1938 by Green,12
however, that similar interactions between pro-
teins of opposite net charge were to be expected
during fractionation of serum proteins. Attention
was drawn to the fact that solubility curves ob-
tained under conditions of such complex formation
would show a broad region of low solubility with a
minimum lying somewhere between the minima
of the pure components. Since the shape of such a
solubility curve need not be abnormal, it would
be easy to draw the erroneous conclusion that a
definite single protein component had been pre-
cipitated. Even if specific analysis were made for
one component in such a mixture and its minimum
solubility determined, the apparent isoelectric
point so obtained would still be in error.

In the present investigation, the involvement of
/3-lipoprotein in some such interaction with other
plasma protein components was first suggested by
the discrepancy between the apparent solubility
minimum near pH 6.0 found for the /3-lipoprotein

(7) M. A. Lissitzin and N. S. Alexandrowskaja, Z. physiol. Chem.,
221, 156 (1933).

(8) T. B. Robertson, J. Biol. Chem., 13, 499 (1912).

(9) C. L. A. Schmidt, ibid., 25, 63 (1916).

(10) D. A. Scott and A. M. Fisher, J. Pharm. Exp. Therap., 58, 78,
93 (1936).

(11) B. Ugglas, Biochem. Z 61, 469 (1914).
(12) A. A. Green, J. Am. Chem. Soc., 60, 1108 (1938).
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in crude plasma fractionsl3 and the minimum

about pH 5.4 found for the purified /3-lipoprotein.®
The hypothesis that interaction of the /3-lipoprotein

with the plasma proteins of highest isoelectric

point, the y-globulins,4 was responsible for this

apparent shift of isolectric point led to the study

of their interactions.

Human serum /3-lipoprotein was prepared as previously
described.15

Human serum 7-globulin consisted of Fraction 11-1,2
(Lot L-413) prepared by method 9.14

Solubility determinations were carried out in the manner
previously described.l5 The separate determination of /3-
lipoprotein and 7-globulin in mixtures was made in either of
the following two ways. In the first method determinations
were made for N and total cholesterol, from which the quan-
tities of the two proteins were calculated on the assumption
that the /3-lipoprotein contained 31% cholesterol and 4.2%
N 15 and the 7-globulins no cholesterol and 16% N .14 In
the second method the optical density of the mixture after
diluting with pH 8.0 phosphate buffer of ionic strength
0.1 was determined in the Beckman quartz spectrophoto-
meter at 320 mp as well as at 279 m/i. The E (1%, 1 cm.)
for the 7-globulin was found to be 0.091 and 14.5, respec-
tively, while corresponding values for the /3-lipoprotein var-
ied with the age of the preparation and required daily mea-
surements on the stock solution of known concentration.15
Values for E (1%, 1 cm.) of the /3-lipoprotein varied from
7.6 to 14.5 at 279 m/i and 1.7 to 3.6 at 320 mji. The sepa-
rate concentrations of /3-lipoprotein and 7-globulin were
calculated by solving the two simultaneous equations ob-
tained from the measurements at these two wave lengths.
Agreement between the two methods of calculation was al-
ways within 5% and usually within 2% .

Other determinations were made as described previously.15

The effect of the presence of 7-globulins on the solubility
of ~-lipoprotein as a function of pH and of ionic strength
(r/2) is shown in Fig. 1. Over the entire range of condi-
tions employed the 7-globulins were completely soluble in
the absence of 3-lipoprotein. The dotted curves showing
the solubility of the /3-lipoprotein in the presence of the 7-
globulins are in sharp contrast with the behavior of the puri-
fied /3-lipoproteini5 as given by the solid lines. The data
show both a striking decrease in the solubility of the /3-

pH

Fig. 1.— Interaction of /3-lipoprotein with 7-globulin.
Solubility of /3-lipoprotein as a function of pH in aqueous
solutions at 0°. 7-Globulin absent: O, 0.01 ionic strength
acetate buffer; S, 0.02 ionic strength acetate buffer. 7-Glo-
bulin present: = , 0.01 ionic strength acetate buffer; ©, 0.01
ionic strength phosphate buffer; 3, 0.02 ionic strength phos-
phate buffer.

(13) This conclusion was based on solubility curves made with
Fractions 11+ 111 and 111-04in which the quantities of cholesterol dis-
solved at various pH values were measured. We are indebted to
Drs. D. A. Richert and P. M. Gross, Jr., for many of these measure-
ments.

(14) J. L. Oncley, M. Melin, D. A. Richert, J. W. Cameron and
P. M. Gross, Jr., J. Am. Chem. Soc., 71, 541 (1949).

(15) J. L. Oncley, F. R. N. Gurd and M. Melin, ibid., 72, 458 (1950).

(16) The progressive changes in the absorption spectrum of /3-lipo-
protein have been correlated with autoxidation of the fatty acids pres-
ent. Any direct effect of age on the solubility properties of the /3-
lipoprotein has not been detected.
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lipoprotein in the mixtures over the pH range between the
isoelectric regions of the /3-lipoprotein and 7-globulin, and a
marked effect of ionic strength on the interaction.

In Table | are shown the mole ratios of 7-globulin to 13
lipoprotein in the precipitates formed at varying pH values
and at ionic strengths of 0.01 and 0.02. For the calculation
of the mole ratios, molecular weights of 1,300,000 and
156,000 were taken for the /3-lipoprotein and 7-globulin.17
The ratios showed a steady trend towards larger values as
the pH or the concentration of 7-globulin is increased.
From these results it appears that the complexes of /3-lipo-
protein with 7-globulin form a continuous series of solid
solutions, with very likely a number of different species of
complex present in any particular precipitate.

Table |
Composition of Précipitates Formed by Interactions
of 7-Globijlin 156,000) and
(mol.wt. 1,300,000) in Aqueous Phosphate Buffers at 0°

(mol. wt. /3-Lipoprotbin

Protein in Protein in Molecular
system, fum/l.  ppt., fim./I. ratio, y/R
7- /3-lipo- y- /3-1ipO- In In
pH r/2 Glob. prot. Glob. prot. system ppt.
620 001 s20 4.4 9.0 3.8 118 24
6.62 001 520 4.4 13.5 4.1 118 33
7.17 001 520 4.4 15.8 3.8 118 a1
7.62 001 520 4.4 9.1 22 118 41
5.98 002 590 45 16 13 13.1 12
6.46 002 590 4.5 3.7 1.7 13.1 22
7.00 002 590 45 45 18 131 26
7.53 002 90 45 2.9 08 131 3.4
6.79 0.01 5.7 4.5 tr. tr. 1.3
6.80 001 114 4.5 4.3 18 26 23
6.84 001 230 45 7.6 3.4 5.2 22
6.84 001 410 4.5 14.1 4.2 9.2 3.4
6.84 001 =80 45 17.1 4.3 130 4.0

These results may be interpreted qualitatively in terms of
the interaction of positively charged 7-globulins with nega-
tively charged /3-lipoprotein, leading to the formation of
salt-like complexes. As would be expected, the effect dis-
appeared at pH values where both proteins bore on the aver-
age the same sign of net charge. The strong influence of
neutral salts on the precipitation of the complexes is un-
doubtedly due to the combination of an effect on the equilib-
rium in solution between simple molecules and complexes,
where the shielding action of the ions would be expected to
promote dissociation, and the fundamentally similar effect
of increased solubility of the complexes. In systems of this
sort the relative magnitude of the two effects may be ex-
pected to involve the dipole moments of the separate species
and of the interaction complexes.

Since the solubility of proteins is generally least when they
bear a low net charge, presumably the most insoluble of the
interaction complexes would be those in which the net nega-
tive charge of the /3-lipoprotein would be most nearly neu-
tralized by the 7-globulin molecules bearing net positive
charges. Accordingly it should be expected that the higher
the pH the higher the ratio of 7-globulins to /3-lipoprotein
in the precipitated complexes, an expectation borne out
strikingly by the results in Table I. The higher ratios of 7-
globulins to /3-lipoprotein in the precipitated complexes with
increasing ratios in the total system shows the interaction to
involve more than simple electrostatic interactions, however.
The great inhomogeneity of the 7-globulins, especially with
respect to isoelectric point,18 makes impossible a quantita-
tive treatment of the results. At any given pH the 7-
globulins exhibit a great variety of charged forms, and, at
least over the pH range of about 6 to 8, 7-globulin molecules
bearing both net positive charges and net negative charges
would be present, and may be expected to enter into inter-
actions with each other as well as with the /3-lipoprotein.

Experiments of Cohn and Mittelmanl on the interaction
of 7-globulins with serum albumin in alcohol-water mixtures
showed that strong protein-protein interactions other than
that between 7-globulins and /3-lipoprotein could take place

(17) J. L. Oncley, G. Soatchard and A. Brown, T his Journal, 51,
184 (1947).

(18) R. A. Alberty, 3. Am. Chem. Soc., 70, 1675 (1948).

(19) E. J. Cohn and D. Mittelman, Abstracts of Papers, 112th Meet-
ing, American Chemical Society, 29C, 1947.
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among the proteins of human plasma. Preliminary experi-
ments have shown that 7-globulins interact with the com-
ponents of a variety of plasma protein fractions to form in-
soluble complexes. However, the quantitative importance
of y-globulins and /3-lipoprotein, comprising as they do about
11% and 5%, respectively, of the total plasma proteins,
necessarily makes the interaction of /3-lipoprotein with 7-
globulins of special interest in plasma fractionation. The
demonstration of the strong tendency of /3-lipoprotein to in-
teract with 7-globulins throws some light on the results of
earlier studies on the separation of plasma protein compo-
nents. Some at least of the plasma euglobulins studied by
earlier workersD21-2 very probably involved complex
formation with lipoproteins. Indeed, the previous failures
to isolate human serum /3-lipoprotein were very likely due to
its strong tendency to form complexes with other proteins.
It is particularly interesting that the interaction complexes
described here have the properties which led SOrensen to
declare2 that proteins were “reversible dissociable compo-
nent systems.”

Interaction of Insulin Monomers (with
E. Ellenbogen2)

There is now a great deal of evidence that the
molecular weight of insulin should be 12,000.
Probably the first published indication that this
molecular weight should be taken for insulin was
the X-ray study of Crowfoot.5 She reported the
cell molecular weight to be 39,700, which became
37,600 when corrected for 5.4% of moisture.
Later revision of the probable moisture content to
10.1% & gives 36,000 for this value. In addition,
Crowfoot found that this insulin molecule possesses
a trigonal symmetry which indicated that the
atoms are present in triple point arrays, suggest-
ing that the elementary cell contains 3 or 3n mole-
cules. This should give 12,000 or 12,000/n for the
X-ray molecular weight. She further states that

..it is scarcely possible that a giant mole-
cule should possess true trigonal symmetry... it is
more probable that three molecules should asso-
ciate in solution and that this is the unit of
which Svedbergh has determined the molecular
weight... &”

The existence of the small molecular weight
molecule, which we will call the insulin monomer
to avoid confusion, is also suggested by relaxation
times obtained in dielectric dispersion studies of
insulin dissolved in mixtures of propylene glycol
and water.Z The low dielectric constant of these
solvents would be expected to favor the formation
of monomer, as will be discussed later, although the
full significance of this experiment was not recog-
nized until much later. Recent ultracentrifuge
experiments in these solvents has shown that the
sedimentation constants of these solutions are very
low, and of the order of magnitude demanded by
the monomer. Because of the high viscosity of this
solvent, it was not possible to make precise meas-
urements of such a low sedimentation constant,
however.

(20) H. Chick, Biochem. 7, 318 (1913).

(21) W. B. Hardy, J. Physiol., 33, 251 (1905).

(22) H. C. Haslam, Biochem. J., 7, 492 (1913).
(23) S. P. L. Sorensen, Compt. rend. trav. lab. Carlsberg, 18, No. 5
(1930).

(24) E. Ellenbogen, Ph.D. Dissertation, Harvard University, 1949.
(25) D. Crowfoot, Proc. Roy. Soc. (London), A164, 580 (1938).

(26) A. C. Chibnall, J. Int. Soc. Leather Trades Chemists, 30, 1
(1946).
(27) E. J. Cohn, J. D. Ferry, J. J. Livingood and M. H. Blanchard,

Science, 90, 183 (1939).
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Minimum molecular weights have been cal-
culated from the amino acid composition of in-
sulin.®8 These studies have given an average
minimum molecular weight of 12,000.

Except for a few acid solutions studies by Sjogren
and Svedberg,® the first study of acid solutions in
the ultracentrifuge which clearly indicated a low
molecular weight for insulin were those of Moody.3®
In a doctoral dissertation, he reports that solutions
of insulin at pH 3.0 in 1.6% glycerol give a sedimen-
tation constant of about 1.75 S, and a diffusion
constant of 15 X 10~7 Using v = 0.75, he ob-
tained a molecular weight of about 11,000. We
have carried out studies in acid solutions from
September, 1946, to the present,2d and Fredericq
and Neurath have recently publishedal results of
their study. These studies are all in quite good
agreement with a molecular weight in acid solutions
of 12,000, except for a few experiments of Fredericq
and Neurath in HP04_ which led them to suggest
a minimum molecular weight of 6,000. There
are a number of difficulties which arise i: one
accepts this low value, however, and it does not
seem consistent with our studies. Light scattering
studies of Doty 2 have never yielded values lower
than about 12,000, and sedimentation velocity
studies in our laboratory have given no indications
of a minimum weight less than 12,000. We have
therefore taken 12,000 as the most likely value for
the insulin monomer.

Ultracentrifuge studies in neutral solutions have
consistently yielded higher molecular weight values,
although these have varied from 35,000 to 46,000.
It is difficult to determine from these data whether
the insulin “polymer” in this pH range consists of
three or four insulin monomers. The more recent
workers favor 48,000 for the molecular weight,
but this figure was arrived at largely because of
the low diffusion constant used, and leads to a
rather large value for ///Q From viscosity meas-
urements in acid solutions, and at pH 7.2 and an
ionic strength of 0.1, we observed an Einstein vis-
cosity coefficient smaller than 3.5, and hence should
expect f/fo to be not much over 1.1. We have
found that the partial specific volume used by
most workers (0.749) is too large and favor a value
of about 0.71 or 0.72. Also our diffusion constant
measurements lead us to favor the lower molecular
weight (36,000). At this time, however, we must
consider this to be only a tentative value.

Gutfreund has published osmotic pressure meas-
urements and studies in the velocity ultracentri-
fugex3 which he interprets as showing an equilib-
rium between an insulin monomer of 12,000
molecular weight and “ .. .the apparent formation
of molecules consisting of three units in the crystal,
while in solution the molecule can consist of up to
four units.”

(28) C. Fromageot, Cold Spring Harbor Symp. Quant. Biol., 14, 49
(1950).

(29) B. Sjogren and T. Svedberg, 3. Am. Chem. Soc., 63, 2657 (1931).

(30) L. S. Moody, Ph.D., Dissertation, Univ. of Wisconsin, 1944.

(31) E. Fredericq and H. Neurath, J. Am. Chem. Soc., 72, 2606
(1950). -,

(32) P. Doty, M. Gellert and B. Rabinovitch, J. Am. Chem. Soc.,
in press.

(33) H. Gutfreund, Biochem. J., 42, 156, 544 (1948).

(34) H. Gutfreund and A. G. Ogston, ibid., 40, 432 (1946).
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Pedersen®abo has recent data not in good agree-
ment with the simple picture of an equilibrium
between monomer and trimer insulin units of
molecular weight 12,000 and 36,000. He obtains
a molecular weight of 42,000 at neutral pH values,
and near 24,000 in solutions at pH 2.55 (which he
considers could better be about 21,000). There
are thus major problems in any simple interpreta-
tion of the behavior of insulin solutions.

Crystalline beef zinc insulin (Lot No. 280,177) was kindly
furnished us by the EIli Lilly Company, Indianapolis, In-
diana. It was found to contain 15.5% N and 0.93% Zn.
Zinc free insulin was prepared for some experiments by dialy-
sis in collodion bags against 0.03 N HC1 solutions.

Sedimentation experiments were carried out in an air-
driven type ultracentrifuge®3 equipped with a Philpot
schlieren optical system.38 They were carried out at a speed
of 54,000 r.p.m., corresponding to centrifugal fields of ap-
proximately 200,000 to 240,000 g. The sedimentation dia-
grams normally were sufficiently symmetrical to compute
the weight-average sedimentation constant by observing
the rate of sedimentation of the median of the diagram,
rather than the more accurate formula using s,, = (3sm —
st)/2, where swis the weight-average sedimentation constant,

the sedimentation constant calculated from the median,
and S the sedimentation constant calculated from the
mode.® The sedimentation constants were calculated by
plotting log distance against corrected times, and was re-
duced to the value expected for sedimentation in a medium
with the viscosity and density of water at 20°. In most
cases we also calculated apparent diffusion constants from
the shape of the sedimentation diagram. The weight-
average value was obtained from the second moment, m2, and
area, A, of the diagram, using the equation Dw = mi/{2tA).

Net charge was determined from measurements with the
glass electrode of Maclnnes and Belcher,fDusing activity co-
efficients for hydrochloric acid determined under compar-
able conditions, as described by Tanford.4 All measure-
ments were made using 10 mg./ml. of insulin.

We have carried out a number of ultracentrifuge experi-
ments with the insulin system in order to study the equilib-

0 1 2 3 4 5 6
Concentration, g./100 ml.

Fig. 2.— Sedimentation constant of insulin as a function
of insulin concentration: O, pH 2.0, 0.1 44 sodium chloride;
= , pH 3.0, 0.1 44 sodium chloride; C, pH 7.2, 0.1 ionic
strength sodium phosphate buffer; a, pH 7.3, 0.1 ionic

strength sodium phosphate buffer 0.58 A4 sodium chlo-
ride.

rium with the monomer unit which appears to be stable only
in acid solution. Two types of experiments were performed.
In one type we have varied the insulin concentration (from
about 3 to 60 mg /m|l. whenever possible) and held the pH

(35) K. O. Pedersan, Cold Spring Harbor, Symp. Quant. Biol., 14,
140 (1950).

(36) J. H. Bauer and E. G. Pickels, J. Exp. Med., 65, 565 (1937).

(37) E. G. Pickels, Rev. Sci. Inst., 9, 358 (1938); 13, 426 (1942).

(38) J. St. L. Philpot, Nature, 141, 283 (1938).

(39) 1. Jullander, Arkiv. Kemi, Mineral. Geol., 21A, No. 8, p- 30
(1945).

(40) D. A. Maclnnes and D. Belcher, Ind. Eng. Chem., Anal. Ed.,
5, 199 (1933).

(41) C. Tanford, 3. Am. Chem. Soc., 72, 441 (1950).
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and ionic strength constant in each series of experiments
(Fig. 2). In the second type we have varied the pH (and
hence the net charge of the insulin), holding the ionic
strength constant for each series of measurements, and main-
taining a constant insulin concentration of 10 mg./ml. (Fig.
3). In acid solutions, the sedimentation constant is ob-

Fig. 3.— Sedimentation constant of insulin (10 mg./ml.)
as a function of pH and ionic strength. Studies from pH O to
4 made in sodium chloride-hydrochloric acid mixtures, ionic
strength of sodium chloride: 0,0.144; #,0.244; ©, 0.3 44.
Studies from pH 7 to 8 made in sodium phosphate buffers
of 0.1 ionic strength; ©, no added sodium chloride; ©,0.4-
0.6 44 sodium chloride added.

served to be a function of the pH, the ionic strength, the in-
sulin concentration, and the dielectric constant. Below
pH 2 there is little effect of the hydrogen ion concentration,
but a marked one for changes in the ionic strength. The ef-
fects at pH values higher than 2, but below the lower limit of
the range of insolubility can best be explained in terms of the
net charge on the molecules at each pH. This has been
done in Fig. 4, where the same data presented in Fig. 3 is
plotted against net charge (on the basis of the 12,000 molec-
ular weight monomer).

12 10 8 6 4 2 0
Charge per 12 000 g. insulin.

Fig. 4.— Sedimentation constant of insulin (10 mg./ml.)
as a function of net charge and ionic strength: Q, 0.1 M
sodium chloride; #, 0.2 4 /sodium chloride; ©, 0.3 44 so-
dium chloride.

We have attempted to describe these observa-
tions in terms of an association equilibrium which
is given in terms of an electrostatic repulsive
force and an almost constant attractive force, due
to short range forces of some kind. A decrease in
the electrostatic repulsion, dependent upon ionic
strength, dielectric constant and net charge, will
always favor polymerization of monomer units.
These reductions of the electrostatic interactions
may be produced by lowering the net charge,
increasing the ionic strength, or increasing the
dielectric constant. The sedimentation constants
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in the acid region at high ionic strengths, and in
neutral solutions where the net charge is small,
illustrate this behavior. Since the net charge
changes little or not at all below pH 2, we see that
hydrogen ion concentrations higher than this value
will cause only an ionic strength effect. Insulin
is a most interesting molecule to study in this way,
since there is no evidence that these very acid
conditions cause any appreciable denaturation of
the insulin.

The effect of varying the insulin concentration
can be seen by an application of the mass law.
Neglecting any dimers, or polymers of more than
three monomers units, we may write the chemical
reaction

31713 (1)
and the mass law equilibrium as
Kn = (I1s)/(1)3 (2)
Here (13 represents the molecular concentration
of insulin trimer, (I) that for the insulin monomer,
and K Bis the association constant for the reaction.
If we let a be the weight fraction of insulin in the
associated (trimer) form, and ¢ be the total con-
centration of insulin in g./IOO ml., then (I3 =
10 ea/36,000, and (1) = 10c(l — a)/12,000, where
we assume the molecular weights 12,000 and 36,000
for the monomer and trimer forms. We then can
write equation (2) as
Ku= 48 x 10sasc2(1 - a)3= 4.8 x 106K'U (2a)

where K{3is defined as a/c1 — a)3 It is difficult
to express a as an analytic function of Kn and c,
but we can easily compute a as a function of ¢ for a
number of assumed values of K'n (as hence K13.
Such functions are shown in Fig. 5.

If we could directly measure the sedimentation
constant, s, as a function of concentration, ¢,
our problem could be ended here, since

S = Si(l - a) + S3xK = Si+ a(S3 - Si (3)

and a could be computed from the observed values
of s when we assumed proper values for Si and s3
However, in the ultracentrifuge we must deal with
the sedimentation velocity of a boundary through
which the concentration is varying from zero to the
concentration of the solution used to fill the cell
(corrected suitably for the dilution factor due to the
sector-shape of the cell). Since there are indica-
tions from measurements of light scattering in this
system that equilibria between monomer and
trimer molecules is very rapidly obtained,£2 we
thus have a different a value at each point in the
boundary region, corresponding to the concentra-
tion at that point. We can compute the weight
average sedimentation constant at concentration
cas

s0 = JIO sides/ch dci= (1/0) J& S\ @

Substituting S from equation 3, we obtain

S si+ (Si- (4a)

Si)lc

Equation (1) gives us a- as a function of ¢ (and
Kn), so that s, is a function of the concentration

(42) P. Doty and J. T. Edsall, Adv. Prot. Chem., 6, 91, 93 (1951).
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Insulin concentration, g./IOO ml.

Fig. 5.— Weight fraction of insulin in trimer form («) as
a function of insulin concentration, from equation (2a).
Values on right indicate values of the constant K'n. The
constant Ku = 4.8 X 10sK'u.

¢, and the parameters Kn, sxand s3 Or we may
find values of Kn from observed scvalues at a given
value o: ¢ (assuming Si and s3. The scale at the
right of Fig. 4 gives this relationship at an insulin
concentration, ¢, of 10 mg./ml., using S = 1.85
and s3= 4.06.

Now we have obtained an estimate of the equilib-
rium constant under different conditions o: net
charge and ionic strength, and hence can compute
the free energy for reaction (1) under these varying
conditicns. Estimates of the repulsive forces
involved in this reaction may be obtained by cal-
culation of the work done when placing a number
of charges upon the surface of a sphere of volume
equal to that of the insulin molecule. The electro-
static part of the chemical potential of an insulin
ion of charge z, and radius b is43

M = (Ne~/2D)[\/b; - K (1 + Kai)] (5)

where N is Avogadro’s number, e the electronic
charge, D the dielectric constant, k the familar De-
bye-Huckel parameter (equal to 0.329 X 10sV r/2
at 25° in water), and a, is the sum of the radii of the
insulin ion (positively charged) and the chloride
ion (when the ionic strength of the solution is due
to NaCl and HC1). We have taken bi and cq
(for the monomer) to be 15.6 A. and 18.1 A., re-
spectively, and b3and a3 (for the trimer) to be 22.5
A. and 25.0 A. The electrical free energy for re-
action (1) is then

Amls = ml — 3hi (6)

and is a function of the charge per 12,000 g. of
insulin, and of F/2 (and hence of the ionic strength).
At the maximum charge of +12, AXf3 varies from
about 17,000 cal. at 0.1 ionic strength to 12,500
cal. at 0.3 ionic strength. As the charge is re-
duced, Anl3decreases rapidly, and the attractive
term in the total free energy becomes predominant.

The magnitude of the attractive force has been
estimated by calculating the free energy for the
reaction from the Ku values of Fig. 4, using the
equation

Ajui3 = Alib T- Ami3 = —2.303 RT log K,3 (7)

Values of from —21,000 to —18,000 cal. are thus
obtained for An% and the predicted sedimentation

(43) G. Rcatchard, in Cohn and Edsall, “ Proteins, Amino Acids and

Peptides,” lleinhold Publ. Corp., New York, N. Y., p. 57, 1943.
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constants as a function of net charge (per mono-
mer unit) as shown in Fig. 6. The agreement
between these computed curves and the observed
ones in Fig. 4 leaves much to be desired, but the
gualitative agreement obtained is probably all that
should be expected in view of the rather crude
nature of both experiment and theory at the present
time. Binding of ions other than hydrogen,
as suggested for SCX~ by Fredericq and Xeuratirl
would have a great deal of influence on these cal-
culations.

Charge per 12,000 g. insulin.

Fig. 6.— Calculated variation of the sedimentation constant
for insulin solutions.

We must also attempt to estimate the importance
of other equilibria on the calculations we have
just described. If we consider that the shape of the
insulin monomer and trirner are those recently
proposed by Low from studies of the unit cell
dimensions of crystals of both zinc insulin and
insulin sulfate.# then there will be three common
surfaces produced by reaction (1) to make the
trirner, and we can take an attractive energy of
about —6000 or —7000 cal. per common face.
This does not seem to be at all unreasonable in
magnitude, and might be accounted for by a close
fitting of lipophilic groups on the insulin. If this
attractive force has such a simple origin, however,
there would net seem to be any a 'priori reasons for
believing that polymers of the insulin monomer
other than the trirner might not exist. Simple
calculations based on this picture indicate that the
reactions yielding the trirner (with three common
faces) are more important than those involving the
dimer with only one common facedda. As the net
charge becomes smaller, and especially at high
ionic strengths, the higher polymers appear to
become more stable. This might explain why some
experiments in the neutral range yield values for
the molecular weight of insulin which appear to
be larger than 36,000. In the last few months,

(44)
(1950).

(44a) Note Added in Proof.— Considerable evidence is now avail-
able® 3 to indicate that the dimer equilibrium may be of much impor-
tance and that the tetramer equilibrium also must be considered.
More recent studies by Dr. B. W. Low (in press) indicate that, the
orientation and shape of the monomer unit in the orthorhombic cell is
different from that proposed earlier. The present model based on the
close packing of cylindrical rods is 44 A. long. Lateral close packing
of the molecules leads to the formation of the dimer, trirner, tetramer,

etc. The trirner formed in this way does not correspond to the orien-
tation of the trirner mit in rhoinbohedral zinc-insulin crystals.

J. L. Oncley, E. Ellenbogen, D. Gitlin and F. R. N. Gged

B. W. Low, Cold Spring Harbor Syrup. Quant. Biol.,, 14, 77
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Air. Henry Dix, working with us on this problem,
has found some insulin preparations which appear
to have molecular weight values above 36,000 even
at pH 3 when the insulin concentration is high.
The stability of such high polymers might also
explain the maximum observed in the solubility
curve for insulin in glycine, which occurs at the
unexpectedly low value of 0.5 M glycine.Z The
high dielectric constants of these solvents might
favor the formation of high polymers of very low
solubility, which overcome the usual “salting-in”
behavior of glycine.

Another difficult problem whose solution has
eluded us to date, is that concerned with the
boundary spreading observed during these ultra-
centrifuge studies. We have obtained rather
normal values of apparent diffusion constant at
pH 1-2 (at 0.1 ionic strength), and at pH 7. Where
the equilibrium of reaction (1) shows considerable
amounts of both components, larger values are ob-
tained, as would be expected. However, the ob-
served values are as large as 30 X 10~7 cm.-/sec.,
whereas we have not been able to calculate any
theoretical values greater than about 15 X 10~7
when we assume a rapid equilibrium. If the
reaction is quite slow, and especially if some dimer
and higher polymers were present, the high values
observed would be demanded by theory. As
mentioned before, however, light scattering studies
would seem to exclude the possibility of a slow
reaction. We have also studied solutions where
there was much boundary spreading, both immedi-
ately after mixing, and after 48 hours standing at
room temperature, and could find no differences in
the sedimentation diagrams obtained.

Although there are. then, many uncertain points
concerning the behavior of insulin solutions under
these conditions, it would seem that the molecular
weight of insulin would best be considered as 12,000
and that it does react to give higher molecular
weight polymers. In sufficiently dilute solutions,
we would expect that insulin would dissociate even
when the polymer molecules were rather stable,
however, and it appears very probable from these
studies that under the conditions specified for bio-
logical activity tests for insulin, it is the monomer
which is the biologically active unit.

It is interesting to note that recent studies of
Schwert4 indicate that polymerization reactions
of this same character are of importance in both
a- and 7-chymotrypsin. Although he did not
study the effects of ionic strength and dielectric
constant, these systems form reversible equilibria
(probably between monomer and dimer forms)
which are dissociated by decrease in pH and/or
decrease in protein concentration.

Interaction of Human Serum Albumin with Its
Homologous Equine Antibody (with D. Gitlin)

There have been many studies of the interaction
of protein antigens, such as human serum albumin,
with their homologous antibodies. As the amount
of antigen, G, added to the antibody, A, isincreased,
increasing amounts of precipitate formed by com-
bination of antigen and antibody are obtained,

(45 G W. Schwert, J. Biol Chern., 179, 655 (1049).
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until it rises to a maximum. Additional amounts
of antigen cause a decrease in the amount of precipi-
tate formed, and finally the precipitate vanishes
in the so-called inhibition zone. In general, it has
been found that the reactions of equine anti-
bodies4652 differ from those of rabbit and most
other animals in that a marked inhibition zone
occurs not only with excess antigen, but also with
excess antibody.

Chemical theories to explain this interaction
have been proposed by many investigators, but
only upon the application of quantitative analytical
methods to antigen-antibody systems of known
molecular size has the stoichiometry become
apparent.33 Such studies of the specific precipi-
tates formed by the reactions of antigen and anti-
body indicate that the molecular ratio of antigen
to antibody varies continuously, but usually starts
and ends at specific ratios. In the diphtheria
toxin-antitoxin system, for example, these extreme
values closelv approximate the formulas A4G and
AG.51

In the inhibition zones it is more difficult to
obtain evidence as to the chemical composition of
the complexes formed. One of the most direct
methods is to mix accurately known amounts of
antibody and antigen, and then by ultracentrifugal
analysis of the solution determine the amount of
free antigen or antibody present in the solution.
The sedimentation constant and amount of the
complexes formed can also be determined if they
are not too heterogeneous. This method was first
applied by Heidelberger and Pedersen in the oval-
bumin anti-ovalbumin (rabbit) system.54 A more
comprehensive study was that of Pappenheimer,
Lundgren and Williams on the diphtheria toxin
antitoxin (equine) system.® The later workers
were thus able to show that the empirical composi-
tion of the complex in the region of antigen excess
varied from AG to AG2 as more antigen was added,
closely approximating AG2for large antigen excess.
Similar studies in the region of antibody excess
indicated the empirical formula ASs. Complexes
with the molecular weight predicted by these
simple formulas were also observed, but much of the
total mass of the complex was also observed to
sediment more rapidly, as would be expected if a
further aggregation occurred.

It has recently been shown that the reaction
between human serum albumin and its homologous
equine antibody results in the toxin-antitoxin type
of precipitation curve.46 Studies of this reaction
by application of light-scattering methods have

(46) D. Gitlin, C. S. Davidson and F. H. Wetterlow, J. Immunol
63, 415 (1949).

(47) S. B. Hooker and W. C. Boyd, Ann. N. 1. Acad. Sci., 43, 107
(1942).

(48) G. A. Hottle and A. M. Pappenheimer, Jr., J. Exp. Med., 74,
545 (1941).

(49) A. M. Pappenheimer, Jr., ibid., 71, 263 (1940).

(50) A. M. Pappenheimer, Jr., H. P. Lundgren, and J. W. Williams,
ibid., 71, 247 (1940).

(51) A. M. Pappenheimer, Jr., and E. S. Robinson, J. Immunol., 32,
291 (1937).

(52) H. P. Treffers, M. Heidelberger and J. Freund, J. Exp. Med.,
86, 83 (1947).

(53) M. Heidelberger, 3. Am. Chem. Soc., 60, 242 (1938).

(54) M. Heidelberger and K. O. Pedersen, J. Exp. Med., 65, 393

(1937).
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made possible investigations of the Kkinetics of
aggregation in this system.%5 We wish here to
report on a study of the molecular composition of
the complexes formed by this system in the region
of antigen excess.

The equine antiserum used throughout was that de-
scribed as “Bleeding #3” in the earlier reports. 4% Studies
of this antiserum indicated that practically all of the anti-
body present was of the "complete” or “ precipitating” form.

Crystallized human serum albumin employed as antigen
was preparation “Deeanol 10” 5% obtained from Dr. \Y. L.
Hughes, Jr., of this Laboratory.

Solutions of purified antigen-antibody complexes were ob-
tained by adding to a given amount of equine antiserum an
amount of human serum albumin calculated to bring the re-
action to the equivalence zone. The mixture was incubated
at 37° for 1 hour and then placed at 1° for 24 hours. After
making up to definite volume, the solution thus formed was
dialyzed against saline-buffer of total ionic strength 0.15
(0.10 sodium chloride + 0.05 phosphate buffer at pH 7.5)
for 24 hours. The solutions were run in the ultracer.trifuge
as described in the previous section. That component hav-
ing the sedimentation constant of albumin was considered as
free antigen.

Because of the method used for the preparation of purified
complexes, the antibody excess zone was not studied and ob-
servations in the ultracentrifuge were limited to the zone of
antigen excess.

Table Il

Interaction of Human Serum Albumin (mol.wt. 69,000)

and lts Homologous Equine Antibody (mol. wt. 184,000)™*

Region of antibody excess. No antibody was observed in any of
these ultracentrifuge experiments or by ring tests.

Total protein Ratio of Albumin Ratio of
present in albumin to found, albumin to
system, antibody in mag./ral. antibody
mg./ml.. system in complex
Albu- Anti- Molec- Bound in Molec-
min body Weight wular Un- com- Weight ular
G A ratio ratio bound plex ratio ratio
1 6.0 12.2 0.49 1.31 0.7 5.3 0.44 1.18
116 7.1 8.36 0.86 2.30 2.6 4.5 0.54 1.44
1 10.0 10.6 094 250 35 6.5 0.61 1.63
v 6.1 4.5 135 3.60 2.8 3.3 0.73 1.95
\Y 11.3 5.6 2.02 5.40 7.1 4.2 0.75 2.00

“ Assumed molecular weight from that of equine diphtheria
antitoxin (ref. 56). bSolution 11 was formed by equilibrat-
ing half of the solution V with additional specific precipitate.

The composition of the solutions, and the ultracentrifugal
estimates of the amount of excess antigen are reported in
Table I'l. 1t will be noted that as the amount of anr.igen in
the reaction system was increased relative to the amount of
antibody, the amount of antigen bound per unit weight of
antibody increased until it reached a limiting ratio of about
0.75. The molecular weight of human scrum albumin is
69,000,% and if one assumes 184,000 for the average molecu-
lar weight of the equine antibodies as was obtained for the
equine antitoxin,5 this corresponds to a limiting molecular
composition of 2.0 moles of human serum albumin per mole
of equine antibody.

As was observed by Pappenheimer, Lundgren and Wil-
liams, the protein concentration of the solutions studied, as
obtained from the total area under the sedimentation dia-
gram in the ultracentrifuge, was usually less than that cal-
culated to be present suggesting the presence of larger com-
plexes sedimenting very rapidly. Of great interest is the
fact that several distinct antigen-antibody complexes existed
in these solutions. At least three components exclusive of
that component designated as albumin could be observed.
As the amount of antigen in the system was increased, the
complexes of greater molecular weight decreased in concen-
tration until a relatively homogeneous antigen-antibody
complex existed, consistent with a molecular composition of
2 moles of human serum albumin to one mole of antibody.

(55) D. Gitlin and H. Edelhoch, J. Immunol., 66, 67 (1951).

(56) E. J. Cohn, W. L. Hughes, Jr., and J. Il. Weare, J. Am. Chem.
Soc., 69, 1753 (1947).

(57) M. L. Petermann and A. M. Pappenheimer, Jr., T his Joubnal,
45, 1 (1941).
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It should be noted that the solution Il was formed by yO~CH2‘

equilibrating part of the solution V with additional specific HIHgCHjCH CHCHMgOH

precipitate, increasing the relative amount of antibody in

the system as compared to the latter solution. This \m 20/

clearly demonstrates the reversibility of the aggregation
reaction.

It is thus seen that in the antigen excess region of the reac-
tion between equine antibody and human serum albumin,
the solution formed contains several complexes of definite
antigen-antibody composition. The relative proportions in
which these complexes appear depend upon the relative
amounts of antigen and antibody in the system. The fact
that the relative proportions of these complexes can be
altered from a relatively single complex as seen in experiment
V to that in experiment Il by increasing the relative amount
of antibody in ths system would further indicate the de-
pendence of the composition of the antigen-antibody com-
plexes upon the amounts of antigen and antibody in the sys-
tem. It would thus appear that these complexes exist in
equilibrium with each other and the amount of free antigen
in the system.

It does not appear likely that these complexes are poly-
mers of a simple complex, all possessing a single antigen-
antibody ratio. In such a system, the smallest complex
would shift (probably increase) in molecular weight as the
antigen-antibody ratio in the monomer system increases, and
the molecular weights of the complexes would be multiples
of each other. This does not appear to be the case.

We have just described three protein-protein interactions
which have recently been studied in our laboratories. A
fourth reaction of this type is that of the mercury salt of
mercaptalbumin, AlbSHgOH, with mercaptalbumin,
AlIbSH. The properties of this interaction have been de-
scribed in some detail by HughesBand by Edsall.£2 More
recently, we have studied the corresponding reaction where a
bifunctional organ:c mercurial

replaces the mercury ion.®

Although these interactions involve very different systems,
and have been studied by different methods, the similarities
in the kinds of forces which we call upon to explain the re-
sults obtained are most striking. The principal forces in
the jS-lipoprotein, 7-globulin system, electrostatic in char-
acter, are also responsible for '.he dissociation of the insulin
polymers. There is much more specificity in the insulin re-
action, however, introduced by the short-range attractive
forces which are so important to antigen-antibody and en-
zyme-substrate interactions. The attractive forces involved
in the mercaptalbumin system, while apparently simple in
origin, are highly specific. Further studies of such interac-
tions, especially these simpler ones, will do much to increase
our knowledge of all protein-protein interactions.

REMARKS

Gerson Kegeles: It is suggested that the equilibrium
between the various protein species may possibly be in-
fluenced by the ultracentrifuge itself when it is used to study
this equilibrium. For if the partial specific volumes of the
reactants differ from those of the products, then under the
high pressures attained in the ultracentrifuge, that direction
of the reaction should be favored, according to Le Chatelier’s
principle, which results in a decrease of volume. It is there-
fore suggested that the existence of such an effect might be
studied by examining the equilibrium as a function of the
speed of the ultracentrifuge.8

(58) W. L. Hughes, Jr., Cold Spring Harbor Symp. Quant. Biol., 14,
79 (1950).
(59) R. Sfcraessle, 3. Am. Chem. Soc., 73, 504 (1951)

EXPERIMENTAL FACTORS AND ACTIVITY COEFFICIENTS IN ION
EXCHANGE EQUILIBRIA

By William J. Argersinger, Jr., and Arthur W. D avidson
Department of Chemistry, University of Kansas, Lawrence, Kansas

Received August 30, 1951

In aqueous ion exchange experiments on exchangers such as Dowex 50, the total process has been found to include, in addi-
tion to equivalent exchange of ions, both water absorption and electrolyte adsorption by the solid exchanger. Although the
quantity of water absorbed and the extent of electrolyte adsorption may be determined and corrected for, yet analysis
of each of the equilibrium phases for both components provides the best data for the calculation of exchange equilibrium con-
stants. The equiliorium system consists of a non-ideal liquid electrolyte solution and a non-ideal solid resin solution. Mean
activity coefficients for the mixed electrolytes, when available, may be combined with exchange data for the calculation,
through the Gibbs-Duhem equation, of both the equilibrium constant for the exchange process and the activity coefficients
of the resin components as functions of composition. These activity coefficients, at a fixed resin composition, should be
independent of the ionic strength of the equilibrium aqueous phase. The constancy of resin activity coefficients has been
verified for the Na-H exchange system at three ionic strengths. The mean value of the equilibrium constant for this system
is 1.69. Similar calculations nave been made for the Ag-H system at 1 M ionic strength. Here the resin activity coefficients
are greater than unity, and the value of the equilibrium constant has been found to be 13.7.

Even though the mechanism, kinetics and equilib-
rium of many cation exchange systems have been
studied,1-3 and reports of applications of cation
exchange in both industry3 and research3-5 are
exceedingly numerous, yet few investigations of
exchange reactions have been carried out under

rigorously simple and reproducible conditions with
the primary aim of determining the true thermo-
dynamic equilibrium constant for the process.
A program of such investigations of exchange
systems involving some of the more important
uni- and bivalent cations was initiated in this
Laboratory some time ago. In the course of the
study a large amount of exchange data for fairly
concentrated solutions has been obtained,6 the
total process occurring in exchange has been to

: some degree clarified, and a start has been made
(s B Connickcand S W Mayer, J. Am. Chem. Soc.. 73, 1176 toward the determination of activity coefficients

(5) R. J. Myers, “ Advances in Colloid Science,” Vol. I, Interscience (6)
Publishers Inc., New York, N. Y., 1942,

(1) A. W. Davidson, W. J. Argersinger, Jr.f R. W. Stoenner and
W. K. Lowen, Technical Report to the Office of Naval Research, NR
057158, Feb., 1949.

(2) H. P. Gregor, J. Am. Chem. Soc., 73, 642 (1951).

(3) F. C. Nachod, “lon Exchange,” Academic Press Inc.,
York, N. Y.f 1949.

New

W. K. Lowen, R. W. Stoenner, W. J. Argersinger, Jr., A. W.
Davidson and D. N. Hume, J. Am. Chem. Soc., 73, 2666 (1951).
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in the exchanger phase, and from these the true
equilibrium constant for the exchange process.78

The initial research involved exchange of simple
univalent cations on the phenolsulfonic acid-form-
aldehyde resin known as Dowex 30.9 It was soon
established, however, that this exchanger is not en-
tirely stable, especially toward oxidizing agents
such as silver ion in acid solution. Consequently,
all subsequent work has been done on Dowex 50,0
a sulfonated polystyrene polymer, which is stable
even in concentrated acid or salt solutions and is
not oxidized by silver ion or similar oxidants in
these solutions. From considerations of practical
utility, the measurements were made for the most
part in solutions of unit ionic strength.

In the first series of investigations, initial and
equilibrium concentrations of both cations were
determined, in accord with rather common prac-
tice, in the solution phase only; the equilibrium
composition of the entire system was calculated
from these data, together with the known initial
number of equivalents of solid exchanger. It was
observed, however, that in general the concentra-
tion increase of a cation in solution exceeded the
concentration decrease of the other exchanging
cation. The discrepancy was not due to decompo-
sition of the resin, as had been the case with Dowex
30 as exchanger, but was later found to arise princi-
pally from absorption of water, or of solution, by
the partially dried resin. In the simpler exchange
systems the sole assumption of water absorption
accounted for the change in ionic strength of the
solution during exchange, and permitted the calcu-
lation of exchange equilibrium quotients, to be des-
ignated as K nf

In exchange reactions involving silver and thal-
lous ions, however, the variation in ionic strength
could not be so readily explained. The discrep-
ancy between the concentration changes for the two
ions was generally smaller than in exchanges involv-
ing hydrogen and alkali metal ions, and decreased,
changing sign, with increased proportion of silver
or of thallous ion in the solution. Adsorption of
the silver or thallous ion on the resin was thus indi-
cated. In these exchanges, then, a constant
amount of water absorption was assumed, and the
experimental concentration data were used to cal-
culate the amount of adsorbed silver or thallous ion,
the equilibrium composition of the solid exchanger,
and the equilibrium quotient for the process.

The equilibrium quotient, the proper quotient of
ionic molalities in the solution and resin component
mole fractions in the solid phase, was found not to
be constant, but to vary regularly with equilibrium
resin composition. The variation may be attri-
buted to two sources: the non-ideal nature of the
liquid electrolyte solution, and the non-ideal nature
of the solid exchanger solution. The former is
easily corrected for, at least in principle, by the use
of ordinary mean activity coefficients for the elec-

(7) W. J. Argersinger, Jr., A. W. Davidson and O. D. Bonner, Trans.
Kans. Acad. Sci., 53, 404 (1950).

(8) A. W. Davidson, W. J. Argersinger, Jr., W. K. Lowen, R. W.
Stoenner and O. D. Bonner, Final Report to the Office of Naval Re-
search, NR 057158, Feb., 1950.

(9) W. C. Bauman, Ind. Eng. Chem., 38, 46 (1946).

(10) W. C. Bauman and J. Eiohorn, J. Am. Chem. Soc., 69, 2830
(1947).
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trolytes in the solution. However, there arc but
few cases in which such coefficients are known for
mixed electrolyte solutions, especially at ionic
strengths as high as unity. Hence, by extension of
the Lewis ionic strength principle, the appropriate
ratio of mean activity coefficients of the ex-
changing electrolytes was assumed constant at
constant ionic strength, and equal to the proper ra-
tio of the coefficients of the separate electrolytes
each in its own pure solution. This assumption
naturally does not improve the results so far as
constancy with respect to composition change is
concerned, but the actual values, obtained for
the equilibrium quotient by the application of this
correction may be regarded as having greater valid-
ity than the uncorrected Kmvalues. For solutions
containing alkali metal ions and hydrogen ions,
mean activity coefficients are known as functions of
composition at constant total ionic strength, and
these may be used to calculate improved values of
the equilibrium quotients. The values so obtained
are somewhat more nearly constant, but still exhibit
a trend as the equilibrium composition of the sys-
tem varies, which must be due to the variation from
constancy of the proper ratio of activity coefficients
of the components of the solid exchanger solution.
In the first investigations, attempts were made to
use empirical Margules expansionsil for the resin
activity coefficients, but with little success.

The range of values of the equilibrium quotients
Kmand Aa and their values for equimolar final
resin compositions, are given in Table I for each of
a number of exchange reactions with Dowex 50 in
solutions of approximately constant unit ionic
strength at 25°. In each case, the quotient applies
to the reaction in which the first ion of the pair re-
places the second in the resin.

Table |
Equilibrium Quotients in Exchange Reactions
Exchange Km at K& at
reaction Km Ka AT= 05 N =05
Sodium-hydrogen 0.9- 1.6 1.4- 2.4 1.33 2.25
Ammonium-hydrogen 1li1- 22 2.2- 4.4 1.56 3.15
Silver-hydrogen 4.0- 6.2 13 -20 5.4 18
Thallous-hydrogen 4.7- 6.0 21 -27 53 24
Thallous-ammonium 2.7- 3.9 5.1- 7.4 3.3 5.3
Nickel-hydrogen lo- 6.0 4.0-24 3.0 »
Calcium-hydrogen 5.5-17 24 -72 9.5 42
Calcium-nickel 1.7- 3.5 1.8- 3.6 2.4 2.5

In each case the experimental data give Kn as a
function of equilibrium resin composition. Some
apparent hysteresis was observed in the last three
systems, presumably primarily because of the un-
certainties involved in the calculation of the resin
composition solely from solution concentration
measurements. The effect of the nature of the an-
ion was found quite negligible.

At the completion of this first series of investiga-
tions it was decided, in view of the uncertainty in
calculation of resin composition, that a detailed
study of simple systems should be undertaken in or-
der to determine experimentally the several dis-
tinct factors involved in the usual exchange proc-
ess. Of particular interest were the previously
postulated water absorption and electrolyte ad-
sorption effects which, with the solution composi-

(11) J. Kielland, J. Soc. Chem. Tnd., 54, 232T (1935).
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tion, establish the equilibrium composition of the
resin phase.

For the study of water absorption, the ammo-
nium-hydrogen exchange on Dowex 50 at 25° in
solutions of constant unit ionic strength was
chosen. In all exchange experiments the initial
pure resin hac. been dried, for convenience, to an
arbitrary degree, and the previous results had indi-
cated the occurrence of water absorption by such
partially dried resins. Direct measurements of
water uptake, by both the ammonium and the hy-
drogen forms of the resin, were made by complete
dehydration of water-saturated samples. Each
pure resin was found to have a characteristic repro-
ducible total <apacity for water. The capacity is
independent o: particle size, within limits, and in-
dependent also of the previous history of the resin
with respect to either exchange or drying. The
capacity of the mixed resins is a linear function of
the composition on a mole fraction basis. Indirect
calculations of water absorption from the change in
total ionic strength of solution during exchange are
generally in good agreement with these direct meas-
urements.

In the exchange reactions involving silver or thal-
lous ions, it had been necessary to postulate elec-
trolyte adsorption as well as water absorption in
order to explain the, observed changes in ionic
strength during exchange. This effect was more
carefully studied not only in the silver-hydrogen
exchange, but also in the ammonium-hydrogen ex-
change; for if was now found to be more general
than had been supposed (although much more pro-
nounced in the silver system than in the ammonium
system). The equilibrium resin in an exchange ex-
periment was filtered off with suction, superficially
dried by gentle pressing between filter papers, and
then washed with pure water. The electrolyte re-
moved from the resin by washing in this manner is
termed “adsorbed electrolyte” ; this arbitrary des-
ignation, although certainly not entirely correct, is
nevertheless convenient from the experimental
viewpoint. Such “adsorbed electrolyte” may in-
deed consist in part merely of adhering solution,
but in most cases the results indicate in addition the
presence of more firmly bound material. Since
similar washing of the pure forms of the resin indi-
cated no appreciable exchange under these condi-
tions, the experimentally determined composition
of the washed resin was taken as its equilibrium
composition in the exchange reaction. In every
case the final analysis of the washed resin corre-
sponded to a total exchange capacity in agreement,
within the small experimental error, with that of
the initial resin.

The washings from the resin wore analyzed for
both cations involved in the exchange. The total
amount of electrolyte adsorbed, and the ratio of the
amounts of the two cations, both vary with the
composition of the resin and that of the solution.
Typical experimental results are shown in Table Il
for the silver-hydrogen exchange system. It
should be noted that these data refer to adsorption
by a mixed resin from a mixed solution; the con-
centration of silver ion in the solution increases from
zero to 1 M as the mole fraction of silver resin in-
creases from zero to unity.

Yol. 56

Table Il
Electrolyte Adsorption in Silver-H ydrogen System

at Unit lonic Strength

Mole Equivalent of Equivalent of Total equiva-
fraction of Ag + adsorbed H + adsorbed lent adsorbed
Ag resin at per equiv. per equiv. per equiv.

equilibrium of resin of resin of resin
0 0.0098 0.0098
0.177 0.0006 .0116 .0122
AT7 .0014 .0147 .0161
.701 .0042 .0219 .0261
.815 .0098 .0275 .0373
.935 .0276 .0289 .0565
.981 .0577 .0223 .0800

1.000 .0909 .0909

Similar results were obtained for the ammonium-
hydrogen system, but here the magnitude of ad-
sorption, of the order of 0.030 equivalent of total
electrolyte per equivalent of resin, is much more
nearly constant. In view of the differences in na-
ture between the two resin pairs, this difference was
not unexpected.

The problem of the direct determination of the
magnitude of this postulated adsorption is compli-
cated by the fact that in such experiments exchange
must generally occur also. It is planned, however,
to study the uptake of electrolyte from mixed solu-
tions by resin mixtures carefully made up in each
case to the appropriate equilibrium composition.
In this way it is hoped that exchange will be
avoided, or at least drastically reduced, and that
adsorption on such equilibrium resins may be di-
rectly determined. However, the measurement of
adsorption of a single electrolyte by a particular
resin of constant composition, over a range of con-
centration of the electrolyte in solution, seems to be
unattainable, particularly if the ionic strength is to
be maintained constant.

A third factor which must be considered in de-
termining the equilibrium resin composition from
measured changes in solution concentrations, is the
change in solution volume resulting from the ex-
change of electrolytes of different apparent molal
volumes. In the silver-hydrogen exchange in ni-
trate solutions, since the densities of 1 M solutions
of silver nitrate and nitric acid are nearly identical,
this effect is negligible. In the ammonium-hydro-
gen exchange in chloride solutions, however, the
apparent molal volumes of the two electrolytes in 1
M solution differ by about 2%; so that in an ex-
change experiment in which considerable exchange
occurs, there is observed an appreciable volume
change, approximately proportional to the extent of
exchange.

The results of these studies have thus shown that
the total equilibrium composition of an exchange
system is determined not only by the extent of sim-
ple ion exchange, but also by absorption of water by
the exchanger, by adsorption of electrolyte by the
exchanger, and by the variation in apparent molal
volume of the solute during exchange. These three
factors, which in general are neither negligible nor
compensating, invalidate any attempt to calculate
resin compositions directly from measurements of
changes of solution concentrations alone. As a
typical illustration, in one run in the ammonium-
hydrogen investigation the equilibrium mole frac-
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tion oi ammonium resin as calculated from the ob-
served change m ammonium ion concentration in
solution was 0.756, while the value calculated from
the observed change in hydrogen ion concentration
was 0.865. On the other hand, the value computed
from measured concentration changes and electro-
lyte adsorption, with corrections for volume changes
due to water absorption and to the difference in ap-
parent molal volumes of the solutes, was 0.850, and
the experimentally obtained value, from direct
analysis of the resin, was 0.849. While it is thus pos-
sible to calculate the equilibrium resin composition
fairly closely, it is scarcely more difficult, and prob-
ably more accurate, always to determine the compo-
sition experimentally. This has been done in all
our subsequent work.

As has been mentioned, the equilibrium quotients
determined from experimental exchange data vary
with the composition of the exchange system, be-
cause of the non-ideal nature of both liquid and
solid solutions. If the activity coefficients of the
electrolytes in the aqueous solution are available
as functions of composition, however, if is possible
to calculate from the exchange data the true equili-
brium constant and the activity coefficients of the
resin components.7 2

For a simple univalent ion exchange we may de-
fine the equilibrium quotient Km the apparent
equilibrium constant Kg and the true equilibrium
constant K as

A' + BRes: B

Mb A a . U
—ml Rk oo x oKD
In these expressions m represents molality in the
aqueous solution, N mole fraction in the solid ex-
changer phase, 7 mean electrolyte activity coef-
ficient (X is the anion in the solution), and/activ-
ity coefficient of resin component on a mole fraction
basis, with pure resin as the standard state. The
differential form of the logarithmic relation between
K and K;imay be combined with the Gibbs-Duhem
equation at constant temperature and pressure for
the solid solution phase

@n/a —dInis = —dInkKa
AadIn/a+ AbdIn/b =0

These two differential expressions may readily be
solved as simultaneous equations for d In/a and d
In/b- Integration with the boundary conditions
/la—>1asNa— land/b-—» 1as Aui —> 1 gives the
results

f A Res

In/a = —A'bInKa + j In Kad _N\

Infu = AalnKu — j In A", d AA

Finally, substitution of these values in the initial
logarithmic equation for the true equilibrium con-

stant yields .
S INK,dAa
|

Since K ais known as a function of resin composition,
i.e,, of Na, the values of In/a, In/» and In K may
readily be obtained by graphical integration.

(12) E. H5gfeldt, E. Ekedahl and L. G. Sillén, Acta Chevi. Scand., 4,
556, 828, 829 (1950).
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So long as the exchanger may be considered a
solid solution of the two forms of the resin, not only
the equilibrium constant for the exchange process,
but also the activity coefficients of the resin compo-
nents should be independent of the ionic strength
of the aqueous medium. The constancy of activ-
ity coefficients has been tested with data for three
sets of exchange experiments in the sodium-hydro-
gen system with Dowex 50 at 25°, at constant ionic
strengths, respectively, of 1.0 M, 0.3 M and 0.1 M.
The equilibrium composition of each phase was
determined directly by analysis for both compo-
nents; thus explicit consideration of the compli-
cating factors previously discussed was unnecessary.
The experimentally determined values of the equi-
librium quotient K,,, were converted to values of the
apparent equilibrium constant Kaby the use of ac-
tivity coefficient data for sodium chloride-hydro-
chloric acid solutions from the literature.13 The
values of K, and of fyjaand fa, the activity coef-
ficients of the resin components, are given in Table
1.

Table HI
E quilibrium Constants and Resin Activity Coefficients

in Sodium-H ydrogen Exchange ON Dowex 50 at 25°

lonic strength = 10 ™M 03 1 0l M
Mole fraction
of Na resin /NA fn /Na /a MNa H
0.0 0.865“ 1.000 0.879* 1.000 0.881“ 1.000
Ji 867 0.999 879 i.000 831 1.000
o 870 .99 879 1.000 81 1.coo
3 Sr6 996  .883 0.997 831 1.C00
4 .884 992 887 995 883 0.999
5 84 983 899 .94 8M4 992
.0 909 963 917 960 912 965
.7 933 916 940 917 936 920
N 94 836 966 847 9Bl .848
.0 986 720 989 7B 983 745
1.0 1.000 532* 1.000 583" 1.000 .505“
K= S2G 13 1 Jm; 16803wm; 166011
o Cifre,

“ Extrapolated valuels.

As is indicated by Table IIl, the agreement
among the values of the equilibrium constant for
the three sets of experiments is reasonably good.
Except at the very ends of the composition range,
where some extrapolation is required, the agree-
ment among the values of the activity coefficient at
any given composition is also satisfactory. The
over-all correspondence seems to justify the treat-
ment of the exchanger phase as a non-ideal solid
solution, in which the variation of log/Na and log
f\i with composition cannot be described by simple
one-term Margulos expressions.

It should be remarked that exchanges involv-
ing ions of higher valence may be treated in an
exactly analogous maimer, if the equivalent fraction
in the resin phase, instead of the mole fraction, is
used as independent variable for the integration. 711

The extension of the method to exchanges other
than the sodium-hydrogen system requires a knowl-
edge of solution activity coefficients. Of particu-
lar interest was the silver-hydrogen exchange; here,
however, the requisite activity coefficient data

(18) H. S- Earned and B. B. Owen, “The Physical Chemistry of
Electrolytic Solutions,” Reinhold Publishing Oorp., New York, 1950.
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were not available in the literature. Since the eval-
uation of X afrom the exchange data involves only
the ratios of coefficients, rather than the individual
values, a single set of measurements of the electro-
motive forces of appropriate cells will suffice to give
the needed information.

The use o: the usual hydrogen gas electrode is
prevented by ordinary chemical reaction between
silver ion in acid solution and gaseous hydrogen;
for this reason, as well as for experimental conven-
ience, the glass electrode was chosen as a substitute.
Cells were set up of the general type
Ag, AgCIl IHC1 (m0) Iglass |[HN 03 (toi), AgX03(m2 |Ag
RTj oo = RTj mi _ 2RT
F «AeNCb F mi F
where a represents activity, m molality and y mean
activity coefficient. In principle, experimental
measurements of the electromotive forces of such
cells as a function of total ionic strength of the
mixed solution should permit the evaluation of the
constant E° by means of obvious extrapolation
techniques.13 In practice, however, such evalua-
tion is interfered with by the so-called “acid error”
of the glass electrode; the quantity E° varies
slowly with acid strength of the solution.i4 Hence,
the glass electrodes were calibrated in hydrochloric
acid solutions, and the E° values so obtained were
assumed to be valid for nitric acid solutions of the
same acid strength. Although this assumption
could not be tested by direct experiment, the error
is believed to be slight.

The ratio of the mean activity coefficients of ni-
tric acid and silver nitrate was then determined as a
function of solution composition from theexperimen-
tal electromotive force data for solutions of constant
total ionic strengths of 1.0, 0.5, 0.2 and 0.1 M. In
each study the mole fraction of silver nitrate in
the mixed solute was varied from 5 to 95%. In
the more concentrated solutions, the activity coef-
ficient ratio is far from constant, changing by 4-6%
over the range 5 to 95% silver nitrate. In the di-
lute solutions, however, the ratio is nearly constant,
changing over the range mentioned by about 1%
only. In all cases the rate of variation of the ratio
is very much less over the intermediate composition
range than at the ends of the scale; in other words,
the ionic strength principle holds well under these
conditions even at relatively high ionic strengths.

Data for the silver-hydrogen exchange on Dowex
50 at 25° were obtained for solutions of approxi-
mately constant total ionic strength of unity. The
equilibrium resin composition was determined from
direct analysis of the washed resin by exhaustive
exchange; the effluent solutions, as well as the
equilibrium solution samples, were analyzed by
standard methods for hydrogen ion and silver ion.
The exchange data were combined with the inde-
pendently obtained solution activity coefficient
data to calculate values of K &the apparent equilib-
rium constant, from which in turn the activity
coefficients of the resin components and the true
equilibrium constant were derived by graphical
integration. The results are summarized in Table
V.

(14) M. Dole, “The Glass Electrode,” John Wiley and Sons, Inc.,
New York, N. Y., 1941.
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Table IV
Silver-H ydrogen Exchange on Dowex 50 at 25°

GtH+RAgReB

lonic strength 1 M ; K — 13.7 at 25°
OAg+OH Res
Mole fraction
of Ag resin Ag 7h
0.0 1.42* 1.00
.1 1.35 1.00
2 1.29 1.01
.3 1.24 1.02
4 1.19 1.05
.5 1.16 1.07
.6 1.12 1.12
7 1.08 1.18
.8 1.05 1.29
9 1.02 1.53
1.0 1.00 3.05“

Extrapolated values.

In contrast with the behavior of the sodium-hy-
drogen system, the activity coefficients of the resin
components in the silver-hydrogen system are
found to be greater than unity.2 This difference
may be due to the greater dissimilarity between the
silver and hydrogen resins, as compared with the
sodium and hydrogen resins.

Similar experiments to determine activity coef-
ficient ratios and exchange data for the computation
of exchange equilibrium constants are planned for
other systems to which the present methods are
applicable. These include, for example, exchange
reactions involving mercurous, cadmium, zinc and
thallous ions. In certain systems, the necessity
for separate exchange solution analyses and activity
coefficient ratio determinations may be obviated
by the use of electromotive force measurements on
the exchange solution itself, to give directly the ap-
propriate ratio of solution activities. Some work
of this nature has been reported by Marshall and
Gupta.b

In addition to the obvious direct applications of
equilibrium constant data of the sort here discussed
to ordinary ion separations, at least two other ap-
plications may be mentioned. Since each actual
ion exchange process may be regarded as an ordi-
nary chemical reaction, it is possible to calculate the
equilibrium constant for a given exchange from
those for two other independent processes which
may be combined to give the exchange under con-
sideration. Such “triangular” relationships have
been tested for the ammonium-thallous-hydrogen
and calcium-nickel-hydrogen systems, with fairly
good results. Finally, if the resin activity coef-
ficients are independent of solution ionic strength,
and depend only on the composition of the solid
phase, then it should be possible, once these coef-
ficients have been determined for a given exchanger,
to apply them in the determination of mean activ-
ity coefficients in mixed electrolyte solutions at any
ionic strength of interest. However, since the lig-
uid solution contains three components, the Gibbs-
Duhem equation for this solution contains a third
term involving the activity of water; hence such a
calculation would require additional information
such as vapor pressure or freezing point data.

(15) c. E. Marshall and R. s. Gupta, J. Soc. Client. Ind., 52, 433
(1933).
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THE DIFFUSION PROCESS FOR ORGANOLITE EXCHANGERS

By Jack J. Grossman and Arthur W. Adamson

Department of Chemistry, University of Southern California, Los Angeles 7, California

Received August SO, 1951

The film diffusion mechanism of Adamson and Grossmanlhas been demonstrated to be reliable.
is the sole rate controlling process for the sulfonated polystyrene resins.

It is found that diffusion
Conditions which favor film diffusion are (1) a small

film permeability D°/Ra, (2) a large particle permeability D/R, (3) a small diffusion efficiency/, i.e., dilute outer solutions,

completely dissociated resins, low internal void space, and a large exchange capacity.

It was found that film diffusion for

the Na-Cs exchange begins a detectable transition to intermediate diffusion at 0.001 molar outer solution concentrations and

above.
greater than 8 X 10

It was shown mathematically, in a previous
note,1 that it should be possible to demonstrate
which mechanism, film diffusion or mass action, is
rate controlling for exchanger systems. During
the present investigation it became evident that,
for organolites, although mass action could be
ruled out, neither particle nor film diffusion alone is
rate controlling. This coupled process has been
referred to as the Intermediate mechanism by Kress-
man and Kitchener.2 The present development
provides a unified method for distinguishing not only
the different rate processes, chemical and diffu-
sional exchange, but also the relative proportion of
film and particle diffusion.

Previous studies3-6 have not satisfied the opti-
mum requisites of the film diffusion theory in that
only for complete exchange does the functional dif-
ference between the mass action and film diffusion
expressions become sufficiently different to allow
experimental detection. Thus, Juda and Carron5
found that bimolecular kinetics described their rate
data for the Na+-H+ exchange in dilute solution;
they did not, however, venture any conclusions as
to the actual nature of the rate-determining step.
Other workersZB4l/8 have assumed that the rate
constant dependence upon flow velocity and stir-
ring rate, outer solution concentration, particle size
and low activation energies were sufficient criteria
for postulating the diffusional mechanism. It
seems probable now that these are indeed sufficient.

Theory

It was shownlthat the permeation rate of species
A in the exchange reaction

A+ + BR = B+ + AR (1)

through a bounding liquid film of thickness R°
into a spherical organolite particle with surface
area 2, with the restriction of resin electroneutral-
ity, is

DWiif KCpfjn - CrQa\

R° \-DaQa + KDbQb) (2)

(1) A. W. Adamson and J. J. Grossman, J. Chem. Phys., 17, 1002
(1949)

(2) T.R.E. Kressman and J. A. Kitchener, Discussions of the Fara-
day Society, 7, 90 (1949).

(3) G. E. Boyd, A. W. Adamson and L. S. Myers, Jr., J. Am. Chem.
Soc., 69, 2836 (1947).

(4) G.E.Boyd, A. W. Adamson and L. S. Myers, Jr., ibid., 72, 4807
(1950)

(5) W. Juda and M. Carron, ibid., 70, 3295 (1948).

(6) F. C. Nachod and W. Wood, ibid., 66, 1300 (1944).

(7) D. K. Hale and D. Reichenberg, Discussions of the Faraday
Society, 7, 79 (1949).

(8) R. Kunin and R. J. Myers, This Joubnal, 51, 1111 (1947).

Dissociation of the acid resin made particle diffusion rate controlling for the H-Cs exchange in concentrations
molar although intermediate diffusion characteristics are still observable.

Da and Db are the solution diffusion constants of
the two species A and B, Ca, Cb, Qa and Qb are the
outer solution concentrations and the mole frac-
tions on the resin sites of the two exchanging spe-
cies and K is the concentration equilibrium con-

stant. The quantities Ca and Cb are the intersti-
tial (perhaps virtual) concentrations presumed to
be in instantaneous equilibrium with the exchanger,
hence governed by

jr _ CbQa
~ CaQb (3)
For film diffusion alone, the rate expression (2)
may be integrated, and if the outer solution concen-
tration for the species B, in the resin phase originally,
be kept equal to zero while that for species A kept
constant and equal to Cl, one finally obtains

where
ZDiKCe
ER® )
Thus film diffusion can be distinguished simply
from chemical exchange since the latter is given by
- \In(l - Qa) = k

and the slope of the plot of (1/0 log (1 — Qa) .-.
Qa/lwill be zero.

Even keeping the restriction that Cb = 0, Ca =
Ca a constant, in examining the equations for cou-
pled film and particle diffusion, one finds that equa-
tion 2 introduces a non-linear boundary condition.
However, the addition of the further restrictions
that Da = Db, similarly for the resin diffusion
constants Da = Db, and K - 1 reduces the prob-
lem to that of particle heat transfer with radiation.9
While very specialized, the solution, nevertheless,
provides some insight into the general problem.

Defining the new variable u = ?'(Q/ — Qa), r
measuring the distance from the center of the par-
ticle of radius R, Fick’s second law of diffusion,
written in spherical polar coordinates, is

T, O2va £Vh 1.X

and the boundary conditions are

— +. (- ~)'a=0 atr = R (6)
ui = rQT(r) att= 0 7)
MA = O atr = 0 (8)

Heat Conduc-
New York

(9) L. R. Ingersoll, O. J. Zobel and A. C. Ingersoll, *
tion,” 1st Edition, McGraw-Hill Book Company, Inc.,
N. Y. 1948, pp. 169-174.
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where A 25-mg. radiocesium resin sample was introduced be-
aP7 VCk tween the cell screens, the cell assembled, and connected
DR°® f = SEQ 9) into the flow system. The initial activity was determined as

a

V is the solvent vol./g. resin and a is the degree of
ionization. The general solution for the average
concentration <Q a>, in the resin at time t may be
written as

?T - <Qa> = E _.1,, sir;%__rnl,_l_?e~ DmH (10)
or - X R- 221 mi
where the coefficients A aare given by
miltz + (6R - 1)2
a mirR* + (8R \)8R ( J

The eigenvalues wiaare discussed below.

Equation 10 permits an examination of the inter-
mediate case since the diffusional exchange charac-
ter is regulated by the ratio

RD°f__RD°VC%
DR° ~ DR°Ea u
such that as it approaches zero, equations 10 and 11
reduce to the film diffusion equations derived previ-
ously by Boyd, Adamson and Myers3
QA  <Qa> _3DV
Qa R Qi = e rr°l
and as the ratio approaches infinity, the particle
diffusion equation

Qa - <Qa> 6
QT ~ Ql
is recovered.3

(13)

1 _*VDt 14
rn2x o (4

Apparatus and Materials

Radioactive tracer techniques were used as an analytical
tool for determining the resin concentrations continuously
throughout the exchange run. Figure 1 shows, in block
diagram form, the flow system and counting arrangement.
The specially designed shallow bed lucite cell is shown in de-
tail in Fig. 2.

Fig. 1—Flow diagram 2.— Lucite reaction cell.

and counting circuit.

Fig.

The sulfonate! polystyrene resin, Dowex 50, was furnished
by the Dow Chemical Company, Midland, Michigan, and
prepared as described by Marinsky.l0 After conversion to
the hydrogen resin form and graded, air dried, with US
standard series sieves, it was titrated with CsOH to which
the radioactive isotope, Csl3 (0.7 and 1.8 mev. gammas,
half-life 1.7 yr.) had been added. The radiocesium was
shipped from the Oak Ridge Laboratories, Oak Ridge, Ten-
nessee, as CS2C03. Solution concentrations were deter-
mined either by dilution or, in the case of HC1, by conduc-
tiometric titration. All chemicals were of C.p. grade.

(U)) J. A. Marinsky, Office of Naval Research, Technical Report
No. 34 ONR Contract N5 orl-07806, NR-026-001.

well as the background beforehand and at the completion of
the run. The geiger tube was connected to a standard
amplifier with a scale of 1000, and the scaled pulses were
automatically recorded by means of an Esterline Angus
Graphic Recording milliameter, operated with a chart speed
of 12 in./min. Solution was circulated through the system
by a centrifugal pump, the flow velocity regulated with a
Pyrex, 8 mm. T stopcock, and measured with a rotameter,
range 0.4 to 8.7 I./min. Circulating large volumes of solu-
tion over a semi-micro resin sample guaranteed constant
solution concentrations.

Experimental Results

The initial time was fixed by extrapolating the
activity vs. arbitrary chart time back to the initial
activity. Correctionsweremade for background and
coincidence, the latter was 1.5% per 1000 cts./min.
By plotting (1/i) log (A°/A) vs. Q/T, where A is the
activity at time t and A° the initial activity, the
slope is found graphically and then used to compute
the rate constant for each point. The expected de-
viation of 3% due to a 1000 count sampling is re-
flected in the 4% average deviation of individual
rate constants from the mean. However, the
large number of individual rate constant determina-
tions reduce the probable error of the average value
to 0.8%. If this degree of precision is desired, one
should apply a least squares analysis to the slope
determination.

T able |
Film Diffusion Rate Data at 21°
Flow Solution

Run® velocity, ~conon. X  Slope K X 10» k

No. cm./see. 103 m m 2.303 2.303 X Ca'
3 H-CsR 24.8 1.816 0.475 0.269 0.148
5H-CsR 48.4 1.816 471 .364 .201
1H-CsR 48.4 0.808 401 .360 446
2 H-CsR 18.4 0.923 414 .160 173
6 Na-CsR 48.4 1.799 .263 .708 .394
7 Na-CsR 48.4 0.976 .266 .329 .337

“ Resin Dowex 50 (60-70 mesh).

The remaining data are represented graphically
in Figs. 3 to 7 and the results compiled in Table I.

Time— secs.

Fig. 3.— Hydrogen-cesium exchange: run], Q -Q: run 2,
-CD®; run 3, 0-0; run 5 O O
Discussion

The film diffusion mechanism predicts that the
non-zero slope (1 — KD%/D%) X 0.4343 will dif-
ferentiate this rate process from one chemically
controlled. Since K, D% and Db are all positive
guantities, the limits of variation for the slope m are

0.4343 > m > - °° (15)
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If film diffusion were the rate-controlling proc-
ess for the two exchange systems, H-CsR and Na-
CsR, their slopes should be 0.274 and 0.172, respec-
tively, as calculated from the data compiled in Ta-
ble 11.11 Whereas the experimental slope, 0.263
for the Na-CsR exchange compares favorably with
the calculated value, the slopes for the H-CsR ex-
change, ranging as high as 0.47, exceed even the
maximum allowed value 0.4343.

Tabre Il

Distribution Coefficients and Diffusion Constants

Reaction: HR + X = H + XR

x ifl2 D X 10!
Li 0.61" 11.5
Na 1.20“ 15.5
nhi 1.20¢

K 1.50* 18.2
Cs 2.046 19.1
Rb 2.22" 18.6
T1 8.60*
Ag 8.706

H 1.00 25.4

“ Solution concentration 0.1 AT bSolution concentration
0.01 N.

It is of interest to note that particle diffusion de-
pendent rate data tends to give a straight line when
plotted according to the film diffusion equation, 4.
Thus for the hydrogen ion exchange, a pure particle
diffusion equation was fitted at one point, the re-
maining points calculated and, when graphed, a
straight line with slope 0.41 was obtained, seemingly
independent of the point used in fitting the equation
to the experimental points. Therefore a straight
line in a film diffusion plot does not serve in itself
to distinguish film and particle diffusion although a
non-zero slope rules out mass action immediately.

A second test for the film mechanism is that the
ratio of the rate constant divided by the outer solu-
tion concentration, k/C° should be invariant at
constant flow velocity. This is found to hold true
for the Na-CsR exchange. However, in the
H-CsR exchange runs 1 and 5 show that k itself
does not vary with concentration at constant flow
velocity.

In an attempt to fit run 5 for the H CsR ex-
change to a particle diffusion equation, it was found
that the experimental curve could be sandwiched
between two curves according to whether the con-
stant wD/R'2is evaluated at the start or the end of
the run. This effect can be interpreted in terms of
a varying diffusion coefficient, D. Initially, the
transport of H + ion into and through the resin is
rate controlling while at the close of the exchange,
the exceedingly low cesium concentration domi-
nates the exchange rate. The intermediate region
reflects this transition of control from hydrogen
initially to cesium toward the end.

Although the H CsR, exchange is controlled
mainly by particle diffusion and the Na-CsR
exchange by film diffusion, each shows evidence
that the other type of diffusion is present. Thus,
film diffusion character is indicated for the H-CsR

(11) These values are presented as approximations since their use is
open to theoretical objection.

(12) W. C. Bauman and J. Eichhorn, J. Am. Chem. Soc., 69, 2830
(1947).
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Time— secs.

Fig. 4.— Sodium-cesium exchange: run 6, 0-0; run 7,
0-0.
Fig. 5.— Film diffusion test, H-CsR exchange: run1,0-0;
run 2, © -0; run 5. Q-0 -
Fig. 6.—Film diffusion test, H-CsR exchange: run 3,
0-0; run50-0-
Fig. 7.— Film diffusion test, Na-CsR exchange: run 6,

0-0; run 7, O -Q

exchange by runs 3 and 5 since the rate constant
increases with flow velocity at constant concentra-
tion. In the Na-CsR exchange, particle diffusion
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is indicated in the fact that the slope is 1.5 times
greater than that calculated.

The quantity which regulates the diffusional
type is, from equation 12, RD°f/DR°. It is related
to the transcendental equation

maR = (1 — SR) tan m jt

derived from the boundary condition, equation 6,
governing the eigenvalues mawhich are solutions of
the simultaneous equations

y = tan s (16)

» - (1/6)« (17)
where s = mji and 6 = 1 —0/2=1 —RD°f/
DR°. This ratio, expression 12, can vary be-
tween the limits 0 and < for film and particle dif-
fusion respectively. Representative intermediate
diffusion is designated by setting the ratio equal to
unity.

The film and particle diffusion constant ratio is
approximately equal to 5 for alkali metal cations
and does not vary greatly. One would predict
only minor variations in the diffusional character
with different members in a given series. This has
been discussed by Boyd, Adamson and Myers.4
The geometric volume and steric hindrance of
large molecules can greatly increase the frictional
coefficient for particle diffusion and thereby increase
the diffusion coefficient well beyond 5. This ef-
fect hass been reported by Kressman and Kitchener2
for an exchange employing the large PhNMe2
CHZh+ion.

The film thickness, R°, is governed by hydrody-
namical stability and it appears to be established
that there is a minimum thickness attainable de-
pending upon the agitation procedure.2 Though it
may not be possible to obtain a film sufficiently thin
to allow particle diffusion to dominate the exchange

J. T. Clarke, J. A. Marinsky, W. Juda, N. W. Rosenberg and S. Alexander
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rate, reducing the flow velocity will favor film diffu-
sion. A more flexible method would be to vary
the particle size, R, from colloidal particles to milli-
meter spheres.

Concentration effects are perhaps of greatest
interest. The diffusion efficiency, / = CaY¥/
aQiJE, equation 9, is related to that fraction of the
ions which are free to diffuse out of the resin
phase as compared with those free to diffuse in the
resin phase itself. Decreasing the outer solution
concentration decreases / favoring film diffusion.
On the other hand, Q is the mole fraction on the
resin sites only if the resin is completely ionized.
When a chemical equilibrium exists, as in the case of
a weak acid resin, the fraction of ions available for
diffusion in the resin phase is decreased to aQ where
a is the degree of ionization.13 Hence / becomes
larger, favoring particle diffusion. The fact that
the H-CsR exchange is governed by particle dif-
fusion can be understood in this way, for even
though the diffusion rate of hydrogen is larger than
that for sodium, the sulfonic acid equilibrium is
capable of reducing the particle hydrogen ion con-
centration sufficiently to permit particle diffusion
to become rate controlling.

/ depends also upon the ratio V/E. Comparing
resins of equal porosity V, agreater exchange capac-
ity favors film diffusion while for resins with equal
exchange capacity, a greater porosity (less crosslink-
ing for example) favors particle diffusion.

(13)
throughout the exchange and the equations are incomplete for this case.
However, the degree of ionization is always less than unity and the
effect on/ always favors particle diffusion. The explicit expression for

a for the weak acid type resin in an exchange similar to the H-CsR
system can be shown to be

«- 8[(4gHH4 ~°H+0 VU +i]~ 1
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Correlation of diffusion, transport number and conductivity data with the chemical equilibria considered to exist in a
weakly basic anion exchange medium has been reported. The data are consistent with the assumption that the resin studied
(PERMIONIC ARX-44) has the properties of a simple electrolyte solution phase in which the resin salt is partially dissoci-
ated with a dissociation constant less than 1 and greater than 0.1.

In this paper, Donnan diffusion, transport num-
ber and conductivity data have been compiled
in an attempt to define the chemical nature of PER-
MIONIC (Trade-mark) ARX-44, a weakly basic
anion membrane (a continuous sheet of anion-ex-
change materia.). On the basis of these data, cor-
relation of the electrochemical properties of the an-
ion membrane with the chemical equilibria consid-
ered to exist in a membrane-solution system has
been made and is reported.

An ion-exchange resin has been considered as an
essentially homogeneous solid electrolyte solution
containing randomly distributed immobile ions ex-

tended from a solid-insoluble matrix into an aque-
ous gel phase which contains mobile ions of opposite
and equivalent charge. The electrochemical prop-
erties of such a system are expected to be deter-
mined by this physical structure, the chemical na-
ture of the ion-exchanger, and the chemical system
in which it is utilized. The presence of a high ion
density in the gel phase of the ion-exchange resin
should reduce diffusion into the exchanger of any
ionized electrolyte in equilibrium with it. Electro-
chemical properties, for example conductivity and
permselectivity, in a highly dissociated and con-
centrated ion-exchange resin gel phase are prima-

) Presented at the Ithaca, N. Y ., Symposium on Complex lons and Fily @ property of the mobile ions present in the gel

Polyelectrolytes, June, 1951.

phase. A literature survey of investigations con-

Since a is dependent upon the degree of exchange, it will vary
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cerning Donnan diffusion, membrane potentials,
and conductivities of membranes has been given
elsewhere. T’

Preliminary Concepts

Donnan Equilibrium Involving lon-exchange
Gels.—The concepts underlying the equations
which account for the chemical and electrochemi-
cal nature of ion-exchange materials considered
as electrolytes have been discussed in detail in a
separate paper (covering earlier work on strongly
acid cation-exchange membranes) which has been
submitted for publication elsewhere.1 Considering
an aqueous solution of salt M+X~ in equilibrium
with the resin gel phase, R +X “, a modified Donnan
relation has been derived on the basis of the assump-
tion of the equality of the activity of the compo-
nent, M X, in the two phases, namely

XD = [M+]r[X-1d[M +],[X-]w 1)
where M + and X - are the activities of these ions
and where the subscripts r and w denote the resin
and water phases.

The Donnan constant Kn in equation (1) reduces
to unity only when the ionization constants of the
component, MX, and the standard state chemical
potentials of M X are equal in both phases. Con-
sidering the resin as a partially ionized, homogene-
ous medium an internal ionization constant has
been defined (2)

XE =

where K r is the ionization constant of the resin and
R + and RX are the activities of the fixed positive
ion and undissociated fixed group, respectively.

In the specific case of an anion membrane in the
chloride form, RC1, in equilibrium with an aqueous
NacCl solution, equation (1) takes the form of equa-
tion (3). However, the concentration of CI* ion in
the resin gel phase is fixed by the requirement of
electroneutrality and is equal to the sum of the Na +
ion concentration and the R + concentration, equa-
tion (3a). Furthermore, the concentration of CI“
ion in the solution must equal the concentration of
Na+ ion in the solution, equation (3b). Combina-
tion of these equations leads to equation (4).

[R+IF[X-1H[R X]r 2)

[Na+]r[CI-]r
D [Na+UCI-],

(Na+)r(Q -)r

(Na+).(Cl-)w ®)

(CD), = (Na+ + R+)t (3a)
(Na+)w = (Cl-)w (3b)
AV = Ad (Na+)({Na+ + R+)r )

yir (Na+)»

where () = concentration, y* = mean ionic ac-
tivity coefficient of NaCl, R + = fixed ionized resin
groups.

The derivation of the above equations has con-
sidered a system at constant temperature, external
pressure and charge. Even though the condition
of constant charge may not be valid at the in-
terface where a charge distribution may exist, an
electrically neutral volume enclosing the interface
and extending over a very short distance into each
phase may be visualized and the uncertainty of
electroneutrality in the system is probably not

_ (la) W. Juda, N. W. Rosenberg, J. A. Marinsky and A. A. Kasper,
IN press.
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serious. The neglect of osmotic pressures exerted
upon the interface, which in concentrated resin gels
can be considerable,lis not a serious omission in the
case of the anion membrane to be discussed in this
paper. The internal volume of this PERMIONIC
anion membrane does not vary greatly and the rela-
tions obtained by Gregor,2who considers the internal
pressure effect, become the same as those given
above for this reason.

Membrane Potentials and Transport Numbers.
— An accepted technique for measuring transport
numbers346 in permselective membranes is the
measurement of the electrochemical potential
which arises when two solutions of different activi-
ties flw, and am, of the same salt are separated by a
membrane. When silver-silver chloride electrodes
are used as reference electrodes in equilibrium with
the two solutions, then it has been shownlthat the
potential between the two electrodes is that of
a concentration cell with transference (the mean
ionic activity of NaCl in the resin phase at the in-
terfaces, namely, an and ar, being proportional to
aw and aW respectively). When calomel elec-
trodes are used as references electrodes, then the
measured potential gives the membrane potential
directly subject to the presumably negligible error
due to the difference in junction potentials between
the saturated KC1 and the NaCl solutions at activ-
ities aw and awi. The following derivation is simi-
lar to that given elsewhere,lexcept that the equa-
tions are derived for a system including calomel
electrodes. The average transport number through
the membrane can be related to the potential of
this cell by considering several arbitrary cells which,
when combined, are equivalent to the cell under
study.

These cells include a calomel-AgClI cell, an AgClI
in solution-AgCl in resin cell at equilibrium NaCl
activities awand arand an AgCl in resin at activity
of NaCl, ar-AgCl in resin at activity of NaCl ar2
cell with transference. The molar free energy
changes, AF, involved in these cells are given by
equations (5-9). The series summation of cells
5-9 results in cell 10, the cell under study, and the
summation of the free energies involved yields the
free energy change of this cell from which the poten-
tial of the cell can be expressed (equation 10).

Hg/HgZX12(S), KC1 (satd.) =NacCl (a,,,), AgCIl/Ag (5)

AF = AF° - RT In (Cl,, = aw)
Ag/AgCl, NaCl (aw,) I NaCl (ari), AgCIl/Ag (6)
AF = 0

Ag/AgCl, NaCl (an) mNacCl (ar!), AgCIl/Ag )
AF = 21 —L) RT In(an/an =
Ag/AgCl, NacCl (a,,) : NaCl (aw), AgCI/Ag (8)
&F = 0
Hg/HgiCh (S), KC1 (satd.) mNaCl (awi) ; NaCl (ori) ! (9)
NacCl (ard : NacCl (chr) ! KCI (satd.), HgXI12H g (S)

a”Jcun)

AF = RT (21- — 1) In awj/awi

E = RT/F* (2L 1) In awaw (10)

where t = transport number across the membrane,

(2) H. P. Gregor, J. Am. Chem. Soc.f 73, 642 (1951).

(3) S. K. Mukherjee and C. E. Marshall, This Journal, 55, 61
(1951).

(4) K. Sollner, ibid. 55, 61 (1951).

(5) M. R. J. Wyllie and H. W. Patnode, ibid., 54, 204 (1950).
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averaged with respect to In a between the limits at
the two membrane faces; F* = Faraday constant.

An ideally permselective anion membrane has an
activity-independent t- equal to unity. Hence, the
limiting value of equation (10) is given by equation
(11). The average value of t~ with respect to arin
the range ar, — an is then defined by equation (12).
Thus, a knowledge of the activities of the two aque-
ous solutions in contact with a membrane and a
measurement of the potential between them when
separated by a membrane will yield the value of an

average transport number t in the membrane
phase
Eo — RT/F* In a\2a<n
L E B0
= 2B~-k +15

If the differences between the concentrations of
aqueous solution equilibrated with the resin is
small, a negligible error is introduced by assuming
that t- is linear in In [a]Jw. The measured t~ then
becomes equal to that obtainable in the limit, in a
solution of ionic activity given by the geometric
mean of the two ionic activities of the solutions
used in the measurements.

Membrane Conductivity.— It has been assumed
that the transport number of an ideally perm-
selective anion membrane is unity. In the present
case, the physical nature of the idealized mem-
brane is such that presumably only the mobile ion
group (Cl-) is capable of transferring current; thus,
the electrical conductivity of the membrane may
be written as in equation (13). Since t- is defined
by equation (14) and since the Donnan diffused
electrolyte contributes to the conductance, the ac-
tual conductivity of the membrane is given by equa-
tion (15).

11)

(12

1000 k* = Xci(Cl-)? (23)
, = xgi(Cl)____= |
Aci(C)~)r + Xxa(Na+)r . Xx@Na+)r
+ Xci(Cl~)r
1
11 MA) (14)
"r Xd(A + R+)
1000k = Xci(Cl /r T XN(Na+)r = Aci(A -- R+) -1- Xxa(A)
(15)

where A = equivalent ionic conductance in the
resin phase, k —specific conductivity of resin phase.

0.01 01 N 10 10

Fig. 1—Donnan diffusion of NaCl into PF.RMIONIC

ARX-44.
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Experimental

All measurements were made exclusively with felt-backed
membranes, the felt, constituting about. 10% of the mem-
brane strip on the basis of its wet. weight. These membrane
samples were cycled between the Cl- and N03 ion forms at
least, once before any measurements were made. A de-
scription of the experimental technique used follows.

Capacity Determination.—Membrane samples, 7.5 cm.
long, 1.9 cm. wide and 0.1 cm. thick in the CI- ion form and
in equilibrium with 1 N HC1 were leached by rapid stirring
for 15-30 minute intervals with three 100-ml. portions of
distilled w-ater adjusted to a pH value of 2.1-2.5 with HC1.
A fourth and final equilibration of 15 hours in the slightly
acid leach water was accomplished next. The membrane
samples were then contacted and agitated for 15-minute in-
tervals with three successive 100-ml. portions of 1N NaNO03
about 0.01 N in HNOato convert the resin to the N03
ion form, the CI- ion released from the membranes being
determined by the Mohr method. The samples were then
reconverted to the CI- ion form, after leaching as before,
with three 15-minute contacts with 100-ml. portions of 1 A
HC1. The leaching and capacity determination steps were
then repeated.

Moisture and Density Determination.—Samples of
leached Cl- ion form membrane were wiped dry and the
dimensions of each sample were obtained by direct measure-
ment, the thickness being determined with a micrometer.
The samples, weighed to the nearest 0.01 g., were then dried
at 110° for 1 hour to constant weight and were reweighed.

The capacity, moisture content and density of the felt-
backed PERMIONIC anion membrane studied are pre-
sented below in Table I. In this table, the capacity is ex-
pressed in normality (meq./ml. of wet membrane), the mois-
ture content is given in g./wet g. of membrane and the den-
sity is reported in g./ml. of wet membrane. All these deter-
minations are reproducible to about 5%.

Tabte |
Characteristics of Fermionic ARX-44
Capacity (normality) 1.75 +£0.05
Water content (g./wet g.) 0.45 + 0.02
Density (g./ml.) 1.20 £0.03

Donnan Diffusion Determinations.—Weighed samples of
membrane material converted as before to the leached ClI-
ion form were equilibrated by three 15-20 minute contacts
with 100-ml. portions of NaCl solution of the concentration,
N, under investigation. Before equilibration, all NaCl
solutions employed were adjusted to a pH value of 2.1-2.5
with 1IC1. After equilibration, the membranes were re-
moved, wiped dry and finally agitated for 10-15 minute
periods with three successive portions of the slightly acid
leach solution. The combined leachings were then evapo-
rated to dryness to evolve HC1 and were titrated for CI- ion
after solution of the NaCl residue in a small volume of dis-
tilled water. In the dilute region, Na was detected directly
by radiochemical assay of 3y Na2added to the equilibrat-
ing systems.

The Donnan diffusion data obtained from measurements
made over a range of solution concentrations varying from
O. 031t03.0N are plotted in Fig. 1 with the ratio of adsorbed
to solution chloride, A/N, as the ordinate, and the solution
concentration, N, as the abscissa. The width of the lines
designating these observed points indicate the probable error
of the measurement.

Membrane Potential Measurements.—A Lucite cell
consisting of two individual chambers, 1.3 ¢cm. thick and
1.3 cm. in diameter (3-ml. capacity) was fitted with calomel
electrodes as shown in Fig. 2. For the potential measure-
ments at various concentration ranges, membrane samples
0.1 cm. thick and 2 cm. in diameter were inserted into this
cell and the continuous flow of two NaCl solutions of con-
centration Ni and N, with Nj/No always equal to 2 was ini-
tiated. Steady potential readings on a Leeds and Northrup
Type K-2 Potentiometer were always obtained in a time
interval of 5-10 minutes, the final potential value being ob-
tained at very rapid flow rates of 10-100 ml./min. where the
potential was found to be independent of flow rate.

Table 11 presents the experimental potentials, E (precise
to £0.2 mv.), and the theoretical E° values in mv, which cor-
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Fig. 22— PERMIONIC membrane cell for the determination
of transport numbers.

respond to each pair of concentrations for the NaCl solutions
studied.

Tabite Il
Experimental and Theoretical Membrane Potential
Values
Vi- m,n Bo E
3.2 -1.6 - 21.9 - 9.9
1.6 -0.8 -18.3 -12.5
0.8 -0.4 -16.9 -13.3
0.4 -0.2 -16.6 -14,0
0.2 -0.1 -16.2 -14.8
0.8 -0.05 -16.5 -15.5
0.05-0.025 -16.7 -15.7

In Fig. 3, the transport number of CIl- ion in the anion

membrane equilibrated with NaCl is plotted vs. N where N
is the geometric mean of Niand N2 To obtain the Cl- ion
transport number as a function of solution concentration,
the observed potential, E, was divided by 2Et> = 108 log
ai/aZ (where ai and a» were the known activities (Harned
and Owen) of the various solutions of concentration JM and
N2) and 0.5 was added to the resultant value.

0.03 0.1 10
N

Fig. 3.— Chloride transport numbers across PERMIONIC ARX-44 in

NacCl solutions.

Conductivity Determinations.— The conductance of thin
membrane strips was determined using a “Solu-Bridge”
(Industrial Instrument Company, New Jersey), a simple 60
cycle a.c. bridge circuit without capacitance correction.
The strips were converted to the Cl- ion form, were com-
pletely leached, and were then equilibrated with a solution
of the desired concentration, the various solutions used being
adjusted to a pH value of 2.1-2.5 as before. After wiping
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the strips free of adhering solution and protecting them from
moisture loss by a thin latex wrapper paper, they were
clamped into place by the electrode fingers of the cell as il-
lustrated in Fig. 4 and bridge readings were made. The cell
constant was obtained by a measurement of the dimensions
of the membrane. The reliability of this simple method
has been established previously by comparison with con-
siderably more elaborate Jones bridge conductance meas-
urements on cation membranes.1

TO BRIDGE

Fig. 4.— Cell used for the determination of the conductivity
of PERMIONIC membranes.

A logarithmic plot of the conductivities measured is com-
pared with the conductivity of NaCl in Fig. 5. As before,

Fig. 5.— Specific conductivity of PERMIONIC ARX-44
compared with specific conductivity of NaCl.

the width of the lines designating the measured
points are an indication of the probable error in
these dst/3>

The weakly basic nature of PERMIONIC
ARX-44 required the careful definition of experi-
mental procedure as described above. For ex-
ample, it was found that during equilibration of
the Cl ion form of the membranes with distilled
water, hydrolysis of the resin always decreased the
pH value of the leach water to 2.5 with a conse-
quent decrease in CIl- ion capacity. For this
reason, the chloride form of the membrane was
always kept in contact with solution at a pH
value of 2.1-2.5.

It was also determined that the resin capacity

for ClI ion was, as expected, a function of the pH
of the CI- ion solution employed during conver-
sion; the lower the pH value, the higher the ClI-

3.0 jon capacity. A standard conversion procedure
was Therefore selected. A solution of HC1 rather
than NaCl was employed to avoid variations in
capacity due to hydrolysis of a membrane during
numerous conversions. Once the membrane is
partially converted to the basic form by hydrolysis, the CI-
ion from NaCl cannot exchange with the weakly dissociated
basic form of the resin.

Since the CI- ion capacity of these membranes is a func-
tion of pH, sufficient time was necessarily allowed during
the leaching steps with dilute HC1 (pH 2.1-2.5) to permit
equilibration of the system. It was found that if the fourth
leach of 15 hours were not incorporated in the procedure,
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high and inconsistent values were obtained for the Cl ion
capacity of ARX-44.

Discussion

The only evidence for non-conformity of mem-
brane behavior with that expected on the basis of
theoretical considerations has been the observation
that the Donnan salt ratio, A/N, apparently is con-
stant in the dilute region (Fig. 3). It was felt that
in the dilute region A/N would continue to decrease
since an increasingly stronger screening effect is
expected due to an increase in the fraction of R +
ions from a partially ionized anion membrane.

Good agreement between the observed behavior
of PERMIONIC ARX-44 and that predicted from
the preliminary concepts discussed earlier has been
obtained in every other respect. It has been found
that the resin salt, RCL1, is apparently only partially
ionized, the value of its ionization constant falling
between 0.1 and 1

In obtaining this result, the mathematics em-
ployed in an earlier paperlwas applied. A series of
K r values were selected and equation (2) was solved
to determine R + as a function of adsorbed CI- ion
(A) for each Kn value. In Fig. 6, a family of R+
versus A curves obtained in this manner are com-
pared with ‘ experimental” R+ values calculated
from equation (14). Each synthetic curve corre-

Kr-00

-4-0,

0.00I 0.01 Y 0.1 1.0

Fig. 6.— R + versus A for various K r values compared with
“experimental” R + versus A values.

sponds to an arbitrarily chosen value of k r. The
experimental R+ curve is obtained by employing

;ci values measured in the course of this study; the

Fig. 7.— Comparison of experimental L values with calculated |- values
assuming various K r values for the PERMIONIC ARX-44 membrane

in NaCl solutions.

width of the line representing each “experimental”
R + value is an estimate of the possible deviation of

J. T. Crarke, J. A. Marinsky, W. Juda, N. W. Rosenberg and S. Alexander
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Fig. 8.— Experimentally determined K/K?®° values com-
pared with K/K?* values assuming various K r values for the
PERMIONIC ARX-44 membrane.

each value which arises from experimental error in
the transport number measurements.
The values of R+ (synthetic) were then substi-

tuted in equation (14) to obtain a family of fci ver-
sus A curves corresponding to the selected K r val-

ues. In Fig. 7 these curves are compared with ;ci
values experimentally determined for the membrane
equilibrated with NaCl solutions (Fig. 3).

Finally a family of k/Kk° curves corresponding to
these K r values were calculated by dividing equa-
tion (13) by equation (15). These are compared in
Fig. 8 with the experimental data obtained for
NaCl, the specific conductivity of the leached
membrane being employed as the k° value.

V. _ [R+HCI-h _ [R+]r[A + R+]Jr v VE m
R [RCI]r [C - R+], xy {°
1000 *° = X°ci(Cl-)f = X°c.(R+)r (13)
_ Xci(C1-), 1
a Xc(Cl-), + XNa(Na+), X,,.(Na+)r
+ Xci(Cl9)r
1
v XNa(A) (14)

N XciCA + R+)
1000a = Xc.(Cl-)r+ XNa(Na+)r = Xci(A + R+) +
0.61Xci(A) (15)

For these calculations the capacity
(C) reported for the felt-backed mem-
brane in Table | could not be used.
Correction for the 10% inert felt mate-
rial present in the membrane samples
studied was necessary. Considering the
density of resin and felt to be approxi-
mately equivalent, the measured capac-
ity, expressed in normality per ml. of
membrane, was therefore multiplied by
a factor of 1.1 to estimate the actual
capacity of the resin samples.

Successful correlation of the electro-
chemical properties of the anion mem-
brane with the chemical equilibria con-
sidered to exist in the membrane-solu-
tion system has resulted. The experi-
mental ¢ci, R+ and k/k° curves indicate
quite clearly that the ionization con-
stant K r, of the CI- ion form of ARX-44, is a value
less than 1 and greater than 0.1.
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A more quantitative interpretation of the data
should not and will not be attempted because of
errors introduced by making the simplifying as-
sumptions necessary to facilitate this correlation.
For example, the ionic activity coefficients in the
gel phase were considered to be equal to unity as a
first approximation. With respect to application
of equation (14) the value of Xn»Aci>in the ab-
sence of independent measurements of the ionic
mobilities in the membrane, was taken to be con-
stant and equal to 0.61, the limiting value deter-

mined from t+ measurements of the PERMIONIC
CR-41 membrane in concentrated NaCl solutions
at 25° and 1-3 N in concentration.

For the purpose of comparing the conductance
data, the assumption of the constancy of ion mobil-
ity as well as ion mobility ratios was made when em-
ploying equations (13) and (15).

REMARKS

Arthur W. Adamson: The use of the Donnan equation
raises the question of the relative relevance of the Mass
Action and Donnan approaches. The two systems are
summarized below for the anion exchange

M+, X -+ RY = RX + M+, Y~

Mass action Donnan
a) k= «Rxay- (ax~)Ray-
orylk- (av-)ROx-
since
(aM+)R(ax_)R = om+ox-
(M) r(dY-)r = dM+CIY-
Standard state definitions:
(B) orx-—- > Xrxas Xrx — > 1
(oy-)r — >m(cy-)r as (cmt)r — > 0
ory — > Nky as Nry — >m 1
(ax~)r > (ex_)r as (cmt)r >0

If resin phase is ideal:

(C) Kn = AMRXOY/A,RYax 1 = crxOy/ cryctx

Comparison of equations (A) and (B) demonstrates the
thermodynamic identity of the two formulations, and that
the equilibrium constants differ numerically only because of
the difference in the formulation of the standard states.
However, when ideal behavior is assumed, then the two
treatments diverge considerably.

From the Mass Action viewpoint, the ideal system is one
of a resin solid solution. Since the resin salt, R X, is essen-
tially insoluble, the activity of the exchangeable ion on the
sites is very low; there is more or less void space, and this is
occupied by solution of essentially the same composition as
externally. Thus, in the present case, there would be two
“types” of chloride ion in the resin phase: chloride ion
which is occupying a site position, and chloride ion in the in-
terstitial solution.

From the Donnan viewpoint, the resin phase, ideally, is
merely an aqueous salt solution with a special charge re-
striction due to the fact that one of the ions (R) cannot mi-
grate. All the chloride ion is identical, and hence the ac-
tivity of chloride ion, ideally, is the sum of the capacity of
the resin, and of the “sorbed” salt. The Donnan viewpoint
is certainly the proper model for the case of two solutions

Electrochemical Properties of a Permionic Anion Membrane
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separated by a membrane, but can be overdone in hetero-
geneous equilibrium. A simple illustration will suffice.
The ideal equation (4) is given for the amount of “sorbed”
salt in the case of RC1 immersed in NaCl, and leads to the
conclusion, for example, that in 1 M NacCl there is about
0.2 M Na+ within the resin phase. Now the system AgCI
in NaCl is formally entirely analogous to the above, yet |
am sure that no one would argue the even approximate
validity of (4) in this case! Here, clearly the Mass Action
approach is best.

I have stressed the differences between the idealized ver-
sions of the two approaches because, firstly, of the tendency
to assume that neglect of activity coefficients for the resin
phase will not introduce major errors. A glance at equa-
tion (C) makes it apparent that such neglect is more serious
with the Donnan ideal equation than with the Mass Action
one since, while equilibrium constants do remain roughly
constant over a range of resin composition, they in general
will differ considerably from the value of unity predicted by
the Donnan equation. | would therefore question the au-
thors’ assumption that such neglect will permit even ap-
proximate validity to their treatment of the dissociation
constant for RX (what is the activity coefficient value for
R +7?).

The second reason for stressing this different between the
two approaches is that the models upon which they are
based suggest quite different interpretations of the conduct-
ance and transference results. Thus, on the basis of the
Donnan approach, the authors can predict that t~ will de-
crease with increasing external solution concentration be-
cause of the increase in "sorbed” electrolyte given by (4);
conversely, from the data, the concentration of the latter
can be calculated if it is assumed that the mobilities of Na+
and CIl- ions bear a prescribed ratio in the resin phase.
This last calculation does not involve any approximations
with activity coefficients. The authors find that a some-
what better fit to their data is obtained if it is assumed that
90% to 99% of the capacity is non-ionic (corresponding to
their K r value of 0.1 to 0.01), or, essentially, that this frac-
tion of the CI- on the exchange sites is different from that in
solution.

The above finding is virtually what would be predicted to
begin with by the Mass Action approach, namely, that the
ions on the sites are different, and do not contribute to the
activity of the interstitial electrolyte. It seems quite likely,
moreover, that the entire set of data could very reasonably
be explained from the Mass Action point of view. The
conductivity of the resin in pure water would now be con-
sidered to be due to two dimensional diffusion (this effect is
quite important for salts adsorbed on such surfaces as glass,
and there is no a priori reason not to expect it with exchang-
ers). The increase in conductivity and decrease in t~ with
increasing external solution concentration would be due to
an increasing contribution of the interstitial electrolyte.
The two unknowns (surface diffusion constant and mobility
of the ions in the interstitial solution— undoubtedly different
from the bulk value because of the “random” walk effect of
the internal capillaries6) correspond to the two, K r and Ko,
used by the authors in their treatment.

Virtue can be claimed for one or the other of these models
only insofar as can be justified empirically. The present
transference and conductance data seem to be rather strong
evidence that the ideal Mass Action approach is more nearly
valid than the ideal Donnan approach. A second justifica-
tion for the former is the one mentioned above, that resin
phase activity coefficients are smaller when computed on the
Mass Action formulation than when computed by the Don-
nan equations.

(6) The random walk treatment is being developed by Mr. J. J.
Grossman.
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Electromigration in a cation-exchange column flushed with deionized water was observed by tagging laminas of adsorbate

with radiotracers and observing their migration in an electric field.

is carried only by the cations.

Broadening of the tagged band occurs as electrolysis proceeds.

It was shown that conductance is ionic and the current
As in aqueous solutions, the

character of the boundary between two layers of cations depends on the ratio of their mobilities and remains sharp only if

the slower ions follow the faster.

When Dowex-50 in the sodium farm is electrolyzed between platinum electrodes, the faster

hydrogen ions produced at the anode penetrate the sodium layer by virtue of their higher mobility, slowing down the rate

of migration of a tagged sodium lamina.
lated from the principle of independent ionic mobilities.
sodium and zinc ions remains sharp.
discussed.

In a previous publication2there was presented a
brief summary of an investigation of electromigra-
tion in columns of the cation-exchange resin Dowex-
50. An electric potential was applied to a column
of resin particles flushed continuously with deion-
ized water. The migration of a layer of cations
tagged with a radioisotope was observed by means
of radioactive counting equipment. These studies
are now extended and evaluated quantitatively for
typical systems. The results are of general elec-
trochemical interest and provide a framework for
possible future application for separating ionic
constituents of different mobility in the adsorbed
state as well as for regenerating ion-exchange resins
without the use of solutions.

It will be shown that the electromigration phe-
nomena observed in cation-exchange resins are analo-
gous to those observed in solutions and investigated
in connection with the moving-boundary method
for the determination of transference numbers in
solutions.34 On the other hand, as the resins are
solid in the gross physical sense, certain disturbing
factors, such as thermal convection,5are eliminated
for the resins. Owing to the stoichiometric nature
of ion binding and the high capacity, the resinous
ion exchangers provide a very useful system for
study.

Theory

When an electric potential is applied to a resin
column containing different ionic species, concen-
tration changes occur owing to the differences in the
mobilities of these ions and also as a consequence of
electrode reactions. It was shown2that the follow-
ing electrode reactions occur when sodium Dowex-
50 is electrolyzed between platinum electrodes

Anode: 4R_ + 2H2 = 4HR + 02g) + 4e~
Cathode: 4e~ + 4NaR + 4HX2D = 4R~ + 4Na+ + 40H -
+ 2Hi(g)

where R _ represents one gram-equivalent of resin
anion. A zinc anode reacts in the following manner

2R_ + Zn = ZnR2+ 2e~

(1) This work was carried out in the Department of Chemistry and
Laboratory for Nuclear Science and Engineering of the Massachusetts
Institute of Technology.

(2) K. S. Spiegler and C. D. Coryell, Science, 113, 546 (1951).

(3) L. G. Longsworth, 3. Am. Chem. Soc., 67, 1109 (1945).

(4) D. A. Maclnnes and L. G. Longsworth, Chem. Revs., 11, 171
(1932).

(5) A. Tiselius, Nova Acta Reg, Vniv, Upsaliensis, 7 (4) (1930).

The observed rate of migration of the band is somewhat higher than the rate calcu-
If, on the other hand, a zinc anode is used, the boundary between
Applications of these phenomena for separations of ions and resin regeneration are

These changes may lead to the formation of lim-
ited regions of different composition separated by
sharp boundaries. The theory of the concentra-
tion changes occurring in electromigration in solu-
tions was developed by F. Kohlrausch6 and H.
Weber7and their main conclusions were verified by
the study of moving boundaries in aqueous solu-
tions. Briefly, it was postulated and confirmed
that if an electric field is applied to a solution
phase, the ionic species tend to form a series of
bands in the order of their mobilities. If initially a
boundary exists between two solutions of electro-
lytes such that the faster ionic species is behind
the slower one with respect to the direction of mi-
gration, mixing occurs, the faster ions tending to
overtake the slower ones. In the reverse case, the
boundary remains sharp provided the ratio of the
equivalent concentrations cax and cBx of the two
solutions satisfies the relation

where T\ and 7b are the transference numbers of
cations A and B, respectively, with X the common
anion.

In a cation-exchange resin in equilibrium with
pure water, the cross-linked resin matrix remains in
place and the current is carried by the cations only.
(A proof of this assumption is given below in Table
I1.) Hence the transference numbers Ta and Tb
and their ratio are unity. At a boundary between
two regions AR and BR on Dowex-50, the ratio of
the concentrations of A and B (defined in milliequiv-
alents (meq.) per ml. of column space) is also ap-
proximately unity as the capacity of this resin (de-
fined in the same units) for different cations is
nearly the same. Hence condition (1) is always
satisfied and the boundaries between AR and BR
may be expected to remain sharp during electromi-
gration provided the slower ions follow the faster.

The theoretical treatment of the concentration
changes occurring in the presence of two types of
resin-adsorbed ions in an electric field is consider-
ably simplified by these considerations. It will be
convenient to present this simplified treatment and
to extend the theory to the interpretation of our

(6) F. Kohlrausch, Wied. Ann., 62, 209 (1897).

(7) H. Weber, Site. Preuss. Akad. ITiss., 1897, p. 936; also “ Die

partiellen Differentialgleichungen der mathematisehen Physik. 1,” 4th
edif F. Vieweg, Braunschweig, 1900, pp. 481-506.
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observations. As a first approximation, the resin
column is treated as a homogeneous medium and
diffusion is neglected. Some useful conclusions
can be drawn from this approach although the resin
columns are more complicated than this simple
model.

Consider an element of a column of cross-section
1 cm.2and length dz cm. containing two adsorbed
ionic species A and B (Fig. 1) the concentrations of
which at z are c\ and cb meq. per ml. of column
space. The potential gradient at zis E volt cm ."1

The conservation conditions for ions A and B,
respectively, are

hl

nE (v), + Gf), +(S), -0

where mx and Te are the ionic mobilities in cm.2
volt,"1sec."1 which are assumed to be independent
of c\and cb- The time tis measured in seconds.

If the mobilities of A and B were equal (which is
approximately true if they are isotopes of the same
element), the potential gradient along the whole
column would be uniform. Hence equation (2a)
would reduce to

IOCAN
\éZ) .+ fix»),
The general solution of this equation is
ca = la(z — MAEY) (3)

[ abeing an arbitrary function.

The shape of /. for a particular problem is de-
termined by the distribution of ions A at t = 0 and
the meaning of equation (3) is that the band of ions
A migrates at the rate mxE without changing its
shape.

If the mobilities of the two ionic species are dif-
ferent, the potential gradient depends on their rela-
tive concentrations. In an ion-exchange resin, ca
and cb are related by the equation

ca + cb = <r (t)
where cr is the (volume) capacity of the resin in
meq. per ml. column space, independent of zand t
By subtracting (2b) from (2a) and substituting for
cBfrom (4) we obtain

This equation still contains the two variables
E(z, t) and ca(-. t); it may be reduced to an equa-
tion containing only one variable as follows: The
number n of milliequivalents discharged per cm.2
sec. with current density of i milliamperes (ma.) per
cm.2is given by

n = = E (CAMA + cbtob) = E[CA(MA —

me) + CRIN]  (6)
where F is the faraday constant. Defining a con-
ductivity term C(t, z) by

1000r _

- C(tz) = = = ca(?p — in) ¥ CRAIB (/)

where Kk(t,z) is the specific conductivity of the resin
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Ca,CB ca

'tdz

z

1.— Section through an ion-exchange resin column.
Current flows from left to right.

Fig.

column element in mho cm."1 equation (6) can be
written in the following manner

E = n/C (8)

As the current is constant along the column, n is
independent of z. If the electrolysis is carried out
at constant current, it is also independent of time.
Hence

(E).--£(£).
Combining equations (7), (8) and (9), equation (5)
can thus be written in terms of the variable C only

ca
+ =0
BCr TOa IBB

It is convenient to transform this equation by
introducing a resistance term 6defined by

(10

(n:—Bmﬁma//‘ (ncs/M)'is
: a ca(M 1)+ or
(ncn/M)U*
/1 \ (1D
ns 2 - 1J Trr

when M is the mobility ratio nk/mR.

It is segn that for a given resin and pair of ions,
0(z,t) is proportional to the specific resistance of the
column element. Hence equation (10) reduces to

=0 (12
which describes the changes of specific resistance oc-
curring along the column under the influence of a cur-
rent of density nF. From 6 the concentrations of
the ionic species can be calculated using equation
(11) provided the ratio of their mobilities and the
capacity of the resin are known.

The general solution of equation (12) can be writ-
ten only in the implicit form

e =f(z- eu) (13)

where/ is an arbitrary function which can be deter-
mined if, at the time t = 0, the values of d are
known for the length of the column.

One can represent 6(z,t) in a three-dimensional,
rectangular system of coordinates. The geometri-
cal meaning of equation (13) is the equality of all d
values corresponding to the straight lines in the
z,(-plane whose equation is

Zz — & = constant

In other words, if at i — 0 a certain value O is
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found at zg this same value 0Owill be found at all
points z, t defined by

z —6t —2 (14)

Thus equation (14) represents the “equation of
motion” of a certain concentration ratio cal cb-
The straight lines in the z (-plane defined by equa-
tion (14) are called the characteristics of equation
(12). Their slope 1/0\is proportional to the square
of the specific conductance of the resin element at
z = zoand (= 0.

Figure 2 represents a plot of the characteristics
for electromigration in a resin column containing an
initial boundary between ZnR2and NaR at z0 = 0.

K. S. Spiegler and C. D. Coryell
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rate of migration of the boundary, dzs/df, is given
simply by the ratio between ion flux and concentra-
tion

(Fo

dt —62

Fc& (15)

cR
which is the reciprocal of the geometric mean of
the slopes of the two sets of characteristics. The
position of the boundary is given by line OA in Fig.
2. Itisindependent of M.

A different situation prevails if the fast ions are
initially behind the slow ones. Figure 3 shows a
plot of the characteristics for such a case, namely,
an initial boundary between the hydrogen and so-
dium forms of the resinatz = 0,

B 1111/277&_1_5'%@:{ the latter being in front of the
Qurent - former. The values of cr and n
/ZM ziz 12

/1l y)y(yE/rv]iAm'/ym

P2

6 m X W

el /1117171 7777 aZa
Palal

[ZvZ v/l
Nz
OO K2y i i
-2 0

Distonce z,

i1

Fig. 2.— Characteristics of the system ZnR2NaR: R = Dowex-50 [80-100 mesh,
mzn/mNa = 0.49; =
cm.'/i hr.-1/! (ZnR2region); 02 = 0.48 cm.'A hr.-1/» (NaR region).

(dry basis)]; i = 25 ma. cr = 1.96 meq./ml.; M =

scribes the progress of the ZnR2N aR boundary.

The sodium ions migrate in front of the zinc ions.
The slopes of the characteristics were obtained by
substituting the experimental data for cr (1.96
meq. per ml. column space), n (0.93 meq. cm.-2
hr.-1), and M (0.49) in equation (11). Left of the
originca = Gzn = crandright ofitcb = O\Na = cr.
Thus we obtain from equation (11) for the ZnR2
NaR system at ( = 0 left of the origin

0= *= 0.98 cm.¥* hr.“'/»

and right of the origin

®= (f) ' = 048 cm.Ahr.-'A

It is to be noted that the Ovalues are not properties
of the compounds but of the system. The charac-
teristics originating in these regions have the slopes
1/0i or 1/02, as shown in Fig. 2.

It is seen that in a definite region these character-
istics intersect and hence 0 is not unambiguously de-
fined there. However, as at any point only one
value of 0 has a physical meaning, it may be con-
cluded that in this region the value of 0 can be
either h as in the ZnR2layer, or 02 as in the NaR
layer. Hence mixing of zinc and sodium ions does
not occur and the boundary remains sharp. The

/A
/ e

are the same as for Fig. 2. Using
M for the mobility ratio win/wiNa,
which has the value 8.55, we have
for left of the origin at time zero,
ca = cr = cr and the 03value of
0.236, and for right of the origin,
1 cb = O\Na = cR and the G4value
of 2.02. The two groups of paral-
lel characteristics from the left
and right branches of the z-axis
do not intersect and leave the
values of 0in the region between
them as yet undetermined. This
region, marked by lines converg-
ing on the origin, will be called
the mixed region.

At the origin (= 0, z 0),
0 changes discontinuously from
B to 04 One might expect that
the characteristics in the mixed
region should pass through the
origin and that their slopes will
be related to their corresponding
values 0i, by equation (14). It can indeed be
shown rigorously (9) that the equations of the
characteristics in this region are

®U>0>3@

0.98
Line OA de-

t= 207 (16)

Hence
O = y/z/t

which satisfies the basic equation (12) and repre-
sents a 0 surface passing continuously into the
planes 0 = 03and 0 = O4corresponding to the two
groups of parallel characteristics based on (Band on
04.

From equations (11) and (16) we obtain the rela-
tion

1 r/ncnMt\I/t “1
A=EH=W=11\7~) ~® 17

which is valid only in the mixed region. Thus the
concentration ca which remains constant along
each characteristic may be calculated from the
slope of the latter. Using this equation, the char-
acteristics in Fig. 3 have been labeled in terms of
b= ®b=GG—G.

From this plot the distribution of the ions alopg
the column at any time t can be easily found by
drawing a parallel to the z-axis at i = (x This
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Fig. 3.— Characteristics of the system HR-NaR:
04 = 2.02 (NaR regien).

line intersects the characteristics at points P\Z\,
th and by plotting the O\a values of the character-
istics at time tKagainst 2\ the sodium ion distribu-
tion is obtained as a function of z. Such curves are
shown in Fig. 4 for times txof 0, 2, 4. 6 and 9 hours
after the start of electrolysis.

It is seen that there are three distinct regions in
the z,-plane (Fig. 3). In the first (z < z') the
resin is completely in the hydrogen form. In the
second, the mixed region (z' < z < z"), both hy-
drogen and sodium ions are found. In the third
region (z > z") the resin is completely in the
sodium form. The length of the mixed region is
proportional to the time of electrolysis.

Consider now a traced lamina of sodium ions
initially at A and assume that the mobility of the
Na22isotope is equal to that of NaZ3 As long as
no hydrogen ions have reached the lamina, it
progresses with sharp boundaries and its position
2b is defined by equation (15) (straight line AB in
Fig. 3). If it is assumed that the sodium ions do
not overtake each other, the total amount of so-
dium between the origin and the traced lamina
should remain constant, and hence its position at
any time should be defined by the definite integral

J'B
Nk = aBR

0
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11, i,cr,as in Fig. 2; M' =
The line ABC describes the progress of a tagged element initially at ozb.
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mim/msaR = 8.55; 03= 0.236 (HR region);

outlined above, the anodes produce the hydrogen
and zinc forms of the resin. Hence from the point
of view of the theory they are equivalent to initial
layers to the left of the origin of hydrogen resin and
zinc resin, respectively.

Fig. 4.— Computed variation (from Fig. 3) of the sodium
concentration along a resin column with an initial HR-NaR
boundary at the origin.

Successive shaded areas represent

a traced lamina of the sodium resin, showing penetration by

A convenient method of obtaining zB is plani-
metric evaluation by trial and error from the plots
of CNa versus z (Fig. 4). The resulting curve zb(0
representing the progress of the tagged lamina is
plotted in Fig. 3 (curve BC). As a consequence
of penetration by hydrogen ions, a fall in concen-
tration in the tagged lamina, associated with a
spread, is predicted to occur, as shown in the suc-
cessive shaded areas of Fig. 4.

Platinum and zinc electrodes were used in our
experiments. By virtue of the electrode reactions

hydrogen resin.

Experimental

Resin electrolysis was carried out in a thin lucite ceil with
plexiglass headers and perforated circular electrodes. The
inner diameter of the tube was 1.6 cm. and its length 10 cm.
The electrodes were lightly pressed against the resin in order
to ensure good contact. In the process of filling the cell a
thin layer of resin containing the tracer was embedded in the
column, usually 3 cm. from the anode, or the radiotracer was
adsorbed there in a thin band by the regular chromatographic
technique.
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The activity at the beginning of the experiment and after
passage of a constant current for a given time' was measured
by inserting the cell in a slide propelled by a screw under a
Geiger-Mueller tube. This tube was mounted on a lead

Fig. 5.— Current-voltage curves of Dowex-50 [80-100-mesh (dry basis)]
IIR between platinum electrodes;
curve 3, ZnR» between zinc electrodes.

ferent. states at 27.5°: curve 1,
between platinum electrodes;

brick 9 cm. high, covered with aluminum sheet to absorb
most of the y-radiation except for a narrow beam passing
through a slit of width 2 mm. cut in the brick under the
tube. As different parts of the cell were exposed, the radia-
tion emanating from each was recorded. The position of the
cell could be read to an accuracy of inch. Voltage and
current were measured at regular intervals and a fast stream
of deionized water (specific resistance, 106 ohm cm.) was
passed through the resin from anode to cathode in order to
keep the resin temperature constant and to remove the so-
dium hydroxide formed at the cathode and the gases formed at
both electrodes. It has been verified that within a period
equal to the length of the experiment only a slight spread of
radioactive material occurs unless an electric potential is ap-
plied.

The current was taken from a high-voltage power supply
with a stabilizer and was measured by calibrated voltmeter
and milliammeter. The accuracy of these instruments was
within 2% . Figures 2, 3, and 4 are based on a current den-
sity of 25 ma. and data taken at other current densities wore
corrected on a linear basis.

The resistance of the resin changed as the electrolysis pro-
ceeded, owing to temperature changes, packing effects, and
the changes in the composition of the resin brought about
by the electrode reactions. These changes were particu-
larly pronounced in the electrolysis of the sodium resin. In
all cases the average current density was determined by
planimotric evaluation of the time integral of the current.

The a.c. conductivities at 60 and 1000 cycles were meas-
ured by means of a Serfass conductivity bridge with a
magic-eye zero-point, indicator, without capacitance com-
pensation. The conductivity increased appreciably during
the first 10 minutes alter stopping the flow of the rinse water
and changed only very slowly thereafter. The reported
values represent the average after 10 minutes between the
60- and 1000-cycle values, which usually differed by a few
per cent.

The resin used in these experiments was Dowex-50 fur-
nished by courtesy of the Dow Chemical Company, Mid-
land, Michigan. It was ground in a ball-mill, fractionated
by sieving and converted to the appropriate form by column
regeneration with nitrates of A.R. quality. In most experi-
ments the fraction between 80- and 100-dry mesh (U.S.
Standard) was used.

The deionized rinse water had a head of about 20 ft. and
was prepared by passing distilled water through a monobed
containing Dowcx-50 and Dowex-2. The rinse rate varied
between 10 and 20 ml. per minute and resin column cross-
section of 1 cm.2

The radioactive tracers, 2.6 y Xa2 and 250 d Zné5 were
furnished by the M.1.T. Cyclotron Group.
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Results
Current-Voltage Curves of HR, NaR and
ZnR,.—In Fig. 5 the current-voltage curves for
HR, NaR and ZnR» are
shown. An appreciable de-

composition voltage (about 2
volts) was noticed only in the
case of an HR column be-
tween platinum electrodes.
The apparatus used was not
suitable for an accurate inves-
tigation of the low-voltage re-
gion, but in previous experi-
ments8 with small resin par-
ticles a preliminary study of
the decomposition potential,
which is characteristic of the
adsorbed species, had been
made. Compared to the volt-
age applied in the electrolysis
experiments the decomposition
voltage is negligible.

From the slope of the cur-
rent-voltage curves the specific
conductivities of these three
resin forms were calculated and are summarized
and compared to the measured a.c. specific conduc-
tivities in Table .

in dif-
curve 2, NaR

Table |

Specific Conductivities Kat 27.5° of Plugs of Dowex-50
80-100-Mesh (D ry Basis) in Different Forms

h ohm-1cm.-1 lonic mobil-
From c irrent— From a.c. ity, cm.2
voltage curve bridge volt-1 hr.-1
HR between platinum
electrodes 104 X 10"3 9.7 X 10~3 0.1845
NaR between platinum
electrodes 1.22 X 10~3 1.22 X 10-3 .0232
ZnRi between zinc elec-
trodes 0.60 X 10-3 0.59 X 10-3 .0112

In the last column tke ionic mobilities are given,
as calculated from the a.c. bridge conductances
and the value of 1.96 meq. per ml. of column space,
for the resin capacity determined with respect to
hydrogen ions. In computing these values the
assumption was made, justified by the experiments
quoted in the next section, that the transference
number of the cations is unity.

Resin conductivity was found to increase consid-
erably with temperature. Owing to the evolution
of heat during electrolysis, higher temperatures
(up to 37°) prevailed in the migration studies.
However, it will be noticed that only ratios M of
mobilities and not their individual values toa and
ms appear in the final equations. It was assumed
that these ratios vary but little with the tempera-
ture and hence it is justifiable to use the mobility
data of Table I in Figs. 3 and 4.

Migration of a 250 d Zn&Band in ZnR,.—Figure
6 shows the migration of a lamina traced with
250 d Zn&embedded in a column of ZnR» between
zinc electrodes. The rate of migration of the max-
imum is seen to be constant (see insert in Fig. 6) and
in very close agreement with the rate calculated
from the time integral of the current under the as-

(S) K. S. Spiegier, unpublished results.
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Fig. 6.— Electrolysis of ZnR2 between zinc electrodes:
with 250 d zZn6b originally 3.6 cm. from the anode;
curve 1, original position of lamina;
tively; activity corrected for room background.

sumption that the transference number of the zinc
ions equals unity (first line of Table I1).

Table Il
Comparison of the Observed Migration of the Activity
Maximum with the Values Calculated from Eq. (15)

and Check of Faraday's Law

Displacement
of activity

Loss of weight

Total of zinc anode

charge passed maximum (cm.) (mg.)
mah) obsd. caled. obsd. caled.
Znfi; in ZnRu 418 3.94 3.96 470 510
Zn6' at the Znli2-
NaR boundary 437 4.16 -1.21 488 534

As also shown in Table Il, the observed loss of
weight, of the zinc anode is about 8% less than calcu-
lated from the anode reaction

Zn f- 2R- = ZnR2-f- 2e—

This discrepancy is probably due to
the production of some HR and to
the fact that the zinc anode was
found to be pitted and slightly oxi-
dized after electrolysis and thus the
real loss of zinc is higher than the
observed loss of weight of the elec-
trode. The agreement between the
calculated and the observed rate of
band migration proves that the
transference number of the zinc
ions in ZnR2 in a medium of de-
ionized water equals unity within
the experimental error.

It is seen that the band spreads
while it progresses. The spread oc-
curred mainly during the first two
stages of the electrolysis and this
result was verified by a repeat ex-

periment. When the current was
reversed, the band continued to
spread. The™problem of the spread

is discussed m greater detail in a
later section.

D etailed Analisis of Two-Component Systems

progress of a lamina traced
resin, Dowex-50;
curves 2, 3, 4 after 2.72, 5.52 and 8.34 hr., respec-

Fig. 7.— Electrolysis of the system —Pt(NaR IZnR.1 Zn +:
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Figure 7 shows the migra-
tion of a band of Zn@zat the
boundary between ZnR2
and NaR, the first follow-
ing the latter. A zinc
anode and platinum cath-
ode were used. The rate of
migration of the activity
maximum was again pro-
portional to the time inte-
gral of the current (see in-
sert) and agreed closely with
the value calculated from
equation (15) (see line OA
in Fig. 2). The boundary
remained sharp and the
spread was comparatively
small. The check of trans-
ference number and of Fara-
day’'s law for this experi-
ment are given in the second
line of Table I1, with results
very similar to those for the
pure ZnR2system.
Migration of a 2.6 y Na2Band in NaR with HR
Formed at the Anode.— A more complicated case
was studied in the migration of a band of NaZR in
a column of NaR electrolyzed with platinum elec-
trodes. In this case HR was produced by the
anode reaction mentioned above. Thus the sys-
tem is equivalent to a column containing an initial
boundary between HR and NaR at the anode.2
Figure 8 shows the migration of a band tagged
with 2.6y Na2in NaR. It is seen that the rate of
migration of the activity maximum decreases with
time and that the band spreads considerably. At
the end of the electrolysis a 1 M solution of sodium
nitrate was passed through the column and the ni-
tric acid formed by elution of hydrogen ions from
the resin was titrated in the eluate. The total
amount of HR was thus found to be 14.8 meq.;

current, 50 ma.;

NaR-ZnR»

current, 50 ma; tagged

Migration of a Zinc Sodium

Boundary Traced with 250 d ZN&G— periods of 0, 2.8, 6.0 and 8.75 hours.

boundary traced with 250d Zn85;
layer initially 3.6 cm. from anode;

resin, Dowex-50;
curves 1, 2, 3, 4 correspond to electrolysis
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Fig. 8.— Electrolysis of Dowex-50in thesodium form traced with2.6 y Na2,
current, 140 ma.;
layer initially 3 cm. from anode; curves 1, 2, 3, 4 after electrolysis periods of
0, 1.0, 2.08 and 3.04 hr., respectively, covering 8 hr. between the measure-
curve 5 after 100 hr. without further electrolysis.

with HR formed at the anode: resin, Dowex-50;

ment of curves 1 and 4;

the amount of charge passed was 15.9 millifaraday.
The difference probably represents loss of HR2in
the cathode reaction

2HR + 2e" = H2+ 2R~

The rates of migration of the activity maximum
in this experiment, as well as those in three other ex-
periments in which smaller current densities pre-
vailed, can be seen in Fig. 9, which shows the posi-
tion of the activity maximum as a function of the
total charge passed between the electrodes (in
mah). It is seen that the data for the different
experiments fall approximately on one curve.
For comparison there is also plotted curve ABC,
taken from Fig. 3 representing
the position of a tagged lamina
of infinitesimal thickness origi- <
nally in the same position as the g7
actual activity maximum. The <
correlation between these two §

curves is discussed in the next r
section. 86
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exchange membrane of low capacity
whose d.c. and a.c. conductivities did
not agree. Our measurements show
that in the case of a Dowex-50 column,
the a.c. component is small in com-
parison with the purely electrolytic
d.c. component.

From equation (3) it is obvious that
except for a small effect due to the very
small difference in the mobility of the
isotopes, no spread of the tagged band
of Zn& in ZWI12should occur in a con-
tinuous medium if diffusion may be
neglected. As the spread of the band
in the absence of an electric field was
shown to be negligible in a period equal
to the length of the electrolysis, it is
believed that the spread is related to
the inhomogeneous nature of the resin
column. In the latter such properties
as viscosity, ionic concentration, and
diffusion rate vary in space; it can be
shown that these variations may lead
to a considerable spread of the band.
Inhomogeneous packing of the column,
producing channels of different resist-
ance, and gradients of rinse water flow rate and of
temperature in the cell are possible additional
reasons for the spread. However, at the present
stage, the authors cannot offer proof for any of
these suggestions. In particular it is not known
whether the spread is related to lack of uniformity
on a macroscopic or molecular scale. It is seen
that the spread is roughly symmetrical and we
have therefore assumed in our conclusions that the
position of the activity maximum is representa-
tive of the position of the center of the tagged
lamina, i.e., that if equation (3) were satisfied,
the position of the lamina would be identical with

! 1 |

70 80

tagged

Curve 1 « Averoge current density 50mo

shows that the assumption of ~ or AT " > 10
unit transference number for the °4 o = © %0
cations in the resin is justified. .1 ° - 167
The measured a.c. and d.c. con- Curve 2 Colculated

ductivities of the sodium and zinc > 1 L [ 1 i i

forms agree closely and the values 10 200 300 400 500

for the hydrogen form differ only
by several per cent. (Table 1I).
Slight differences between the a.c.
conductivities at 60 and 1000 cycles were found.
The accuracy of the bridge did not permit definite
conclusions to be drawn from these differences, but
they are probably due to effects of dipole rotation
as assumed by Albrink and Fuoss9 for an anion-

ES) W. S Albrink and R. M. Fuoss, J. Gen. Physiol., 32, 453 (1949).

Totol Charge Passed,mah.

Fig_ O- mProgress of the activity maximum in the system Pt [NaR |Pt tagged with
a lamina of Na2R initially 3 cm. from the anode.

the observed position of the activity maximum.

This assumption may even be extended with rea-
sonable approximation to the electrolysis of NaR
between platinum electrodes in spite of the asym-
metric nature of the spread of band caused by the
penetration of the hydrogen ions. For it is seen



Jan., 1952

from Fig. 4 that within the range considered here,
the asymmetric spread due to this effect is small
compared to the considerable observed spread.

If the activity maximum is considered representa-
tive of the tagged layer, its displacement should
agree with curve ABC (Fig. 3). Comparison of
this curve with the observed data (Fig. 9) shows
that after the passage of 450 mah cm.-2, the dis-
placement was about twenty per cent, higher than
predicted from the theory. The reason for this dis-
crepancy lies probably in the interaction between
the hydrogen and sodium ions causing the ratio of
their mobilities in the mixed form of the resin to be
different from the ratio of their mobilities in the
pure forms HR and NaR, respectively, on which
Figs. 3 and 4 are based. Even in dilute aqueous
solutions departures from the Kohlrausch principle
of independent ionic mobilities exist.D Thus in a
mixture of aqueous hydrochloric acid and potas-
sium chloride, the mobility of the hydrogen ion is
lower and of the potassium ion higher than in solu-
tions of the single electrolytes at the same ionic
strength. Hence, one might indeed expect the ob-
served rate of migration of the activity maximum to
be faster than predicted.

If the spread of the bands could be sufficiently
reduced, resin electrolysis might prove a suitable
method of separation. |Its aspects are different
from those of regular ion-exchange chromatog-
raphy, as frictional resistance to ionic movement
and voltage gradient determine the migration of

(10) H. S. Harned and B. B. Owen, “The Physical Chemistry of
Electrolytic Solutions,” Reinhold Publishing Corp., New York, N. Y.,
2nd ed., 1950, p 142.
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aband in an electric field, while in regular chroma-
tography the mobility of a band is determined by
the distribution of the adsorbate between solid and
solution and by the rate of flow of the eluant. On
the other hand, compared to electroseparations in
solution, the solid exchanger should offer advant-
ages such as reduced diffusion and freedom from
the disturbances caused by thermal convection.

Separation of two ionic species, A and B, is pos-
sible if a layer of resin containing both of them is
sandwiched between resin layers containing ions C
and D, respectively, such that C has a higher mobil-
ity than A or B and migrates in front, while D has a
lower mobility than A or B and migrates behind the
mixed layer.

Thus preliminary results show that some separa-
tion of sodium from potassium occurs in the system

Pt [HR | I1ZnR, |Zn +

and further experiments on this aspect of resin
electrolysis as well as extension of these observa-
tions to resin membranes are in progress.
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The use of ion exchange materials for the study of complex ions is reviewed.

Experimental details are given of the ion

exchange method utilizing carrier-free radiotracers for the determination of the composition and stability of complex ions.

The effect of temperature and ionic strength on the stability of the strontium citrate complex ion was determined.

The

stability of several complex ions of Ca++ and Sr ++ was determined in the presence and absence of formaldehyde at an ionic

strength of 0.16, t = 25°, and pH 7.2-7.3.
amine, and formaldehyde.

Introduction

Consider the complex ion (MA,)C where M is a
cation, A an anion, n the number of moles of A rela-
tive to M, and c¢ the net charge on the complex.
When the solution of the complex ion is in contact
with a cation exchange resin, the degree to which
unbound M exchanges with the cation in the
exchanger is related quantitatively to the extent to
which M is bound by the ligand A. The same situ-
ation holds for the uptake of the anionic components
by an anion exchange resin.

The first reports of the use of ion exchangers for

1) Presented at the Twenty-fifth National Colloid Symposium,

which was held under the auspices of the Divisions of Colloid and Physi-
cal and Inorganic Chemistry of the American Chemical Society at
Ithaca, New York, June 18-20, 1951.

The ligands studied were aspartic, succinic, and malic acids, butylamine, ethanol-

the investigation of complex ions were published in
1922 by Guenther-Schulze.23 As in all such work
done prior to the discovery of the organic ion ex-
changers by Adams and Holmes4in 1935, Guenther-
Schulze employed an inorganic zeolite. He stud-
ied the complex ions formed between Cl- and diva-
lent cations. He assumed that the presence of Cl-
in the cation exchanger was due to the sorption of
(MC1)+. Recently Samuelson carried out similar
experiments with an organic cation exchanger5and
concluded that Guenther-Schulze's experiments

(2) A. Guenther-Schulze, Z. Elektrochem., 23, 89 (1922).

(3) A. Guenther-Schulze, ibid., 28, 387 (1922).

(4) B. A. Adams and E. H. Holmes, J. Soc. Chem. Ind.t 54, IT
(1935).

(5) O. Samuelson, lva, 17, 17 (1946).
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were invalid because the chloride was adsorbed on
the permutite, instead of undergoing exchange.

Guenther-Schulze’s work led Gustavson87 to
investigate the complex ions of chromium—a prob-
lem of great interest to the leather chemist.
Gustavson subsequently8-14 applied the synthetic
organic resins to the problem with greater success
because of the marked chemical stability of the or-
ganic exchangers, particularly in acid solutions, as
compared to the inorganic exchangers. Further
studies on chromium complexes, especially ones in-
volving organic acids, have been made.1517 In
these investigations the general procedure involved
contact of the hydrogen form of the organic cation
exchanger with the solution containing chromium
salts. It was assumed that the cationic complexes
are removed by the exchanger, while the neutral and
anionic fractions remain in the effluent. Analysis
of the original salt solution, the effluent after con-
tact with the resin, and the effluent following elu-
tion of the sorbed chromium, is used to determine
the composition of the complexes present in the ini-
tial solution. Both static and dynamic techniques
have been employed. Further examination of the
filtrate with an anion exchanger has been sug-
gested.8

Samuelson180 employed synthetic anion ex-
changers to elucidate the structure of Graham'’s
salt. He also employed a cation exchanger to de-
termine the composition and stability of the ferri-
metaphosphate complex.2

In experiments in which the concentration of M
relative to A and to the capacity of the cation ex-
changer is negligible, as is often the case when car-
rier-free radiotracers are employed, the formulation
of the necessary equations for the complex ion con-
stants, and the experimental techniques are simpli-
fied considerably. Investigations along this line
were begun in 194421 and eventually led to deter-
minations of the composition and stability of com-
plex ions formed between the alkaline earths, in-
cluding Ra++, and various organic acids.22-28

(6) K. H. Gustavson, J. Am. Leather Chem. Assoc., 19, 446 (1924).

(7) K. H. Gustavson, Ind. Eng. Chem., 17, 577 (1925).

(8) K. H. Gustavson, Svensk. Kem. Tid., 56, 14 (1944).

(9) K. H. Gustavson, J. Colloid Sci., 1, 397 (1946).

(10) K. H. Gustavson, J. Intern. Soc. Leather Trades' Chemists, 30,
264 (1946).

(11) K. H. Gustavson, Svensk. Kem. Tid., 58, 2 (1946).

(12) K. H. Gustavson, ibid., 58, 274 (1946).

(13) K. H. Gustavson, J. Am. Leather Chemists Assoc., 44, 388
(1949)

(14) K.
(1950)

(15) R. S. Adams, J. Am. Leather Chemists Assoc., 41, 552 (1946).

(16) E. J. Serfass, E. R. Theis, T. C. Thorstensen and R. K. Agar-
wal, ibid., 43, 132 (1948).

(17) E. R. Theis and T. C. Thorstensen, J, Intern. Soc. Leather
Trades' Chemists, 31, 124 (1947).

(18) O. Samuelson, Svensk. Kem. Tid., 56, 343 (1944).

(19) O. Samuelson, ibid., 61, 76 (1949).

(20) O. Samuelson, lva, 17, 9 (1946).

(21) J. Schubert, Manhattan Progress Report, CN-2563,
February, 1945.

(22) J. Schubert, This Journat, 52, 340 (1948).

(23) J. Schubert and J. W. Richter, ibid., 52, 350 (1948).

(24) J. Schubert and J. W. Richter, 3. Am. Chem. Soc., 70, 4259
(1948).

(25) J. »Schubert, E. R. Russell and L. S. Myers, Jr., J. Biol. Chem.,
185, 387 (1950).

(26) J. Schubert and A. Lindenbaum, Nature, 166, 913 (1950).

(27) J. Schubert, J. Colloid Sci., 5, 376 (1950).

(28) J. Schubert, Anal. Chem., 22, 1359 (1950).

H. Gustavson, J. Soc. Leather Trades' Chemists, 34, 259
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Subsequently, the ion exchange technique utilizing
radiotracers has been employed for the study or de-
tection of complex ions formed between the rare
earths and citric acid,29-31 cerous and inorganic an-
ions,32-34 zirconium and niobium with fluoride and
other inorganic ions2Z7 and between transuranic ele-
ments and the chloride ion.@8 Anion exchange res-
ins have been used to deduce information regarding
anionic complex ions resulting from the interaction
of Zr, Nb, Pd, Fe and other metals with halides.36-38

In this paper are presented results showing the
effect of temperature and ionic strength on the in-
teraction between strontium and citrate. Such
thermodynamic studies are of fundamental impor-
tance for the elucidation of the nature of the bind-
ing forces in complex ions as was emphasized re-
cently by J. Bjerrum.® In addition, data on the
interaction between Ca++ and Sr++ with some or-
ganic acids and nitrogenous derivatives are in-
cluded. In most instances, the measurements were
made (at p = 0.16 and pH 7.2) in order to approxi-
mate physiological conditions.

Experimental

In the experiments described here the procedures, unless
otherwise stated, were as follows: to each of a series of ten
flasks containing 100 mg. of the sodium form of the synthetic
organic cation exchanger, Dowex-50,40 a sulfonated poly-
styrene resin, were added 25 ml. of veronal bufferll at pH
7.2- 7.3, and 0.16 M in Na+. The buffer contained
tracer levels of #&Ca++ or 8%6r++, and, where indicated,
formaldehyde or phenol as a preservative. To each flask
was added a predetermined volume of a given ligand.
The ligand-containing solution was adjusted to a pH 7.2-
7.3 and to 0.16 M in Na+ with NaCl. Finally, the volume
in each flask was brought to 100 ml. with 0.16 M sodium
chloride solution. Generally, from four to eight different
concentrations of the ligand were employed, the concentra-
tion range chosen depended on the ligand’s affinity for Ca ++
and Sr++. Two of the ten flasks contained zero concentra-
tion of the given ligand, and an additional two flasks con-
taining only buffer plus sodium chloride were run as blanks.
After shaking the flasks mechanically for three hours, an
aliquot of the supernatant from each rvas removed for radio-
chemical assay. To each flask was added subsequently, in
some cases, 1 ml. of a 0.16 M NacCl solution containing car-
rier-free 8®&Sr++. After an additional three hours shaking
period, aliquots were removed for “'™Sr assay. In other
runs the “."Sr was already present in the buffer.

A typical system involving strontium citrate and the ex-
perimental data are given in Table I.

Materials.— All reagents were of C.p. grade. Solutions of
the ligands were prepared just before use by dissolving
weighed amounts of either the sodium salts, acid or base,
and diluting to a known volume after adjustment to pH
7.2- 7.3 with dilute NaOH. Solid sodium chloride was
added, when necessary, to bring the total Na+ to 0.16 M.

Buffer.— A universal veronal buffer, devised by Mi-
ehaelis,4 was employed. This buffer was chosen because it
contains no anions which form insoluble compounds with

(29) C. E. Crouthamel and D. S. Martin, Jr., J. Am. Chem. Soc.. 72,
1382 (1950).

(30) A. D. Tevebaugh, Document AECD-2749, issued November
29, 1949, Technical Information Division, Oak Ridge, Tenn.

(31) E. R. Tompkins and S. W. Mayer, J. Am. Chem. Soc., 69,
2859 (1947).

(32) R. E. Connick and S. W. Mayer, ibid.. 73, 1176 (1951).

(33) S. W. Mayer and S. D. Schwartz, ibid., 72, 5106 (1950)

(34) S. W. Mayer and S. D. Schwartz, ibid., 73, 222 (1951).

(35) K. Street, Jr., and G. T. Seaborg, ibid., 72, 2790 (1950)

(36) K. A. Kraus and G. E. Moore, ibid., 72, 4293 (1950).

(37) K. A. Kraus and G. E. Moore, ibid., 73, 9 (1951).

(38) K. A. Kraus and G. E. Moore, ibid., 73, 13 (1951)

(39) J. Bjerrum, Chem. Revs., 46, 381 (1950).

(40) W. C. Baumann and J, Eichhorn, 3. Am. Chem. Soc., 69, 2830
(1947).

(41) Tj. Michaelis, Biochem. Z., 234, 139 (1931).
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Table |

Experimental System and Results Obtained for the Strontium Citrate Complex

Resin, sodium form of Dowex-50, 100-150 mesh;
7.2—7.3;

Sodium Final citrate

Flask Resin, Buffer, NacCl, citrate, c,oncff.,
nc. mg. ml. ml. ml. moles/1.

1 6] 10.0 90.0 6] (]

2 6] 10.0 90.0 6] (6]

3 100.0 10.0 90.0 6] (6]

4 100.0 10.0 90.0 0 0

5 100.0 10.0 82.0 8.00 .0016

6 100.0 10.0 82.0 8.00 .0016

t 100.0 10.0 80.0 10 .0020

8 100.0 10.0 80 10 .0020

9 100.0 10.0 75 15 .0030
10 100.0 10.0 75 15 .0030
11 100.0 10.0 70 20 .0040
12 100.0 10.0 70 20 .0040

the alkaline earth cations. Under the experimental condi-
tions the buffer anions exert negligible somplexing action
(unpublished work). The buffer is essentially a 0.16 M solu-
tion of sodium chloride and contains a mixture of acetate
and diethyl barbiturate ions, each at a concentration of
0.02856 M. Each liter of 4Ca containing buffer had about
0.1 me. of Ha. The 4Ca was obtained from Oak Ridge
and had a specific activity of 1.54 me./mg. The concentra-
tion of all polyvalent cations in the &Ca-containing buffer
was less than 10-6 M, i.e., negligible relative to the ligand
concentration, and sufficiently low so that the distribution
coefficient of free Ca ++ in the resin would be unaffected by
gross changes in the concentration of Ca++ or metallic im-
purities.

Resin.— The synthetic organic cation exchanger, Dowcx-
50, was used particularly because its capacity is independent
of pH over a wide pH range, D thus avoiding the necessity
for the type of calibration curve in earlier studies.23 The
air-dried resin was classified by means of U.S. standard
sieves, to 100-150 mesh particle size. The resin was put
through several alternate Na+ H + cycles with 5% solutions
of NaCl and HC1. After saturation with excess NaCl, the
resin was equilibrated with excess 0.16 M NacClI solution.
The supernatant solution in contact with the resin was ad-
justed to pH 7.2-7.3 with dilute NaOH solution. After
the mixture was stirred an hour the pH of the supernatant
was tested, and readjusted, until no change in pH took
place after stirring. The resin was filtered through a bueh-
ner funnel, and rapidly washed free of adhering salt solution
with distilled water. The washed resin was spread in a thin
layer on a tray and air-dried. All experiments were con-
ducted with the air-dried resin. Analysis showed that the
air-dried resin contained 3.86 milliequivalents Na per gram
and 12.5% moisture as determined by drying to constant
weight at 110°.

Radiochemical Assays.— In order to avoid corrections for
self-absorption “infinitely thick” samples (40-50 mg./
cm.2) of precipitated calcium oxalate were mounted and
counted. Results were consistently reproducible to about
1-2%.

&i»Sr Assay.— Depending on the level of radioactivity a
measured volume (usually 1-5 ml.) was removed from the
solution in the flasks after the 3-hour equilibration period,
and deposited directly into 10-ml. flat bottom porcelain
dishes. Sufficient water was added to ensure a uniform de-
posit of salts upon drying. The aliquots were dried by over-
head heating with an infrared bulb. The samples were al-
lowed to stand at least 15 days before counting for radio-
active equilibrium to be attained.

Counting Procedure.— Samples were counted by means of
a thin (2-3 mg./cm.2 end mica-window Geiger tube. All
samples were placed in a reproducible position beneath the
counter window. At least a total of 10,000 c.p. were
taken on each sample. The counting rates were sufficiently
low (2000 c.p.m.) so that coincidence corrections were
avoided. The “-“Sr samples were counted through a 54
mg./cm.2aluminum absorber when 4Ca was present so as to
screen out the weak beta particles emitted by 4Ca.

buffer, veronal buffer, 0.16 M
sodium citrate solution 0.02 M in citrate, 0.16 M in Na+; sodium chloride, 0.16 M, t 25°;

in Na+, 0.7% by weight of phenol, pH
shaking time, 3 hours.

8V°Sr activity-

3 A t Average amount 8€0Sr
in equil. soin,

in separate phases, %

c./m./ml. Resin (oaied.) Soln. Kd h
189.9
185.3
50.9 27.30 72.70 2.6630
51.5 (AV)
81.5 43.57 56.43 1.2952 658
81.9
86.1 45.88 54.12 1.1796 629
86.0
98.2 52.74 47.26 0.8961 658
99.5
107.8 57.20 42.80 0.7483 641
106.8 Average ii/,647 —12

General Comments

In separate experiments, the effect of shaking time on the
distribution coefficient for the particular experimental con-
ditions described in this paper was tested. It was found
that a steady state was attained in less than an hour in the
presence or absence of a complex forming ligand. For
example, the formation constant for strontium malate was
found to be identical, within experimental error, for contact
times varying from one hour to two days.

In none of the cases described here was any significant ad-
sorption of the ligand by the resin or walls of the flasks
found. The reliability of the experimental procedures was
also checked in the manner described elsewhere. 5

One possible source of error is the destruction, probably by
bacterial action, of some organic ligands after prolonged
contact (> 2 days), particularly at elevated temperatures.
For this reason all solutions were made up fresh. The buffer
solution was kept refrigerated when not in use. Neutral
antibacterial agents in small concentrations such as phenol,
(M).05-0.1%) and formaldehyde (~0.5%) have been
found to prevent decomposition without affecting the ion
exchange reaction or complex formation.

Results

The dissociation constant, kc, for the complex ion,
(M An)e, in terms of the equilibrium ion exchange formulation
is®

k = TAA a)
° {K°JKa) - 1

where Kd and Kd are the distribution coefficients obtained

in the absence and presence, respectively, of the ligand A.
The distribution coefficient for the cation M is defined as

% M in exchanger volume of solution _ ~ ~ v
d % M in solution mass of exchanger m
(2)

where > represents the per cent, ratio. The term K° can be
obtained directly or from values of Kd by graphical or an-
alytical means. It is convenient to plot 1/Kd versus (A)"
and to extrapolate the straight line for proper n values to
zero concentrations of A, as indicated by the relation

A =JL | (Al @)
Ki K° + KX

The use of equation (1) assumes that the cation, M, iscom-
plexed only by A, i.e., that complex formation by other
anions in the solution is negligible. This is not always true.
The equations necessary to describe the more complicated
situations are to be reported elsewhere. Under the experi-
mental conditions described in this paper, the factors needed
to convert all values to a standard solution, say 0.16 M
NacCl or 0.16 M sodium perchlorate, are relatively minor,
amounting to less than 5% in most of the cases. Conse-
quently, equation (1) will be used without modification.
Equation (1) is valid for the conditions employed even when
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the complex ion is itself adsorbed, i.e., has a net positive
charge.

In all the ligands studied here, it was found that Ca++ and
Sr++ formed a 1:1 complex. The formation constant,
kt, found for several of these complex ions is summarized in
Table 11, the constant kt = 1/k0is the mass action equilib-
rium constant for the reaction

M + A MA (4)

where the charge on the complex ion, M A, is less than +2
for M ++. The value of kt at infinite dilution is given by the
term k°.

Tabite 1l

E ffect of Temperature on the Formation Constant of
Strontium Citrate

Systems and experimental conditions given in Table 1.
Successive runs made on same series of solutions following
withdrawal of 5.0-ml. aliquot from respective flasks for
analysis at given temperature.

Date Soin. Mass

Run of Temp., vol,, resin,
order run * °C. ml. mg. KT ki log ki
1 4/13/51 25 100.0 100.0 2.663 647 zb 12 2.81
2 4/16 25 95.0 100.0 2.441 571 £ 16 2.76
3 4/16 3 90.0 100.0 2.007 697 zb 17 2.84
4 4/17 15 85.0 100.0 2.12Q 632 zb 21 2.80
5 4/18 25 80.0 100.0 2.186 606 zb 39 2.78
6 4/18 40 75.0 100.0 2.440 651 zb 28 2.81
7 4/19 25 70.0 100.0 1.98 639 d= 16 2.81

In all cases, the observed value of Kd agreed with that ob-
tained by extrapolation of 1/Kd to where A = 0 as shown by
the examples in Figs. 1 and 2. The values of KI for Ca++
when, Na+ 0.16 M, pH 7.2-7.3, and the solution contained
1 ml. of buffer for every 3 ml. of 0.16 M sodium chloride,
generally fell in the range 1.31-1.46. The corresponding
KS value for Sr++ fell in the range 2.38-2.47. The value of
the formation constant is unaffected by relatively large dif-
ferences in the absolute value of K1 in different runs.

Fig._ 1.— Variations of the reciprocal of the distribution
coefficient for Sr++ versus the concentration of citric acid at
i = 25° pH 7.2-7.3, and M = 0.048.

Temperature and lonic Strength Effects on Complex lon
Stability.— The formation constant of strontium citrate was
studied in the temperature range 3-40° at /* 0.16 and pH
7.2-7.3. The values of kt at the different temperatures were
obtained by utilizing the original system (Table 1) and with-
drawing successive 5-m1l. aliquots after shaking the flasks in a
thermostat controlled water-bath at a given temperature.
The experimental observations for the first 25° point are re-
corded in Table 1 for illustrative purposes. The sequence
of temperatures studied was as follows: 25, 25, 3.0, 15, 25,
40 and 25°. In this way, any decomposition of citrate or
other effects which might affect the results are detected by
comparison with the 25° point used as a reference.

Jack Schubert
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BUTYLAMINE (MOLES/1ITER).

Fig. 2.— Variations of the reciprocal of the distribution
coefficient for Ca++ versus the concentration of butylamine,
t = 25, and ji = 0.16 and pH 7.2-7.3.

In the temperature range 3-40° the formation constant is,
within experimental error nearly unchanged (Table I1).
This is probably to be expected if it is assumed that the
variation of kt for strontium citrate is very small as was
observed by Bates and Pinching for the temperature coef-
ficients of the ionization constants of citric acid over the same
temperature range.f

In Table 111 are presented data relating to the effect
of ionic strength on the formation constant of strontium
citrate obtained by successive dilutions of the starting
solutions. Two different concentrations of citrate were em-

ijr.

Fig. 3.— Variation of the formation constants of strontium
citrate with ionic strength. The symbols O, 3, = represent
separate experiments. See text for a discussion of the slope
of the curve in the extrapolated region.

(42) Bates and Pinching, J. Am. Chem. Soc., 71, 1274 (1949)
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Table Il

Interaction of $95Sr++ with Citric Acid at Difffrent lonic Strengths

The initial solutions were 100 ml. in volume and equilibrated with 10 mg. of the sodium form of Dowex-50 at t — 25°, and

pH 7.2-7.3.
Ratio of activity
K1 X (Na+#> X T7jja+ coefficient” log k°
Expt. p Ka X 102 '1(SrCit)-/TSr+7Cit* if log if (inf. diln.) 6
A 0.16 2.66 3.60 (62) 660 2.82 4.6
B .076 11.7 4.32 13 982 2.99 4.
C .048 28.8 4.52 9.2 2,130 3.33 4.3
B .039 42 3 4.43 7.7 2,280 3.36 4.2
C .038 40 7 4.11 7.7 2,020 3.31 4.2
C .027 87.7 4.67 5.9 2,550 3.41 4.2
B .022 101 3.63 4.9 2,800 3.45 4.1
C .021 135 4.40 4.9 3,230 3.51 4.2
B .014 172 2.60 3.4 3,940 3.60 4.1
C .011 296 2.90 3.4 4,620 3.67 4.2
B .0074 413 1.88 2.9 5,560 3.74 4.2
0 1.0 13,000+ 4.11"
“ Activity coefficient ratio calculated from individual ion activity coefficients as tabulated by Kielland.43 It was as-

sumed that Y(Scit)- is equal to ?<HiCit)-.
tivity coefficient ratio.

4 Calculated by multiplication at a given ionic strength of ks value by the ac-
e Obtained by extrapolation of a plot of log h vs. V m-

Table IV

Interaction OF8MSr++and 46Ca++witii Organic Acids and Nitrogenous Derivatives in the Presence and Absence

of Formaldehyde

The solutions were equilibrated with the sodium form of Dowex-50 at t =

25°, n = 0.16, pH 7.2-7.3, v = 100 ml., m

100 mg., 25 ml. of veronal buffer.

Concn. range Constants when HCHO present*
. Structural of ligand,
Ligand formula moles/liter Ca Sr Ca Sr Ca Sr ¢ Ca Sr
Aspartic acid HOOC—CHt—CH—COOH 0.015-0.12 2.8+ 0.7 7 2 0.44 0.8 67+ 8 31 =b3 1.8 1.5
NH7
Butylamine CHi—CHi—CHi— CHi .02 - .07 14 2 1.1 14 ch2 1.1
NH7T
Ethanolamine HO—CH.—CHt .02 - .07 9.2+ 8 1281 0.96 1.1 13+ 1 17+ 2 1.1 1.2
NHT
Succinic acid HOOC—CHi— CHi— COOH .005- .04 9 =+ 1 8 + 2 1 0.9 12+ 2 1.1
Malic acid HOOC—CH—CHi— COOH .004- 04 116 + 8 279 1.4 2.06 1.45
1
OH
Formaldehyde HCHO 23 -6.9 0.02 0.02 -1.7 -1.7
“ The formaldehyde concentration was 10% by weight.
ployed at the outset, 0.008 M and 0.006 M in one series and _ A _
0.0052 and 0.0039 M in another series. The starting sys- Kd(Na+)2T2a+ = - N.S$R>8" = ~ Constant (6)
tems consisted of 10 mg. of Dowex-50 and 100 ml. of solu- . o i
tion. All samples were run in triplicate. assuming the pressure-volume terms are negligible. Since

In separate experiments it was found that the ion exchange
equilibria were reversible, that is, if to the system at p
0.01 we add sufficient NaCl to bring the p back top = 0.04,
the values of Kd and kt check the values originally obtained
at p = 0.04, despite a fourfold change in the v/m ratio.

The agreement between the extrapolated value of k° at
infinite dilution (Fig. 3) and that calculated from the in-
dividual ion activity coefficients is satisfactory considering
the fact that the extrapolation was made over a fairly wide
concentration range. The slope of the extrapolated region
of the curve in Fig. 3 should, according to the Debye-Huckel
limiting law be about —6.1 below a \fp = 0.05. The limiting
slope asdrawn isabout—5. The resulting AF°28 = —5,700
cal. The corresponding value of log k° for calcium citrate,
using Kielland’s43 values for the individual ion activity co-
efficients inserted into the data of Muus and Lebel,4s 4.64,
giving a AF°298 = —6,300 cal.

Some information on the ion exchange reaction

Sr++ + 2NaR ~ i SrR2+ 2Na+ (5)

where R represents the immobile anionic part of the cation

exchanger is also obtained from the data in Table 11l1. The
ion exchange reaction can be written4s

(43) J. Kielland, 3. Am. Chem. S&C, 69, 1675 (1937).

(44) J. Muus and H. Lebel, Danske Vidensk. Sel3k., Math.-fyt.

Medd., 13, No. 19 (1936).
(46) H. P. Gregor, /, Am, Chem. Sac., 70, 1293 (1643).

NaR is kept essentially constant, and the activity coefficient
ratio is kept essentially constant under the experimental
conditions, we would expect that the product Kd (N a+)2YNat+2
would be approximately constant in the range (Table I11).
More accurate values must include analyses of the Na con-
tent of the resin phases for each of the NaCl concentrations
employed and the degree of swelling of the resin.

Effect of Formaldehyde on Complex lon Stability.— The
addition of formaldehyde increased the affinity of aspartic
acid for Ca++ and Sr++ markedly, but exerted little ef-
fect on the other -N H 2containing compounds. The amount
of formaldehyde added, as formalin, corresponded to the
amounts used in the formol titration4 of amino acids. At
pH 7.2-7.3 no physiologically significant complex forma-
tion took place between Ca, Sr, and the nitrogen containing
compounds, including the dicarboxylic amino acid, aspartic.
Formaldehyde itself is practically devoid of complex form-
ing properties with the alkaline earths. Malic acid is several
times more powerful than succinic acid in complex forma-
tion, showing the marked effect of an -OH group. A simi-
lar enhancement of complexing properties for Ca and Sr by a
single -O H group was shown for the citric-tricarballylic acid
pair.2644 Additional -OH groups do not increase complex
forming ability in the case of the alkaline earths as shown by
the fact that kt for the calcium tartrate complex atp = 0.16
is 60.5,8i.e. weaker than the malic acid complex.

(46) C. L. A. Schmidt, “The Chemistry of the Amino Acids and
Proteina,” 2nd edition, C, C Thomas, Springfield, Illinois, 1045»
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Discussion

The positively charged -NH 3+ group in the as-
partic acid molecule can be expected to repel a
positively charged ion from the adjacent carboxyl
anion.4 Under the experimental conditions as-
partic acid, insofar as its complexing action is con-
cerned, can be considered to be the equivalent of a
monocarboxylic acid anion. The addition of
formaldehyde in the amounts stated at constant
pH increases the acid ionization constant of the
amino group from 2.5 X 10“D0 to about 1.6 X
10"74 thus reducing the net positive charge. In
addition, the formaldehyde reacts with the un-
charged amino group.& The net result is to in-
crease markedly the bound fraction of Ca++ or Sr++.
Since the resulting formation constant becomes
roughly equivalent to that of the malate anion with
Ca++ or Sr++ rather than succinate, it appears that
the group formed on the amino acid molecule be-
tween HCHO and -N H 2exerts a complex forming
action similar to the -OH group in malate. A fur-
ther discussion of these points will be deferred until
more data are obtained.

The relatively minor effects of temperature on
the complex formation constant of strontium citrate
appears characteristic for the alkaline earth-

(47) E. J. Cohn, and J. Edsall, “ Proteins, Amino Acids and Pep-
tides,” Reinhold Publishing Corporation, New York, N. Y., 1943.
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organic acid complexes in the 3-55° range. A
systematic and more extensive study of the effects
of temperature, ionic strength, pH and dielectric
constant on the complexes found between the
alkaline earths, transition elements, and organic
acids is in progress.

The technical assistance of Mr. R. C. Lesko is
gratefully acknowledged. The writer is indebted
to Dr. A. Lindenbaum for the development of the
radiochemical assay method for 4Ca, and to Mr. R.
Bane and Air. R. Telford for the chemical analysis
of the resin.

REMARKS

Isaac Feldman: | should like to point out that there are
certain, as yet unstated, limitations on the method of Dr.
Jack Schubert. Considering die complex aMx Ay —»bMrn +
ayA. A straight-line log plot using Schubert’s method is ob-
tained only when a — b, and therefore x = M. This limita-
tion becomes important for hydrolyzable ions such as beryl-
lium, since in basic solutions beryllium may polymerize,
even in tracer concentration. Even in the case wherea = b
and x = m, one must still determine “m” or “x” by an inde-
pendent method. That is, the original assumption that
Mx Ay is equivalent to M Ay/Xx is subject to limitations.

These facts were first pointed out to me by Dr. Loft
Toribara of our laboratory.

R esponse added in proof.— Dr. Feldman’s comments
apply generally to practically all methods used for the meas-
urement of formation constants of complex ions. The ex-
tent of polymerization of a complex ion if any, would have
to be determined in supplementary experiments.
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a sulfonated cross-linked polystyrene resin, are shown to be smaller than those
of the phenol sulfonate resin “Zeo-Karb 215.” In spite of this the rate of exchange between the NH,-form of “Zeo-Karb 225"
and various quaternary ammonium salts is greater than that with “Zeo-Karb 215.” As with “Zeo-Karb 215” the kinetics of
exchange are controlled by particle diffusion (P-kinetics). Whilst the smallest pores in “Zeo-Karb 215” are larger than the
effective size of the phenyldimethylbenzylammonium ion, those in “Zeo-Karb 225" are smaller than the tetramethylammo-
nium ion. Differences of rates of exchange on “Zeo-Karb 215” have already been employed to effect separations between
cations of different size: when “Zeo-Karb 225" is used, the degree of separation is enhanced by virtue of the limited satura-
tion capacity for the larger ions. The study is extended to the absorption of acids on “De-Acidite E” and on the highly
porous “Decolorite.” Inorganic acids, e.g., H2S04, HC1 are taken up rapidly by both resins from 0.01 N solution at 22*.
Some dye acids are also taken up rapidly by “Decolorite,” and more slowly and to a limited extent by “De-Acidite E.”
In every case the rate determining step is diffusion in the solid particle as indicated by the form of the kinetics and by inter-

The molecular pores of “Zeo-Karb 225,”

ruption tests.

The results can be used as a basis for the separation of inorganic salts from dye solutions with “De-Acidite

E,” and the feasibility of separating dye acids one from another with "Decolorite” is also indicated.

Since the mechanism of ion exchange is deter-
mined among other factors by the size of the ex-
changing ion, it is natural to suppose that its con-
tribution could be exploited for effecting separa-
tions. The separation of ions by exploiting differ-
ences in rates of exchange has already been demon-
strated in a preliminary manner by Kressman and
Kitchenerland the feasibility of separations based
on differences in saturation capacities is suggested
by the results of Richardson which showed that
the saturation capacity for acids decreases with
increasing ionic size in the anion exchanger “De-
Acidite B” .2

In the present paper the pore size distributions

(1) T. Ri P, Kressman and J. A. Kitrhener, Disc. Fnradaj/ fine.,

Ho, J, 90 (1949).
(2) n, W; uirtmfdroni NBINIC, 164, old (toil)).

of the phenolsulfonic acid resin “Zeo-Karb 215” and
the sulfonated polystyrene resin “Zeo-Karb 225”
are compared and their effect on separations based
upon rates and total capacity is studied. The
study is extended to the absorption of acids, having
large molecules, on the anion exchanger “De-
Acidite E” and the highly porous anion exchanger
“Decolorite.” The application of the results to
the separation of inorganic salts from dyes and to
the separation of high molecular weight acids
among themselves is indicated.

Both the anion exchange resins are of the weakly
basic type and the equilibrium absorption of acids,
if not the relative rate of absorption, is considerably
influenced by the dissociation constant of the acid
in question. In order to eliminate this as far as
possible, dyestuffs containing free SOjll groups



Jan., 1952

were used in the study since the acid strength of
these groups is not greatly influenced by their
number and by their environment (at least in the
absence of adjacent NH2groups).3

Experimental

Materials.— “ Zeo-Karb 225” is a unifunct.ional cation
exchanger in bead form prepared from sulfonated cross-
linked polystyrene and that used was a sample of “Permu-
tit” laboratory grade resin sieved 16/30 B.S.S. mesh. It
was converted to the H-form by flowing an excess of N HC1
through a column of the resin until sodium ions were only
just detectable in the effluent with a flame photometer. The
resin was washed with distilled water until the effluent was
free of acid, then air-dried.

The NH4form of the resin was prepared by flowing a
0.5 N solution of ammonium chloride through the column of
the H-form until no more acid appeared in the effluent and
washing off the excess ammonium chloride. The resin was
filtered at the pump and surface moisture removed by mop-
ping between filter papers. The mopped resin was then
kept in a tightly stoppered bottle.

The H-form of the resin was used for the experiments il-
lustrated in Fig. 5 and the NH 4form for those in Figs. 2 and
3.

The “De-Acidite E” and "Decolorite,” both weakly
basic anion exchangers in granular form, were likewise
samples of laboratory grade resins and they were converted
to the free base forms by flowing a 3 N solution of ammonia
through a column of the resin until chloride was undetect-
able in the effluent. The excess ammonia was washed from
the resin with distilled water until the water emerging had a
pH of about 7.5. The granules were graded by elutriation.
The washed resins were kept in distilled water and sufficient
for immediate needs was filtered at the pump, mopped be-
tween filter papers until surface dry and then kept in stop-
pered bottles. No mopped resin was used which was more
than 30 hours old, a fresh quantity being taken from the
large batch under distilled water, rinsed by several decanta-
tions with distilled water, then filtered and mopped as be-
fore.

The resins were used in the free base form throughout.

Determination of Effective Sphere Radius of the Swollen
Resin Particles.— This was determined by the method pre-
viously described.l Briefly the method consists in weighing
a knowm number of water swollen particles and determining

their density (p) with the aid of a density bottle. The ef-
fective sphere radius r is calculated from

4/3.Frdp = w
where w is the average weight of one particle. The “Zeo-

Karb 225 particles were, in fact, in the form of spheres and
the method gives the average radius of the spheres. This
was found to be 0.40 mm. The effective radii of the “De-
Acidite E” and “ Decolorite” granules were 0.39 and 0.42
mm., respectively.

Determination of Exchange Velocity.— The technique al-
ready describedlusing the limited bath method was adhered
to exactly, the speed of rotation of the stirrer being kept
constant at 1000 r.p.m., a speed previously shown to be the
optimum.1

In the experiments illustrated in Figs. 4 and 5, 2.92 meq.
of swollen H-resin were used together with 125 cc. of solu-
tion originally 0.01 N in both NH ,+ and NEt4+. In Figs. 2
and 3, 2.50 meq. NH 4resin were used with 125 ec. solution,
0.02 N in total cations. In the experiments with “De-
Acidite E” 1 g. of swollen resin was used and, because of its
lower capacity, 2-g. lots of “Decolorite” were used.
125 cc. of solution containing 1.25 meq. acid was used for
each experiment.

Determination of Total Capacity.— The total number of
exchangeable hydrogen ions in the “ Zeo-Karb 225” was de-
termined by stirring a known weight— 1 to 2 g.— of the re-
sin with about 50 cc. of water containing about 20 mg. of NaCl
and titrating the total acid liberated with 0.1 N NaOH to
methyl red end-point. The total number of exchangeable
ammonium ions in the NH4form was determined by distill-
ing a known weight with dilute NaOH solution into standard
acid and back titrating in the usual way.

(3) I»andolt~B6rn8tein Tabellen, Band IT, 1137 seq. (1936)#
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This method was not practicable for measuring the total
capacity for organic cations and the method previously de-
scribed4was used here. The solution of the quaternary salt
was flowed slowly through a column of H-resin and the acid
in the effluent titrated with alkali. The column was allowed
to stand for 24 hours with the resin immersed in the quater-
nary salt solution and the flow of solution restarted and con-
tinued until no more acid appeared in the effluent: this acid
was titrated. This was repeated until on running off the salt
solution after the 24 hours standing no titratable amount of
acid appeared in the effluent. The total acid liberated is a
measure o: the quaternary ion entering the resin.

Since the two anion exchangers are weakly basic their
capacities were measured as a function of pH. Two-gram
samples of the water swollen resins were weighed into a se-
ries of stoppered bottles and known volumes of nitric acid
solution added to each. The initial acid concentration was
different in every bottle and ranged from 0.01 to 0.5 N.
After allowing 36 hours for equilibrium to be attained the
pH of the solution in each bottle was measured and the resid-

ual acid titrated in an aliquot with standard alkali. Figure
1 shows the curves obtained.
pH.
Fig. 1.— Capacity-pH curves for “Decolorite” and “De-
Acidite E.”

Determination of Total Water Content of the Fully Swol-
len Resins.— Samples of the fully swollen resins, blotted be-
tween filter papers, were weighed and dried to constant
weight at 110°. The values thus obtained for the water
contents, expressed as g. water per g. oven dried resin, are:
“Zeo-Karb 225”7 H-form 0.80 g./g.; “Zeo-Karb 225~
NHi-form0.53 g./g.; “De-Acidite E” 0.47 g./g.; “Decolor-
ite” 2.54 g./g.

Preparation of Pure Free Dye Acids.— These were pre-
pared from the impure sodium salts by ion exchange. A
solution of the salt was prepared, containing about 30 meq.
total cations in about 1 liter of water. This was passed
through a column of “Zeo-Karb 225” in the H-form (25
cm. X 1.5 cm.) and then through a column of “De-Acidite
E” (25 cm. X 1.0 cm.). The former converted all the salts
present to the free acids and the latter absorbed the inorganic
acids, while allowing the dye acid to pass through. The
solution of the dye acid was then brought to 0.01 N by ap-
propriate dilution and electrometric titration with standard
alkali.

1- Amino - 8 - naphthol - 3,6 - disulfonic acid was pre-
pared from the monosodium salt by neutralizing a solution
with sodium hydroxide and then passing this through a
column of “Zeo-Karb 225” (H-form). It was then brought
to 0.01 N by appropriate dilution.

Dyes Used.— In addition to l-amino-8-naphthol-3,6-di-
sulfonie acid, the dyes studied were Chlorazol Sky Blue,
i3,3"' - dimethoxydiphenyl - 4,4" - bis-(2 - azo - 8 - amino - 1-
hydroxynaphthalene - 5,7 - disulfonic acid)]; Carmoisine
[naphthalene - 1 - sulfonic acid - 4 - (2 - azo - 1 - hydroxy-
naphthalene - 4 - sulfonic acid)]; Orange Il [2 - hydroxy-
naphthalene - 1 - azobenzene - p - sulfonic acid] and Orange
G [2 - hydroxynaphthalene - 6,8 - disulfonic acid - 1 - azo-
benzene]. The major diameters of these dyes are approxi-
mately 30, 20, 15 and 15 A ., respectively; that of the amino-
naphtholdisulfonic acid is about 10 A.

Discussion
lonic size contributes directly to the mechanism

(4) T. R. R. Kre«weman and J, A4 Kit.cban«r, Ji Chem.
(1949).

3110
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of both cation and anion exchange reactions in
two ways: (1) it affects the position of equilibrium,
and (2) it affects the rate of attainment of equilib-
rium. Above a certain minimum size (depending
upon the exchanger) it contributes indirectly by
determining the total or saturation capacity. For
the exchange of the alkali metal, ammonium and
hydrogen ions the size function determining the
equilibrium is the distance of closest approach a0
in the Debye-Hiickel equation,46 the affinity de-
creasing with increasing ionic size, i.e., increasing
aa This and other evidence suggest that the
cations are bound to the resin by Coulomb forces.
Large organic cations show higher affinities, pro-
vided the pores of the exchangers are of sufficient
size and, in contrast to the simple metal ions, the
affinities increase with increasing ionic size. This
suggests that van der Waals forces contribute
largely to the affinity, the Coulomb forces being
less important. Qualitative support of this is
provided by the observation that the affinities
of some quaternary ammonium ions increase with
the number of atoms in contact with a surface.6
Considerably less work has been carried out with
anion exchangers (see, however, refs. 7, 8, 9), and

V't (¢in minutes).
Fig. 2.— Tests of mechanism— “Zeo-Karb 225.”

Fig. 3.— Rates of exchange— “Zeo-Karb 225.”

(5) G. E. Boyd, J. Schubert and A. W. Adamson, J. Am. Chem. Soc.,
69, 2818 (1947).

(6) T. R. E. Kressman and J. A. Kitchener, J. Chem. Soc., 1208
(1949).

(7) W. C. Bauman, quoted by J. Schubert, Anal. Chem., 22, 1367
(1951).

(8) R. Kunin and R. J. Myers, This Journal, 51, 1111 (1947).

(9) R. Kuflin »ad R, It Myers, A. Am. Chem. Soc., 69, 28 (1947),
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it is impossible from the data available to determine
the contribution made by the size of the anion.
The present work, however, indicates that in the
absorption of free acids by a weakly basic, highly
porous exchanger, the position of equilibrium is
independent of ionic size.

In so far as ionic size affects the rate of attainment
of cation exchange equilibrium two mechanisms
can be distinguished, where the rate is controlled
by diffusion in the particles of the exchanger (P-
mechanism) and in the bounding Nernst film (F-
mechanism), respectively. Some evidence of an
intermediate (1) mechanism where the rate is
influenced by diffusional resistance in both phases
has also been obtained.1 The form of the kinetics
is often dependent upon circumstances; for ex-
ample, with the sodium ion on a phenolsulfonate
type resin P-kinetics at relatively high concentra-
tion can give way to F-kinetics at lower concen-
tration11, and P-kinetics at lower temperature
to F-kinetics at higher.22 With quaternary am-
monium ions on “Zeo-Karb 215" the Kkinetics
appeared to be controlled by particle diffusion under
all circumstancesl and, as would be expected, the
rate decreases as the size of the cation increases.

The saturation capacity of a sulfonic acid resin
is the same for all ions when the ions are very small.
With increasing size of the ion, however, a critical
size is reached at which the ion is larger than
some of the pores of the resin and a limited capacity
only is exhibited. A resin of higher capacity will
generally require a higher degree of cross-linking if
similar swelling characteristics are to be main-
tained, because of the hydrophilic nature of the
exchange active groups, and this results in smaller
pores. Thus the smallest pores of “Zeo-Karb
215" (total capacity 2.8 meq./g. dry H-resin) are
larger than the effective size of the phenylbenzyl-
dimethylammonium ion (major diameter 11.2 A))
although they are smaller than that of the tetra-
benzylammonium and the quininium ions.6 The
smallest pores of “Zeo-Karb 225" (total capacity
5.2 meq./g.) on the other hand, are appreciably
smaller than the tetramethylammonium ion (4.6
A. diameter) and are probably about 2 or 3 A.
diameter only.

Now the rates of exchange of several quaternary
ammonium ions with the NH4form of “Zeo-Karb
225" are found to be controlled by particle diffusion,
as indicated by the initially straight lines obtained
on plotting Qt/Q~ against y/t (Fig. 2) and direct
evidence of the existence of a concentration gradient
within the solid is provided by a discontinuity in the
velocity-time curves (Fig. 3) after a period of in-
terruption.2 It would be expected, therefore,
that a greater diffusional resistance would be ex-
hibited by “Zeo-Karb 225" for a given quater-
nary ion than by *“Zeo-Karb '215.” However,
the times for half-change are, in fact, less with
“Zeo-Karb 225" than with “Zeo-Karb 215,” as
shown in Table |, suggesting that the larger

(10) G. E. Boyd, A. W. Adamson and L. S. Myers, ibid., 69, 2836
(1947).

(11) D. K. Hale and D, Reiohenberg, Disc. Faraday Soc., No. 7
79 (1949).

(12) T. R, 13 Kressman and J. A. Kitchener, ibid., No, 7, 101
U949K
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pores of the polystyrene resin are concentrated
near the external surface of the spheres. The rates
of exchange of the sodium ion are practically iden-
tical with both resins, as would be expected where
the rate is controlled by diffusion in the liquid
film. (In this table the times for half change on
“Zeo-Karb 215" are taken from ref. 13 and are
corrected for particle size (“Zeo-Karb 215" 0.45
mm. radius; “Zeo-Karb 225" 0.40 mm. radius)
by multiplying the measured fi/sfor the quaternary
ions (P-diffusion) by (0.40/0.45)2 and for the
sodium ion (F-diffusion) by 0.40/0.45).

Table |
Time for half-change

lon “Zeo-Karb 215" "Zeo-Karb 225"
Na + 1.25 mins. 1.25 mins.
NM e4d+ 2.7 mins. 1.75 mins.
N E t4+ 10.0 mins. 3.0 mins.
PhNMe2ZHZPh+ ca. 3 weeks ca. 1 week

The equilibrium exchange values (i.e., Qw)
for these four ions on “Zeo-Karb 225" deserve brief
mention. Under the experimental conditions used
the equilibrium amounts of NH4+ liberated by the
four ions are: Na+ 1.17 meq., NMe4+ 0.5 meq.,
NEt4+ 0.74 meq., PhNMeXHZPh+ 1.6 meq.
If the saturation capacities were the same for all
the ions these equilibrium values would increase
in the order Na+, NMe4+, NEt4+, PhNMeZH2
Ph+. The observed order is explained by the
limited saturation capacities of the resin for the
organic ions. That for NMe4+ is 76% and that for
NEr4+ 62% of the maximum; however, that for
PhNMeZHZh+ is unexpectedly high (74% of
the maximum) and the intrinsically high affinity
of this ion for the resin enables a comparatively
high Q, value to be reached. The abnormally
high saturation capacity for the PhNMe2ZZHZPh+
ion suggests either that some orientation of the
molecule occurs in its passage along the resin pores,
its effective diameter thus being something between
its major (11.2 A.) and its minor (4.6 A.) diameters;
or that considerable distortion of the resin struc-
ture can occur if the attractive force is sufficiently
large. In this connection it is noteworthy that the
bivalent ion [CHN(CH532++ also ex-
hibits a higher saturation capacity (83%
of the maximum) than its major diameter
of 10.7 A. would suggest.

The separation of inorganic ions from
organic by exploiting their different rates
of exchange on “Zeo-Karb 215" has been
demonstrated.1 The degree of separation
is enhanced when “Zeo-Karb 225" is used
by virtue of the limited saturation ca-
pacity for the larger ion. This is illus-
trated in Figs. 4 and 5, which show the
concentration of H+, NH4+ and NEt4+
in a solution (initially equimolar with re-
spect to NH4+ and NEt4+) during the
course of exchange experiments with
“Zeo-Karb 215" and “Zeo-Karb 225,”
respectively. The solution becomes en-
riched in NEt4+ in each case, but whereas a 1.3-

(13) T. R. E. Kressman and J. Xitchener, Disc. Faraday Soc.,
No. 7, 65 (1949).
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Fig. 4.— Exchange of NH4+ and NEt4+ for H+ on “Zeo-
Karb 215.”
10 20 30
Minutes.
Fig. 5.- -Exchange of NH4+ and NEt4+ for H+ on “Zeo-
Karb 225.”
fold enrichment in 4 minutes occurs with “Zeo-

Karb 215” the enrichment with “Zeo-Karb 225~
after the same time is 1.6-fold.

The rates of absorption of acids on “De-Acidite
E” likewise decrease with increasing size of the
acid molecule, and a specific effect of valency of the
anion is observed, sulfuric acid exchanging at a
greater rate than hydrochloric acid—Fig. 6.
This is consistent with the results of Kunin and
Myers8 who supposed the effect to be due to the
greater attractive force between the resin and the
more highly charged ion. This is in marked con-
trast to cation exchange where increased valency
results in a lower rate of exchange.13

30 40 50
t (minutes).

Fig. 6.— Rates of acid absorption on “De-Acidite E.”

The rates of absorption of lI-amino-8-naphthol-
3,6-disulfonic acid, Orange Il, Carmoisine and
Chlorazol Sky Blue are very low and it is evident



122

that a limited saturation capacity is available for
these ions: with “Decolorite” the effect is observed
only with the Chlorazol Sky Blue ion (cf. Table
.

t (minutes).

Fig. 7.— Rates of acid absorption on “Decolorite.”

The specific effect of valency on the rate of acid
absorption is observed also with “Decolorite”
(Fig. 7) and it is seen to apply not only to inorganic
acids like hydrochloric and sulfuric but also to the
large organic dyes. Thus, Orange G and Orange
Il are of similar molecular structure differing only
in the position and number of SO3H groups. The
considerably greater rate of exchange of the former
with its two SO3H groups compared with the latter

V't (f in minutes).
Fig. 8.— Tests of mechanism— “De-Acidite E.”

Fig. 9.— Testa of mechanism— “Decolorite,'l
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with one isvery marked: W, values are not available

but the times for y 4change are 4.5 and 15 min.,

respectively. Although Carmoisine possesses two

naphthalene rings and Orange G only one, the rates
of exchange are almost identical: this is
remarkable since, even if the molecule
enters with its major axis roughly parallel
with that of the pores, the two naphtha-
lene rings would be expected to encounter
a greater diffusional resistance than the
one.

The curves of Qt/Q® against t for
both “DeAcidite E” and “Decolorite” all
exhibit an initial straight portion (Figs.
8 and 9) indicating that diffusion through
the solid particles is the rate determining
step, and this is confirmed by the dis-
continuity in the rate curves exhibited
after periods of interruption (Figs. 6 and
7). This is surprising in the case of the
inorganic acids on “Decolorite” since the
pores must be many times larger than

the acid molecules and it would be expected that
rapid movement through the pores would occur.
It suggests that the rate step is not controlled only
by simple diffusion.

The effect of valency on the equilibrium position
is very marked with “ Decolorite,” where the acids
can be divided into two groups—those with uni-
valent anions showing an equilibrium absorption
of 045 = 0.01 meqg. per gram, and those with
bivalent showing an equilibrium absorption of
0.51 + 0.01 meq. per gram (see Table Il). The
absence of any specific effect of structure is re-
markable in view of the extent to which it influences
the equilibrium position in cation exchange. The
comparatively low degree of cross-linkage in the
resin might, however, account for this.

Table Il
Equilibrium Absorption on “De-Acidite E” and

“Decolorite”

“De-Acidite E” “Decolorite”
(meq./g.) (meq./g.)

Hydrochloric acid 1.00 0.44
Sulfuric acid 1.22 .50
I-Amino-8-naphthol-3,0-disul-

fonic acid 0.G8 .45
Orange G .52
Orange 11 .24 .46
Carmoisine .36 .45
Chlorazol Sky Blue FF < .1 .32

Separations

The results discussed above indicate the feasibility of
separating ions by exploiting differences in their behavior
toward ion exchangers brought about by differences in
ionic size. The advantage of using “ Zeo-Karb 225,” con-
taining smaller pores than “Zeo-Karb 215,” for this purpose
is illustrated in Figs. 2 and 3.

The ability of “De-Acidite E” to absorb rapidly the
simple inorganic acids while absorbing the large dye acids
only very slowly, and to a limited extent, immediately sug-
gests that the resin could be used in conjunction with a hy-
drogen exchanger to purify dyes from contaminating inor-
ganic salts. Details of such a purification are given in the
Experimental section. Specifically the purification of
Carmoisine was carried out as described and, after bringing
the solution emerging from the resin columns to pH 7 with
sodium hydroxide, it was evaporated to dryness. The pure
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dye so obtained was ashed and the ash converted to the sul-
fate. Ash so found 28.8%: calculated 28.3%.

The appreciable separation between the several rate
curves in Fig. 7 suggests that “Decolorite” could be used to
separate among themselves acids having largi- molecules.
A preliminary qualitative experiment with a mixture of the
dye acids of Orange G and Sky Blue FF confirmed this:
when a solution containing a mixture of these dyes, each in
0.005 N concentration, was passed through a column of
“Decolorite” 21 cm. X 1.2 cm. at 10 cc./min. an immediate

breakthrough of the Sky Blue occurred and its concentration
rapidly increased to 0.005 N. When the experiment was
stopped after 20-bed volumes had passed Orange G had still
not appeared in the effluent. When the experiment was re-
peated at twice the rate of flow, some Orange G also ap-
peared in the effluent.

Acknowledgment.—Thanks are due to the
Directors of The Permutit Co. Ltd., London, for
permission to publish this work.
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Sorption-desorption isotherms at 12 and 2° have been obtained for certain crystalline forms of both sodium stearate and
sodium palmitate, using water vapor as the adsorbate. The soaps studied include the /3-form produced by dehydration of
the a-hemihydrate in a high vacuum at 35°, and the /9-, 5-, and w-forms. The adsorption isotherms for the /3-form (small
crystals) produced by the del~dration of the a-form and for the 5- form have two inflection points below 0.3 p/po, while
those for the /3- (larger crystals) and w-forms are quite regular in this region. At high pressures all of the isotherms rise
rapidly. A Hiittig plot yields two straight lines with similar slopes but different intercepts, suggesting that two separate
adsorption processes occur consecutively. The BET function gives only one linear portion.

Heats of adsorption calculated by the Clausius-Clapeyron equation decline rapidly from extremely high values at low
pressures, rise slightly at intermediate pressures, and subsequently decline to approach the heat of liquefaction of water at
the saturation pressure. The shape of the adsorption isotherms may be attributed in part to the plate-like character of the
soap crystals; the secondary maximum in the heat of adsorption curves may be attributed to lateral interactions of the ad-

sorbed molecules.

The desorption isotherms exhibit low pressure hysteresis, even at very low pressures.
point is attributed to some chemisorption occurring in the system.
No current theory accounts for the hysteresis observed in this system.

too small to be significant.

Systematic adsorption studies have not been
carried out on pure soap samples of known crys-
talline form. Recent investigations have been
directed toward the practical determination of
soap-water phase diagrams, and toward the
complex problem of soap polymorphs and hy-
drates.34

In previous work in this Laboratory%-8dehydra-
tion isobars were obtained for the four clearly
defined crystalline forms characterized by Ferguson,
Rosevear and Stillman.4

The purpose of this present paper is to report the
results of isothermal absorption studies carried out
on a limited number of carefully chosen crystalline
soap samples of known history, previously used in
isobaric dehydration experiments.

Experimental

Preparation of Samples.— The soap samples employed in
this investigation were especially prepared (cf. ref. 20) by
the Procter & Gamble Company. All of the samples had
been previously dehydrated at 35° in a high vacuum during

(1) Presented before the twenty-fifth National Colloid Symposium,
which was held under the joint ausp.ces of the Division of Colloid
Chemistry and the Division of Physical and Inorganic Chemistry of
the American Chemical Society at Ithaca, New York, June 18-21, 1951.

(2) Procter & Gamble Fellow, 1948-1950. Humble Oil and Refining
Company Fellow, 1950-1951 Present address: Carter Oil Company,
Tulsa, Oklahoma.

(3) M. J. Buerger, L. B. Smith, F. V. Ryer and J. E. Spike, Jr., Proc.
Natl. Acad. Sci. U. S, 31, 226 (1945).

(4) R. H. Ferguson, F. B. Rosevear and R. C. Stillman, Ind. Eng.
Chem., 35, 1005 (1943).

(5) G. L. Bushey, Ph.D. Thesis, The Rice Institute, 1948

(6) A. L. Draper, M.A. Thesis, The Rice Institute, 1949.

(7) A. L. Draper and W. O. Milligan, Texas J. Sci., 2, 209 (1950).

(8) W. O. Milligan, G. L. Bushey aDd A. L, Draper, T his Journal,
65, 44 (1051).

A slight upward drift in the zero
Pore radii calculated from the desorption isotherms are

the determination of dehydration isobars78 and the iso-
therms reported here were obtained on these samples in de-
hydrated form. The crystalline form of these soaps before
and after vacuum dehydration is given in Table I.

The identity of /S-, 5- and «-phases with the corresponding
phases described by Ferguson, Rosevear and Stillman49was
ascertained by comparing the powder X-ray diffraction pat-
terns of the samples after the completion of the isotherms
with the original X-ray negatives obtained by these investi-
gators.

Adsorption Isotherms.— The adsorption isotherms were
obtained at both 12 and 2° in a multiple apparatus employ-
ing 15 fused silica springs,10 which has already been de-
scribed.ll Temperatures were measured with a thermom-
eter calibrated by the National Bureau of Standards, and
were checked by a comparison of the observed and calcu-
lated saturation vapor pressure during each isotherm.
The temperature was held constant during each isotherm to
approximately + 0.001°.1

Samples of the crystalline soaps listed in Table I, with the
exception of the 5-sodium palmitate (Sample G), were ini-
tially placed in the apparatus and dehydration isobars were
obtained from —20 to 35°.8 The dehydrated samples were
left in the platinum buckets, and without opening the ap-
paratus, the temperature was lowered to 12°. Water vapor
from the adsorbate source was made available to the samples
during the temperature lowering in order to prevent the
samples from robbing each other of water and thus delaying
the attainment of equilibrium conditions. In the deter-
mination of the isotherms at least 48 hours were required to
reach equilibrium at each pressure setting, longer periods
being necessary particularly in pressure regions where the
amount of adsorption was changing rapidly. After comple-
tion of the isotherm at 12°, the temperature was lowered to
2°, the samples having access to water vapor during the
lowering of the temperature. After the weight of the
samples had become constant, the 2° isotherms were ob-
tained.

(9) R. H. Ferguson, Oil & Soap, 21, 6 (1944).

(10) J. W. McBain and A. M. Bakr, J. Am. Chem. Soc., 48, Q0O
(1926).

(11) W. O. Milligan, W. C. Simpson, G. L. Bushey, H, TT. Rachford,
Jr., and A. L. Draper, Anal. Chem,, 23, 7?9 (1951).
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After the completion of the isotherms, the samples were re-
moved and identified by means of their X-ray diffraction
patterns. This was done as rapidly as possible to preserve
the actual form of the crystalline soaps at the completion of
the isotherms. The results of these X-ray examinations are
summarized in Table I.

Tabite |
X-Ray Examination
Sample Original form Form after vacuum dehydration
A a-Sodium stearate /9-Sodium stearate (small crystals)
hemihydrate

B /9-Sodium stearate /9-Sodium stearate (larger crystals)

C 5-Sodium stearate 6-Sodium stearate

D «-Sodium stearate «-Sodium stearate

E «-Sodium palmitate /9-Sodium palmitate (small crystals)
hemihydrate

F /3-Sodium palmitate /9-Sodium palmitate (larger crystals)

G 6-Sodium palmitate 6-Sodium palmitate

H «-Sodium palmitate «-Sodium palmitate

A few typical isotherms are plotted in Figs. 1-4. The ad-
sorption branch of the isotherms is indicated by open circles,

Fig. 1.— Sorption-desorption isotherms for water vapor
on ¢3-sodium stearate produced by the dehydration of a-
sodium stearate at 12° (solid line) and 2° (dashed line).

Fig. 2.— Sorption-desorption isotherms for water vapor on
¢3-sodium stearate at 12° (solid line) and 2° (dashed line).

W. 0. Milligan and Arthur L. Draper
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Fig. 3.— Sorption-desorption isotherms for water vapor on
5-sodium stearate at 12° (solid line) and 2° (dashed line).

Fig. 4.— Sorption-desorption isotherms for water vapor on
«-sodium stearate at 12° (solid line) and 2° (dashed line).

the desorption branch by closed circles. The solid line rep-
resents the isotherms at 12°, the dashed fine at 2°. Figure
1 gives the isotherms for the sample of the (3-sodium stearate
produced by the dehydration of the «-form (sample A).
The small differences observed in the isotherms for different
samples of /3-sodium stearate and /3-sodium palmitate is at-
tributed to variation in crystal size. Since grinding may
alter the structural form of soaps,49the samples were not
homogenized before the isobars and isotherms were ob-
tained. The magnitude of these differences in the beta
samples is extremely small, but is considered to be sig-
nificant, inasmuch as the differences are observed in both the
2° and the 12° isotherms. Figures 2-4 represent the com-
plete isotherms for /3-, 5- and «-sodium stearate, respec-
tively._ The isotherms for the sodium palmitate samples are
quite similar in appearance, and are not reproduced here.

Discussion

Adsorption Isotherms.—The isotherms given in
Figs. 1-4 are typical of those obtained for all of
the dehydrated crystalline soaps. Corresponding
crystalline forms of sodium stearate and sodium
palmitate give similar isotherms. At the two
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temperatures, the curves tend to parallel each
other. The isotherms for the /3-phase produced
from the dehydration of the a-sodium stearate
hemihydrate and for 5-sodium stearate possess
two inflection points below 0.3 p/po, whereas the
/3-and «-forms do not show this characteristic.

Isotherms with two inflection points at low
pressure have been reported infrequently in the
literature. Katz12 and McBain and Leel315 ob-
served no such isotherms in their investigations.
Orr® obtained isotherms of this shape for the ad-
sorption of argon, krypton and carbon monoxide
on large, uniform crystals of potassium chloride.
Bangham and MosallamT found that isotherms
of methyl alcohol on mica showed an abrupt dis-
continuity at 0.1 p/po- Corneti8reported curves
of this type for the adsorption of ammonia on
montmorillonite. Recently, Bielanski and Tomp-
kins® obtained similarly shaped isotherms for the
adsorption of water vapor on dehydrated single
crystals of potash alum. Taylor® reports that
oxygen, argon and krypton give such isotherms on
ionic lattices.

This type of isotherm can be expressed mathe-
matically only by an empirical equation. It is
evident that first order equations cannot fit such
data. The BET or Hiittig2l adsorption equations
are first order, as they may oe expressed in linear
form. Brunauer, Emmett and Teller2 extended
their equation to a second order approximation by
including a pair of c-type constants. Ferguson and
Barrer2Z have treated the Hiittig equation simi-
larly. Such second order equations involve a
ratio of two c-values, so that smooth sigmoid
curves are obtained.

A plot of the soap-water adsorption data in
terms of the simple Hiittig function is given in
Figs. 5, 6 and 7 for the isotherms of Figs. 1, 2
and 4. It is interesting to note that two linear
curves are obtained, generally of similar slopes but
different intercepts. The graph for «-sodium
stearate (Fig. 7) exhibits both different slopes and
intercepts. The isotherms plotted in this manner
fall away from the linear portion above 0.7 p/po,
the usual limit to which data may be expressed by
the Hiittig equation. Plots of these data in terms
of the BET function likewise result in a linear
region at low pressures, then tend rapidly upward,
a behavior which is characteristic of the usual limit
to which data may be expressed by the BET
equation.

The “surface area” of these soaps as calculated

(12) J. R. Katz, Kolloidchem. Beihefte, 9, 1 (1917).

(13) W. W. Lee, Pb.D. Thesis, Stanford University, 1941.

(14) J. W. McBain and W. W. Lee, Ind. Eng. Chem., 35, 784 (1943).

(15) J. W. McBain and W. W. Lee, Cil & Soap, 20, 17 (1943).

(16) W. J. C. Orr, Proc. Roy. Soc. {London), 173A, 349 (1939).

(17) D. H. Bangham and S. Mosallam, ibid., 166A, 558 (1938).

(18) 1. Cornet, J. Chem. Phys., 11, 217 (1943).

(19) A. Bielanski and F. C. Tompkins, Trans. Faraday Soc., 46, 1072
(1950).

(20) H. S. Taylor, “Frontiers in Chemistry,” Vol. VIII, “Frontiers
in Colloid Chemistry,” Burk and Grummitt, Editors, Interscience Pub-
lishers, Inc., New York, N. Y., 1950, p. 1.

(21) G. F. Huttig, Monatsh., 78, 177 (1948).

(22) S. Brunauer, P. H. Emmett and E. Teller, 3. Am. Chem. Soc.,
60, 309 (1938).

(23) R. R. Ferguson and R. M. Barrer, Trans. Faraday Soc., 46, 400
(1950).
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Fig. 5.—Sorption isotherms for water vapor on /3-so-
dium stearate (sample A) produced by the dehydration of
a-sodium stearate at 12° (solid line) and 2° (dashed line)
according to the Huttig equation.

0.c 0.2 0.4 0.6 0.8 1.0
p/ p0O

Fig. 6.— Sorption isotherms for water vapor on /3-sodium
stearate (sample B) at 12° (solid line) and 2° (dashed line)
according to the Huttig equation.
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Fig. 7.— Sorption isotherms for water vapor on «-sodium
stearate at 12° (solid line) and 2° (dashed line) according
to the Huttig equation.

from the slope of the Huttig equation is approxi-
mately 60 m.2g. This numerical value is not con-
sidered to be significant.
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Halsey2 suggests an empirical equation to
describe the phenomenon of cooperative adsorption,
in which an adsorbed molecule favorably influences
the adsorption of its neighbors. Some of the
isotherms reported here give the characteristic
log p/po versus log x/m plot predicted by this equa-
tion, but a physical interpretation of this result
cannot be readily made.

The adsorption isotherms (Figs. 1-—4) could
possibly be interpreted on the basis of phase transi-
tions in a two-dimensional gas in accordance with
the work of Gregg.5 A discontinuity in the com-
pressibility or spreading pressure curve, identified
with first-order transition, results from an inflection
point in the isotherm. However, such considera-
tions require a mobile layer for the adsorbed
molecules in order to approximate a two-dimen-
sional gas, but the high heats of adsorption ob-
served in this system indicate that the molecules
are held tightly.

Heats of Adsorption.—Figure 8 gives the heats
of adsorption calculated by means of the classical
Clausius-Clapeyron equation for the /3-sodium
stearate produced by the dehydration of the a-
form and for the 0- and 5-forms. Figure 9 details
the heat of adsorption in the low pressure region
for the /3-phase produced by the dehydration of the
a-form. These curves show a regular decline from
extremely high values at low pressure, a rise to a
secondary maximum at intermediate pressure, and
a decline at high pressures with the heat of adsorp-
tion approaching the heat of liquefaction, indicated
by a horizontal line in Figs. 8 and 9.

Fig. 8.— Heats of adsorption computed by means of the
Clausius-Clapeyron equation at 7° for the adsorption of
water on /3-sodium stearate produced by the dehydration of
a-sodium stearate (solid line), /3-sodium stearate (dashed
line) and 5-sodium stearate (dashed-dotted line).

The variation of the heat of adsorption with the
amount of gas adsorbed is similar to that observed
by Joyner and Emmett® for the adsorption of
nitrogen on certain carbon blacks. The secondary

(24) G. D. Halsey, Jr., /. Chem. Phys., 16, 931 (1948)

(25) S. J. Gregg “Surface Chemistry, a Special Supplement to Re-
search,” Interscience Publishers Inc., New York, N. Y., 1949, p. 205.

(26) L. G. Joyner and P. H. Emmett, J. Am. Chem. Soc., 70, 2353
(1948).
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Fig. 9.— Heats of adsorption computed by means of the
Clausius-Clapeyron equation at 7° for the adsorption of
water of /3-sodium stearate produced by the dehydration of
a-sodium stearate.

maximum occurs at about the same value of p/po
in the two sets of data; the variation at low pres-
sure (Fig. 9) closely resembles their results on
Spheron, for with Graphon a more pronounced
maximum occurs before the monolayer is complete.
These results have been recently discussed in de-
tail by Hill, Joyner and Emmett;.Z Orr¥% ob-
tained heats of adsorption with a secondary
maximum; and interpreted the position of this
maximum to correspond to the monolayer. Con-
sideration of his isotherms shows that the maxima
occur at approximately the same location as those
reported here and by Joyner and Emmett. B
Halsey24 quotes Orr’s interpretation in substantia-
tion of the cooperative theory, and Taylor® sug-
gests that a secondary maximum in the heat of ad-
sorption co-incident with the completion of the
monolayer is characteristic of cooperative adsorp-
tion.

Ferguson, Rosevear and Nordsieck2 observed a
continuous variation in the X-ray spacings of
soaps with relative humidity. This characteristic
of plate-like materials was first observed in the
montmorillonite clays by Hofmann, Endell and
Wilm.D Marshall® gives a complete review of
such data, using it to explain the ammonia-mont-
morillonite isotherms obtained by Cornet.18
Microscopic observations of the soap samples
used in these studies indicate a plate-like structure.

Halsey and Taylor3land Sipsattributed smooth
adsorption isotherms to a distribution of adsorption
sites with respect to their energy corresponding to a
regular exponential or Gaussian curve. An ad-
sorbent with a plate-like structure would have
large areas of planar surfaces; if the adsorption
sites on these surfaces possessed the same energy,

(27) T. L. Hill, L. G. Joyner and P. H. Emmett, results presented
at the 119th Meeting of the American Chemical Society, which was
held in Boston, Mass., April 1-c, 1951.

(28) R. H. Ferguson, F. B. Rosevear and H. Nordsieck, J. Am.
Chem. Soc., 69, 141 (1947).

(29) U. Hofmann, K. Endell and K. Wilm, Kolloid-Z., 86A, 340
(1933).

(30) C. E. Marshall, “The Colloid Chemistry of the Silicate Min-
erals,” Academic Press, New York, N. Y., 1949.

(31) G. D. Halsey, Jr., and Il. S. Taylor, J. Chem. Phys., 15, 624
(1947).

(32) R. Sips, ibid., 16, 190 (1948).
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the distribution curve would show a peak at this
point. This condition obtains in the soaps and
clays, and possibly in the ionic lattices, where ex-
tensive planar areas of similar atoms in equivalent
positions result from the crystal structure.

The isotherms for an adsorbent with this type of
distribution would rise rapidly at the pressure
where the large number of sites was being filled.
The heat of adsorption would show little change in
this region. These characteristics may be seen in
the isotherms and in the heat of adsorption curves
for the beta-sodium stearate (sample A) given in
Figs. 1 and 9. If the planar sites did not have a
unique energy, a smoother isotherm would be
obtained, such as for sample B (Fig. 2). The struc-
tural changes of polymorphic inversion of the
other forms to the omega form produced by severe
dehydration may destroy the planar surfaces, thus
accounting for the absence of the inflection point
in the omega phase isotherms shown in Fig. 4.

Planar domains with numerous sites of similar
energy do not account for the magnitude of the
heats of adsorption or the secondary maxima which
are observed. The magnitude of the heats suggests
that some chemisorption is occurring.

Desorption Isotherms.—The desorption iso-
therms indicated by the filled circles in Figs. 1-4
show hysteresis principally at low pressures.
Many isotherms have been observed which exhibit
hysteresis over the entire pressure range, such as
those obtained by Bangham and MosallamZs
for benzene on mica. These, however, do not
possess a distinct step-like descent at the lower
pressures.

Milligan, Weiser and Simpson3 obtained iso-
therms on certain alumina samples (y-AIOOH)
which are of interest. The samples are known to be
plate-like, but the adsorption isotherms show no
inflection point at low pressures. The desorption
isotherms exhibit hysteresis over the entire pressure
range. In the high pressure range, a well-defined
inflection point occurs, so that the hysteresis at
these pressures may be readily explained by pores
in accordance with the Kelvin equation. How-
ever, a definite step may be detected in the low
pressure region of the desorption isotherms. Since
pronounced hysteresis does not occur at high
pressure in the soap-water isotherms, the enhanced
low pressure hysteresis appears at a distinct
phenomenon.

Since the desorption branch drops sharply after
the curve has reached the low pressure region, a
pore diameter calculated from the Kelvin equation
corresponds to slightly more than the diameter of
one molecule. The application of this equation
in the low pressure region gives questionable re-
sults; Pierce and Smith3 and others believe that
pore radii corresponding to less than four molecular
diameters are meaningless. Extension of the Kel-
vin equation to planar rather than cylindrical
pores gives plate separations half the size of the
corresponding radii.

It is considered that the plate-like form of the

(33) W. O. Milligan, H. B. Weiser and W. C. Simpson. Results pre-
sented at the 105th Meeting of the American Chemical Society which

was held in Detroit, Mich., April 12-16, 1943.
(34) C. Pierce and R. NI. Smith, T his Journal, 54, 784 (1950).
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several adsorbents, such as the soaps, y-AIOOH,
mica, and certain clays, is closely related to the
special adsorption-desorption characteristics of
these materials. However a quantitative explana-
tion must await the accumulation of additional
information. Although the existence of extensive
planar areas with large numbers of equivalent
absorption sites may account for the shape of the
adsorption isotherms, the low pressure hysteresis
is not explained. Indeed, low pressure hysteresis
has been observed in this Laboratory for the ad-
sorption of water vapor on several samples of zir-
conia, which are essentially amorphous to X-rays.

The adsorption and desorption curves considered
together indicate that there is occurring some phe-
nomenon not previously observed, in which hys-
teresis occurs because the desorption process
differs from the adsorption process. The adsorp-
tion process considered in terms of a two dimen-
sional gas® might be expected to show hysteresis
on desorption by considering a first order transition
as a suspended change. This is considered unlikely
in view of the magnitude of the heats of adsorption
which are involved. The cooperative theory as
presented by Halsey2t does not imply hysteresis on
desorption. Hill® has recently extended this idea
to derive an equation for adsorption on small
nuclei and planes. His equation contains many
constants which cannot be evaluated. However,
the equation possesses discontinuities which enable
it to be used as an approximation. Considering
the first inflection point to represent completion of
the monolayer, the data for the beta form of sodium
stearate produced by the dehydration of the alpha
form are plotted in Fig. 10 together with a plot of
the Hill equation. The solid line represents the
equilibrium path of the isotherm, and the dashed
line the theoretical curve. The similarity of this
curve to that for equations of state through gas-
liguid phase transitions will be noted. On this
approximate basis, the cooperative theory partially
explains the entire isotherms.

sodium stearate at 12° according to the Hill equation.

However, the assumptions of this theory concern
the influencing of the adsorption of neighboring
(385) T. L. Hill, ibid., 54, 1186 (1930).
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molecules, and do not directly treat the lateral
interactions of the adsorbed molecules. Ferguson
and BarrerZpoint out that no successful treatment
of lateral interactions has been made. Orrb
interprets his isotherms on the basis of molecular
rearrangements on the surface, but does not discuss
the nature of the lateral interactions, de Boer®
in an extensive treatment of this subject records no
theory which predicts the behavior observed here.
Everett, Smith and Whitton¥in a discussion of the
thermodynamics of adsorption hysteresis point
out that no complete explanation of the phenom-
enon exists.

(36) J. H. de Boer, “Advances in Colloid Science,” Vol. I,
science Publishers Inc., New York, N. Y., 1950, p. 1.

(37) D. H. Everett, F. W. Smith and W. I. Whitton,
sented at the 120th Meeting of the American Chemical Society which
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The large domains of planar sites available in the
soaps and in the other plate-like adsorbents present
an opportunity for lateral interactions by the
adsorbed molecules. For the adsorbates discussed
here, such as water, ammonia, and methyl alcohol,
interactions between molecules might consist in
the information of hydrogen bonds, the energy of
this stabilization process thus accounting for the
secondary maximum observed in the heat of ad-
sorption. However, lateral interactions on the
uniform planar surfaces do not account for the
type of hysteresis observed here in the soap-water
isotherms, nor that reported by Milligan, Weiser
and Simpson.3

The authors are grateful to the Procter & Gamble
Company, which made these studies possible by the
establishment of a fellowship program at the

was held in New York, N. Y., Sept. 3-7, 1951. Rice Institute.
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It is confirmed that the sodium salts of the saturated fatty acids may exist in a large number of different states at room
temperature, giving rise to X-ray diffraction patterns which differ discontinuously from modification to modification, but
which are substantially the same for all samples prepared within the field of formation of a given modification, when studied
at room temperature at constant relative humidity. Characteristic X-ray spectrometer patterns are presented to permit easy
identification of these modifications. The formation of this multiplicity of forms apparently requires the presence of water
during the processing of systems at higher temperatures before cooling to room temperature. Evidence is presented tending
to show that the zeta and epsilon modifications cannot be stoichiometric hydrates but are probably solid solutions. Despite
certain limitations, several of these patterns appear to be interpretable in terms of a structure consisting of a randomly
stacked array of two-dimensional lattices. Striking success was also obtained in terms of this hypothesis in accounting for
changes in spacing occurring on drying zeta and epsilon samples over phosphorus pentoxide, and on changing the chain length

of soaps in the zeta modification.

Although much effort has been spent on study
of the solid forms of the sodium soaps415 the sub-

(1) (a) Presented before the Twenty-fifth National Colloid Sym-
posium which was held at Cornell University, Ithaca, N. Y., June, 1951.
(b) For material supplementary to this article order Document 3368
from American Documentation Institute, 1719 N Street, N. W., Wash-
ington 6, D. C., re Titting $1.00 for microfilm (images 1 inch high on
standard 35 mm. motion picture film) or $1.20 for photocopies (6 X 8
inches) readable without optical aid.

(2) Experimental Station, E. |I. du Pont de Nemours and Co., Wil-
mington, Del.

(3) Textile Research Institute, Princeton, N. J.

(4) M. J. Buerger, L. B. Smith, A. de Bretteville, Jr., and F. V.
Ryer, Proc. Nat. Acad. Sci., U. S., 28, 526 (1942).

(5) M. J. Buerger, L. B. Smith, F. V. Ryer and J. E. Spike, ibid.,
31, 226 (1945).

(6) M. J. Buerger, L. B. Smith and F. V. Ryer, J. Am. OU Chem.
Assoc., 24, 193 (1947).

(7) R. H. Ferguson, F. B. Rosevear and H. Nordsieck, J. Am. Chem.
Soc., 69, 141 (1947).

(8) R. H. Ferguson, F. B. Rosevear and R. C. Stillman, Ind. Eng.
Chem., 35, 1005 (1943).

(9) J. W. McBain, O. E. A. Bolduan and S. Ross, J. Am. Chem. Soc.,
65, 1873 (1943).

(10) J. W. McBain, A. de Bretteville, Jr.,, and S. Ross, J. Chem.
Phys., 11, 179 (1943).

(11) J. W. McBain and W. W. Lee, Oil and Soap, 20, 17 (1943).

(12) w. O. Milligan, G. L. Bushey and A. L. Draper, T his Journal,
55, 44 (1951).

(13) P. A. Thiessen and E. Ehrlich, Z. physik Chem.,
(1932).

(14) P. A. Thiessen and J. Stauff, ibid., A176, 397 (1936).

(15) R. D. Void, This Journal, 49, 315 (1945).

19B, 299

ject is still in a state of rather chaotic confusion.
The present work was undertaken in the first
instance to clarify the situation by providing a
set of reproducible X-ray spectrometer patterns
which can be used for unambiguous identification
of the “modification” 16 present, and to correlate
previous nomenclature with this set of standard
patterns.

A further important consideration was the degree
of constancy or variation of pattern of a given
modification over a range of preparative conditions,
such data establishing whether the large number of
postulated forms actually exist as discrete modi-
fications or are merely different members of a
smaller number of continuously variable solid
solution forms. The role of water was also in-
vestigated with respect to whether its presence is
essential for the formation of the different modifica-
tions or whether it serves merely as a plasticizer
permitting mechanical agitation of the samples,
and as to its state of combination with the soap.
Finally, the applicability of the hypothesis of stack-

(16) Throughout this paper the term
same special sense as by McBain and Mysels, This Journal, 52, 1471
(1948), and Void and Smith, J. Am. Chem. Soc., 73, 2006 (1951), to

denote a material having clearly different properties but without
commitment as to whether it is cr is not a discrete phase.

“modification” is used in the



Jan., 1952

ing disorder to interpretation of those diffraction
patterns was examined.

To indicate the complexity of the field it is useful
to consider briefly the existing nomenclature and
hypotheses concerning the nature of these solids.
Thiessen, et al.,u-u recognized two forms, alpha
and beta, beta being produced by heating the alpha
form, which contained an unspecified but small
amount of water. McBain, et al.,310 distinguished
four forms, alpha and beta like those of Thiessen,
and also gamma and hydrous gamma. Buerger,
Smith, et ah,4617 postulate the existence of at
least nine discrete phases of saturated soaps, alpha,
beta, gamma, delta, sigma, epsilon, mu, kappa and
zeta, regarding most or all of them as stoichiometric
fractional hydrates. Ferguson, et al.,78 maintain
that there are but four distinguishable phases,
alpha, beta, delta and omega, alpha being a hemi-
hydrate and beta, and presumably the others, solid
solutions of water in soap.

X-Ray Technique

Most of the present results were obtained with the Norelco
X-Ray Spectrometer, Type 12021, patterns being automati-
cally recorded by a Brown Potentiometer, No. 153 x 12V-
X-30, although numerous comparisons were also made of the
positions of peaks as recorded and as determined by direct
counting. The general procedures followed were similar to
those described in previous papers.is  Air-dry samples were
studied with bare surfaces of 15 mm. diameter, while “wet”
or P20 5dry samples were studied with surfaces of 12 mm.
diameter covered with a 0.0015 in. thick polystyrene film
(Plax Corp.).

Since the differences between the diffraction patterns of
the soap modifications are sometimes rather small, involving
differences in line position of less than 0.1 A., and oc-
casionally chiefly differences in fine profiles, half-widths or
relative intensities of two partially resolved peaks, it was
first necessary in this investigation to establish definitively
the reproducibility and accuracy of the results obtainable
with sodium soaps with the X-ray spectrometer. This in-
volved hundreds of runs with various standard materials
and with soaps to investigate the effects of changing such in-
strumental variables as slit widths, degree of damping and
amplification of the recorder, chart speed, scanning speed,
magnitude of background fluctuation at various intensity
levels, orientation of the sample surface by stroking, and to
determine the accuracy and precision of measurement of Une
positions, apparent intensities, half-widths and resolving
power.13  All reported values are the average of at least two
independent runs on different surfaces.

Once the instrument is properly aligned the location of
peaks is unaffected by slit and recorder settings. Values of
Bragg spacings (calculated using CuKau = 1.5418 A.) in
duplicate runs on the same preparation showed maximum
deviations of 0.1° in 2 corresponding to differences of
not more than 0.01 A. at angles larger than 20°. Runs on
a given soap modification prepared at different compositions
or temperatures also usually showed agreement in line posi-
tions within £ 0.01 A., although there were occasional dif-
ferences of 0.02 A.  Since most of the peaks were of roughly
comparable shape, “absolute” intensities were taken as the
height of the peak in scale units above the continuous back-
ground rather than as the area under the peak, relative in-
tensity being defined as the quotient of the “absolute” in-
tensity of the peak divided by that of a given strong peak in
the pattern. For completely resolved peaks the average de-
viation of the relative intensity of a given peak from the

(17) K. W. Gardiner, M. J. Buerger and L. B. Smith, T his Journal,
49, 417 (1945).

(18) R. D. Void and T. D.
(1951).

(19) Complete details of this work can be found in the various re-
search reports and Pb.D. dissertations of J. D, Grandine, 2nd, and Hans
Schott, on file in the Library of the University of Southern California.

smith, J. Am. Chem. Soc., 73, 2006

It is currently in process of preparation for publication.
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average relative intensity of that peak in all similar samples
was + 20%. The half-widths were similarly reproducible
within about + 20%. A small part of the evidence for
these assertions concerning the precision of the experimental
results will be found in the exemplary data incorporated in
the body of the paper.

The resolving power of the instrument was tested by
studying mixtures such as sodium sulfate and disodium hy-
drogen phosphate which have certain lines close together.
With the slit and slide settings usually employed (5 and
medium) and the usual scanning speed of 1 ° per min. peaks
differing in position by only 0.015 A. were clearly resolved.
This is pertinent to the question as to whether the broadness
of certain peaks is due merely to lack of resolution of a num-
ber of sharp fines or to an intrinsic broadness resulting from
small particle size or disorder within the lattice. Even in
cases wdiere only partial resolution was obtained, the posi-
tions of the peaks were nevertheless essentially unaffected.
Hence, poor or varying resolution of overlapping peaks is ex-
cluded as an explanation of the differences in diffraction pat-
tern which are here attributed to the existence of different
soap modifications.

There had been some question as to whether intensity
changes or absences of lines due to possible orientation of
crystallites during preparation of the sample as an extended
flat surface might not result in uncontrollable variations of
X-ray spectrometer patterns such as to make precise char-
acterization of the results illusory. This matter was investi-
gated by determination of spectrometer curves on surfaces
prepared by a variety of methods from samples of different
microscopic particle size, and also by comparison of these re-
sults with conventional photographs of rotating powder
samples. The latter were made with the Norelco X-Ray
Diffraction Unit, Type 12033, and a cylindrical powder
camera with a radius of 57.3 mm.

A very much abbreviated summary of these data is pre-
sented in Table .20 It is evident that the value of the long
spacing and the other line positions are identical within the
experimental precision as determined by the two methods,
although it must be added that there are some differences in
the relative intensities and the number of lines detected by
the two methods, indicative of orientation effects occurring
in one or both. Such differences, as might be predicted,
were most pronounced with the alpha, epsilon and kappa
modifications, which have the greatest tendency to occur in
plate-like or fibrillar habit. The effects of sample orientation
might be expected to differ greatly between a stroked, flat
surface studied by reflected X-rays and a tamped, cylindri-
cal sample studied by transmitted X-rays. Since thereis no
significant difference between the results by the two methods
except the absence of some lines in some rotation photo-
graphs it follows that it is extremely unlikely that varying
sample orientation in the X-ray spectrometer can account for
the differences in diffraction pattern which are here inter-
preted as evidence for the existence of discrete soap modifica-
tions.

Materials. Preparation of Samples and Phase Maps

The soaps used were prepared2:-22-23 from fatty acids which
were purified by a variety of methods, and all had chemical
constants (m.p., equivalent weight, iodine value) close to the
theoretical values. Different preparations were all found to
give the same experimental results.

Alpha, delta, epsilon, zeta, kappa and mu samples received
from Dr. L. B. Smith were described as having been pre-
pared by the following procedures.

Alpha, crystallizedfrom 0.3% solution in 95% ethyl
alcohol; delta, working 70% sodium stearate with 30%
water at 60° for 1/2 hour; epsilon, working 70% sodium pal-
mitate with 30% water at 76.7° for '/, hour; zeta, working
70% sodium palmitate with 30% water at 99° for 10 minutes;

(20) To conserve space, Tables I, 11, V,VIfVIII and IX, as well as a
description of the details of preparation and chemical characterization
of the soaps used, have been prepared on microfilm and are available
from the American Documentation Institute, 1719 N. St., N. W.,
W ashington 6, D. C.

(21) P. J. Fryer and F. E. Weston, “Technical Handbook of Oils,
Fats and W axes/' Vol. Il, Cambridge Univ. Press, 1939.

(22) J. M. Philipson, Research Report, University of Southern
California Library, Spring, (1945).

(23) J. M. Philipson, M. J. Heldman, L. L. Lyon and R. D. Void,
Oil and Soap, 21, 315 (1944).
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kappa, working 70% sodium myristate with 30% water at
93.3° for 10 minutes; mu, working 70% sodium myristate
with 30% water at 43.3° for y 2 hour.

a-Sodium stearate prepared in this Laboratory was like-
wise made by crystallization from dilute solutions in alcohol.
o-Sodium stearate was prepared by heating alpha in an
open container to 54-56°, and also by desiccation at room
temperature over P205. 7-Sodium stearate was prepared
by heating alpha in an open container to 105-112°. <
sodium stearate was prepared by heating alpha in an open
container to 118 or 135°, and also by melting sodium stear-
ate (previously dried to constant weight at 110 °) in a sealed
tube, cooling to about 122°, and then quenching in Dry Ice-
acetone. p-Socium stearate was prepared by heating 25

43 50 20

*0 5% (feight °B°so%.

Fig. 1—Distribution of samples on the phase map for
sodium palmitate-water. The modifications resulting at
room temperature in the present work are: m, zeta (worked
samples); #, epsilon (worked samples); A, delta (worked

samples); < )> zeta (unworked samples).

room temperature in the present work are:
zeta; O, mixed kappa and zeta;
pattern.

A, kappa; =,
A, mu; O, possible new
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and 61% systems to 160°, tempering at 72°, followed by
cooling to room temperature over a four-hour period.

The general procedure employed in preparation of the
aqueous systems was to seal weighed-out soap and water
(about 1.5 g.) into a heavy-walled Pyrex tube, leaving a
vapor space of not more than 7 to 10 ml. The system was
then heated at 170-180° for at least two hours, at which
temperature all systems were either soapboiler’s neat soap
or a mixture of soapboiler’'s neat soap and middle soap,u
mixing the contents several times by inverting the tube.
Tempered samples were prepared simply by cooling in the
oven (four hours to cool from 65 to 25°) to the desired
temperature and letting stand.

Where mechanical working was desired the sample was
transferred at room temperature after homogenization to a
converter consisting of a cylindrical tube of about 9.5 mm.
interior diameter, through which is moved a piston with
thirty holes of 0.038-in. diameter at a rate of 13 strokes per
minute over a distance of 24 mm. This is surrounded by a
jacket through which water is circulated from a 2-1. beaker,
serving to control the temperature during working and dur-
ing cooling. Where worked and quenched samples were de-
sired the hot mass was squeezed directly from the converter
into a cap-closed vial without exposure to air, and the vial
immediately immersed in Dry Ice-acetone. The moisture
content of all worked mixes was determined from the loss of
weight during drying to constant weight at room tempera-
ture plus the additional 2.5-3.5% from heating the air-dry
samples 1.5 hours at 150° in order to establish the composi-
tion of the samples immediately after working, since oc-
casionally, especially at the higher temperatures, jacket
water leaked into the converter thus diluting the system.
Representative of the treatment of all worked samples is the
preparation of the epsilon samples given in Table Il. The
resulting solids at room temperature correspond to the des-
cendent phases of Buerger and Smith.s

The distribution of the other aqueous samples with re-
spect to composition and temperature of working is shown
on the phase maps of Figs. 1 and 2, taken from previously
published results.ss These phase maps should not be con-
fused with equilibrium phase diagrams; they are merely a
representation of the regions of temperature and composition
from which worked samples after cooling to room tempera-
ture give the same X-ray diffraction pattern. All the modi-
fications so produced cannot be stable equilibrium forms at
room temperature, since their number is greater than is
compatible with the requirements of the phase rule for a two-
component system. Nevertheless, since the nature of the
modification at room temperature is found to change drasti-
cally depending on whether the system is worked below or
above some elevated temperature, it seems likely that such
diagrams can be used to deduce valid information concerning
the course of phase boundaries at the higher temperatures.
However, the descendent form may be structurally related
to the equilibrium phase from which it was quenched, or to
other forms stable at intermediate temperatures, or to mix-
tures of the two.

The present results with sodium palmitate agree com-
pletely with the published phase map, J-, e- and 5-sodium
palmitate resulting in all cases where samples were prepared
from these fields. In the case of sodium myristate there is
also general agreement with the published phase map al-
though here, as is evident from study of Fig. 2, there are
some discrepancies. More particularly, it seems likely that
the regions at high concentrations of soap and lower tempera-
tures described as forming the kappa modification should be
curtailed or eliminated, since in the present work systems
prepared in this field gave a zeta pattern. One sample pre-
pared at 72% soap and 41° gave a pattern differing from
any of the standard patterns, but which could be interpreted
as resulting from a mixture of the mu and zetz modifications.

Results and Discussion

Characteristic X-Ray Spectrometer Patterns.—
The Bragg spacings and relative intensities char-
acterizing each of the modifications are assembled
in Table 1V, and the curves of intensity vs. diffrac-
tion angle which facilitate recognition of the
different forms are shown in Figs. 3 and 4. Al-
though only values on samples prepared in this
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Fig. 3.—Characteristic X-ray spectrometer patterns of the
saturated sodium soap modifications.

Laboratory are tabulated, results obtained earlier
on samples furnished through the courtesy of Dr.
L. B. Smith agreed within the stated precision with
the present data in all cases. Deviations shown
are maximum and not average deviations and so
set an upper limit to the permissible variation in
pattern for a given modification provided proper
X-ray technique is employed. Even the weaker
lines are quite distinctive on the original curves
although not easily detectable in the pantograph
reductions to */s scale of Fig. 3. Figure 4, which
shows some of the patterns reduced fivefold in the
angle scale but only 2.5 fold in the intensity scale,
is more revealing.
Tabte IIf
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The nomenclature of these patterns follows the
usage of Buerger, Smith, et al,,6 since the discrete
existence of all the pattern types recognized by
them is confirmed by the present work. Table
111 is an attempt to show the equivalent names of
these same forms in the terminology of other in-
vestigators. The situation is somewhat compli-
cated by the fact that some investigators have
studied only a small number of forms while others
use the same name for two or more of the present,
modifications. Thus Ferguson, ct al.,s use the
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Fig. 4.—X-Itay spectrometer patterns of sodium palmitate
modifications: A, zeta; B, epsilon; C, delta.

term beta for the patterns not only of samples
prepared by thermal decomposition of the hemi-
hydrate, alpha, but also of those resulting from
cooling of samples containing 30% water. Their
beta pattern may also have some characteristics
of the epsilon pattern, although corresponding
most closely to zeta.5

It is hoped that the present table of spectrom-
eter patterns, accompanied by reproductions of
the curves to aid in distinguishing patterns differing
more in relative intensity and degree of resolution
than in line position, will be a convenience to all
workers interested in the identification of soap
forms by X-ray diffraction. This is all the more
true since neither of the schemes now in use is
satisfactory, one8 permitting gross variation in
pattern for each form and identifying them by the
presence of one or two “characteristic” short
spacings, the other5 publishing photographs for
comparison and assigning a new name to any pat-
tern showing an appreciable difference.

It is convenient in the process of identifying an
unknown in terms of these standard patterns to
look for the presence of components according to
the following scheme. (1) Alpha is marked by the
presence of five intense peaks in the range between
3.7 and 5.2 A. in addition to other less intense
spacings, and has a distinctively large long spacing.
(2) Delta and rho have the three most intense
peaks, exclusive of low orders of the long spacing,
in the range of 3.6 to 4.6 A. (3) Beta and gamma
have the most intense peak, except for low orders
of the long spacing, in the range of 2 to 2.5 A
(4) Epsilon, zeta. kappa, mu and sigma have a
principal peak near 4.0 A. with or without resolv-
able shoulders, plus others of much lower intensity.
The different modifications within groups (2) and
(3) can be distinguished easily by the differences
in their long spacing. Distinction between the
different members of group (4) requires a more
detailed comparison of both the Bragg spacings and
the relative intensities. In identification of the
modifications present in simple mixtures it is also
necessary to consider the relative intensity of the
different lines in order to determine whether
the presence of some proportion of any given
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Table IV

Characteristic X-R ay Spectrometer Patterns op the Saturated Sodium Soaps*

Modification a-NaStr 5-NaStr 7-NasStr <r-NaStr S-NaP»'/
No. of prepns. 8 3 2 2 7

No. of runs 30 5 4 3 16
Long spacing & 51.63 + 0.15 47.16 = 0.46 44.77 + 0.20 44 .49 + 0.10 41.23 = 0.17
“Short spacings” ¢ d/n, Max. d/n, Max. d/n, Max. d/n, Max. d/n, Max.

A. dev. A. 1/nid I/1ihd A.  dev.A. I/lo A. dev.A. l/lo A. dev.A Illo A. dev. A o
5.76  0.02 0.07 0.04 526 001 0.17 466 003 0.53 469 003 024 459 002 071

5.18 .03 .57 1.00 4.72 .02 .29 4.54 .02 47 4.39 .03 23 4.18s .01 .13
4.68 .03 .50 0.44 4.37 .02 .36 4.05 .01 1.00 4.01s .02 .31
4.03 0 26 4.12 .03 .86 3.90 .01 .31 3.89 .01 1.00
4.32 .02 .50 .98 3.93 .03 .53 3.99 .02 .29 3.74 0 .13 3.62 0 .46
4.01 .02 .36 .28 3.40 .02 .39 3.91 .04 .70 3.44 .01 .07 3.49 .01 .13
3.71 .01 1.00 77 3.16 .01 .22 3.84 .03 21 3.24 .02 .03 3.16 .02 o
3.46 .01 .08 .15 2.97 .01 .37 3.23 .02 .26 3.07 .01 .04 3.09 .01 ﬂ'gll
3.24 .01 17 .37 2.80 .01 .26 3.01 .02 .27 2.96 .01 .08 2.91 .01 .18
3.06 .01 .09 .03 2.63 .02 .25 2.88 .02 .14 2.35 .02 .04 2.73 .01 11
2.88 .02 .06 .02 2.50 .02 31 2.66 .01 11 2.25 0 .09 2.64 .01 .09
2.73 .01 .05 .10 2.37 .01 1.00 2.36 0 .46 2.03 .01 .08 2.57 .01 .15
2.46 .01 .14 12 2.26 0 11 2.26 .02 1.00 2.49 .01 .06
2.35 .01 .15 .08 2.41 .01 .10
2.32 .01 .27 .30 2.34 .01 .10
2.25 .01 .29 .23 2.29 .01 11
2.16 .01 .33 .10 2.24 .02 .07
2.13 .01 17 .10 2.16 .01 .23
2.09 .01 17 .16 2.12 .02 .09
2.06 .01 .08
1.96 .02 .06
Other Spacings
4.81 2.84
4.30 2.77
3.42 2.35
3.34 2.33
3.20 1.90
Modification e-NaPtf r-NaP x-NaMyr ¢i-NaMyr P NaStrft
No. of prepns. 8 9 9 4 3
No. of runs 11 15 15 8 7
Long spacing™» 41.77 £ 0.43 41.82 + 0.35 37.30 + 0.13 37.40 + 0.03 45.,85 £0.28
“Short spacings”c d/n, Max. d/n, Max. d/n, Max. d/n, Max. d/n.  Max.

A. dev. A. I/lo A. dev. A,. I/lo A. dev. A. I/lo A. dev. A. I/lo A. dev. A. I/lo
5.25 0.03 0.08 5.24 0.03 0.11 4.65 0.02 0.40 5.11 0.07 0.07 461 0.01 0.19
4.49 .02 .09 4.52s .06 .18 /4.37s .06 12 4.62 .01 .45 4.35 .05 A1

T4.26s .07 4.19s .02 .26 \4.24s .02 .14 4.22s .02 A1 3.92(S) .01 1.00
\4.18s .08 3.97 .03 1.00 4.02 .01 1.00 3.98 .01 1.00 3.77s .02 .18
3.94 .02 1.00 3.49 .02 .21 3.85s .02 .09 3.74s 0 .18 3.60 .02 .09
3.79s .03 11 3.22 .01 .18 3.72 .02 .16 3.52 .02 .28 3.30 .01 .09
3.22 .01 21 2.99 .02 .17 3.59s .03 .14 3.39 0 .16 13.19 .02 .07
3.02 .03 12 2.79 .01 .23 3.37 .02 .16 3.24 .01 .10 13.09 .01 .07
2.77 .02 17 2.62 .01 .13 3.23 .02 .13 3.10s .02 11 2.90 .01 .07
2.65 .01 11 2.46 .01 .14 3.07s .02 .11 3.00 .01 <18\ 2.75 .02 .09
2.49 .02 .05 2.33 .01 .24 3.00 .10 .30 2.92 .01 .23/ 2.58 .01 .07
2.35 .01 14 2.24 0 11 2.86 .02 .15 2.80s .01 12 2.44 .01 .06
2.23 .01 .16 2.05H .07 2.65 .01 .09 2.67 .02 .10 2.31 .01 .14
2.12 .01 A1 Other Spacings 2.44 .01 .09 2.51H .05 2.23 .01 .14
1.99H .05 4.73 3.63 2.31 .01 .20 2.33 0 12 2.12 .01 .07
Other Spacings 4.36 3.11 2.22 .03 11 2.29 0 11 2.00H .03
3.96 3.13 3.93 2.40 2.04H .. .09 2.22 .01 .10 Other Spacings
3.55 3.07 Other Spacings 2.18 .01 .06 4.22
3.50 2.94 4.88 2.77 2.04H .09
3.16 2.63 4.80 2.36 Other Spacings
3.48 2.28 5.29
3.74

“ In the ease of alpha, beta, gamma and sigma modifications which were investigated while using a Geiger tube of lower
sensitivity than that later employed, only diffraction maxima having amplitudes greater than 4% of the full-scale recorder
reading (i.e., 4 scale divisions out of 100) are tabulated. In the case of the other modifications all the lines found in all pat-
terns of the given modification are tabulated in regular order, lines occurring in some but not all patterns being listed under
the caption “Other Spacings.” 4The long spacing in each run was generally calculated as the average value from the Bragg
spacings of the third to seventh or ninth orders inclusive. The deviation shown here is the maximum deviation of any of
these averaged values from the over-all reported average. The mean deviation is usually very much smaller. O0The variations
shown here are likewise the maximum deviation found in any run from the reported average. Runs on wgét samples under
polystyrene covers were not used in computing these averages. Relative intensities, 7//0, are likewise averaged overall
runs, and generally reported in terms of the ratio of the intensity of the given line to that of the strongest line in the pattern
exclusive of the low orders of the long spacing. dAlpha I is found after thorough grinding of the sample, while before grind-
ing the pattern may be that of a-11 or something intermediate between the two. The differences are in intensity only, and
not in line position, and must result from orientation of the crystals in the unground samples, which often contained platelets
up to 0.1 mm. or greater in size. ‘' Values from runs on 5-sodium stearate are also included in this column. >s after a value
of the spacing signifies that the given peak occurs as a shoulder on an adjacent very intense peak. Brackets to the right of
the intensity column join peaks of unambiguous location but of uncertain individual intensities due to overlapping. » Left-
hand brackets join values of d/n from peaks where the individual values are somewhat uncertain due to incomplete resolution.
H signifies that the peak in question has an angular half width of ca. 3° in 2 6 or more, resembling a halo, in which case
precise location of the maximum is uncertain. 4 The symbol (S) indicates the definite presence of a subsidiary shoulder on
the given peak but the position of which cannot be determined with any certainty because of lack of resolution.
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standard form must be postulated in order to ob-
tain agreement with the experimental pattern.

Constancy of Pattern within a Given Modifica-
tion.— In order to establish the validity of regard-
ing each of these patterns as characteristic of
discrete modifications it is necessary to demon-
strate that any variations of pattern occurring
within a given modification are negligibly small con-
trasted with the differences in pattern between
modifications and that the change in type of pat-
tern from one modification to another occurs
discontinuously rather than continuously as a
function of some variable such as composition
or processing temperature. This matter was in-
vestigated by comparison of the patterns of a
great many samples prepared under various condi-
tions and studied in different manners (cf. Table
Il and Figs. 1 and 2). Preliminary experiments
had shown that the patterns remained constant at
room temperature, independent of time of standing
at least for two years, once the samples were dried
to equilibrium water content, so this variable was
recorded but not closely controlled. Most pat-
terns, however, were obtained within a day after
the samples were air-dry.

It is clear from the limits of variation shown in
Table 1V that none of the rather considerable
changes in composition or treatment caused any
significant changes in the pattern of a given modi-
fication. Very rarely these resulted in better
separation of a shoulder, resolution of a broad peak
into a doublet, or appearance of some lines in more
intense patterns which are not found in weaker
patterns. In no case, however, was there any
significant change in the number of lines or their
positions. Moreover, with none of the air-dry
samples were patterns obtained with spacings of
intermediate value between those of any two modi-
fications, although in exceptional cases patterns were
obtained which corresponded to a mixture of two
of the primary forms. Preparation of a given
modification from any temperature or composition
within its field of formation gave a material of
essentially constant diffraction pattern, while any
change of temperature or composition beyond these
limits resulted discontinuously in the formation of
another modification with a distinctively different
diffraction pattern. Hence the individuality of
these modifications is conclusively established
regardless of the residual question as to the physical
explanation of the observed differences.

Not only do the line positions remain unaltered
in all members of a given modification but there
is also no systematic change in half width as a
function of composition or processing temperature.
In addition to instrumental variables which were
held constant, the half width depends on thermal
motions in the crystal, absorption of X-rays by the
sample, structural irregularities and disorder within
the lattice, and the size of the crystallites.24 Since
the average value of the deviations in half width
of all preparations of a given modification was no
greater than the average deviation of a series of
runs on different surfaces of the same sample it

(24) C. W. Bunn, Chemical Crystallography, Oxford Univ. Press,
1946.
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therefore seems likely that there were no very
great differences in the degree of lattice disorder
and the average size of crystallites.

The preparative conditions of the sample do
affect the intensities even though line positions and
half widths are unchanged. Relative intensities
on different surfaces of the same sample were re-
producible within 15 to 20%, whereas the average
deviation of relative intensities of lines from differ-
ent members of the same modification was 20 to
25%. Comparison of “absolute” intensities is
even more informative, the average deviation for
any strong line of a given sample being 5.6%
contrasted with an average deviation of 15 to 23%
between values from different members of the
given modification.

Since the structure factor is determined by line
intensities as well as positions this variation might
be regarded as a serious objection to the concept of
a modification as a form of soap giving the same
diffraction pattern over its whole range of com-
position. However, line intensity is determined
not only by the structure factor but also by such
non-lattice variables as the size of particles and the
size of crystallites, differences in intensity up to
70% having recently been attributed to these vari-
ables alone.5 Similar effects may well account for
the behavior observed in the present case.

Quenching or slow-cooling (ca. one hour) from
the processing temperature caused only insigni-
ficant changes in the diffraction pattern of any
of the modifications, as is evident from the ex-
emplary data for 5-sodium palmitate given in Table
V. Occasionally overlapping peaks were better re-
solved in the pattern of the quenched samples.

The Role of Water

Apparently the presence of water is actually re-
quired for the formation of the various soap modi-
fications, mechanical agitation alone not being
sufficient. This was shown by preparation of a
system containing 65% sodium palmitate-35%
solvent by homogenization at 220°, cooling to
room temperature, working in the converter 35
minutes at 65°, and cooling to room temperature in
the converter. When water was the solvent a
typical delta pattern was obtained. With cetane
as a solvent the pattern obtained was substantially
that of the sigma modification, and was identical
with respect to line positions, relative intensities
and half-widths with the pattern of the solvent-
free soap subjected to the same treatment with the
omission o: the mechanical working, in agreement
with previous work® on greases where quite
generally soaps dispersed in hydrocarbons were
found to give the same diffraction pattern at room
temperature as the solvent-free soaps.

Free Water.—Water in excess above the 2.5 to
3.5% present at equilibrium in air-dry samples at
room temperature appears to act merely as an
inert diluent, even though variation in its amount
at the higher processing temperatures may change
the modification which is produced. This con-

(25) Z. W. Wilchjnsky, Acta Cryst., 4, 1 (1951).

(26) (a) M. J. Void, G. S. Hattiangdi and R. D. Void, Ind. Eng.

Chem., 41, 2539 (1949); (b) M. J. Void, G. S. Hattiangdi and R.
D. Void, J. Colloid Sci., 4, 93 (1949).
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elusion, applicable to all modifications, is based
on data such as are shown for «-sodium myristatc
in Table VI, from which it is evident that no con-
sequential change in the diffraction pattern results
from increasing the amount of water beyond that
present in the air-dry sample. Addition of water
merely affected the intensities of the lines, the
decrease being quantitatively similar to that found
on addition of equivalent amounts of gum traga-
canth, another inert diluent. A similar conclusion
was reached by Ferguson, Rosevear and Nordsieck
from studies on their beta sodium palmitate.7
Bound Water.—Below about 3%, changes in
the amount of water do affect the diffraction pat-
tern, the nature of the changes being such as to
suggest that the water in the modifications studied
is present in solid solution rather than as a stoichio-
metric hydrate. Data supporting this point of
view are shown in Tables VII and VIII, which give
the patterns of f- and e-sodium palmitate dried
to varying water contents over P205. Several

Table VII

Comparison orm Patterns of Air-dry AND PXD5dry

/"-Sodium Palmitate"

Long spacing Original Rehydrated P20.5~dry
from 1 = sample sample sample

3, 4,0, 7water 41.86 £ 0.04 42.10 + 0.08 42,49 + 0.11
content, % 3.0 25 ca. 0.2

Miller index, asi, A d/n, A. ds», A.
| Obsd. Calcd.fr Obsd. Calcd.fr Obsd. Calcd. fr

3 13. 94 13.95 14.03 14.02 14.16 14.16
4 10 46 10.46 10.49 10.51 10.60 10.62
5 8 37 8.37 8.43 8,41 8.51 8.50
7 5. 99 5.98 6.03 6.01 6.06 6.07
8 5.23 5.23 5.29 5.26
10 4 19 4.19 4.22 4.21 4.27 4.25
c 3 96 3.91 3.83
12 3 49 3.49 3.53 3.51 3.57 3.54
13 3 22 3.22 3.24 3.23 3.29 3.27
14 2 99 2.99 3.02 3.00 3.07 3.03
15 279 2.79 2.82 2.80 2.85 2.83
16 2 62 2.62 2.65 2.63 2.67 2.66
17 2 46 2.46 2.49 2.47 2.51 2.50
18 2.33 2.33 2.35 2.34 2.37 2.36

“ All these patterns were obtained from samples covered
with polystyrene, and contained several halos in addition to
the tabulated spacings. In other experiments uncovered air-
dry samples were compared with the covered sample after
drying over P25. Here an air-drv sample of 2.9% initial
water content had a long spacing of 42.19 A. and the (01j"
band at 3.93 A. After drying to ca. 0.3% water content the
long spacing was 42.88 and the (01 f) band at 3.84 A. hcCal-
culated spacings were obtained in each case by dividing the
tabulated value of the long spacing as calculated from the
lower orders by the appropriate index 1 «This peak ap-
pears to be the (OIf) band of the two-dimensional net.

lines given in the standard patterns are not shown
in these tables because diminution of intensity or
interfering halos from the polystyrene cover made
precise determination of positions difficult, par-
ticularly in the case of many of the true side
spacings (hk bands). Half-widths and relative
intensities underwent no change on drying over
P.0s, although the absolute intensities decreased
about 28%. With neither modification was there
any indication of the appearance of a mixed pattern
corresponding to the presence of an anhydrous form
and a hydrate,Z all patterns obtained being deriv-

27) The conclusion here cannot be accepted without some reserva-

tion since it is known1 that calcium stearate monohydrate can be
completely dehydrated without demonstrable change of the powder
X-fay diffraction pattern.
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able by continuous variation of the pattern of the
air-dry sample. Their beta phase was also classi-
fied as a solid solution by Ferguson and co-workers,7
a similar conclusion also having been reached by
Milligan, et al.u

Although drying over P205 resulted in small
changes in line positions there were no changes in
the number of diffraction maxima, their presumed
crystallographic indices, or the relative intensity
of the lines. Hence there is no need to classify
the anhydrous soap as a different modification
from the air-dry material. Moreover, this be-
havior also demonstrates that changes in water
content cannot result in changes of pattern such as
to constitute an alternative explanation of the
patterns which are here attributed to the existence
of the soap in different modifications. With respect
to the distinctiveness of the epsilon and zeta forms,
if is significant that the long spacing of the zeta
modification increases with decreasing water con-
tent while that of the epsilon modification de-
creases.

Interpretation of Patterns in Terms of Stacking
Disorder.— It has recently been proposedi88Bthat
the solid soaps may constitute examples of crys-
tals subject to stacking disorder. On the simplest
form of this hypothesis the crystal consists of a
randomly stacked array of regular two-dimensional
lattices, which should give a diffraction pattern
consisting of relatively sharp lines from the various
orders of the long spacing and a small number of
broad bands arising from the side spacings.

That this concept fits some of these patterns very
well is clearly apparent from Table IX, where it is
shown that the spacings calculated from the postu-
lated indexing on this assumption for /3-sodium
stearate are in good agreement with the observed
values. An assignment of indices is relatively
simple where the theory applies, the first step
involving calculation of the long spacing from the
obvious lower orders (1 = 3 to 9) of the (001) set.
All of the other lines which might be regarded from
their positions as higher orders of this spacing are
identified. The few remaining lines are treated
as (hkf£) bands and indexed by the graphical trial
and error method of the monoclinic bib2 net as
described by Bunn.5L Similar agreement between
observed values and patterns calculated on this
basis was also found with a number of other modi-
fications, most successfully with alpha, delta,
zeta and epsilon.

Nevertheless, there is little question that this
hypothesis in its simplest form is inadequate to
explain the data fully. For example, the pattern
for p-sodium stearate can be indexed on this basis
only by assigning large values (3 to 8) to the h
and k integers in the (Mf) bands while low values
are absent. As a second example, a line at 2.79 A.
in f-sodium palmitate, which is matched numeri-
cally by regarding it as (0 0 15), was found in pre-
liminary studies by Dr. Marjorie J. Void with an
orientation analyzer® to vary differently in in-
tensity than the other orders of the long spacing as
the sample is tipped from its normal position per-

(28) A. J. Stosick, J. Chem. Phys., 18, 1035 (10.50).
(29) L, G. Schulz, J. Applied Phys., 20, 1030 (1949).
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pendicular to the plane of the incident and recorded,
diffracted X-rays. Another difficulty, for example,
is that for e-sodium palmitate the long spacing
calculated from the third to eighth orders is 41.83
+ 0.08 A. while from the fourteenth to nineteenth
orders it is 4243 + 0.07. Discrepancies in the
same direction occur for some but not all of the
other modifications. Finally, contrary to the
present observations, the simple theory predicts
that the (M/) bands will be markedly asymmetric,
steeper on the low angle side and diffuse on the
high angle side.

A possibly valid hypothesis is that the stacking
of the two-dimensional slabs is not fully random
and that the mean thickness of two slabs which
pack closely is less than for two which fit poorly.
In such a case the kind of average of “right” and
“wrong” spacings for different orders of the long
spacing can vary with the order considered.D
In such a case (hk{) diffraction would also be
expected to be weak for I much different from zero,
thus minimizing the asymmetry of the (Mf)
bands. Another possibility is that the Bragg
equation may be satisfied near the edge rather than
at the center of the (0 0 1) peaks in disordered
crystals,3Lthis effect resulting in a greater correction
for the higher order peaks, wdiich are broad, than
for the narrower peaks of the lower orders.

Despite these possible objections, application of
the stacking disorder hypothesis to interpretation
of the present data has been quite fruitful. For
instance, it is possible on this hypothesis to calcu-
late from the known pattern of f-sodium palmitate
what pattern should be expected for f-sodium
myristate. Lines in the f-sodium palmitate pattern
identified as (/ifcf) bands, i.e., true side spacings,
were predicted to occur at substantially the same
position in the myristate pattern, assuming no
appreciable difference in packing but only in chain
length. It rvas assumed that the same orders of
the long spacing should appear in both patterns
with similar relative intensity, the spacings in the
myristate pattern being calculated from those in
the palmitate pattern by multiplying by the ratio
of the two long spacings, 37.74/41.69, as determined
from the lower orders. This procedure was adopted
to minimize any complications due to different
“end effects” in the packing, although the calcula-
tion might have been made using exclusively the
palmitate values, assuming constancy of the angle
of tilt, and calculating the long spacing of the
myristate from that of the palmitate by using the
commonly accepted values of bond angles and
atomic radii.

The agreement is good between calculated and
observed patterns, as shown in Table X, and affords
strong confirmation for the validity of the stacking
disorder interpretation of the structure of this
modification. However, it raises a problem as to
the criteria for classifying soaps of different chain
length as belonging to the same or different modi-
fications. Previous investigators8 have dis-
regarded the value of the long spacing as being
inconsequential, and have regarded the soaps as

(30) R. E. Franklin, Acta Cryat., 4, 253 (1951),
(31) A, .1 C, Wilson, ibid., 2, 245 (1949).
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Table X

Calculation of s-Sodium Myristate Pattern from that
of f-soDiuM Palmitate®

f-Sodium palmitate6
Long spacing 41.69 + 0.20

f-Sodium myristate
Long spacing 37.74 + 0.07

Indices d/n, A. d/n, A. /1Jo

h k | Obsd. 11Jo Calcd. Obsd. Obsd.
0 1 f 4,85 0.09
0 0 8 522 0.09 4.72 4.71 24
1 0 f 4.52 .18 4.52s 4 .45 11
0 0 10 4.19 .52 3.77 3.79 .22
| 4.32s 0.12

0 0 9 4.19 \ 4 .18s .15
1 | f 3.98 1.00 3.98 4.02 1.00
0 0 11 3.85s 0.39 3.43 3.43 0.13
0 0 12 3.49 15 3.15 3.15 20
0 0 13 3.22 .15 2.90 2.90 .14
0 0 14 2.99 13 2.70 2.69 .14
1 1 r 2.78 .28 2.78 2.78 .22
0 0 15 2.78 .28 2.52 2.50 .10
0 0 16 2.62 .09 2.36 2.35 .20
0 0 17 2.46 10 222 221 .05
0 2 r 2.39 10 239 2.41 .09
0 0 s 2.33 2L 209 2.04H 0.08

“ The f-sodium palmitate pattern given here was obtained
by J. D. G. on a sample supplied by Dr. L. B. Smith. 6The
assignment of indices given here differs somewhat from that
proposed recently by Stosick.26 Although similar in general
nature, Stosick’s assignment wasobased on the presumed
presence of lines at 4.37 and 3.85 A., both of which occur as
shoulders on stronger peaks, and the positions of which were
not properly identified in the earlier unpublished work.
When there are so few distinctive lines in the pattern, it is
not possible to be sure that any given assignment of indices
on the present basis is necessarily unique regardless of how
closely the lines are matched.

being in the same phase when the line positions of
the “short spacings” matched. In some cases
this may appear to work reasonably well, as for
example with delta sodium palmitate and stearate,
where the twelfth, eighteenth and nineteenth orders
of the palmitate long spacing occur at 3.49, 2.28
and 2.16 A., while the thirteenth, twentieth and
twenty-first orders of the stearate spacing occur at
348, 2.26 and 2.15 A., leading to an apparent
direct matching of the patterns. In general,
however, it would seem more reasonable to take as
the criterion of similarity the occurrence in the
two patterns of the same (hkt;) spacings and the
same succession of higher orders of the long spacing
with similar relative intensities, rather than a mere
matching of some of the line positions.

On this view it may be necessary to re-examine
the standard patterns of the various modifications
when determined on soaps of different chain length
to ascertain which, if any, of them may be attrib-
uted to a common crystal structure despite differ-
ences in the patterns. For instance, 5-sodium
palmitate and /;-sodium myristate may be closely
related in structure, although here the agreement
is not as good as in the previous example.

The theory is equally successful in explaining the
changes in pattern of f- and e-sodium palmitate
which occur on drying over phosphorus pentoxide
(c/. Tables VII and VIII). All spacings of the
zeta modification indexed as higher orders of the
long spacing changed on drying by just the right
amount to bring them precisely into agreement with
the value as calculated by dividing the new value
of the long spacing by the assigned index. This
constitutes strong evidence for both the precision
of the experimental data and the validity of the
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assigned indexing. This is further confirmed in
the instance by the fact that all spacings attributed
to the bib2 net decrease slightly on drying while
the other values increase. Just as good agreement
is also found with the epsilon modification except
that here the spacings due to both (hki) bands and
orders of the long spacing decrease on drying over
phosphorus pentoxide.

These small but real changes in spacing on drying
below 3% water suggest a simple explanation for
what has heretofore been a rather baffling mystery,
namely, the persistent occurrence of discrepancies
of 0.02 to 0.08 A. between the reported positions
of the same lines of the same modification as deter-

E. A. Hauser and D. S. 1e Beau
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being well outside the attainable precision of the
techniques employed. It seems quite probable
that these differences may result from varying
degrees of drying of the air-dry samples in different
laboratories, the water content occasionally being
reduced into the bound water range where the
pattern is effected. In a few cases in the present
work where air-dry samples gave patterns differing
by more than the allowable amount from the
standard values of Table IV it was found in every
case that the long spacing calculated from the lower
orders had changed by just the proper amount to
account for the observed changes in the other spac-
ings when calculated as higher orders of the long

mined in different laboratories, such differences spacing.

THE SURFACE STRUCTURE AND PROPERTIES OF COLLOIDAL SILICA
AND ALUMINA1

By Ernst A.Hauser and D. S. 1e Beau

Massachusetts Institute of Technology, Cambridge, Massachusetts, Worcester Polytechnic Institute, Worcester, Massachusetts,
and Midwest Rubber Reclaiming Company, East St. Louis, Illinois

Received August SO, 1951

Systematic studies of different synthetic silica gels, silicic acid gel, alumina-silica gel and magnesia-silica gels by differen-
tial thermal analysis and X-ray diffraction have offered definite proof that these products are amorphous in structure. With
the exception o: the magnesia-silica gel, they all show only an endothermic peak between 150 and 175°. This peak can be
attributed to water adsorbed on the surface of the material because it is not shown in the cooling curve. Only the magnesia-
silica gel shows an exothermic peak, at 810°, superseded by a second endothermic peak at 800°. These are most probably
associated with a drastic change in the structure and the formation of a new compound which, however, is also amorphous
in structure. The indicator method permitted the determination of the fact that the tested alumina and magnesia gels are
not pure but are actually a mixture of alumina and magnesia gels with silica gels, respectively. Ultramicroscopic studies
gave some indication that even the large particles are not solid but are aggregates. This becomes quite evident if they first
have been dispersed in water. Electron photomicrographs have offered visual evidence that the large particles are aggre-

gates, resulting in particles with exceptionally high porosity.

During the last years some research has been
carried out and reported for the purpose of obtain-
ing a better insight into the actual surface structure
of naturally occurring clays and why most of the
properties they exhibit depend primarily thereon.
This research was mainly devoted, however, to
naturally occurring aluminum silicates having par-
ticle sizes within the colloidal range of dimensions.
In a paper presented before the 24th National
Colloid Symposium2the results obtained by apply-
ing such techniques as infrared absorption, ion
exchange capacity, differential thermal analysis,
film formation, thixotropy, color reactions with
amines, electron microscopy and the release of
atomic oxygen and its implications for the surface
structure of siliceous matter falling within the
colloidal range of dimensions was reported in
detail.

With the exception of applying the discovery
that atomic oxygen is released from the surface
of silica gels during dehydration or from the surface
of freshly crushed silica and studying its implica-
tions in regard to the surface structure and com-
position,23very little attention has so far been paid

to other methods which might aid in evaluating the
surface structure and properties of synthetic sili-
cates, aluminates, or mixtures of both.

To ascertain if and to what extent information
derived from such studies might increase our knowl-
edge of the structure and properties of colloidal
silica and alumina, it was decided to carry out
systematic research with synthetic silicates and
aluminates or mixtures of both of known composi-
tion.

Chemical Analysis.—The chemical analysis of the most
important samples is given in Table I. Three silica gels
were investigated as well as an A. R. grade of silicic acid.
Both the alumina and the magnesia gel contained large
amounts of silica.

Particle Size Analysis.—Inasmuch as it could be expected
that the silica gels would swell considerably in water, it was
decided to carry out particle size analysis by screening after
each of the samples had been dried at 105°, and then condi-
tioned at 22°, 30% relative humidity. Table Il shows the
results obtained for silicic acid and for the alumina-silica
gel. The screening analysis was not reliable for any of the
other samples. During sieving it became evident that the
particles of these samples were not compact but consisted
mostgl of aggregates. Ultramicroscopic observation con-
firmed this.

Differential Thermal Analysis.—Figure 1 and Curve 6 in

@) Presented at the 25th National Colloid Symposium, which was Fig. 2 show the differential thermal analysis curves of three

held under the auspices of the Division of Colloid Chemistry of the
American Chemical Society, at Ithaca, New York, June 18-21, 1951.
«(2) E. A. Hauser, D. S. le Beau and P. P. Pevear, T his Journal, 55,
68 (1951).
(3) E. A. Hauser, ibid.t 55, 605 (1951).

different types of commercially available silica gels. (The
solid lines represent the analytical results with increasing the
temperature and the dotted lines those obtained during the
cooling period.) Curves 2, 4and 6 are identical with Curves
1, 3and 5as far as the original silica gels A, B and C are con-
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Tabte |

Sample o HF Ignition

No.& SiOi ROi" (A10i) MgO NaTo CaO SO, Cl non-vol. loss
1 92.30 0.47 0.31 0.36 6.52

3 91.85 42 .09 .02 7.61

5 99.60 0.40

9 79.77 .003 0.01 0.01 0.20 20.00

7 80.80 .10 12.50 .03 40 6.00
11 64.67 .10 0.70 29.0 .10 .15 .50 4.56

R23in Samples 1 and 3 includes A1 3which was not determined specifically. 6 Corresponds to numbering of solid

curves of Figs. 1, 2, 3.

Tabte Il *
Particle size Silicic acid, Alumina-silica

(diameter) in microns % gel, %
Larger than 177 1.8 1.1
Between 177-125 6.9 29.2
Between 125-88 18.9 21.8
Between 88-62 12.7 7.8
Between 62-44 17.4 14.6
Smaller than 44 41.7 25.1
Dust loss 0.5 0.4

99.9 100.0

cerned, with the only exception that they were obtained
after the product had been dried at 105°. All these samples
show a more or less pronounced, but in no case drastic, endo-
thermic peak between 140 and 175°, completely absent in
the cooling curve. These results indicate that the initial
endothermic peak must be attributed to adsorbed water on
the surface of the material but that there is no loss of lat-

Fig. L—Differential thermal analysis of silica gels: 1,
gel A; 2, gel A dried at 105° 3, gel B; 4, gel B dried at
105°; otgel C.

silicic acid gel dried at 105°.

tice water as is the case, for example, with the clay minerals
halloysite, gibbsite and brucite.2 Figure 2, Curve 7, is the
differential thermal analysis curve of a standard alumina-
silica gel, ar.d Curve 8 the same after it had been dried at
at 105°. Curves 9 and 10 are those obtained before and
after drying at 105° of a commercially available pure silicic
acid (A. R. grade, precipitated powder). Figure 3 was ob-
tained from a commercially available magnesia-silica gel.
The temperature rising curve shows a pronounced endo-
thermic peak at about 140° and an equally pronounced exo-
thermic peak at about 825°. This last reaction most prob-
ably is associated with the formation of a new compound
comparable with the change the clay minerals halloysite and
kaolinite undergo in forming spinel.2 This is also indicated
by the curve obtained during the cooling period.

Fig. 3.—Differential thermal analysis of magnesia-silica gel.

X-Ray Diffraction.—Not one of the samples investigated
gave a crystal diffraction pattern. They showed only an
amorphous halo with no indication of crystallinity whatso-
ever (Fig. 4). This fact, vrhich—at least to our knowledge
—has so far never been stated, offers a much more plausible
explanation for the reactivity of synthetic silicates than ex-
planations depending on oriented ionic lattices, because the
amorphous state is more apt to form solids w-ith irregular

a b c
Fig. 4—X-Ray diffraction patterns of silica gels A, B, C.



138 E. A. Hauser and D. S. 1e Beau Vol. 56

(porous) surfaces than the crystalline state. This results in
a larger and more reactive interface.

Indicator Method.—All three silica gels tested by the
indicator method described in detail last year2reacted posi-
tively. The same holds for the sample of silicic acid. The
magnesia-silica gel and the alumina gel indicated very
clearly that the products could not be of uniform composition
because some of the particles showed a pronounced color re-
action. Had they been pure magnesia or alumina gels, no
color reaction would have occurred. After subjecting the
products to fractionation by screening and then subjecting
the individual fractions to the indicator reaction, a distinc-
tion could be made between the two components of these
systems. It could be shown quite clearly that the coarser
fraction is composed primarily of silica and only the finest
fraction represents the magnesia or alumina and therefore
did not react.

Electron Microscopy.—As previously stated, the frac-
tionation by screening and ultramicroscopic studies indi-
cated that most of the larger particle sizes do not consist of a
compact structure but seem to be aggregates. It was felt
that the only answer to this problem would be electron
microscopy carried out. by someone having special experi-
ence, because it is well known that silica gels have always
been a difficult problem in electron microscopy.

Figures 5a, 6a, 7a and 8a4clearly show7that what has so
far alw'ays been considered to be coherent particles actually
are dense aggregates of extremely small particles. Figures
5b, 6b, 7b and 8b offer visual evidence that the rise in tem-
perature causes increased aggregation. In the case of
alumina gels and magnesia-silica gels agglomeration is al-
ready quite pronounced at normal temperatures. Although
the alumina gel does show a denser structure after it had
been dried at 105°, neither it nor the magnesia-silica gel per-
mits complete resolution by the electron microscope (Figs. 9
and 10).

a

Fig. 6.—Electron photomicrographs of silica gel A,: (a)
natural; (b) dried at 105°.

a

Fig. 5—Electron photomicrographs of silica gel A (a)
natural, (b) dried at 105°.

(4) Figures 5, 6, 7, 8. 9 and 10 as here reproduced were printed
from transparent positives and therefore result in negative opacities.
These have been used because they offer, in the opinion of the authors, a
a clearer resolution than a truly positive print of an actually white Fig. 7.—Electron photomicrographs of silica gel B: (a)
product. natural; (b) dried at 105°.
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a

Fig. 8.—Electron photomicrographs of silicic acid gel C:
(a) natural; (b) dried at 105°.

a
Fig. 9—Electron photomicrographs of alumina gel: (a)
natural; (b) dried at 105°.
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Fig. 10—Electron photomicrographs of magnesia-silica gel:
(a) natural; (b) dried at. 105°.

Conclusions

On the basis of all these results, it is now possible
to offer an explanation for the exceptionally high
reactivity of these synthetic gels when used as
catalysts, because even the largest particles are
agglomerates of extremely small particles forming
highly porous clusters. By this the over-all avail-
able surface is by far greater than if the clusters were
solid particles. The fact that all these compounds
are amorphous is also bound to increase their
reactivity, because it assures the most reactive
surface composition. It also explains why their
reactivity is noticeably increased in a humid
atmosphere.

These results offer further proof for the theory
that the reactivity of silicates is primarily based
on the ionic structure of its surfaces and that the
interior crystal lattice, if existing, is of secondary
importance only.

Acknowledgments.—The authors would like to
express their appreciation and thanks to Dr.
Theodore G. Rochow of the Analytical and Testing-
Division of the American Cyanamid Company,
who very kindly furnished the authors with the
electron photomicrographs reproduced in this
paper. They are also indebted to Air. Benjamin
W. Roberts of the Physics Department of the
Massachusetts Institute of Technology, and to
M .1.T.’s Soil Solidification Laboratory for the dif-
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ADSORPTION OF NITROGEN, OXYGEN, AND ARGON ON RUTILE AT LOW
TEMPERATURES; APPLICABILITY OF THE CONCEPT OF SURFACE
HETEROGENEITY1

By J.M. Honig and L. H. Reyerson

School of Chemistry, University of Minnesota, Minneapolis 14, Minnesota

Received August 30, 1951

The adsorption of nitrogen, oxygen and argon on rutile has been investigated at liquid nitrogen and oxygen temperatures

in the region of low relative pressure.
of oxygen or argon adsorbed.
shown to differ with each adsorbate.
geneity are discussed.

During the past decade, the BET theory of
physical sorption of gases on solids has considerably
extended knowledge in this field. The limitations
of this theory have been discussed repeatedly23
and attempts to improve on the theory have been
made along several lines. Various authors have
obtained new isotherm equations by postulating
different adsorption processes but, as was shown by
Hill,4 all such deductions are based on unsound
adsorption models. Other attempts to improve on
the theory have dealt with the effects of the hetero-
geneity of the surface,687 of lateral interaction
between adsorbed molecules,8 11 and with the con-
cept of cooperative condensation.23
A search of the literature has shown that there
are only very few studies dealing with the adsorp-
tion of simple gases on well defined crystalline
solids which can be used to test the above theories;
in many cases investigations were not carried out
at sufficiently low relative pressures to allow for a
comparison of theoretical and experimental results.
Among the cases suitable for theoretical study may
be cited the work by Jura and Harkins12 (nitrogen
on anatase), Kington, et al.,u (nitrogen and
oxygen on anatase), Arnold# (nitrogen, oxygen and
nitrogen-oxygen mixtures on rutile), Jura and
Criddles (argon on graphite), Orr®6 (argon on
potassium chloride), and Tompkins and YoungZ
(nitrogen, oxygen, argon, carbon monoxide and
mixtures on cesium iodide). In all these and
otherB cases where comparative studies on the
(1) This investigation was supported in part by the Grant-in-Aid
for Fundamental Research contributed by E. I. du Pont de Nemours &
Company.
(2) G. Halsey, J. Chem. Phys., 16, 931 (1948).
(3) G. Halsey, J. Am. Chem. Soc., 73, 2693 (1951).
(4) T. Hill, ibid., 68, 535 (1946); 72, 5347 (1950).
(5) G. Halsey and H. Taylor, J. Chem. Phys., 15, 624 (1947)
(6) R. Sips, ibid., 18, 1024 (1950).
(7) J. Zeldowitsh, Acta Physiochim. U. R. S. S., 1, 961 (1934).

(8) R. Fowler and E. Guggenheim, “Statistical Thermodynamics,”
Cambridge Univ. Press, 1939, Chapter X.

(9) T. Hill, J. Chem. Phys., 17, 590, 668 (1949).

(10) A. Miller, “Adsorption of Gases on Solids,” Cambridge Univ.
Press, 1949.

(11) F. Volkenshtein, Zhur. Fizicheskoi Khimii, 21, 163 (1947).

(12) G. Jura and W, Harkins, J. Am. Chem. Soc., 66, 1356, 1366
(1944).

(13) G. Kington, R. Beebe, H. Polley and W. Smith, ibid., 72, 1775
(1950)

(14) J. Arnold, ibid., 71, 104 (1949).

(15) G. Juraand D. Criddle, T his Journal, 65, 163 (1951).

(16) W. Orr, Proc. Roy. Soc. {London), A173, 349 (1939).

(17) F. Tompkins and D. Young, Trans. Faraday Soc., 47, 77, 88
(1951)

(18) A. Keenan and J. Holmes, T his Journal, 53, 1309 (1949).

At a given value of p/po the amount of nitrogen adsorbed greatly exceeds the quantity
The distribution of adsorption energies among surface sites has been computed and is
The reasons for these differences and the usefulness of the concept of surface hetero-

absorption of nitrogen, oxygen, and/or argon on a
given surface were available, an interesting fact
was observed. At a given temperature and p/pn
value in the low relative pressure range, the frac-
tion of the surface covered by nitrogen greatly
exceeds that covered by either oxygen or argon,
while the isotherms for oxygen and argon are
nearly identical.

The present experiments were designed to in-
vestigate in detail the adsorption of nitrogen,
oxygen and argon on rutile in the region of low
relative pressure, in order to check the findings of
other investigators regarding the comparative
uptake of these three gases and to test the useful-
ness of the concept of surface heterogeneity in
explaining the results.

Apparatus, Materials and Procedure

Investigations were carried out with a standard volumet-
ric apparatus of the type employed by Emmett and Brun-
auer® and by Jura and Harkins.2 Pressure differences
were read on a U tube manometer with a precision cathetom-
eter to + 0.005 cm. Repeated dead space calibrations
agreed to within = 0.1%. Tlie sample temperature was de-
termined by an oxygen vapor pressure thermometer. The
saturation vapor pressures pa for nitrogen were computed
from the equation of Dodge and Davis,Dthose for argon,
from the equation of Born2; the po values for oxygen were
measured directly.

Nitrogen was prepared by decomposition of recrystallized
and dried sodium azide. Oxygen was prepared by decom-
position of purified potassium permanganate. Argon, ob-
tained “spectroscopically pure” from commercial sources,
was used without further purification.

The rutile was a synthetic material obtained through the
courtesy of Dr. Walter K. Nelson of the National Lead
Company, Titanium Division. A spectrochemical analy-
sis, furnished with the sample, indicated that the major
impurities consisted of alkali metal salts (1-2%) and of
silica (0.3%). X-Ray diffraction patterns were stated to re-
veal no lines other than those of rutile.

Before each run, the sample was degassed for 18 hours at
400°; the final pressure reached in the evacuation was be-
low 10“5mm. as indicated by a McLeod gage.

Two different portions of the same sample were used in
this series of runs. The results of two or more runs carried
out with the same adsorbate on these two portions agreed to
at least + 0.5%, except at the very low p/p{ values in the
nitrogen runs, where large deviations occurred due to the
poor precision of the pressure readings.

Results

The results are given in Table I and Figs. 1 and
2; each curve represents the average of at least
two runs.

(19) P. Emmett and S. Brunauer, J. Am. Chem. Soc., 69, 1553
(1937); S. Brunauer, P. Emmett and E. Teller, ibid., 60, 309 (1938).

(20) B. Dodge and H. Davis, ibid., 49, 610 (1927).

(21) F. Born, Ann. d. Phys., [4] 69, 473 (1922).
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Table |

Adsorption Data

(p. the equilibrium pressure in cm.; x = the relative pressure; n, quantity  adsorbate held on surface in millimoles
of gas per gram of solid.

Nitrogen on titanium dioxide Oxygen on titanium dioxide Argon on titanium dioxide
Runpl * T = 77”.7°K. RUl"YG T = ><77.5 -77.6r.!’K. Rur\1/7 * T = 77r?5°K.
0.02 0.0004 0.068 0.01 0.0006 0.0128 0.67 0.033 0.0848
0.07 .0009 1183 .01 .0006 0239 0.89 044 .0945
9.26 117 1987 040 .0025 0346 1.19 .0590 .1080
Run 2 T = 77.7°IC .060 0037 0501 1.57 0779 1210
0.78 0.0098 0.1498 11 .0068 .0601 1.94 .0963 .1320
7.00 0.0881 0.1893 18 011 .0698 2.32 115 1423
Run 3 T = 77.7°K. .24 .015 .0827 2.72 .135 .1524
001 0.0001 0.042 34 021 .0901 3.22 1160 .1631

02 0003 064 50 031 .1048 3.94 196 1758
.04 .0006 .093 71 044 1186 Run 8 T - 78.6°K.
.60 .0076 .1457 92 057 1319 0.03 0.001 0.0187
2.21 0278 1648 113 0711 1418 08 003 0264
412 0519 1765 1.37 .0854 1516 P 0050 ‘0347
6.16 0776 1860 1.65 103 1610 18 0075 0439
864 109 1956 2.06 129 1736 s o11 0521
RUR 4 T = 78.2°K. 2.54 159 .1853 30 016 0626
0.02 0.0002 0.086 320 -200 -1990 52 022 0708
.03 .0003 091 Run 5 T = 90.3 - 90.4°K. 69 029 .0808
.03 .0003 .100 0.47 0.0060 0.0429 88 037 .0890
.05 .0005 11059 1.11 0142 0616 1.12 0469 .0986
.05 .0005 .1090 1.66 0211 0726 1.40 .0587 .1088
.06 .0007 1137 2.14 0273 .0809 1.72 0721 1184
.08 .0009 1172 2.87 0367 0915 2.08 0872 .1280
10 0012 1207 3.46 0444 0986 2.44 102 1366
13 .0015 1252 4.93 0632 1141 2.92 122 1467
16 .0019 .1290 6.12 .0788 1247 RUN 10 -
23 0027 1329 7.96 103 1391 0.06 0.0006 0.0083
29 .0035 1366 9.73 126 .1508 16 0016 0164
42 :0050 1408 Run 9-a T = 90.0°K. 38 0038 0251
55 0066 -1445 2.72 0.0366 0.0910 66 0066 0337
72 -0086 1483 5.83 0783 1241 1.10 0110 0431
1.44 0172 1578 8.24 111 1429 1.54 0154 0512
Run 11 T =903 - 905K 12.69 1702 1691 2.71 0279 0674
0.005  0.00002 0.0204 17.47 2347 1912 4.03 0404 .0820
<020 -00007 0261 23.88 3214 2184 5.92 0594 0982
.030 00011 0316 28.96 .3898 .2388 7.97 .0799 1127
T I
.055 ,00020 -0529 0.020 0.016 0.0649 14.81 1486 . 1493
o7 100025 0692 76 .050 .1025
160 00058 0864 3.57 0793 1247
a5 00121 1014 11.06 1287 1517
o 00266 1140 14.71 1769 1716
1 260 00457 1232 20.35 2537 1975
2.075 00753 1311
2.950 01079 .1366
4.235 01536 .1427
5.720 .02075 .1475
7.040 02532 1513
8.870 03246 1558
Run 12 T - 90.2°K.
0.020 0.00007 0.06151
0.760 .00278 .1154
3.570 .01306 1399
11.06 04047 1596
14.71 05382 .1656
20.35 07446 1734
27.30 .09989 1817
34.37 1258 1910

42.78 .1565 .2005
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P/po-
Fig. 1.— Adsorption isotherms of nitrogen, oxygen and argon
on rutile.

Fig. 2.— Adsorption isotherms on rutile in the legion of low
relative pressure.

The oxygen and argon adsorption data fit the
BET equation in the range 0.05 < p/p0 < 0.30;
in the case of nitrogen, the fit extends from the
smallest p/p0 values measured to p/p0 = 0.20.
A summary of the BET constants is given in Table
Il.  The values of nmlisted in this table were used
to obtain the values cited in the remaining sections
of this paper.

Table Il

BET Constants

m  Nitrogen < ——-Oxygen—"' — —Argon--————--
n,e V nm,
Temp., millimoles/ millimoles/ millimoles/
°K. g. solid c g. solid c g. solid c
77.4-77.7 0.179 300 0.171 48.7 0.161 28.2
90.0-90.4 0.171 300 0.165 30.3 0.157 245

It is seen from Table Il that according to the
BET theory, (a) the quantity of gas accommodated
in a monolayer on the surface, nm decreases by
roughly 5% as one passes from nitrogen to oxygen

J. M. Honig an« L. H. Reyebson
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to argon; (b) that nmdecreases for all three gases
with rising temperature; (c) that the constant,
¢, (which is a rough measure of the heat of adsorp-
tion in the first layer) for nitrogen is an order of
magnitude larger than that for oxygen and argon.

From Fig. 2 and Table I, it is seen that at liquid
nitrogen temperatures 66% of the surface is covered
by nitrogen at p/pa= 0.001. At this same relative
pressure, only 13%, and 10% of the surface is
covered by oxygen and argon, respectively. As
another illustration of the large quantities of nitro-
gen taken up at very low p/p, values, one may note
that at 90.3° K. 12% of the surface is covered in
the vicinity of p/pa= 0.00002 (this value represents
the lov'est limit at which pressure readings could be
taken). The findings of earlier studies comparing
the relative uptake o: nitrogen, oxygen and argon
by a variety of solids rhus apply also to this case.

Interpretation of Isotherms in Terms of Surface
Heterogeneity.— The data of Table | can be fitted
to the Sips6equation

»% % % =% % <"
where
_ V. _B
x_\.O'A_}O

which reduces to the Freundlich equation in the
region of low x. A list of the constants B and ¢
used in fitting the data to equation 1 is presented
in Table 111, together with the range of 6over which
a good fit is obtained.

Sips6has shown how the adsorption isotherm may
be used to determine the distribution of adsorp-
tion energies g, over a surface. If the set of sites
associated with a given value of qis filled according
to the Langmuir law

! __bp
1+‘|£)e'/HT~r+Ir

(2)

where
b= a fir (»)

then the distribution function corresponding to
(Hiuation 1for q > lis given by

Ha) = 1if ~ -~ U< )

where
Il = —RT hi - (5)

Calculations for f(q) have been carried out for
each of the adsorbates at the two temperatures.
Unfortunately, the adsorption isotherms do not
uniquely determine the parameter | since the
constant a is related by equation 3 to the Langmuir
constant b, i.e., to the parameters of the isotherm
which would be obtained if adsorption occurred on
a homogeneous surface.

However, use of a physical argument may be
made to obtain approximate values of I. Mathe-
matically, q is restricted to the range | < q < “o;
it is probable that the lower limit of g values is
approached as the last bare surface sites are filled.
Hence, the Clausius Clapeyron equation was
applied to compute the isostcric heats of adsorption
in the region near complete surface coverage;
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Table 111
Tabulation op Constants Used in Equations 1 and 2 and Range of Validity of Equation 1
Gas Nitrogen OXygen-------wwmmomm e — Argon----------
Temp., °K. 77.7 90.3 77.6 90.4 77.5 90.2
C 0.097 0.126 0.366 0.412 0.417 0.436
B 0.0540 0.0676 0.140 0.147 0.151 0.153
A, cm. o 4.30 18.6 2.37 11.5 3.59 16.2
Range of ap- j driu  0.63 0.69 0.23 0.15 0.25 0.14
plicability6 \ OnasC 0.94 1.09 1.48* 0.94* 1.40 1.42
a, cm. 10 X 105 6.7 X 105 6.2 X 106 4.6 X 105 3.0 X 105 2.4 X 105
1, cal./mole 1920 1890 1940 1910 1760 1730

“ These values do not necessarily represent upper limits since no experimental data were taken beyond this point.
6NMvalues cited in Table Il were used to determine these values.

after conversion to differential heats of adsorption,
these values were used in equation 4; values of a
computed from equation 5 are listed in Table I11.

The distribution functions are plotted against q
in Fig. 3. It is to be emphasized that the shape
of these curves is determined solely by the param-
eter ¢; the value of | determines only the position
of these curves laterally along the q axis without
affecting the actual distribution.

Inspection of Fig. 3 shows that the distribution
functions for oxygen and argon are quite similar,
differing only in their location along the abscissa.
The number of low energy sites heavily outweighs
the number of high energy sites. The larger uptake
of oxygen compared to argon, as evidenced by the
isotherms, is thus reflected as a shift of the dis-
tribution curve toward higher qvalues.

In striking contrast to these curves, the distribu-
tion function for nitrogen is very nearly uniform
over a lai'ge range of q values. The enormous
uptake of nitrogen compared to oxygen and argon
can thus be correlated to the apparent abundance
of high energy sites when nitrogen is adsorbed.

It is of interest that the nitrogen isotherms also
fit the equation

I . kp + C | kx + D
~Ink” v+ C ~]nk nx+ D ©

with D = C/pu; k, C, D are constants. Equa-
tion 6 is a generalized form of the isotherm proposed
by Temkin and Pyzhev.2

The distribution function which corresponds to
this isotherm has been shown by Sips6 to be the
step function

N-N{ovKgQKL+RTInk ?)

1?)
0 for all other
where

Il = —UT InC/a (8)

Again, since a is not known, we use in place of |
the values of q computed from the Clausius-
Clapeyron equation near 5 = 1, which are given
in Table I11. The values of gnex = |+ RT Ink
are entered in Table IV.

The nitrogen distribution function corresponding
to the Sips equation (Eg. 1) is very similar to that
corresponding to Eq. 6. The value for /(g) com-
puted from 77.7° K. isotherm according to Eq. 4
at g = 2200 cal./mole agrees with that computed
from Eq. 7. At q = 3300 cal./mole, the two values

(22) M. Temkin and V. Pyzhev. Acta Phytiochim. U.R.S.S.,
327 (1940).

12,

Table IV
Tabulation of Constants Used in Equations Gand 7 to
Reproduce the Adsorption of Nitrogen on Rutile;
Range of Applicability

Range of

fZmex, validity

Temp., 1(<?), cal./ of Eq. 6
°K. k D (cal/mole) 1 mole  Omin. Omax.
7.7 2.13 X 1 0.0660 5.25 X 10“4 3830 0.50 0.90
90.3 2.75 X 10« 0.0835 5.45 X 10"« 3740 0.43 0.93

read 3.08 X 10-4 and 5.25 X 10-4 (cal./mole)-1,
respectively. Thus, although the nitrogen data
can be made to fit two completely different types
of isotherm equations, the resulting distribution
functions resemble one another very closely over the
range of applicability. It is of importance that
we were unable to fit our oxygen or argon data to
Eq. 6. This would be expected intuitively since in
these cases the distributions computed from Eq. 4
are far from uniform while the applicability of Eq.
6 presupposes a uniform distribution.

q, kcal./mole.

Fig. 3.— Distribution of adsorption energies among surface
sites of rutile.

Discussion

The distribution functions plotted in Fig. 3
approach zero asymptotically as g —>c¢° and ap-
proach infinity as g—>0. Since the number of sites
on the surface is finite, the distribution of g values
on the surface must differ from that given by
equation 4 in the range of maximum and minimum
qvalues.

Inspection of Fig. 3 shows that the function
sin irc[eB~ )/RT — 1]-c varies with different ad-
sorbates. Since the distribution is presumably a
property of the solid, these variations must be due
to other factors not taken into account by the Sips
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theory. One such factor is the formation of higher
layers before completion of the first. This effect
may be of importance for the nitrogen data which
cannot be fitted to equation 1 except at 0>0.63
or to equation 6 except at 9> 0.49. Another factor
is the effect of lateral interaction between adsorbed
pai‘ticles in the first layer, which augments the
quantity of adsorbate held on the surface at a given
pressure when the interaction forces are attractive.
A third factor not considered in the Sips analysis is
the specificity of the surface toward some adsorb-
ates. As an illustration of this effect, consider
adsorption on a surface which contains a great
number of constricted sites accessible to one ad-
sorbate but not to another; the distribution func-
tions obtained with these two gases would obviously
differ considerably.

The experimental adsorption isotherm thus could
be resolved into four contributions that will be
broadly classified as “nonspecific solid-gas” inter-
actions, and “lateral,” “multilayer” and “specific”
interactions. Obviously, the Sips analysis should
be applied only to the isotherm which results upon
subtracting algebraically the lateral, multilayer
and specific contributions from the experimental
isotherm. The resulting distribution functions
obtained for the three gases after such subtraction
should coincide in shape, although they might differ
in location along the g axis, since the | values vary
with different adsorbates. Coincidence in shape
of the distribution functions obtained in this
manner may, therefore, be used as a criterion to
check on the correctness of the calculations dealing
with lateral interactions and with multilayer
formation.Z3

(23) It should be noted that when two distribution functions are

identical except for their location along the q axis the corresponding
isotherms will have different numerical values for some of their param-
eters (such as A in Egq. 1, & in Eq. 6) and will, therefore, differ in
shape. Hence, examination of the isotherms does not aid in establish-
ing the correctness of the above mentioned calculations.

J. M. Honig and L. H. Reyerson
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In these discussions it has been tacitly assumed
that the postulates, implicit in equation 2, on
which the Sips theory is based are correct. For the
purpose of this discussion it is useful to imagine a
process whereby all sites on a given surface which
are associated with the same ¢ value are grouped
in a hypothetical patch, and all the patches are
arrayed on the surface in order of decreasing @
One basic assumption on which the Sips theory
rests is that at any value of 0< d< 1all patches are
covered to some extent; that is, dp>0 for all g
values. Halsey3 has recently proposed a model
involving cooperative adsorption, according to
which at a given value of 6 all patches down to a
given q = ceare completely filled and the remaining
patches are empty; in this model, 9 = 1 for g™qg
and dd — O for g<qg. The concept of surface
heterogeneity is essential to the model since a one
step isotherm equation would be obtained on a
homogeneous surface. It is obvious, however,
that the Sips analysis cannot be applied to the
Halsey model. Failure of the generalized Lang-
muir theory to apply may thus be the reason for the
apparent variations of the distribution functions
plotted in Fig. 3.

The second assumption implicit in equation 2 is
that the adsorbed layer forms an immobile film on
the surface of the solid. However, Hill has pointed
out that one should really expect formation of a
partially mobile surface film in the temperature
range of 77-90° K. Surface mobility, even in the
absence of strong lateral interactions, disturbs the
equilibrium distribution described by equation 2.
In such cases the Sips theory must be suitably
modified before it can be applied.
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The following is a brief summary of the results of this investigation:

(1) The orthovanadates of cerium, praseodymium,

neodymium, samarium, europium, gadolinium, terbium, dysprosium, holmium, erbium, thulium, ytterbium, lutecium,

yttrium and scandium possess the zircon structure.
0.19 + 0.01 and z = 0.35 + 0.01.

In a previous paper2from this Laboratory it was
reported that the orthovanadates of praseody-
mium, neodymium, samarium, europium, gadolin-
ium, terbium, dysprosium, erbium, thulium, ytter-
bium, lutecium and yttrium comprise a tetragonal
isomorphous series. The structures of a limited
number of orthovanadates have been described in
the literature. Broch3 found that yttrium ortho
vanadate was tetragonal, possessing a crystal struc-
ture closely similar to that of zircon.46 Brandt6
found that chromium orthovanadate (CrV04 was
orthorhombic and belonged to space group D IZh —
Cmcm. Brandt#has also reported rhodium ortho-
vanadate (RhV04 to be tetragonal and to possess
the rutile structure.8

The results of the previous investigations in this
Laboratory and the work of Brandt suggest the
desirability of further quantitative studies on the
heavy metal orthovanadates.

Experimental

Samples of scandium orthovanadate, holmium orthovana-
date and cerium orthovanadate were prepared by the
method used in the preparation of the other orthovanadates
previously studied.2 The oxide or the oxalate of the tri-
valent metal was mixed with ammonium metavanadate in
quantities such that equimolar amounts of M 203 and V205
were present. The samples were heated for periods of two
hours at 750-1000°.

These powder samples were examined by standard X-ray
diffraction methods, using CrK,, and CuKaX-radiation. The
diffraction patterns observed for cerium orthovanadate and
holmium orthovanadate are almost identical with the X -
radiograms of the other rare earth orthovanadates. The
pattern obtained for scandium orthovanadate consists of
relatively fewer lines and will be discussed in detail below.

The relative intensities were obtained by measuring the
area under the peaks on the X-radiograms, which were pro-
duced by the Geiger-counter and Brown recorder of the
Norelco X-ray spectrometer. The scanning speed of the
spectrometer was one degree (2 0) per minute. The copper
radiation was filtered through nickel foil to obtain the cop-
per K a radiation. The X-radiograms of neodymium ortho-
vanadate, ytterbium orthovanadate and scandium ortho-
vanadate are reproduced in Fig. 1.

Because of the limited angular range of the Norelco spec-
trometer, the intensities of some of the diffraction lines of
scandium orthovanadate were obtained from the powder
photograph using a Moll microphotometer and a “Photo-
pen” recorder. The observed intensities which are reported

(1) Presented before the Division of Physical and Inorganic Chem-
istry at the 118th Meeting of the American Chemical Society, which
was held in Chicago, 111, September, 1950.

(2) Milligan, Watt and Rachford, T nis Jouknal, 63, 227 (1949).

(3) Broch, Z. physik. Chem., 20B, 345 (1932).

(4) Vegard, Phil. Mag., 1, 1151 (1926).

(5) Vegard, ibid., 4, 511 (1927).

(6) Brandt, Arkiv Kemi Mineral. Gecl., 17A, No. 6 (1943).

(7) Brandt, ibid., 17A, No. 15 (1943).

(8) Wyckoff, “The Structure of Crystals,’”” Chemical Catalog Com-
pany, (Reinhold Publ. Corp.), New York, N. Y., 1931.

For scandium orthovanadate the parameters are X =
(3) The oxygen tetrahedra in scandium orthovanadate are elongated in the direction of the c-axis.
dates of this series the oxygen tetrahedra are almost regular.

(2) The oxygen parameters for fourteen of these orthovanadates are x =

0.20 + 0.01 and z = 0.32 + 0.01.
In the other orthovana-

in parentheses in Table IV are the ones obtained from the
powder photograph by means of the microphotometer.

Crystal Structure

The approach used in determining the structure
of the orthovanadates enumerated above is based
on the similarity of the powder photographs and the
structure of yttrium orthovanadate reported by
Broch.3

When the X-ray diffraction lines of the orthovan-
adates of 14 trivalent metals (cerium, praseody-
mium, neodymium, samarium, europium, gadolin-
ium, terbium, dysprosium, holmium, erbium, thul-
ium, ytterbium, lutecium and yttrium) are indexed
in a body-centered tetragonal system, the following
reflections are absent: (110), (130), (002), (330),
(114), (222) and (150). The absence of these reflec-
tions suggests the presence of a fourfold screw axis,
an a-plane perpendicular to this axis, and a d-plane
perpendicular to (110). These symmetry elements
lead to the following extinctions. Reflections (hkl)
occur only with h+ k+ | = 2n; (MO0) only with »
—2nand k = 2n; Qihl) only with | — 2n and 2h
+ | = in. These are the characteristic extinc-
tions of space group D B®h —I4/amd.

From consideration of the density of these ortho-
vanadates it is found that the unit cell contains
four molecules of MV04 Space group J5Bh —
l14/amd (reference 9) contains two positions with
four equivalent points and three positions with six-
teen equivalent points.

The special positions (a), (b), (/) and (g) (ref. 9)
have additional extinctions. Because of these
additional extinctions the presence of reflections
(202) and (134) eliminates the possibility of the

oxygen atoms being in positions (/) or (g). The
oxygen atoms must be in position Qi). The atomic
positions are:

Four trivalent_metal atoms in (a): 000; ¥21/2

V*: OV2y4 V.

Four vanadium atoms in (b):
o V**A; V*oy4

Sixteen oxygen atoms in (h): (000; 1%'A’A) +
0,x,z; 0, —x,z; X0, —z; —x,0, —z; O,’A + Xx,I/t
-2, QY2 x|~z z-vvAa +2 2l +

Calculation of Intensities.—-The relative intensi-
ties were calculated by means of the equation

00 ¥2 V**A O

P' = KX 1+ cos220 X DE2
B sin® cos d P

where each term has the meaning given in ref. 9.

(©) “Internationale Tabellen zur Bestimmung von Kristallstruk-

turen,” Gebruder Borntraeger, Berlin, 1935.
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Fig. 1.— Geiger counter X-radiograms of neodymium orthovanadate, ytterbium orthovanadate and scandium orthovana-
date.

After substituting the atomic positions given
above and simplifying, the following structure fac-
tor is obtained for reflections with h + k+ | = 2n:
Fhu = 2[1 + exp Xi(k + 1/2)][/IM+ [v exp x il]

+ 4/o j[exp (2x ilz) cos 2ivkx +

exp (—2x ilz) cos 2x hx] + exp iri(k + 1/2)
[exp (2% ilz) cos 2x hx + exp (—2x ilz)

cos 2x kx] J

From examination of this structure factor it is
seen that for reflections with k + 1/2 = 2n + 1the
oxygen atoms alone contribute to the diffraction.
It will also be noted that when | is odd the phase of
the waves diffracted by the trivalent metal atoms
differs by 180 degrees from the phase of the X-rays
diffracted by the vanadium atoms. Reflections
with k + 1/2 = 2n + 1should be very weak; lines
with | odd should be weak and lines with | even
should be strong.

Only values of x between zero and a half need be
considered since for an oxygen atom at (0xz) there
is an equivalent atom at (0x2). Values of z between
zero and a half are the only ones that need be con-
sidered since larger values would give the same re-
sults with the a and b axes interchanged.

The reflection (220) is relatively weak although |
is even. From consideration of the structure fac-
tor it is seen that this means that cos 4tx must have
a large negative value. The structure factor for the
(220) plane does have a large negative value when
X = Vi- Although the (202) reflection is caused by
the oxygen atoms only, it is relatively strong. This
fact means that sin 4x 2(1 — cos 4x2;) must be a
large number. The function above does have large
values when g = Viand 2 = '/sorVs- If2isequal
to V& the interatomic distances in the crystal are

abnormal. The values of the parameters are prob-
ably close to Vi and Vs-

The final values of the parameters were deter-
mined by the method of trial and error. The values
of the parameters were varied until a good general
agreement between the calculated intensities and
the experimentally determined intensities was ob-
tained.

The X-ray diffraction lines on the powder photo-
graph of scandium orthovanadate can be indexed in
the body-centered tetragonal system. The unit
cell dimensions of all of the orthovanadates studied
are given in Table | in absolute angstrom units.
Calculation of the density using the unit cell in Ta-
ble I and four molecules of ScV04per unit cell gives

Tabite |
Unit Cell Dimensions
Compound a, A. c, A. c/a
ScVvo, 6.78 6.12 0.90
Luvo4 7.01 6.19 .88
YbVo04 7.04 6.23 .89
TmVo0o4 7.00 6.20 .89
Ervo,” 7.07 6.25 .88
HOVO4 7.06 6.25 .89
YVO04 7.10 6.27 .88
DyVvo04 7.10 6.27 .88
TbVvo4 7.15 6.31 .88
GdVvo, 7.19 6.33 .88
EuVvo04 7.20 6.35 .88
SmVo04 7.24 6.36 .88
NdVO04 7.33 6.43 .88
Prvo, 7.30 6.42 .88
CeVo04 7.34 6.47 .88

25% yttrium.
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a value of 3.54 g./cc. The density of scandium or-
thovanadate was determined experimentally by
Ihe pycnometer method and a value of 3.6 g./cc.
was obtained.

Tabte Il

Relative Intensities op NdVCt and YbV 04

A NdVO< YbVOi
hki Caled Obsd. Caled Obsd.
101 3.2 2.9 4.6 3.2
200 10.0 10.0 10.0 10.0
211 1.4 1.5 2.1 1.7
112 7.9 7.6 8.3 7.8
220 2.1 2.4 2.3 2.7
202 0.5 0.6 0.4 0.5
301 1.4 2.0 1.5 2.1
103 0.8 1.1 0.9 1.2
231 1.3 2.0 1.6 1.9
132 5.8 6.1 6.0 6.8
400 1.7 2.4 1.6 2.2
123 0.0 0.7 0.8 0.9
411 0.4 0.6 0.5 0.5
240 1.4 1.2 2.0 1.9
004 0.3" 0.3"
303 o 0.8 P 0.7
402 .02 02 a
332 5 1.7 1.6 2.0
204 1.11
233 0.1. 14 0 1.7
242 02 a 02 a
341 5 6
501 08] 0.5 0.8
224 1.21 1.2"
1.4 1.5
143 0.3 0.4_
134 .01 V.W. .01 V.W.
251 A V.W. .2 V.W.
152 1.5 1.6 1.6 1.7
Not observed.
Table-lll
L'ERATOMIC DISTANCES IN NdVCi Y1jV04 YV 04, ScVv
A.
NdVOi YbVOi YVOj 1 ScVOi
V-0 1.60 1.63 1 64 1.74
(0-0)* 2.78 2.68 2 70 2.70
(0-0), 2.76 2.66 2 67 2.92
M -0 2.36 2.27 2.30 2.07
M -0 2.65 2.56 2.73 2.38

Reported by Broch.6

Indexing the reflections of scandium orthovana-
date in the above manner gives a large number of ex-
tinctions (see Table 1V). Examination of the ab-
sent reflections reveals that scandium orthovana-
date has the same systematic extinctions as the
other orthovanadates enumerated above. In addi-
tion to these systematic extinctions, scandium or-
thovanadate has a pseudo-extinction; many re-
flections with | odd are missing. If scandium ortho-
vanadate has the same structure as the other ortho-
vanadates enumerated above, the pseudo-extinc-
tion can be explained. When | is odd the wave dif-
fracted by the scandium ion is 180° out of phase
with the wave diffracted by the vanadium ion.
Since the scattering powers of V+6and Sc+3 are ap-
proximately the same, X-ray diffraction by planes
with odd | is caused almost entirely by the oxygen
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atoms and in some cases the intensity will be too
weak to be observed.

The intensities of the, diffraction lines of scan-
dium orthovanadate were calculated by the method
outlined above. The results are given in Table IV.

Table IV

X-Ray Diffraction Data of ScV04

d '”é%r&'f_‘”ar spacicr;ggalA. Relative intenosli)ts)él
101 4.50 a 0.00 a
200 3.38 3.38 10.0 10.0
211 2.71 2.71 1.4 1.4
112 2.57 2.58 6.2 6.1
220 2.39 2.39 0.7 1.1
202 2.27 2.27 1.3 1.8
301 2.12 2.12 0.5 0.9
103 1.950 1.950 3 0.6
231 1.793 a .04 a
132 1.755 1.760 5.9 6.2
400 1.693 1.690 2.1 2.5
123 1.695 a 0.2

411 1.588 a 04 a
004 1.525 1.530 3 0.5
240 1 513 1.510 1.0 1.1
303 1.514 o 0.01

402 1.485 a 0.03 a
332 1.415 1.420 1.9 2.1
204 1.390 1.395 1.0 1.2
233 1.382 1.380 0.3 0.3
242 1.360 a 1 a
341 1322 a .05 a
501 1.322 a .04 a
224 1.285 1.290 9 1.0
143 1.280 a .03 *
134 1.243 a 1 a
251 1.231 1.230 2 0.2
152 1.220 1.220 9 9
440 1.200 1.200 4 4
105 1.201 a .07

125 1.130 a .01 a
404 1.133 1.135 5 0.5
343 1.128 a 01

600 1.128 1.127 5 05
161 1.097 a .01 a
352 1.086 1.086 9 (1.06)
260 1.075 1.075 4 (0.66)
116 0.997 0.998 6 ®66)
136 921 921 7 ®86)
712 915 913 1.0 (7b
624 876 878 1.0 (9 6)
336 857 854 0.3 (.5b

aXol, observed. 6 From mieimopliotomeler.

Discussion

The calculated and experimental intensities of
the X-ray diffraction lines of neodymium orthovan-
adate and ytterbium orthovanadate are given in
Table Il for the parameters x = 0.19 and z = 0.35.
It will be noted that there is good general agree-
ment between the calculated intensities and the
intensities measured by means of the Geiger coun-
ter. Since the intensities of most of the interfer-
ence maxima are not very sensitive to changes in
the values of the parameters, it is difficult to esti-
mate the accuracy of the parameter’s. However,
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the maximum error is probably less than 0.01.
A qualitative examination of the X-radiograms of
all of the orthovanadates of this isomorphous series
reveals no significant difference in the relative in-
tensities of the various members of the series. Since
the parameters X = 0.19 and z = 0.35 give satis-
factory agreement between the calculated and ex-
perimental intensities for both neodymium ortho-
vanadate and ytterbium orthovanadate, it is be-
lieved that the parameters {x —0.19 + 0.01, z =
0.35 £ 0.01) will give satisfactory results for each
member of the isomorphous series except scandium
orthovanadate.

The observed intensities of the diffraction lines
of scandium orthovanadate and the calculated in-
tensities for the parameters x = 0.20 and z = 0.32
are given in Table IV. It will be noted that the
calculated intensities of the reflections that were not

a0, A
Fig. 2.— Lattice constants of the orthovanadates with the
zircon structure.

MATHEMATICS OF ADSORPTION.
DIFFUSION

Fred J. Edeskuty and Neal R. Amundson
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observed experimentally are less than one per cent,
of the intensity of the strongest line. There is also
good general agreement between the calculated in-
tensities and the intensities measured by the Geiger
counter of the Norelco spectrometer.

The structure of the orthovanadates of this iso-
morphous series is the zircon type structure. The
interatomic distances are given in Table Il1l. The
trivalent metal atom is surrounded by eight oxygen
atoms; four of the oxygen atoms are nearer than
the other four. There is a tetrahedron of oxygen
atoms around each vanadium atom. In scandium
orthovanadate this tetrahedron is elongated in the
direction of the c-axis; in the other orthovanadates
of this series the tetrahedra are almost regular.

In Fig. 2 it will be noted that a graph of the lat-
tice constants of all of the orthovanadates of this
isomorphous series is a straight line (except for
scandium orthovanadate) within the probable ac-
curacy of the available data. The unit cell of scan-
dium orthovanadate is elongated in the direction of
of the c-axis.

An explanation for the fact that the unit cell of
neodymium orthovanadate was found to be larger
than the unit cell of praseodymium orthovanadate2
has been found. The previously proposed process
of solid solution2has been confirmed in this inves-
tigation. In the X-radiogram of one of the sam-
ples of cerium orthovanadate (CeV04 some of the
stronger lines of cerium dioxide were observed.
When this sample was heated for a longer period of
time at a higher temperature the cerium dioxide
lines disappeared and the lattice constants of ce-
rium orthovanadate became larger.

IV. EFFECT OF INTRAPARTICLE

IN AGITATED STATIC SYSTEMS

By Fred J. Edeskuty and Neal R. Amundson

Department of Chemical Engineering, University of Minnesota, Minneapolis 14, Minnesota

Received November 9, 1950

The solution of the problems posed in this paper are rather special in that the types of isotherms and kinetics employed

have only limited application.

For the linear isotherm there are cases where this assumption is valid.
kinetics has not been investigated experimentally to any extent.

The case of linear
For more general cases numerical methods of solutions of

equations proposed here must be sought and the use of digital computers should prove to be of great help in this endeavor.

This is largely because of the iterative nature of the approximate solution to the diffusion equation.

This problem is being

investigated at the present time and will be reported upon later.

The problem of adsorption of a solute from a solu-
tion by an adsorbent in a static non-flow system is
an old one. The major emphasis in the past has
been on the equilibrium attained between the ad-
sorbate on the solid and that in the solution. There
is evidence according to Amis,1 that adsorption
equilibrium obtains always in a finite time although
a period of years may be required. Many equa-
tions have been proposed for adsorption kinetics, a
brief review of which is given by Amis. Kinetic
effects may arise in a variety of ways and it is not
always clear just what effects are being measured.

1) Edward S. Amis, “Kinetics of Chemical Change in Solution,”

The Macmillan Co., New York, N. Y., 1949.

For example, the distribution of solute in the solu-
tion exterior to the adsorbent may not be uniform
giving rise to concentration gradients. These may
be minimized or eliminated completely by agitation
of the whole system. Even moderately high agita-
tion rates may still not eliminate these gradients in
the neighborhood of the particles themselves and
this condition manifests itself in the so-called film
resistance to mass transfer at the particle surfaces.
High agitation rates will reduce the film resistance
to a point where there is practically no kinetic ef-
fect at the particle surface. This is tantamount to
assuming that the concentration of solute at the
particle surface is identical with that in the main
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body of the solution. These two effects are de-
pendent upon diffusion of the solute in the solution
exterior to the adsorbent.

For particles of some size an appreciable portion
of the adsorbent surface is in the interior of the
particle. Adsorption can only take place on this
surface after the adsorbate has diffused through the
solution existing in the pore volume of the solid.
This diffusion may be much slower than diffusion
in a solution alone because of the increased length
of the tortuous path caused by the internal struc-
ture of the solid. Eagle and Scott2 in a recent
paper made some mention of this aspect of the
kinetics.

Finally, the rate of adsorption itself can be a
limiting factor and this is in general the most
difficult of the kinetic effects to handle analytically.
Even if the rate of adsorption is so rapid that
equilibrium is attained practically instantaneously,
the equilibrium isotherm is generally complicated
enough to preclude exact mathematical methods
and some recourse to approximate numerical
methods must be made. Laidler3has examined to
some extent under what conditions adsorption
kinetics will prevail.

In this paper the problem of adsorption in a
static system is considered in the following way.
A vessel contains W grams of porous adsorbent
and v liters of adsorbate-free solvent. At time
t equal to zero adsorbate is admitted to the vessel

Table |
N omenclature

p(v + Ki + ha)

~ D{p + ha)

= concn. in main body of solution, moles per liter

= conen. in main body of solution initially, moles per

liter
= conon. of solution in void volume of solid, moles per
liter

= init. concn. of solution in void volume of solid, moles
per liter

diffusivity, cm.2 per second

LaPlace transform of ¢

— LaPlace transform of C

mass transfer coefficient at particle surface

constants in adsorption isotherm or kinetic expansion

h/h, equilibrium constant for adsorption kinetics

amount adsorbed on solid, moles per liter of apparent
volume

= init. amount adsorbed on solid, moles per liter of
apparent volume

LaPlace transform of n

LaPlace transform parameter corresponding to t

radius variable in particle, cm.

external radius of particle, cm.

time in seconds

volume of external solution, liters

weight of adsorbent, grams

PR

fractional void volume

(k + a)w/vp

Dp/R2

= gamma function
h + a

~ abD

I¢\N1— a

D/Rk

awW/pV

solid apparent density, g./cc.

R —py

o QO’”

e

SXSTXTSO
=
[TRRTRNTINI]

=
o

o NS<"T-TZ

13

QT T - > F
oo

(2) S. Eagle and J. W. Scott, Ind. Eng. Chem., 42, 1287 (1950).
(3) K. J. Laidler, Bull. soc. chim. France, D 171 (1949).
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so that the concentration in the solution is Co.
The agitation is sufficient to minimize concentra-
tion gradients in the main body of the solution
but not so great as to remove the film resistance at
the particle surface. The problem then is to obtain
a formula which will predict the change in the solu-
tion concentration with time. It is assumed that
the adsorbent is in the form of uniform porous
spheres. In order that adsorbate be adsorbed on
the internal surface it is first necessary that it
diffuses through a resisting film at the sphere sur-
face and then diffuses further into and through the
particle.

In order to cover the case for desorption as well
it will be assumed that at time t equal to zero the
concentration in the main body of the solution is
Co while the concentration of the solution in the
sphere void volume is cO while that on the solid
is no) @and nOmay be equilibrium values but this
is not necessary. Table | gives a complete nota-
tion of symbols used in this paper.

If one considers a spherical shell of inside radius
r and thickness Ar, then on equating inflow minus
outflow by diffusion to the rate of accumulation in
the shell there results

(AvrxioN)r_ir- (4vrD «Q r=

(£21); A+
where r<r< r-f- Ar. This reduces, on letting Ar—=
0, to

/52 2 6c\ _ 6c 2 odra
\6r2 rar) at a dt (1)

this equation holds regardless of the adsorption
mechanism obtaining inside the spheres.

The condition at the sphere surface when there
is a resistance to mass transfer is given by

D :(()z:: he - C), whenr = R (2)

This equation really defines the mass transfer co-
efficient k. A large value of k indicates that there
is little resistance to mass transfer. In the limit
as the agitation is increased k becomes infinite and
Equation 2 is replaced by the equation

¢c = C,whenr = R 3)

In addition to these equations there is another
which relates the change in concentration of the
solution with the rate at which adsorbate enters the
adsorbent. The rate at which adsorbate enters a
single sphere is 4TrRaD(dc/dr)r=R. Hence the
rate at which adsorbate enters W grams of spheres
is Z{DaW)/Rp (dc/dr)r=R. The rate at which the

solution is becoming depleted is —F(dC/df),
and therefore

dc = 3DaW Zac\

di Rp \dr/,B “

This equation is merely a material balance over the
adsorber made on the adsorbate.
The condition of the adsorbent and solution

must be stated attimet = 0. In general
c = O
when t = 0 (5)
c=0Co
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For the case of fresh adsorbent cO = 0 while for the
case of desorption using fresh solvent Ca= 0.

Equations 1, 2, 3, 4 and 5 are valid irrespective
of the mechanism taking place inside the spheres.
Two cases will be considered: in the first it is
assumed that adsorption equilibrium occurs point-
wise inside the spheres while in the second a
kinetic relation will be assumed to hold. The
former case is really a special case of the latter but
it is somewhat easier mathematically to treat them
as separate problems.

Case 1. Equilibrium.— If one assumes pointwise
equilibrium inside the particles then the equilibrium
is that, of an adsorption isotherm, n = /(c). In
general then Equation 1 reduces to
(Ve oc
\or2 dl

The only isotherm for which analytical solutions
may be obtained is the linear one, N — NC + k=
It is true that this limits the applicability of the
results of this paper but it has been shown in
these laboratories that there are situations in which
the linear isotherm can be applied. This will be
done in a further paper. The diffusion equation
may now be written

dx 2dc _ dc

dr2 rdr = /sl

Equations 2, 4, 5 and 6 make up a complete
description of the system. A further condition
which is obvious physically and which must be
included in order to obtain a mathematical solution
is that the concentration must remain finite at all
times. The applicability of this condition will
become clear later.

A solution will now be found which will satisfy
Equations 2, 4, 5 and 6. The method is that of
the LaPlace transformation, details of which can be
found in Churchill.4 Let L stand for the La-
Placian operator wdiich is taken with respect to the
variable t

D

Llc(r,t) = JIO e vtc(r,t)dt = h(r,p) = h

L[C(®)] = J'ce-plC()dl = H(p) = H
On taking the transform of Equation 6 and using
Equation 5 there results

dih  2dh ,

dr3+ - Jr- yph: -
This is an ordinary differential equation whose
solution can be readily shown to be

s A . B R ]
n= —sinrv — TP 4——2cos r v — yp 44—z

r r o]

Since concentrations must remain finite at all
times it is clear that the constant B must be zero.

If the transforms of Equations 2 and 4 are taken,
respectively

(t)

— D~ = k(h - H), when I = R
and
ADaw dh ™V 1T - ) »
— lip— dr = ~ " (pH — on), when r = R
(4) R. V. Churchill, "Modern Operational Mathematics in Engi-

neering/’ McGraw-Hill Book Co., Inc., New York, N. Y., 1944,
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These two equations may be solved simultaneously
to eliminate 11 to obtain

(ADaw VDp\ d/if

Vph +
V Rp + Kk ) dr

VCo, when r = R

(8)
This equation can now be used to determine the
constant A in Equation 7. If the operations in
Equation 8 are performed on has given in Equation
7 then an equation in A results which may be
solved for A. When this is substituted in Equation
-
R3y(C» — co) sin ra/R

rf( —AB - (t — I)u2) sin aj -(- (AR — to0)2)a) cos cq]
@
v ©
where
(kI + a)w
1~ Vp - 6 Rk
a=RrR V- p; V= - ¢V

Equation 9 is the transform of the concentration
of the solution inside the sphere. In order to
obtain the concentration itself the inverse transform
must be found. This can be done by standard
methods and will only be sketched here. The
inverse transform is the sum of the residues of the
function eph(r,p) at the poles of h(r,p). The poles
will occur at the zeros of the denominators of
Equation 9.

If the pole at p = bis a simple pole the residue is
given by the formula

lim [(p — b)eplh(r,p)] (10)
—b

p

If all of the poles are simple poles the Heaviside ex-
pansion theorem or its extensions may be used.

Thus since h(r,p) has the fractional form q(p)/

s(p), the inverse transform corresponding to the

zeros of s(p), provided q{p) is analytic, is given by

V 2<A
~os'(p.a)
where pnis a root of s(p) 0, s'(pn is the deriva-
tive of s(p) evaluated at p = pn, and the summation
is taken over all the roots of s(p) = 0 in question.
To go back to Equation 9 it is to be noted that
the numerator is analytic while the zeros of the
denominator are at the zeros of

(id

[—3/5 -f- (e — 1)w 2] sin g 4“ (3/5 — eaj2)o, COS oj = 0

Let the zeros be denoted by 0, co, a2 W3............
The residue at p = 0 corresponding to g = 0 can
be found from Equation (10). By expanding the
trigonometric terms into their respective infinite
series, cancelling common terms, and passing to the
limit there results

Ca— @
+
1+ B Q

where the second term comes from the term cO/p

(12)

in Equation 9. The sum of the remaining residues
is found using Equation 11. Here

?2(p) =y t(Co- Cosin~

s(p) = Q(io)

Q(«) = [—ABR + 02Ae — 1)] sin» + (3/5 — fw2)o>cos a
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It can be shown that

R27 sin a.
SN . vy PEN]-1
where
= 3j3 - (033)2+ 3(8/3 - «*,*) + (1 + 2eW

Therefore combining Equation 12 with this
result
cfr,t) = ca+ EIS.F.IED
(3/3 — sj,") sin

2i2(c, o E P@>,)ep"

sin u,

noting that pn2 = This formula gives

RW
the concentration in the sphere as a function of time
and position. In order to obtain the concentration
of the external solution use will be made of Equa-

tion 4. Integration gives
3DaWw ldC @  Vico. c
W di [CO- C]
(13)
Now
'oc\
<0r/=R
2(Co — ) (33 — ~ Sillu>,) ~ p(
R sin &,
2(Co - co) ~ Wn2p (wn)eP,i

On substitution into Equation 13, one obtains
£om7 = 63 ) P()(l - MY (14)

This formula solves the problem originally posed
in the paper for the case of pointwise equilibrium
in the adsorbent. Note that it is valid for either
adsorption or desorption. Equation 14 is in the
form of an infinite series but the convergence is
very rapid since for large values of gnthe term in
P(w,) behaves essentially as a,-4. The roots un,
as n increases, behave about as n, i.e., co,/n-~a
constant for large n and on+1— on—>x as n increases.
Hence not more than three or four terms should be
needed for calculation purposes. This equation
includes the surface resistance effect of mass trans-
fer. The magnitude of the mass transfer coefficient
depends to a large extent on the degree of agitation.
As the agitation level is increased k increases and
should approach infinity with the result that the
concentration on the sphere surface is the same as
that in the main body of the solution as in Equa-
tion 3. From the definition of e it is seen that as
k—co, €=0s0 that Equation 14 reduces to

6/3 E _ S(«nXI -
«=1

<) (15)

(o-Co
with
[SftONn)]-1 = 9/3(/3 + 1) + (B2
where wnis a root of
(—3/3 — w2)sin gf + 3Bw cos« = 0

Again the summation in Equation 15 must be
made to include all the roots of this transcendental
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equation. Equation 15 solves the problem of ad-
sorption or desorption on porous adsorbents in a
well agitated system for a linear isotherm. A
problem in heat transfer similar to this problem was
considered by Patterson.6 Ebel6 considered an
analogous problem in extraction from porous
spheres. Problems of a similar mathematical na-
ture have also been considered by Hasten and
Amundson7and Munro and Amundson.8

It is now necessary to examine into the character
of the roots of the equation

s(p) ~ Qo) — f 3/3 -f- (e — 1)oo] sill io -

(3/3 — eco2)co COS @ = 0

since this determines the nature of the poles in

Equation 9. Equation 9 can be written in the
form
_ @ . RY(CO—C) mA /r\2 znx
V + 2z9(z) m \ R) (2ft + ])!
where
fil®*) = E h &n)
n=0
and

tW = r(2n—% few2 + (6e + 2)« +303+ DI
with

PR2y

From this definition of z it is clear that the nature

of the roots in p is the same as that in z, R2/ being

positive. Thus it is necessary to determine the
roots of

=2, 032 — -z

9(z) = o
By a theorem of Laguerre9the roots of g{z) = 0

are negative provided the roots of the quadratic
factor considered as a function of n

4en2 + (6e + 2)n + 3(/3 + 1) = 0

are negative. It is obvious that there are no posi-
tive roots and the two roots will be negative if the
discriminant

(2 + 6«)2- 48«(/3 + 1) = (3e - \y - 12(8 > 0

If this inequality is not true the quadratic factor
will have two complex roots and by an extension of
the theorem of Laquerre one can show that g(z)
will not have more than two complex roots and
possibly it may have none, all the remaining roots
being negative. It is obvious of course that g(z)
has no positive roots since the infinite series con-
tains terms all of which have the same sign. Con-
sequently in terms of wit is seen that there will be
no imaginary roots, there may be two complex
roots, and the real roots are symmetrical with
respect to the origin since Q(w) is an even function.
It would be desirable to make a more definite
statement about these roots but it is not possible
at this time. Under these circumstances each case
must be treated as a special one.

(5) S. Patterson, Proc. Phys. Soc., 59, 50 (1947).

(6) R. A. Ebel, Ph.D. Thesis, University of Minnesota, 1949.

(7) P. R. Kasten and N. R. Amundson, Ind. Eng. Chem., 42, 1341
(1950).

(8) W. D. Munro and N. R. Amundson, ibid., 42 1481 (1950).

(9) E. C. Titchmarsh, “Theory of Functions,” Oxford University
Press, London, 1939.
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For the case of the infinite mass transfer co-
efficient the quadratic factor reduces to a linear
factor, 2n + 3(/3 + 1), and the zero of this equation
is always negative. Therefore in this case the
zeroes of g(z) are always negative. Consequently
for the well agitated system, which the authors
consider to be the most important one, the roots
may be calculated with the assurance that all have
been accounted for.

Case 2. Non Equilibrium.—For this case Equa-
tions 1, 2, 4 and 5 are still valid but a new assump-
tion concerning the relation between adsorbed
material and solution concentration must be made.
In general the kinetic relation will replace the equi-
librium isotherm and will be of the form an/at =
F(c,n), where F(c,n) is a complicated function
depending upon the adsorbate, solvent and adsorb-
ent. Although a numerical method could be
developed to treat a general function it is the
purpose here to develop mathematical formulas and
the most general relation of this type which can be
used is

—~ = he — k2n (16)
a being introduced for convenience only.

The complete system to be solved for this case
consists of Equations 1, 2, 4, 5and 16. This prob-
lem can be handled also by means of the LaPlace
transformation. Let L[n(r,t)] = N(r,p) = N.
The transforms of Equations 1 and 16 are, re-
spectively

d% , 2 dh 1.,
dd+r* =flpi @+"9YPN—
and
mpN —m) = kji —KN

If N is eliminated between these two equations
the following results

/de\ 1A
\ar)er ~ R

dh . 2ch . 1 [ T k2) - fida!
a2 rar a DL p+ka J

wherea = p(p + ki + ha)/D(p + k2a).
The solution of this equation which remains
finiteatr = Ois

. + + «da
h—anrV—a+ %‘B +f|?+ K2)

[Co(Pn + h + ha) — Co(Pn+ fog) — npk2]A,
n~1 (pn+ fa + k2a)G(pn)

C.- C = 3@ X)

The constant A may still be determined from
Equation 8 with the result that the complete
solution is

h = QP-+ka) 4-xda ,
AP+ h+kan +
R[Co(p + kI + k2a) — Cop + k2a) —nokd SN~

r (p + h + hct)Z(p)
17

where A= BV~ aand
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Zp) = [- “ 9] anA+
A cos A + pej (18)
where p = aW/pV. Equation 17 is the inverse

transform of the concentration in the solution.

The residue at the pole p = 0 can be shown to be
(CW + n(acO+ nQ)/(Kp + a(1 + p)), whereK =
kiZk2 This consists of the sum of two terms one
coming from the first and the other the second
term in Equation 17. There is also a pole at
p = —kx —Kk2a. The residue at this pole can be
found by evaluating the limit in the prescribed
manner. Two terms are again obtained which are
negatives of each other and hence their sum zero.
The remaining poles occur at the zeroes of Equa-
tion 18 and the sum of the residues for these poles
can be obtained from Equation 11. Direct cal-
culation will show that

— Co« + pjacq + no)
450 = "+ al v

% » [@,+ h + ka)—dm+ ka)- noa SN
r A (Pn + kI + k2a)Z'(pn) £
where
Sin An

Z2\vm) = An(3/3 + pc«e)

G(Vn)
G{pn) = 3/3'A,+ En [- A,ZA3/3" + p,e)2+ .
P@E3 + pe) - pil
En= A2_t |  kka +
2D (on + fa)2
s = DYR*
and pnis a zero of Equation 18 with
An2D _ Pn(pn + fa + l@)
R2 Pn + fa«

In Equation 13 it is necessary to calculate

[Co(Pn + kI + k2a) — Op(iPn + k2a) — Wpfa] [An cos A, — sm An] (
{pn + h + k2a)Z'(pn) 6

Upon using Equation 18 this can be reduced after
substituting for the cosine to

Q;) -

rJr-R

1 [Cp(PNn + /1+ k2a) — Co(pn + k2a) — nok2\AnPn pn,
R ~ X (Pn + E + k2a)G(ptl) 6

Substitution into Equation X gives
o ew] (19)

Equation 19 solves the kinetic problem for the
type of kinetics assumed here completely. A mass
transfer coefficient has been assumed to exist but
the case for infinite mass transfer can be easily ob-
tained by allowing e—0 with subsequent simplifica-
tion of the equation defining the concentration and
the roots over which the summation is to be made.

It would be highly desirable to make a statement
concerning the roots of Equation 18 but it is not
possible _at this time. However preliminary in-
vestigation seems to indicate that for the case of no
film resistance all the roots in p are negative.
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Some of the chemical effects of a-particles upon re-hexane, cyclohexane, cyclohexene and benzene have been determined.

The hydrocarbons were mixed in the vapor state with radon and allowed to stand for several weeks.

mixtures were analyzed by the use of a mass spectrometer.
case were also determined.

Introduction

The effects of a-particles upon the vapors of
n-hexane, cyclohexane, cyclohexene and benzene
have been investigated by mixing these vapors with
radon gas. Such mixtures were allowed to stand
for several weeks until the radon had decayed to a
level which was safe to handle. The gases in the
bulbs were then analyzed with a mass spectrometer
and, where possible, the iodine numbers and
average molecular weights were determined on the
non-volatile liquids formed in the flasks.

In order to obtain sufficient products for analysis
and to minimize the effect of the radiation emitted
in the late stages of the experiments upon the
products formed in the early stages of the experi-
ments, it was necessary to use large amounts of the
radon-vapor mixture. With three-liter spherical
bulbs and 250 to 500 millicuries of radon the con-
centration of gaseous products was such that in the
least favorable case (n-hexane) only 7% of the total
energy absorbed in the gas phase was absorbed by
the products rather than by the original Céhydro-
carbon. No attempt was made to estimate
the amount of radiation absorbed by the liquid
product collecting in the bottom of the flasks, but it
was undoubtedly small since the solid angle pre-
sented by this material to the large spherical
volume of radon was very small.

Experimental Procedure

The hydrocarbon vapor and the radon-were sealed into an
all-glass system in the following manner. The radon, con-
tained in a sealed thin wall capillary, was dropped into the
apparatus (Fig. 1) through the tube T. This tube was then
sealed with a flame at point A.

Bulb L, which contained liquid hydrocarbon, was im-
mersed in liquid air and the apparatus evacuated with a
mercury vapor diffusion pump to a pressure less than 10~4
mm. Stopcock | was closed and the liquid air removed
from around bulb L. When the pressure of hydrocarbon
vapor reached several mm., as measured on a Ifg manometer
sealed onto the bulb B (in a plane not shown in Fig. 1), stop-
cock Il was closed and the system re-evacuated. Several
such flushings were made as a precaution against any dis-
solved gases in the liquid hydrocarbon. Finally the pres-
sure of the hydrocarbon was allowed to reach a value a few
mm. below the vapor pressure of the liquid at room tempera-
ture and the bulb was sealed from the vacuum system at the
constriction C. The end of the capillary needle which
contained the radon was then sheared off by a glass enclosed
iron plunger actuated by a magnet.

The pressure of the system was followed for about two
weeks. Within the experimental error the pressure change
in the system paralleled the decay of the radon. The bulbs
were allowed to stand for at least six weeks, sometimes

(1) National Institutes of Health Fellow (194S). Present address:
Massachusetts Institute of Technology, Physics Department and
Laboratory of Nuclear Science and Engineering, Cambridge, Mass.

The resulting gaseous
Some of the physical properties of the liquids formed in each

twelve, before the contents were analyzed for reaction prod-
ucts.

The benzene was C.p. grade which had been further puri-
fied by fractional crystallization. The cyclohexene and re
hexane were secured from the National Bureau of Standards
and were used without further purification. They were
certified to be better than 99 molecular per cent. pure.
The cyclohexane was obtained from Eastman Kodak Com-
pany and had a melting point of 5.70° and a boiling point
range of 80.7 to 81.1°.

Analysis of the Bombarded Sample.— The composition
of the gas in the flask after bombardment was determined
with a Westinghouse mass spectrometer. The gas was in-
troduced into the mass spectrometer through a capillary
leak from a gas handling system designed for these particular
mixtures. The bombardment flask was sealed directly to
this system and the gas introduced by breaking the hook
seal H (Fig. 1). The gases were moved to any desired por-
tion of the system through mercury filled U-tube cut-offs by
pressure differentials or by Toepler pumps. From the time
the radon gas mixture was sealed from the original filling
system until the analysis was completed the gases were in
contact with nothing except glass and mercury.

The residual starting material and the saturated hydro-
carbons produced by the radiation were first determined
on a portion of the sample by standard mass spectrographic
techniques using peon as an internal standard.

The hydrogen was determined by measuring the loss in
pressure when another portion of the sample was allowed to
stand in contact with a hot palladium thimble.

Since it was impossible to determine the small amounts
of unsaturated gases with any degree of accuracy in the
presence of the large amount of unchanged CVhydrocarbon,
the remaining sample was divided into three fractions by the
use of cold traps.

The first fraction, which was obtained by slowly pumping
the gases through two liquid air traps, was found to contain
H2 CH4and CH4. The CH4and C2H4were determined and
the H2was taken as the difference. Although this value for
H2was always lower than the value obtained with the palla-
dium thimble, the agreement was usually within 10%.
The palladium figures are the ones reported.

The second fraction was obtained by pumping the re-
maining gas through traps immersed in Dry Ice and alcohol.
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This fraction was found to consist of Ca-Cs-hydrocarbons
and a small amount of the original Ce-hydroc-arbon. By
this method we were able to determine very small amounts
of gases which could not be detected in the unfractionated
sample.

At least three analyses were made on each of the above
fractions and a minimum of three samples were bombarded
for each of the four compounds investigated.

In addition to the above gases there was formed in each
case an oily non-volatile liquid which collected in the bot-
tom of the spherical vessel as the bombardment proceeded.
This material was clear to slightly yellow in color. The
product from benzene was the most colored and the most
viscous of the four. At the completion of the gas analysis
the flasks were broken and as much as possible of the liquid
removed for a determination of its average molecular
weight and iodine number. The small amount of liquid
and the large glass surface made it impractical to attempt to
remove all the liquid for a direct determination of yield by
weighing. The yield of liquid and the 11/C ratios of the
liquid reported in Table 1 were calculated by a simple
weight balance based on the gas analysis.

Table |

E ffect of 5-8 Mev. Particles from

Radon on Some C6Hydrocarbon Vapors

The Chemical

Compound bombarded
(parent compound)

n- Cyclo- Cyclo- Ben-
Hexane hexane hexene zene
Molecules parent compound reacting per
100 ev. absorbed — (7k 8.2 9.0 16.3 4.9
—M/N = Molecules removed 2.8 3.1 5.7 1.4
lon pairs formed
Average mol. weight of liquid 330 355 360 330
Energy absorbed in parent com-
pound, % 93 97 95 99
Parent compound reacting, % 41 40 53 24
H/C ratio parent compound 2.33 2.00 1.67 1.000
11/C ratio liquid (ealed.) 2.03 1.81 1.59 0.98

Weight % parent compound re-
acting found in liquid (ealed.) 73 90 86 97
Average number double bonds

1.25 2.00
Average molecule of liquid
Gp = molecules of indi- H2 3.5 3.6 1.9 0.30
cated gas formed/100 CH4 0.44 0.53 0.27 0.01
ev. absorbed C2H2 0.49 0.42
C2Ha .08 1.3 0.02
C*H, .90 1.2 0.04 .006
C.H, .36
C,Hb .06 .19
c,h8 1.35 0.33 .02
CiHs .05
cut» 1.10 .34
Cé6HI2 0.23
CeHe .07
CeHI2 1.07
Total 7.7 6.0 5.8 .76

The average molecular weights of the liquid products
were determined by freezing point depression. Small
amounts of the products were dissolved in benzene and in
cyclohexane and the capillary melting points of the quickly
frozen solutions taken. Very slow rates of heating were
used and the disappearance of the last crystal was taken as
the melting (freezing) point of the solution.

Where possible, iodine numbers were run on the liquids
and the results calculated as the average number of double
bonds found per average molecule of the liquids. The
values, of course, have the errors of the molecular weight
determinations and the iodine number determinations asso-
ciated with them.

Calculations.—The range of the Rn »-particle
was calculated for the average composition of the
gases in the flask from the final analysis and the
relative stopping powers for C and H as given by
Livingston and Bet.he.2 The energy absorbed was
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then determined from a plot of the data of Maxwell
and Henri3 using the following distribution of a-
emitters based on the experimental determination
reported earlier.4 Rn in gas, 100%; RaA in gas,
90%; RaC'in gas, 40%.

The amount of energy absorbed in any gaseous
constituent was calculated from the ratio of the
relative stopping power of that constituent to the
total relative stopping power of the gas mixture.

The yields reported in Table I were calculated
on the basis of the energy absorbed in the original
C6-hydrocarbon and not the total energy absorbed
in the gas phase.

Discussion

Although the number of compounds studied has
been too small to warrant the formation of general
rules as to the effect of structure on the reactivity
of hydrocarbon molecules under the influence of
ionizing radiation, the data in Table | do indicate
certain trends. The reactivities of the four com-
pounds studied are of the same order of magnitude;
the larger, for cyclohexene, and the smaller, for
benzene, differ only by a factor of three. These
reactivities are of the same order of magnitude as
those reported earlier by Lind5 for lighter hydro
carbons.

In all cases most of the mass of the reacted hydros
carbon was found in a non-volatile liquid of higher
molecular weight than the original or parent hydro-
carbon. The amount of liquid varied from 73%
of the reacted n-hexane to 97% of the reacted
benzene. With all four compounds the H/C
ratio was less for the liquid product than for the
parent hydrocarbon. Whether the near equality
of the average molecular weights of the liquids is
real or an artifact the authors are not sure, al-
though the method used for the determination
gave consistent and reliable results with pure sub-
stances.

The gaseous products of the irradiation were, in
general, mixtures of lower molecular weight hydro-
carbons and hydrogen. For the aliphatic com-
pounds (n-hexane, cyclohexane and cyclohexene)
most of the lower molecular weight saturated
hydrocarbons and many of the unsaturated ones
were present with hydrogen being the most abun-
dant single product. With all four compounds the
relative amount of unsaturated gaseous product
increased with increasing unsaturation of the
parent hydrocarbon until in the case of benzene
the mixture consisted almost entirely of hydrogen
and acetylene.

A relatively large fraction of the reacted cyclo-
hexene molecules (Cf,Hio) appeared as C&Hi2 mole-
cules. The ratio of the 84 and 83 peaks in the mass
spectrographic analysis of the gas mixture indicated
that these molecules were cyclohexane. However,
the complexity of the mixture made the use of lower
mass peaks for the positive identification of this
compound impossible and this identification can
only be considered as the most probable.

(3) C. R. Maxwell and V. P. Henri, 3. Chem. Phys., 18, 207 (1950).

(4) C. R. Maxwell, V. P. Henri and D. C. Peterson, ibid., 18, 179
(1950).

(5) S. C. Lind, “The Chemical Effects of Alpha Particles and Elec-

) M. S. Livingston and Il. A. Bethe, Rev. Mod. Phys., 9, 271 trons,” The Chemical Catalog Company (Reinhold Publ. Oorp.),

(1937).

New York, N. Y., 1928.
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Certain comparisons may be made with other
studies reported in the literature. Table Il com-
pares the effect of 5-8 mev. «-particles on these

Table Il

The Effect of State Upon the Chemical Effects of

lonizing Radiation on Hydrocarbons

G& = r =
Molecules gas formed Molecules reactant reacting

Compound 100 ev. absorbed 100 ev. absorbed
Gas* Liquidl Gas*“ Liquid6
Benzene 0.76 0.04 4.0 0.5
»-Heptane 4.2 1.7
ra-llexane 7.7 8.2
Cyclohexane 6.0 4.0 9.0 1.2
Cyclohexene 5.8 1.0 16.3 4.2

aEffect of 5.5 7.7 mev. «-partides. 6Effect of 2.3 —m
2.8 mev. electrons observed by Flanagan, Hochanadel and
Penneman, ref. (6).

hydrocarbons in the gaseous phase with the effect
of 2-3 mev. electrons on the hydrocarbons in the
liquid phase.6 In every case the chemical effect
on the gas is greater than on the liquid. It is, of
course, impossible to say definitely whether this
difference is due to the difference in type of ionizing
particle or to the difference in state of the hydro-
carbon or to both. However, it is very probably
due to the difference in state. Franck and Rabino-
witch7 have pointed out that in certain photo-
chemical cases where the same decomposition re-
action can be studied both as a gas and a liquid,
the quantum yield of the reaction is generally lower
in the liquid. This is believed to be caused by a
collisional deactivation effect and/or a cage effect

(6) J. V. Flanagan, C. J. Hochanadel and R. A. Penneman, reported
by Burton in ref. 8.

(7) .T. Franck and E. Rabinowitch, Trans. Faraday Soc., 30, 120
(1934).
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which is much more pronounced in the liquid.
The magnitude of the deactivation effect will vary
with the amount of activation energy imparted to
the molecules and the “life time” of the activated
molecule before decomposition. Since, as Burton8
has pointed out, the resonating structure of benzene
tends to increase this “life time,” the effect of state
should be most noticeable with this substance.
This is what was observed.

Tlie very high reactivity of cyclohexene is in
unexplained disagreement with previous reports.
Both the above work of Flanagan, Hochanadel and
Penneman6 with 2-3 mev. electrons and the work
of Schoepfie and Fellows9 with 170 kv. electrons
show that the reactivity of cyclohexene (liquid)
lies between the saturated hydrocarbons and the
aromatics. The reported Gr for this work includes
both decomposition and hydrogenation but when
the total value 16.3 is reduced by 1.07 for hydro-
genation, the value is still greater than those values
found for the other hydrocarbons.

These observations are far too few to establish a
mechanism of reaction but they are consistent with
one of the simple probable mechanisms, i.e.,
the excitation and/or ionization of the parent
hydrocarbon molecule followed by the rupture of
this molecule into two or more ions or free radicals.
These fragments then recombine on primarily a
statistical basis until all the electrical charges and
free valence bonds are neutralized.

Acknowledgment.—The radon for these experi-
ments was supplied by the U. S. Marine Hospital,
Baltimore, Maryland, through the courtesy of
Dr. John E. Wirth and Dr. Roger Iv. Taylor.

(8) Milton Burton, T his Journal, 52, 564 (1948).

(9) C. S. Schoepfie and C. K. Fellows, Ind. Eng. Chem., 23 1396
(1931).
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A study has been made of the physical and chemical properties of the polymer produced by the reaction of cyclopropane

with Hg 6(3i) atoms at 30° in a static system.

units.

The polymer is an oily liquid, normal b.p. 271°, nxD 1.4649.
lar weight distribution is Gaussian, with the mean chain length at 6.1 C3I
Bromin&tion tests indicate less than 1% unsaturation in the polymer.

The molecu-
units and the most probable chain length at 5.3
The results o: infrared studies on the polymer

and the fractions obtained therefrom by fractional distillation, coupled with the unsaturation data, suggest that the polymer

is essentially a complex mixture of cycloparaffins.
proceeds through a polymethylene biradical.
biradicals terminate mainly by cyclization.

Introduction

In an investigation of the Kinetics of the reaction
of cyclopropane with Hg 6(3Pi) atoms in a static
system at 30°, Gunning and Steacie3 have shown
that the photoexcited mercury atoms induce a
polymerization of the cyclopropane. Their results
indicate that at least 98% of the cyclopropane dis-
appearing in the reaction is used up in the formation
of a liquid polymer, the mean molecular weight of
which remains constant in the region of complete
quenching of the Hg 6(3i) atoms, i.e., at initial
pressures of cyclopropane above 40 mm. These
authors postulate that the polymerization is
propagated by energy-rich polymethylene birad-
icals in accordance with the following sequence

c + Hg 6(P0 —-> Rt* + Hg 6(>S,) (1)
Ri* + C —->m R2* 2)
R* + C —->-2C 3)
Ro* + C —H- Ra* 4)
Rn* + C — M, + C (5)
where C, cyclopropane; Ri, -(CH23-; R2, «(CHMV;

etc. and Mg polymer.

It is apparent from the foregoing that detailed
information on the specific type of compound, or
compounds, present in the cyclopropane polymer
would be of considerable assistance in establishing
the mechanism whereby polymethylene biradicals
are converted into stable molecules. And the
present investigation was undertaken in order to
establish, as far as possible, the specific nature of the
polymer formed in the reaction described above.
The details of the investigation follow.

Experimental

In a static system, the cyclopropane polymer forms in
tiny droplets on the window of the quartz reaction cell,
through which the mercury resonance radiation is trans-
mitted. Gunning and Steacie3 have shown that the quan-
tum yield of cyclopropane disappearance is 0.136 for the
reaction. And if this value is combined with their light in-
tensity of 2537 A. radiation of 1.06 X 10_s einstein/min.,

their rate of formation of polymer becomes (1.06 X
10_s)(0.136)(60)(42) = 0.0036 g./hour. This calculation
serves to show that a major problem, to be solved2

(1) This work was supported by Contract No. AT-(l1-1)-43 with the
U. S. Atomic Energy Commission.

(2) Part of a dissertation submitted by R. J. S. in partial fulfillment
of the requirements for the degree of Master of Science at Illinois In-
stitute of Technology.

(3) H. E. Gunning and E. W. R. Steacie, J. Chem. Phys., 17, 351
(1947).

Previous kinetic studies on the reaction showed that the polymerization
The results of the present investigation indicate that the polymethylene

at the outset, was the collection of sufficient quantities of
the polymer for characterization.

The design of the polymer collection unit underwent many
modifications. Eventually the apparatus shown in Fig. 1
was developed. This unit operated quite satisfactorily and
with little attention. It consisted essentially of a piece of
quartz tubing, 30 mm. in diameter and 230 mm. in length,
with walls 3 mm. thick. This reaction tube was placed in-
side the helical coils of a Hanovia Sc-2537 mercury resonance
lamp. The quartz-to-Pyrex graded seals, X and X', served,
respectively, to connect the reaction tube to the high-
vacuum system and to a calibrated 15-ml. Pyrex centrifuge
tube, G, via a 19/38 standard taper joint.

The evacuation system was of conventional design, em-
ploying a Princeton-type, two-stage, all-glass mercury dif-
fusion pump, backed by a two-stage Welch Duoseal me-
chanical pump. The pumps were isolated from the main
manifold by a large high-vacuum stopcock. A McLeod
gage together with a series of traps, for purifying the cyclo-
propane, were connected to the main manifold. The poly-
mer collection unit made connection with the main manifold
through a Stock-type mercury cut-off, indicated as S3in
Fig. 1.

The cyclopropane used throughout the entire investiga-
tion was obtained from the Ohio Chemical and Manufac-
turing Company, Cleveland, Ohio. Minimum purity,
guaranteed by the manufacturer, was 99.5%. The cyclo-
propane was further purified by several trap-to-trap dis-
tillations from Dry lIce-acetone to liquid nitrogen tempera-
tures. Only the middle fractions from these distillations
were retained for the polymer generation. In order to be
certain that no appreciable quantities of olefins were pres-
ent, rate data were obtained for the purified cyclopropane
on an apparatus exactly similar to the one employed by
Gunning and Steacie.3 And since these authors have shown
that 0.2% of propylene will cause a 5% inhibition in the
initial rate of pressure decrease, this method becomes a sen-
sitive criterion of olefin concentration. Our values for
—dP/dt were constant in reaction time to 1%, which was
the maximum experimental error of the determinations.
It was therefore concluded that olefins, if present at all,
could not. exceed 0.04% in concentration.

The Hanovia Sc-2537 resonance lamp was operated from
the secondary of a General Electric Luminous Tube trans-
former. The transformer maintained a current of 120 ma.
through the lamp and provided a starting potential of 5000
volts. In operation the potential drop across the lamp was
500 volts. The lamp emits a small amount of radiation at
1849 A ., which is absorbed by the oxygen in the light-path,
with the formation of ozone. Since ozone absorbs the 2537
A. radiation, an electric fan was directed on the lamp and
reaction tube during operation in order to prevent the ac-
cumulation of ozone in the light-path.

Before starting a run, the reaction tube was removed from
the system, cleaned with hot chromic acid solution, and
“flamed out” at a red heat with a hand torch. The small
tube, R, in Fig. 1 was filled with freshly-distilled mercury
to a fixed mark, after which the reaction tube was sealed
to the system. The calibrated receiver, G, was then at-
tached to the system using Cenco “ Sealstix” cement on the
standard taper joint. The “ Sealstix” cement was chosen
because hydrocarbons are insoluble in it. The mercury
cut-off, S3, was then opened and the system was thoroughly
evacuated. Checks on the vacuum-stability of the system
showed a maximum pressure buildup of less than 10“5in 24
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hours. After evacuation of the system, the cyclopropane,
purified as described above, was distilled from a large trap
in the purification system, which was immersed in Dry
Ice-acetone, to trap Ti which was maintained at liquid
nitrogen temperature. The distillation was continued until
about 25 ml. of solid cyclopropane were frozen into Tt. The
polymer collection unit was then isolated from the remainder
of the system by closing cut-off S3, whereupon large dewars
of Dry lIce-acetone were placed around Ti, and around the
receiver, G. The pressure of cyclopropane in the system
corresponded to its vapor pressure at —78.5°, i.e., 55 mm.
All that remained, then, was to turn on the lamp and fan
and allow the polymer to collect in the receiver, G.

The distillation of the polymer was carried out in a Pod-
bielniak Miniature “Hypercal” column assembly. The
column itself was 8 mm. i.d. and 30 cm. long, with “Heli-
grid” packing. Both the column and the distilling flask
were vacuum-jacketed.

The boiling point determinations on the polymer and the
fractions were made by the method recommended by Siwolo-
boff.4 The 0-360° thermometer used in the measurements
was carefully calibrated against a platinum resistance ther-
mometer in conjunction with a Mueller bridge. Check de-
terminations made on pure liquids indicated a precision of
2° for the method.

The refractive index measurements were made with an
Abbe refractémeter, thermostated at 20° and illuminated
by a sodium lamp.

The molecular weight determinations were first attempted
using the camphor method of Rast.6 However the results
obtained seemed to be somewhat higher than might be ex-
pected on the basis of the other physical properties of the
polymer fractions. This method was finally abandoned in
favor of a semi-micro technique, employing carefully puri-
fied cyclohexane as solvent. The temperature changes were
followed with a Beckman differential thermometer. Weighed
samples of the polymer fractions of the order of 0.2 g., to-
gether with a weighed quantity of cyclohexane of the order
of 25 g., were placed in an unsilvered dewar which was fitted
with the thermometer and a stirrer. The dewar was, in
turn, immersed in an ice-bath. Repeated checks with puri-
fied naphthalene with this method showed maximum de-
viations of £2 % .

The olefin content of the polymer was determined by$ti-
tration of a weighed sample dissolved in chloroform, against
a standardized solution of bromine in glacial acetic acid,
after the method of Uhrig and Levin.6

Infrared absorption curves were made for some of the
polymer fractions, using a Perkin-Elmer infrared recording
spectrometer.

Results

Polymer Collection.—Under optimum condi-
tions the polymer collection unit generated ap-
proximately 0.5 ml. of polymer during each 24-
hour period. Since the reaction produces a small
amount of hydrogen,3 it was found advisable
to freeze down the cyclopropane and its polymer
in liquid nitrogen, at 12-hour intervals, and evacu-
ate the system. By this means it was possible to
prevent any inhibition in the rate of polymer
formation arising from competitive quenching of
the Hg 6(3i) atoms by hydrogen molecules. This
technique also reduced the possibility of hydrogena-
tion of the polymer by H atoms.

The polymer collection was allowed to continue
until 18 ml. of polymer had been accumulated.
The polymer had roughly the same viscosity as a
light machine oil. Furthermore, it should be noted
that it had a pale yellow color when viewed in bulk.

Polymer Distillation.—For the distillation, 15
ml. of the polymer was measured into the vac-
uum-jacketed distilling flask of the Hypercal unit.

(4) A. Siwoloboff, Ber., 19, 795 (1886).

(5) K. Hast, ibid., 55, 1051, 3727 (1922).

(6) K. Uhrig and H. Levin, Ind. Eng. Chem., Anal. Ed. 13, 90
(1941).
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Fig. 1.— The polymer collection unit.

The distillation was carried out at atmospheric
pressure for the lower fractions, and at a pressure
of 100 mm. for the higher fractions. The dis-
tillation was stopped after ten fractions had been
collected, owing to the high viscosity of the tenth
fraction. The total volume of distillate accounted
for very nearly two-thirds of the 15 ml. of polymer
taken. The distillation curve revealed very strik-
ingly that the polymer was a mixture of enormous
complexity. Some twenty-two significant con-
stant-temperature plateaus were observed in all.
Since the distillation was exploratory in nature, the
extensive temperature-volume data have been
omitted from the present paper.

The Physical Properties of the Polymer and Its
Fractions.—The boiling point, refractive index
and average molecular weight were determined
for the original polymer and for each of the ten
fractions collected. These data, together with the
volumes of each fraction, are summarized in Ta-
ble I.

The Olefin Content of the Polymer.—In view of
the fact that the polymethylene biradical, which
propagates the polymer chain, could conceivably
stabilize itself either by rearrangement to form a
linear olefin, or by cyclization, the determination
of the olefin content of the polymer becomes par-
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Table |

Physical Properties of the Polymer Fractions

Distillation B.p. at Refrac- No. of
fraction Volume, 760 mm., tive index Molecular CaHi
no. ml. °C. 712D weight units
Original
polymer 15.00 271 1.4649 255 6.1
1 0.46 136 1.4218 130 3.1
2 .50 172 1.4371 155 3.7
3 .76 216 1.4456 192 4.6
4 1.06 240 1.4500 213 5.1
5 1.46 252 1.4545 218 5.2
6 0.46 263 1.4558 219 5.2
7 1.51 274 1.4567 243 5.8
8 2.22 280 1.4560 266 6.4
9 0.61 290 1.4618 253 6.0
10 0.51 302 1.4645 277 6.6
Undist.illed
residue 5.45

ticularly significant. Consequently two bromine
titrations were made on the polymer by the method
described above. These titrations indicated a
maximum degree of unsaturation of 0.5%. This
result is a vital key to the characterization of the
polymer, for it can be concluded, therefore, that
the polymer consists almost, if not entirely, of
saturated compounds. And if the compounds are
saturated, they must needs also be cyclic since they
are formed by intramolecular rearrangement of
the polymethylene biradical, (C-H23n.

Infrared Data for the Polymer Fractions.—In
order to gain further insight into the chemical
nature of the polymer, infrared absorption curves
were run on fractions 1, 2, 3 and 8. The data
obtained are summarized very briefly in Table II.

Tabte Il

Principal Infrared Absorption Peaks for the Polymer
Fractions

Wave length, Ffaction no.

microns

.79
04
83
25
78
94
20
58
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76
.85 -
10.36
10.97
11.23
12.25
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The observed absorption frequencies for the poly-
mer fractions have been collated with infrared
data on the C,HZ hydrocarbons, both in the
literature and in standard compilations.78 As
might be expected, the complexity of the mixtures,

(7) American Petroleum Institute, “Selected Values of Properties of
Hydrocarbons,” 1949.

(8) H. M. Randall, R. G. Fowler, N Fuson and R. G. Dangl,

“Infra-red Determination of Organic Structures,” D. Van Nostrand
Company, Inc., New York, N. Y., 1949.
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coupled with the paucity of infrared data on higher
molecular weight hydrocarbons, renders it difficult
indeed to arrive at definite conclusions concerning
the presence or absence of specific configurations
in the fractions. Certain tentative conclusions,
however, are possible. The 12.25 frequency present
in nos. 1, 2 and 3, but not in no. 8, appears to be
associated uniquely with olefinic hydrocarbons.
Furthermore, the frequencies associated with the
cyclopropane and cyclobutane rings seem to be
missing. In view of the meager data available on
the macrocyclanes, it would seem unwise to carry
our inferences further.

Molecular Weight Distribution in the Polymer.
—Reference to various compendia79D0 on the
physical constants of hydrocarbons brings to light
the fact that the densities of the higher cycloparaf-
fins (i.e., C9and higher) vary within fairly narrow
limits. The total range of densities (ePi) for
CgHig to C20H40 is very nearby 0.79 to 0.84. What
is more, any particular group of isomers shows
considerable variation within the range defined
above. Consequently we may consider the densi-
ties of the polymer fractions as constant to a first
approximation. With this assumption, we may
derive the following relation

Ah =
where Afi = the cumulative mole fraction up to, and includ-

ing, the ith fraction. The summation is taken
in order of increasing mean molecular weight,

X 0 = mean number of Cslis units in the polvmer =

6.1
Fo = volume of polymer taken for distillation = 15.0
ml.

Fi = volume of ith fraction in ml.

N-, = mean number of C.iHe units in the ith fraction

/i = value of the summation

The necessary data for the evaluation of Ay are
given in Table I, and the results of the calculation
are summarized in Table IlIl. In Fig. 2, Ah is
plotted against N, the number of C36 units.
The slope of this sigmoidal curve is one form of the
molecular weight distribution function for the
polymer. The point of inflection corresponding to
the maximum slope occurs at a value of N of
approximately 5.3. This value will therefore be
the most probable chain length for the polymer.

Tabte Il

Molecular Weight Distribution Data for the Polymer

v

No. of C3H6 Units A
3.1 0.15 0.06
3.7 .28 11
4.6 .45 .18
5.1 .66 .27
5.2 .94 .38
5.2 1.03 42
5.8 1.29 .52
6.0 1.39 .56
6.4 1.73 .70
6.6 1.83 .73

(99 M. P. Doss, “Physical Constants of the Principal Hydrocar-

bons,” The Texas Company, New York, N. Y., 1943.
(10) G. Egloff, “Physical Constants of Hydrocarbons,” Reinhold
Publishing Corp., New York, N Y., Yol. I, 1939, Vol. 11, 1940.
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And from Table I, we see that the average chain
length is slightly higher at Ar = 6.1. In short, the
distribution function appears to be of a Gaussian
type.

Discussion

It will be convenient for our discussion to
summarize first the results of our investigation of
the properties of the polymer formed in the reaction
of cyclopropane with Hg 6(&i) atoms. These are:

(1) The polymer is a pale yellowish, oily liquid
with a normal boiling point of 271 ° and a refractive
index (wZh) of 1.4649.

(2) The polymer consists of a complex mixture
of cycloparaffins together, possibly, with a small
amount (less than 1%) of olefinic compounds in the
lower molecular weight region.

(3) The polymer has a mean chain length of
6.1 C3H6units, while the most probable chain length
is 5.3 units.

(4) Infrared absorption measurements indicate
that compounds involving the highly-strained
cyclopropane and cyclobutane rings are absent,
as might be expected.

Probably the most interesting result of this
investigation is the fact that the growing poly-
methylene biradical, <(CH23n, does not tend to
stabilize itself by the shift of an H-atom to form
a linear olefin. And since Gunning and Steacie3
have shown that there are no appreciable quantities
of C6compounds present in the complete quenching
region, we can conclude that the energy-rich
biradical does not have a sufficient number of
degrees of freedom to allow it to stabilize itself
intramolecularly until it has attained a chain length
of at least three C3H6 units. The fact that the
most probable chain length falls between five and
six C3H6 units would suggest strongly that the CI5
and the Ci8 biradicals represent optimum chain
lengths for intramolecular stabilization by cycliza-
tion in this reaction.

The relatively low boiling point of the polymer,
taken in conjunction with its mean chain length
of 6.1 units, indicates that the probability of
propagation falls off rather rapidly with increasing
chain length beyond N = 6. This is to be expected
since the number of degrees of freedom for the
biradical is (27N —86) or, in otaer words, there is an
increase of 27 in the number of degrees of freedom
for each unit increase in N. Consequently it
should become increasingly more difficult for the
propagating biradical to furnish sufficient energy,
upon collision with a cyclopropane molecule,
to rupture the ring.

Owing to the complexity of the polymer and the
paucity of physical data, it would be difficult, in-
deed, to establish definitely at this time the special
ring or rings present. However certain reasonable
conclusions can be drawn. Exclusive head-tail
cyclization leading to the formation of unsub-
stituted macrocyclanes such as cyclononane, cyclo-
dodecane, cyclopentadecane, etc., would seem to
be ruled out on the basis of the improbability of the
active ends of the biradical approaching sufficiently
close to each other to allow coupling of the un-
paired electrons. Furthermore the unsubstituted
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Fig. 2—Integral molecular weight distribution curve for the
cyclopropane polymer.

macrocyclanes beyond Cn are all solids at ordinary
temperature. Cyclododecane,Dfor example, melts
at 61°. And finally, exclusive head-tail cyclization
would lead to the formation of a polymer containing
relatively few compounds, contrary to our findings.

A study of scale models of the polymethylene
biradical, would tend to suggest that the
most probable type of compounds present would be
monosubstituted alkyl cyclohexanes, and perhaps
disubstituted alkyl cyclohexanes, with the sub-
stituents in adjacent positions. Of course, it is
important to bear in mind that the biradical con-
tains excess energy owing to its mode of formation,
with the result that isomerization, so common to
ring systems of this type, may well play a significant
role in determining the nature of the stable com-
pounds formed. In this connection we have made
a fairly complete survey of all the available dara on
the cycloparaffins, and this survey leads us to the
conclusion that the observed properties of the
polymer are quite consistent with those which
might be expected for 3 complex mixture of mono-
and disubstituted cyclohexanes.

One interesting kinetic consequence of this in-
vestigation arises from the fact that Gunning and
Steacie3 have shown that the ratio of the rates
of the cyclopropane-reforming reaction (fcd to the
propagation reaction (Au), for the trimethylene
biradical, can be expressed by the relation

k3/kn = 73N - 1

where N is the mean chain length of the potymer.

From our data, N = 6.1, leading to the result:
Au = 43 Au In other words, only some 2.3% of the
trimethylene biradicals, generated in the primary
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process, actually propagate polymer chains, the
remainder reverting to cyclopropane.

Conclusions

Cyclopropane occupies a decidedly unique posi-
tion among the reactions of the hydrocarbons with
Hg 6 (3i) atoms,1lin that it is the only hydrocarbon
which has yet been investigated wherein the
primary process definitely appears to involve the
rupture of a C-C bond. Even if we restrict our
comparison to the higher members of the cyclo-
paraffin series, we find that cyclopentane,2 methyl
cyclopentanel3 and cyclohexane,4 all decompose
by the initial rupture of a C-H bond. And per-

(11) E. W. R. Steacie, "Atomic and Free Radical Reactions," Rein-
hold Publishing Corp , New York, N. Y., 1946.

(12) G. A. Allen, D. L. Kantro and H. E. Gunning, J. Am. Chem.
Soc., 72, 3588 (1950).

(13) M. Schlochauer and H. E. Gunning, J. Chem. Phys., 19, 474
(1951).

(14) H. E. Gunning, unpublished data.
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haps what is most interesting of all, recent data
obtained in this Laboratory indicate that cyclo-
butanel3 also undergoes C-H bond rupture in its
primary reaction with Hg 6(3i) atoms.

Our present study has thrown considerable light
on the specific nature of the polymerization process.
And our findings complement the kinetic study of
Gunning and Steacie,3 and are in complete con-
sonance with their basic mechanism. The cyclo-
paraffinic nature of the polymer leads fairly un-
equivocally to the important generalization that
polymethylene biradicals tend predominantly to
stabilize themselves by cyclization rather than by
olefin formation, in homogeneous gas reactions.
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