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EXCHANGE OF DEUTERIUM AND HEAVY OXYGEN AMONG HYDROGEN,
WATER VAPOR AND OXIDE CATALYSTS OF SPINEL TYPE

By Y ukio Y oneda, Akio Fujimotoland Shoji Makishima

Department of Applied Chemistry, Faculty of Engineering, University of Tokyo, Tokyo, Japan
Received January 14, 1959

The exchange of D and 1 among H2 D2sO and oxide catalysts of the spinel type, MgAID4, MgCrD4, ZnCrD4 and
ZnFed 4was studied by a flow method. The total exchange rate of hydrogen, R, and that of oxygen, R*, were calculated.
R'/R of a catalyst is approximate!}' independent of temperature, was about 0.1 for MgAID 4and 0.2-0.4 for the other cata-
lysts. It was concluded that the common rate-determining step in the exchange of hydrogen and of oxygen in the regenera-
tion of oxygen vacancies in the catalyst which _s accompanied by the release of water molecules. There is a correlation
between the exchange rate and the oxidizing power of the catalyst, i.e., ZnFeZ4> ZrCrZ4> MgCrZX4> MgAID 4 The

mechanism of hydrogen exchange on the surface of the catalyst is discussed.

Introduction

It has been desired to discover an active catalyst
for hydrogen exchange in a dual temperature
method.2 Although there is considerable literature
on the catalytic exchange reaction between H2
and Z23little work has been done on the exchange
between hydrogen and water, especially with
oxide catalysts.

In a previous study of the exchange of oxygen
atoms among carbon dioxide, carbon monoxide
and oxide catalysts,4 the authors concluded that
the catalyst should be considered to be a reactant
and not merely as a field for a heterogeneous re-
action.

In the present paper, we have tried to elucidate
the mechanism by which the catalyst, a solid
phase, takes part in the catalytic reaction. Simul-
taneous measurements were made of the exchange
rate of hydrogen atoms between hydrogen and
water vapor and that of oxygen atoms between the
bulk of the catalyst and water vapor, with D 2180
as one of the starting materials.

Experimental

Materials.—Four oxide spinels, MgALO,, MgCrd4,
ZnCrD 4 and ZnFe 4, were prepared by a solid phase reac-

(1) Asahi Kasei Kogyo, Ltd., Nobeoka, Miyazaki-ken, Japan.

(2) M. Benedict, First Intern. Conf. cm Peaceful Uses of Atomic
Energy, 1955, Publ. 819.

(3) A. H. Kimball, et a “Bibliography of Research on Heavy
Hydrogen Compounds,” NNES, I111-4C, 1949, McGraw-Hill Book
Co., New York, N, Y.; NBS Circular, No. 562 (1956).

(4) Y. Yoneda, S. Makishima and K. Hirasa, J. Am. Chem. Soc.,
80, 4503 (1958).

tion between appropriate pairs of simple compounds: Mg,
basic magnesium carbonate precipitated with sodium car-
bonate; Al, Cr and Fe, respective hydroxides precipitated
with NH40H; Zn, Zn(OH)2 of A.R. grade. The spinels
were obtained by heating a stoichiometric, well-ground
mixture of above-mentioned materials at temperatures and
durations indicated in parentheses: MgAI2D4 (1300°, 4
hr.), MgCr2 3and ZnCr04(1200°, 5 hr.), ZnFed 4(1100°,
3 hr.). X-Ray diffraction analyses showed that the spinel
formation was complete except in the case of MgAI2D4
which contained a small quantity of MgO and A1D 3

The heavy water contained 9.49% of D and 0.332% of
B.

Exchange Reaction System and Procedures.—The ex-
change reaction was studied by a flow method. A weighed
amount of the catalyst (volume 3 cc.) which had been out-
gassed for 50 min. at 400° and 10-210”"3 mm. was placed
on a sintered glass disk in a glass reactor. Tank hydrogen,
purified in a common train of heated palladium asbestos and
a trap, was saturated with the vapor of heavy water in a
saturator kept at the boiling point of ethanol. After the
temperature of the reactor had been adjusted, a stream of
saturated hydrogen was introduced at a rate of 28 cc./min.
for 75 min. The calculated value of the flow rate of heavy
water was 1.265 g./75 min., the ratio hydrogen/water
being 57/43; the observed values agreed with those calcu-
lated within £1.5%. After the reaction the heavy water
was separated by a trap kept at —78°, and hydrogen was
sampled when necessary. The isotope content of trapped
water was measured in the form of hydrogen or carbon diox-
ide with a mass spectrometer, Model 21-103A of Consoli-
dated Electrodynamics, Inc.; the accuracy of the deter-
mination was £+ 1%. The surface area was measured by the
B.E.T. method with carbon dioxide as the adsorbate; this
method is not sufficiently accurate for areas smaller than
0.5 m.2g.

Calculation

In this calculation, all the heavy water molecules
are assumed as HDO. Following the conventional
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Reaction temp. (°C.).

450 380 300

Pig. 1.—Total exchange rate, R or R' vs. temperature.

calculation of a flow reaction, we have rate equa-
tion 2 for the deuterium exchange 1

R

HDO +  Hi HD + HD 1)
« 1—PR, 1—a 3

—abnvda = [Re(l - 3 - iirl - ay3]1dS (2)

where a and A represent the atomic fractions of
deuterium of water vapor and hydrogen, respec-
tively; a°w is gram atoms of hydrogen in the
passed water per unit time, 3.035 X 10~s g.
atom/sec. ; and s is the surface area of the catalyst,
(m.9. Then since R/Rr = 1/K where 1/K is the
equilibrium constant of eq. 1 (k — 138 — 1.75
at these temperatures), and a and ZBare less than
0.1, we can abbreviate eq. 2 to eq. 3, aterm (k —
1) a/3being neglected

—a°wda = R(a - K(S)dS 3)

When the isotopic effect between hydrogen and
deuterium is neglected, the forward total ex-
change rate of hydrogen without discrimination
between isotopes is to be represented by rR. As

Y ukio Y oneda, Akio Fujimoto and Shoji Makishima
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the hydrogen exchange ratio in water vapor, x,
must be equal to that in gaseous hydrogen, we have
eq. 4.

X = (a0 — a)/(ao — aco) = (/3 ~o)l(~a> &0)

(4)
where the suffixes o and » denote the beginning of
the reaction and equilibrium, respectively; /b =
0.005% is neglected in the last term. Substituting
i8 from eq. 4 in eq. 3 and remembering K = a»/
soo, which is derived from eq. 3 at da/d$ = 0O,
we have

—Qwvda = ao/(ao — a») X R{ct — «») diS (5)
Integration gives

R = (a0 —a»)/ao X (0°WS)[—lI(I —Sf)] (6)
where suffix f denotes the end of reaction, e.g.,
xt is the hydrogen exchange ratio of the trapped

water.
It is shown readily that

R = (a0 — ao)/ai X aVr/Ce/S 71

where ke is the experimental rate constant (sec.-1)
so that —da/d( = fe(a — a»), and r isan average
contact time (sec.). The values of kK, a and r are
summarized in Table I.

Table |

Hydrogen Exchange
1/K is the equilibrium constant, arathe atomic fraction of

D in the water vapor at equilibrium, and r the average con-
tact time

Temp. (°C.) 450 380 300
K 1.38 1.53 1.75

(%) 4.77 5.00 5.29
t (see.) 1.46 1.61 1,84

Exchange Rate of Heavy Oxygen.— If we express
the exchange reaction of heavy oxygen as
R*
H D 180 + 160 s
a’ 1- 0

HD16 + 180a (8)
Rt1- a /8

and assume that there is no appeciable isotope
effect and that a', which is not less than 0.9a',,,
is equal to a'o throughout the reaction, rR* =
R 'rand the velocity of the exchange is

a't&fy/dt = R'(a'o - fS)S 9)

where Os is an oxygen atom in the catalyst, a:
and i3 are the atomic fractions of 18 of water
vapor and the catalysts, respectively, a's is gram
atoms of oxygen in the catalyst, and r' represents
the total exchange rate of oxygen, without dis-
crimination between isotopes (g. atom/sec. m.2.
From a material balance of 18
a's(d'f —/30) = <zZw(@o — at) (10)
where a'f and /3f are the atomic fractions of 80
of the trapped water and the catalyst, respectively,
after the reaction, and a'w is gram atoms of oxygen
in the passed water. Since /S» = a'o at equilib-
rium, the oxygen exchange ratio after the re-
action, x't, is
x', = (IS, - 00)/(/3%« - ISQ =
(s'f -
Integrating eq. 9, we have
R' = (a./iSn—In(l -

(") (<, - Is'o)  (11)

x't)] (12)
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It is readily shown that
R' = aa'k'e/S (13)

where k'e is the experimental rate constant
(sec.-1) sothatd/3'/d( = k-ed3. —f.

Results and Discussion

The experimental results are summarized
in Table 1l and Figs. 1 and 2; the apparent
heat of activation AH* and the frequency
factor ro, where R = Ru eXp(—AH */RrRT), are
given in Table I11.

Figure '2 shows that (i) R'/rR of a catalyst
is almost constant throughout the temperature
range and (ii) R'/R is 0.1-0.4 for the catalysts
studied. The density of oxygen atoms in the
surface was calculated to be 2 X 10-~-eg. a:om/
m.,2 assuming the lattice constant of rhese
spinels to be 8.3 A. It is shown readily from
the values of r' in Fig. 1 that (iii) at least
6-60 layers of oxygen atoms in MgAl204 or
at most 700-1600 layers in ZnFex4 have been
exchanged in 75 min. with those of water
vapor.

From (i) and (ii) it is reasonable to con-
clude that the hydrogen and oxygen exchange
reactions proceed through the common rate-
determining step and that the solid phase is in-
volved in the exchange of hydrogen atoms as
well as in that of oxygen atoms (iii).

As AH*, R'/R and O-plots of MgAIZj are
qualitatively different from corresponding
values of the other catalysts, two reaction
mechanisms are proposed; exchange with Mg-
Al20a is attributed to an acid-base mechanism
and exchange with the other catalysts to an
oxidation-reduction mechanism.

@l

Tabte Il

Isotopic Content and Hydrogen Exchange Ratio of

the Trapped W ater

Sur- Wt.

face of Reac-

area, cata- tion
Exp. So lyst  temp. af c'f Xi
no. Catalyst (mVs) (g) (C) (%> (%) (%)
11 MgAID4 2.4 3554 450 5.30 0.312 gg.7
24 380 7.15 323 521
12 300 8.60 329 21.2
15 MgCuCu 1.8 2980 450 7.69 320 38.1
14 380 8.10 322 31.0
16 300 8.51 324 23.3
2 ZnCuOi 0.8 3.217 450 6.75¢ .314" 580
5 3.217 380 7.60 321 42 i
6 3.012 300 8.04 324 345
8 ZdFgd4 (0-1)' 5.497 450 7.106 .3195 50.6
7 6.407 380 7.47 317 45.0
9 6.033 300 8.22 .318 30.2

“ Time of reaction 90 min. 6Time of reactiin 45 min.
cNot very accurate value. <o = 9.49%, a'o = 0.332%.

Table Il

Heat of Activation AH* and Frequency Factor ROfor

Hydrogen Exchange

Catalyst MgAUO* MyCr2C4  ZnCriO*  ZnFe20<
AH* (kcal./mole) 12.9 4.0 4.6 4.9
log ffi0(g-atom/ 3.46 0.32 1.06 1.77

sec. m.2

1989

Reaction temp. (°C.).

450 380 300

Fig. 2—R'/R and exchange ratio of oxygen x’.

a. Oxidation-Reduction Mechanism. (MgCr204
ZnCr04 ZnFex204.—The over-all exchange reac-
tion of hydrogen or oxygen atoms is assumed to
proceed through rapid repetition of reaction 14

HD + (K) H2+ (K)O (14)
which in a more detailed form is
If Ih

HD + (K) HD(K) 12+ (K)O (15)
Ir Ih

where (K) and (K)O represent the catalyst with
some oxygen vacancies on the surface and the
catalyst without such vacancies, respectively,
while H20(K) represents a state where the vacancies
are filled by water molecules. Since the experi-
mental value for rR'/rR (Fig. 2) is in substantial
agreement with the predicted value of unity,
regardless of the reaction temperature and the
catalyst, these two exchange reactions must have a
common rate determining step which involves the
exchange of both hydrogen and oxygen at the
same time. As the heat of reaction between
H2D and (K) is positive, the rate of If will be
larger than that of Ir. Therefore, Ir is the rate-
determining step of reaction 14.

According to the above discussion, hydrogen
atoms in H20(K) must exchange with gaseous
hydrogen through a rapid step Il. It is assumed

(5) A correlation diagram between Ro and AH*; c/. E. Cremer,

“Advances in Catalysts,” Vol. 7, Academic Press, Inc., New York,
N. Y.r1955, p. 75.
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that the step Iris a process whereby a vacancy of
oxygen is reproduced by fluctuation somewhere
else on the surface, releasing a water molecule. If
an oxygen atom in H20(K) were rapidly exchanged
with oxygen in the bulk and never returned to
the gaseous phase, R'/rR would be unity. The
values of R'/R in Fig. 2 are understandable if 0.2-
04 of oxygen atoms in H20(K) are assumed to
exchange with those in the bulk, while the re-
mainder returns to the gaseous phase.

The concentration of oxygen vacancies in a
catalyst may increase with its oxidizing power,
MgCr204 < ZnCr204 < ZnFe204 This concentra-
tion may be particularly high in ZnFe204 as this
spinel is reduced or oxidized by an hydrogen-
water vapor mixture depending upon the com-
position and temperature. Since R and R’
should also increase with the concentration of
oxygen vacancies, it is reasonable that r and
R'/R are in qualitative agreement with the order
of the oxidizing power of the catalysts.

We shall now consider the oxygen exchange
ratio x'f. Cameron, Farkas and Litze found that
the rate of oxygen exchange in a V20s5HZ280
system was 20-30 times more rapid than in a
V205 1802 or V205H2180-02 system. Weller and
Voltzz reported that oxygen exchange between
Cro3 (surface area = 200 m.2/g.) and H2Z® at
350° occurred to a depth of 2-3 atomic layers in
a 30 minutes run. However, our results (Figs. 1
and 2) show that the exchange occurred to a depth
of about 250 layers in a ZnCr204 D 2Is0-H 2 system
at 350° in the same period of time.

Apparently the more reductive is the atmosphere
around a catalyst, the more rapid is the rate of
regeneration of vacancies on the surface and in the
bulk, a tendency which is readily understood.

b. Acid-Base Mechanism
change reactions on acid catalysts between water
and D2s and between H28) and oxygen atoms of

(6) W. G. Cameron, A. Farkas and L. M. Litz, T his Jottknal, 57,
229 (1953).

(7) S. W. Weller and S. E. Voltz, J. Am. Chem. Soc., 76, 4695

(1954).
(S) H. S. Taylor and H. Diamond, ibid., 57, 1256 (1935).
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the catalystse have been observed; Wright, Weller
and Millsworeported that heterolytic splitting is the
mechanism by which hydrogen exchange occurs
between D2 and water on an aluminum chloride
catalyst.

As is shown in a previous paperu the work func-
tion of alumina is decreased by the adsorption of
water vapor. It is certain, therefore, that in the
case of a water molecule in an oxygen vacancy on
the surface the hydrogen atom is oriented above
the plane of the catalyst. Such a water molecule
may cause heterolytic splitting of a hydrogen
molecule and exchange a proton with it according
to reaction 16, which is similar to the reaction on
aluminum chloride.s

H-H + D+[HO(K)] ~ H+H- + D+[HO(K)]

D-H + I1+[HO(K)I (16)

Equation 16 is merely a substitution for Il in
(15); if a rapid exchange of protons on the sur-
face through prototropy is assumed, Ir, in this
case also, may be a rate-determining step. The
large heat of activation and the small value of
R'/R of MgAI204 are due to the low concentration
and the small rate of regeneration of the vacan-
cies, characteristics which one might predict from
the relatively low oxidizing power and high melting
point of this spinel.
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The theoretical basis for purity calculation is extended to include samples forming moderately non-ideal solutions.

Two

cases are considered involving: (1) moderately concentrated, solid-insoluble impurities, and (2) a single, dilute, solid-soluble

impurity.

and energy conservation equations and thermocynamic relations for solid-liquid phase compositions.
lating method (designated the HOT method) is described which appears to be superior to methods in current use.

Equations relating fraction melted or heat content of the sample and temperature are developed from mass

A new purity calcu-
An ex-

perimental study of known mixtures showed that this method gives reliable results for samples containing as much as 2
mole per cent, of a solid-insoluble impurity. Tests of known mixtures of solid-soluble components failed to give good results,
presumably because the solid formed during sample freezing was non-uniform in composition.

Introduction

The melting or freezing behavior of organic
compounds has been used for judging their purity
for over 35 years. Reviews of the literature are
given by Sturtevant,1 Cinesz and Mathieu.s
Two general experimental methods have evolved;
in one, the sample is placed in a controlled environ-
ment, either hotter or colder than the sample,
and the temperature of the sample measured as a
function of time. Under suitable conditions, the
time-temperature curve gives useful information
about the purity of the sample. The second
experimental method employs a calorimeter to
measure the increase in heat content of Hie sample
during melting over that of the corresponding solid.
This quantity is used to calculate the melting curve,
i.e., the fraction melted as a function of tempera-
ture. The melting curve is related through general
thermodynamic relations to the purity of the
sample, provided that certain experimental condi-
tions are met. The major concern of the present
work is the extension of calorimetric pur.ty calcula-
tion methods to cover a wider range of systems and
experimental conditions than is now accessible.
While parallel methods could be developed for
time-temperature data, they are not considered
in this paper.

In previous derivations of purity calculation
methods, it has been assumed that the major
component and impurity form ideal solutions.
In this work, equations are derived which are
valid for systems showing moderate departures
from ideality. Two cases are considered: (1)
the impurity is solid-insoluble, moderately non-
ideal and its concentration is less than o.2 mole
fraction, and (2) the impurity is a single component
which is solid-soluble, dilute, ideal in the liquid
phase and non-ideal in the solid phase. While
these conditions are, of course, not completely
general, they include many real systems for which
the ideal solution treatment is not valid. The
derivations are based on three types cf relations.
The first two are conservation equations for mass

(1) J. M. Sturtevant, “ Calorimetry” in “ Technique of Organic
Chemistry,” A. Weissberger, Editor, Vol. I, 2nd Ed., Interscience Pub-
lishers, Inc., New York, N. Y., 1949, part 1, page 731.

(2) M. R. Cines, “Solid-Liquid Equilibria of Hydrocarbons” in
“Physical Chemistry of Hydrocarbons,” A. Parkas, Editor, Vol. I,
Academic Press, Inc., New York, N. Y., 1950, Chapter 8.

(3) M. P. Mathieu, Acad. roy. Belg., Memoires (Sciences), 28,
No. 2 (1953).

and for energy, and the third is a relation between
phase composition and temperature.  Specific
phase composition relations for each of the two
cases described above are combined with the mass
conservation equation to yield relations between
the fraction melted and the temperature. By
substituting these latter equations into the energy
conservation equation, new relations are obtained
between the temperature and heat content of the
calorimeter and sample. Both the fraction melted
and heat content equations contain the sample
impurity content as a parameter which can be
evaluated by curve fitting methods.

Somewhat surprisingly, the heat content-tem-
perature equations for both non-ideal cases are, to
an acceptable degree of approximation, identical
to each other, and to a similar equation derived
for the limiting case of ideal, dilute solutions.
Furthermore, there exists a relatively simple
method for evaluating the parameter of the
equation related to the sample impurity content.
This evaluation method serves as a more general,
yet no more laborious calculation of purity from
calorimetric data. The wider range of applica-
bility of the heat content-temperature equation
makes possible the quantitative estimation of
markedly greater impurity concentrations than
were accessible before. In fact, it is applicable to
impurity contents which frequently make deter-
mination of the heat of fusion difficult or impossible.
However, the heat content-temperature equation
does not include the heat of fusion explicitly so it is
not made inapplicable by this experimental dif-
ficulty. The method developed for using the heat
content-temperature equation for the analysis of
calorimetric purity data has been designated the
HCT method.

Theory

Conservation of Mass During Melting.— Con-
sider a system consisting of N moles of test sample
and a container. The sample consists of Ni moles
of a major component and W2 moles of a minor com-
ponent or of several minor components which to-
gether behave as a single quasi-component. The
pressure is constant and the temperature is within
the range for which the sample is a mixture of solid
and liquid with a negligible fraction in the vapor
phase. Then

N+ N =N ()
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N*Xi' .+ X'X,!I = NX,0 (2)
X>XB+ N'XJ = XX2Z
where
NB = moles of solid sample
™ = moles of liquid sample
N = total moles of samples
X,3 X2 = mole fractions of components 1 and 2 in the
solid phase
X,1 X2 = mole fractions of components 1 and 2 in the
liquid phase
Xi°, X2 = mole fractions of components 1 and 2 in the

total sample

Conservation of Energy During Melting.— Add-
ing heat to the sample and container results in the
melting of a small portion of the solid and a rise
in temperature of the system. When component
2 is solid-insoluble or dilute, its contribution to the
heat of melting is zero or negligible. Assuming
that the liquid molal heat can be represented by
that of the major component, the conservation
equation becomes

dh = aHidNI +
(XC3+ N'C'+ C°)dT + d(N//°>) (3)

where
dh = increment of heat
AHi — heat of fusion of component 1 at temp. T

AN1 = increase in the no. of moles of liquid

c° heat capacity of the sample container
(3 molal heat of solid component 1

C1 molal heat of liquid component 1

dT — temperature rise

Hm = excess molal heat content of liquid soln.

Hildebrand and Scotta discuss theoretical expres-
sions for estimating H m.  Sufficient for the present

purpose is
= Bi'RTXJXz (4)
where
B,1 = second Margules co:e_ffic.ignt for component 1 in the
iqui

Taking the partial derivative of (4) with respect
to the amount of component 1 leads to a curtailed
Margules equation which Hildebrands4 has found
useful in expressing the solution behavior of a large
number of binary systems. As this term is only a
small part of the heat added and AV is postulated
to be less than 0.2, equation 4 can be approximated
by an expression in which X121 = 1. When the
components form non-ideal liquid solutions, it is
very unlikely that they will form solid solutions.
Hence from (2)

yl X2V
X2 = ~w
and
N'H™ = NBJRTXJi (5)

The change in N IHm on melting a portion of the
solid is
d (M ") = NBIRXJIAT (6)

Now letting v equal the fraction melted and sub-
stituting YN for N 1 and equation 6 in 3 and writ-
ing the heat of fusion in terms of its value at the
freezing point of the major component, ACp, and
the temperature gives

(4) J. H. Hildebrand and R.

Electrolytes,” 3rd Ed., Reinhold Publ. Corp., New York, N. Y., 1950,
Chapters 3, 17 and 18.
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Ah = N(Aff,° - ACpAT)dY +
[N(C3+ ACpY + BIi'RXt?) + CJJAT (7)

where

ACp = C - C

AT =1V - T

Ti° = freezing point of the major component

AHi0 = molal heat of fusion of the major component at

Ti°
A,0 = ABY>/R(Ti0)2

Over the temperature ranges employed in purity

testing ACp can be assumed constant. Integration
of (7) gives
h= N(AHJ _ aCvaT)Y +

[N(C3+ BSRXJ) + C°]T + Const. (8)

Evaluating the integration constant at a point
ha, Ta Fayields
h- h*= N(AHJ - aCpaT)(Y - Fa) +

[N(C* + F“ACp + BIBX2) + C°)(T - T*) (9)

This equation holds for 0 < v < 1 and T greater
than the eutectic temperature. The principal
approximations made in its derivation are: (1)
the excess heat content of the sample is assumed
proportional to the impurity concentration in
the total sample, (2) the liquid molal heat of the
sample is assumed equal to that of the major
component, (3) the molal heats of the solid and
liquid major component are assumed to be inde-
pendent of temperature. These approximations
seem unlikely to impair the validity of equation 9
when applied to the systems postulated at the
beginning of the derivation.

Phase Composition Relations.— In a two-phase
condensed system at equilibrium, the compositions
of the phases are related through the fact that the
partial molal free energy of each component is the
same in both phases. By writing separate expres-
sions for this quantity for each component in each
phase and equating, the desired relations are ob-
tained. For real systems, the appropriate partial
molal free energy equations differ in detail accord-
ing to the kind of interaction between components
and the concentration range of interest. Hilde-
brand and Scotts discuss this approach to the
derivation of phase composition relations. For
the two cases considered here, the composition of
the liquid or liquid and solid phases is related to
the temperature by the equations shown below.
For case 1, postulating solid insoluble impurities
with X2 < 02and —2<Bx < 2

. A#HI° ]
dnxt= e b WL - 2afied ™

B (1- X,)2 (10)
and for case 2 postulating a dilute, solid-soluble
impurity which is ideal in the liquid phase but non-
ideal in the solid phase with —2 < 1ha< 2

XV Affd

X, R [¢
In the latter case, by writing an additional equation
of the form of (11) for the minor component, a
relation is found between X1 and X11 Although
this shows that the ratio X27X 11, conventionally
defined as the distribution ratio k, is theoretically
temperature dependent, the temperature variation
is small in a purity test involving the postulated

In _FN\+ BT —xM2 (11)
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dilute solutions, so k can be assumed constant
without error.

Combinations of Basic Equations

The basic equations derived or stated above can
be combined to yield relations between either frac-
tion melted or heat content of the sample and
temperature.

Fraction Melted— Temperature Relations.— Con-
sidering first case 1, employing XP + X2 = 1
expansion of the —In Xp in a power series gives

-InXi =1V + v oxw +1 (X2P+ ... (12)
For X2 < 0.2, the sum of the cubic and higher
terms amounts to less than 1.6% of X2 and there-
fore may be discarded for the present work.
Substituting in equation 10

X 1+ (g - Bd) (xzp 2ei D -it})~
(i _ ™
\Y 2Afﬁ») 13

Rearranging the right-hand side of the equation

XA+ (] - Bp)(X22= AMT(1 + AYAT) (14)
where
Al _
1~ TJ 2Afflo

Because av AT is always small compared to one,
it can be shown that equation 14 can be written
with little loss in validity as

Xi+ Q ~ % - BAXW = AJAT  (15)

Provided the temperature is always above that of
the highest eutectic temperature invliving the
major component

Y,0
X = .y CO)
Substitution in (16) gives
AJAT (17)
When the solution is ideal, RP = o, hence
NN he AMT @)

In case 2, in order to justify the assumption
that the heat of melting of the solid solution is
the heat of fusion of the major component, it is
necessary to limit the discussion to dilute solutions.
Hence the quadratic term in the expansion of
In Xi becomes negligible. Expanding equation 11
one obtains

X2 -

X2 = AJAT + Bj(X-fy (19)

The magnitude of the proportionality constant
BY is difficult to estimate and no data appear to be
available for organic systems. Although develop-
ment of cryoscopic equations containing this
constant is thus of qualitative interest only at the
present time, such equations are more general than
those based solely on the laws of dilute solutions.
Eliminating X 2fand X Zone obtains
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For an ideal solid solution BY =
reduces to

0 and equation 20

x> AJAT (21)

Y +

This equation has been previously derived by
Mastrangelo and Dornte.s

Heat Content-Temperature Relations.—As
shown earlier, the heat content of the calorimeter
and sample in the melting region is given by
equation 9. By substituting a relation between
T and v, appropriate for the system under con-
sideration, equations for heat content as a function
of temperature can be derived. Considering in
turn the cases discussed above, these results are
obtained.

For case 1, the fraction melted-temperature
relation is given by equation 17. For the present
derivation it is necessary to solve this equation for
y in a form which avoids the square root term
obtained by use of the general quadratic equation
formula. Many approximate solutions are pos-
sible because the ranges of A AT and the term
(Vs — Aai'v/aic — BP), denoted henceforth by E,
can be fairly well defined. For the present pur-
poses, the maximum value of X2 is postulated to
be 0.2 With e — O, this corresponds to AYAT
— 02 also. The value of Bp is postulated to
fall within the range —2 < BP < 2. The value of
AY/AY is generally small compared to 172 Con-
sequently, the limits for e can be reasonably as-
signed to be —1.5 < E < 25. Within these limits
for Aic AT and E, it can be shown that the approx-
imation

XP _ AJAT(1 + EAJAT)
2 Y (1 + 2EAJAT) {1

yields results for X2/F with 5% error or less.
Equation 22 arises from the continued fraction
expansion of (17).

XJ = AdaT
Y 1+ EAJAT
1+ EAJAT {

1+
Substituting in (9) gives

h_ hh _ NR{TJIYXJ{T - T-)
(TI —T*)(Ti°—T) A
( (EWUMTJI - THTI - TA )
r [i + - m i + emjitj - m f
+ IN{C* + FaACp+ BiRXJ] + O) [T - Ta] (24)

This equation is a good approximation to the
relation between the heat content and temperature
under the following conditions: (1) equation 9
is valid. The validity of this equation has already
been discussed, (2) the impurity is solid-insoluble
and forms liquid solutions with —2.0 < RP < 2.0
and less than o.2 mole fraction in concentration,
and (3) the temperature is always above that of

(5) S. V. R. Mastrangelo and R. W. Dornte, J. Am. Chem. Soc., 77,

6200 (1955).
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the highest eutectic temperature involving the
major component. Under certain additional condi-
tions the term
(EW2Adins(2,i) - T)(TI> - 7a)

[+ EMIKTI9- F)I[I -I- EMATtO- 7+]
in equation 24 becomes small compared to 1
These correspond to values of E/A j°AT between
—0.1 and +0.4 and are realized when the solutions
are relatively dilute, or —10 < Bd < 15 and
A/'AT = XZislessthan 0.2. Under these further
conditions, and dropping the sub and superscript
for B, the systems described in case 1 are adequately
represented by

NR(TIyX,BT - T-)

n (Ti° - T) ~

[7V{C3+ FaACp+ BRX.2\ + CJ[T - T'] (25)

In case 2, solving equation 20 for [X2/Y + «k
a1 — A)] by the approximation used in case 1
and substituting for F in (9) with the heat of
mixing term = o, one obtains an equation of the
form of equation 24. Provided that —15 <
Biak/1 — A2 < 25, this equation is a good
approximation to the heat content-temperature
relation. The range of validity of equation 25
for this case is similar to that in case 1.

The preceding discussion has shown that equation
25 is a valid relation between the heat content and
temperature under the following conditions: (1)
the concentration of the minor component is less
than o.2 mole fraction throughout the melting of
the sample, (2) the reference temperature used to
evaluate the integration constant is selected to
be not too far from the freezing point of the sample,
(3) the liquid or solid solutions formed do not
depart too far from ideality. It is interesting to
see that equation 25 is, except for the unimportant
term in B, identical to the heat content-tempera-
ture relation derived assuming dilute ideal liquid
solutions. The preceding development has es-
tablished that the range of validity of this equation
is greater than one might suspect if he derived it
only on the simplest but most restrictive assump-
tions. It is particularly noteworthy that it
is applicable to equilibrium data for dilute binary
systems which form solid solutions. It is not,
however, applicable to multicomponent systems in
which one or more components form solid solu-
tions.

Purity Calculation

Methods Based on the Fraction Melted Trans-
form.— Solving equation 9 for the fraction melted,
one obtains
Y = Fa+

h—h'" - imC’' + FaACp + Bt'RXX) + C°][T - 7]

AXAU,0- ACpAT)
(26)
Conventionally, the point Fa Ag T &is taken as the
freezing point of the sample, i.e., 1, h{, 7,f, and the
heat of mixing and ACp are assumed to be negligi-
ble. Hence

he- h- (NC° + C°)(T - 7+

N AH,0 @

Many numerical procedures utilizing the frac-
tion melted transform have been described for

F=1-
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reducing experimental data for the ideal binary or
quasi-binary systems. These are discussed in
one or more of the review papers cited earlier.1-3
More complicated systems are best treated by
elimination of the parameter T/ in terms of the
coordinates of a point on the T, v curve. Then
it frequently becomes possible to find pairs of
functions of v and T which give linear plots with
each other and involve the impurity concentration
as a parameter. For case 1, this treatment results
in the transformation of equation 17 to give

x) (F M +6-+2-7) W)>x

[(F+ - F2] _
(FaF)2 ~

A plot of [F(Ta— T)7{Y &— F)] versus (Fa+ F)/F
is a straight line with intercept X2°/Ai°Fa and
slope [V, - Ax/Aat0 - Bxl] (XN /FalIMi°.
Means for applying the limiting ideal solution
equation have been discussed elsewhere.s-8

The ideal solution form of case 2 has been dis-
cussed by Mastrangelo and Dornte.s An alternative
calculation method based on their equation can be
obtained by elimination of the parameter Tx°
in terms of the point Ta Fa This shows that a
plot of (Fa— Y)/(Ta — T) versus Y is a straight
line with intercept k/(1 — k) and slope X2/
[Ax°(Ya+ k/1- A

Methods Based on the Heat Content-Tempera-
ture Relation.— In view of the generality of equa-
tion 25 it is unnecessary to distinguish between the
two cases bhased on differing phase composition
relations in utilizing the heat content-temperature
relation for the calculation of purity. It can be
transformed in at least three ways to obtain prac-
tical data reduction methods. The first was dis-
cussed over 40 years ago by Dickinson and Os-
bornes and by Sturtevanti The second method
is similar to the earlier calculation procedure in that
it is based on the derivative of the heat content-

T) (28)

temperature equation; that is
dA = NRjTW Xo*
T 7Y>- T)2 + J (29)
where
J3= AXO + FaACp+ BRXJ>) + C°
Solving for the temperature, one obtains
I NRX? \
T= \ dh/dT - J% @0
This shows that a plot of 1/y/dh/dT — Js

versus T is linear and has the slope TION'NR X 2
and intercept Ti°. While this computation method
has several inherent advantages stemming from the
broad range of validity of the parent equation, the
derivative form is probably not the most satis-
factory one for evaluation of new experimental

(6) F. W. Schwab and E. Wichers, “Precise Measurement of the
Freezing Range as a Means of Determining the Purity of a Sub-
stance” in “ Temperature— Its Measurement and Control in Science
and Industry,” Reinhold Publ. Corp., New York, N. Y., 1941, p.
256.

(7) B. J. Mair, A. R. Glasgow, Jr., and F. D. Rossini, J. Research
Natl. Bur. Standards, 26, 591 (1941).

(8) W. J. Taylor and F. D. Rossini, ibid., 32, 197 (1944).

(9) H. C. Dickinson and N. S. Osborne, Bull. Natl. Bur. Standards,
12, 49 (1915).
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data. It has little to recommend it in preference
to the transform described below when the experi-
mentally measured quantities are heat content
and temperature.

The HCT Method.—Equation 25 can be re-
arranged as

NRiwyxt 1
1 V- T h- n
f _ ya *'S
m(TW X2

Ta—Ta u G
The variable 1/7[(h — ha)/(T — Td —Ja] is repre-
sented by the symbol u in the following discus-
sion. A plot of U versus T has slope —[NR-
(Tryx z/(Tio— T 8] and intercept Tic. Denoting
the slope of the line through a set of experimental
points by w, the concentration of impurity in the
sample is given by
(—w)(Ti° - r»)
2 NR(Ti0)2

The experimental evaluation of the terms in equa-
tion 31 is clear for all except Js. For most of the
melting region (» —h&/ (t — Ta) is large compared
to Js. Consequently, Js need not be accurately
evaluated. Usually the approximation Js =
N c1+ ccissufficiently accurate.

Failure of this approximation is most likely
when the heat of fusion of the sample isabnormally
low and the amount of impurity is relatively high.
Then accurate estimation of the specific heat of the
solid is required in order to evaluate Js. The
term B~AR X~ is nearly always negligible compared
to cs under the conditions of this discussion. A
reasonably linear plot of T vs. U is good evidence
that the estimate of Ja employed is sufficiently
accurate. However, the contrary, i.e., curvature
inthe T, u plotis not proof that Jsis in error.

The freezing point of the sample is found by
solving equation 31 and the equation relating
heat content and temperature for the liquid sample
for the temperature at which both equations are
satisfied by the same value of the heat content.
Provided the liquid specific heat is constant near
the melting point and Acp is negligible

F(7V - T-)
K —wW

(32)

Ts= (33)

where

K = hb- h*- J(Tb- 7%)

hb, Tb = coordinates of a point on the heat content-
temperature curve for the liquid sample

J1 = heat capacity of calorimeter plus the liquid
sample = NC1+

Equation 25 holds for binary systems which
form a solid solution. Provided that an independ-
ent estimate of the heat of fusion is available,
and the solid solution is ideal, the distribution
ratio of the impurity can be estimated. The
freezing point depression caused by the impurity
is given by

g(7V)«AV(A - k)

Aff,« (34)

11 1

Eliminating 72(T1°)2<20 between equations 25,
33 and 34 gives
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K- W
iVAff,«
The relation between the variable u and the

fraction melted, v, is found from the defining
equations for them. Thisis

k=1 (35)

T—T*

U= (v. YANAHT

(36)

Calorimetric data for purity calculation generally
have been published in the form of temperature-
fraction melted values. Equation 36 suggests an
improved means for analyzing such data. Com-
bination of equations 36 and 31 to elminate u and
N gives

TYZ)2KXDr - T»)
Aff.odV - T*)(Y - Ta) (37
In the light of the broader basis of the validity of
equation 31, computations based or this equation
should yield more reliable values for the impurity
concentration than does the conventional plot of
1/F vs. T or the method of Mastrangelo and
Dornte.s

In addition to its broad range o: validity, the
calculation scheme outlined here has at least two
additional advantages when compiared to con-
ventional purity calculation methods. The parent
equation does not require the explicit evaluation
of heat of fusion. This is quite important for
a method intended for use with impure samples,
as the heat of fusion of the major component
frequently cannot be evaluated easily for such
materials. Secondly, the new functions can be
calculated directly from the heat cortent-tempera-
ture data without an intervening step such as
the evaluation of the heat of fusion of the sample.
This results in a simp.er and shorter calculation
procedure compared to che conventicnal computing
method.

Experimental

The apparatus and procedure employee were essentially
those of Tunnicliff and Stone.l0 This apparatus, while not
suitable nor intended for accurate specific heat or heat of
fusion measurement, is equipped with a sensitive tempera-
ture difference measuring cfevice and prov des heat content
measurements of sufficient reliability for the determination
of purity.

A special means for pretreating the sample in the cal-
orimeter cell was found necessary to avo:d systematic de-
parture from thermodynamic equilibrium during melting
of the sample. This consisted in melting die sample in the
cell, mixing it thoroughly by partially removing the cell and
replacing, then chilling the sample rapidly by immersing the
cell in liquid nitrogen. This process fe called “quick
freezing” and is practical only in an apparatus in which the
well-mixed sample is distributed in a thin film which can be
chilled by withdrawing heat in a direction perpendicular to
the film surface. Tunnicl.ff and Stone’'s ¥ 2ml. cell was
used in tests reported here involving quick freezing.

The materials employed were: 1,4-bromochlorobenzene,
1,4-dibromobenzene, bibenzyl, irares-stilbene and benzene.
The first four were purified by zone melting in a single zone,
vertical tube, multiple pass apparatus. A dye was added
to the samples and zone refining continued until about 80%
of the sample was water white. The benzene was a highly
purified material of petroleum origin.

Mixtures of known compusition were prepared by weight.
Homogeneity of the stock solution and samples taken from
it was ensured by taking all samples in the liquid state.

(10) D. D. Tunnicliff and H. Stone, Anal. Chem., 27, 73 (1955).
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Discussion of Experimental Results

Accuracy of HCT Method for Solid-insoluble
Impurities—The accuracy of the heat content-
temperature (HCT) purity calculation method
(i.e., the method based on equations 31 to 35) for
solid-insoluble impurities is shown by the data in
Table 1. These data show that the HCT method
gives results within 20% of the synthesis value.
Cetane was used as an impurity in these tests
because it was solid insoluble and likely to form
moderately non-ideal solutions with the aromatic
major components. The sample was quick frozen
in all tests. Owing to the difficulty of preparing
and maintaining reference materials of sufficiently
high purity, no attempt was made to synthesize
mixtures of lower impurity content. There is no
reason to doubt the reliability of the HCT calcu-
lation method for such mixtures, however.

Table |
Accuracy op HCT Impurity Calculation Method
Rela-
Impurity, % tive
Syn- Differ- error,
Test Sample thesis Found ence %
98 Benzene + cetane 1.51 1.60 0.09 6
109 1,4-Bromochlorobenzene 1.42 1.45 .03 2
+ cetane
102 1,4-Bromochlorobenzene 1.83 2.17 .34 19
+ cetane
104 1,4-Bromochlorobenzene 1.65 1.72 .07 4
+ cetane
105 1,4-Dibromobenzene + 1.07 1.14 .07 7
cetane
108 1,4-Dibromobenzene + 1.18 0.99 .19 16
cetane
110 1,4-Dibromobenzene + 1.18 1.42 .24 20
cetane
99 Bibenzyl + cetane 1.93 2.17 .24 12
100 Bibenzyl + cetane 1.58 1.62 .04 3
112 Zrans-Stilbene -j- cetane 1.43 1.50 .07 5

Solid-soluble Impurities—When the impurities
form solid solutions with the major component, it is
apparently quite difficult to obtain equilibrium
melting data in a calorimeter. In fact, in the
series of tests summarized in Table 11, the im-
purity recovery was very poor, the highest value
being a little over 50% of the impurity added.
Phase data for the bromochlorobenzene-dibromo-
benzene systemsi and the bibenzyl-2rans-stilbene
systems2 show that small amounts of dibromo-

(11) A. N. Campbell and L. A. Prodan, J. Am. Chem. Soc., 70,
553 (1948).
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benzene in bromochlorobenzene and of trans-
stilbene in bibenzyl, should have distribution
ratios greater than one. Such values were not
found in this work. It seems likely that the
impurity distribution was non-uniform in either or
both phases in these tests and that no numerical
analysis of the data is capable of yielding the
correct impurity content.

Table Il

LOW Recovery of Added Solid-soluble Impurities
(HCT Calculation)
Ap-
parent
% im- distri-

Impurity purity bution
concn. recov- ratio,
Test Sample Added Found ered k
125 Benzene + thiophene 1.05 0 13 12 0.06

123 1,4-Bromochlorobenzene 1.04 .06 6 .07
+ 1,4-dibromobenzene
124 1,4-Bromochlorobenzene
+ 1,4-dibromobenzene
121 1,4-Dibromobenzene +
1,4-bromochlorobenzene
122 1,4-Dibromobenzene +

1,4-bromochlorobenzene

0.18 .05 27 .03

1.20 .07 6 .05

0.21 .02 10 .01

114 Bibenzyl + irons-stil- 2.14 12 6 .04
bene

119 Bibenzyl + Zrcms-stil- 0.26 .07 27 .02
bene

118 irans-Stilbene + bi- 2.27 1.24 55 A1
benzyl

120 ;rcms-Stilbene T bi- 0.27 0.15 56 .07
benzyl

The data employed by Mastrangelo and Dorntes
to test their computing method were taken from a
plot of reciprocal fraction melted and tempera-
ture data for a mixture containing 0.046 mole
fraction impurity and include only four data
points. These data do not appear adequate for a
critical test of a purity calculation procedure
applicable to dilute solid-soluble impurity systems.
There appear to be no such data in the literature.
In the light of the present work, solid-soluble
impurities seem likely to go undetected in large
part. Additional experimental work is required to
establish cryoscopic purity methods which can be
applied safely to systems forming solid solutions.
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12) A. Kofler and M. Brandstatter, Z. physik. Chem., 190, 346

(1942).
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The vapor pressure of diborane has been measured from 151.2 to 288.5°K.

The normal boiling point was found to be 180.59 + 0.04°K.

Introduction

As a part of the program to obtain the necessary
data for the construction of a Mollier diagram for
diborane, it was decided to remeasure the vapor
pressure on carefully purified diborane The vapor
pressure had previously been measured by Stock,1
Clarke, Rifkin and Johnston,2 Rifkin, Kerr and
Johnston,z and Wirth and Palmer.4

Experimental

The equipment used for these measurements is the same
as that described by Johnston and White.6 Pressures be-
low 3 atm. were read from a mercury manometer, while
above 3 atm. a MIT-type dead-weight gage was used.

Diborane of 99.91 mole % purity was condensed into the
pipet until it was approximately one-haf filled. The
pipet temperature was adjusted to the desired operating
temperature as were the upper, lower and auxiliary blocks
and can. Pressure and temperature readings were recorded
at one-minute intervals over a ten-minute period. The pre-
cision of the pressure readings was 0.01% The normal
temperature drift during this time was less than 0.02°K.

After completion of a Bet of measurements, the valve at
the top of the pipet was closed and the material above it
removed. In this way subsequent measurements did not
involve material which had been at room temperature for
more than approximately one hour. Operaring difficulties
made it impractical to remove the material above the pipet
valve when the temperature of the measurements exceeded
250°K. Measurements above this temperature involved
some diborane which had been at room temperature for four
hours. That decomposition is slight at th s temperature
over this period of time is evidenced from the inability to de-
tect any non-condensable gas in the sample at the end of the
measurements.

Results

The vapor pressure results are given in Table I.
Pressures below 3 atm. are measured with a preci-
sion of 0.05 mm., while the precision at greater
pressures varied from approximately 0.05% below
10 atm. to 0.01% at the higher pressures. The
accuracy is limited by the purity of the diborane.
This is shown by the results of duplicate determina-
tions made at 251, 260 and 273°K. on different
samples. The material used was of the same initial
purity, but the amount of decomposition which
could occur in the pipet and measuring system
during each determination could vary, since the
time required for each measurement was dependent
upon the rapidity with which equilibrium was
attained. It is estimated that the measurements
above 250°K. are accurate to 0.1% and those at the
lower temperatures to 0.05%.

In the temperature range 151.23K. ~ 1T ~

(1) A. Stock and E. Kaas, Ber., -56, 789 (1923).

(2) John T. Clarke, E. C. Kerr and H. L. Johnston, J. Am. Chem.
Soc., 75, 781 (1953).

(3) E. B. Rifkin and Il. L. Johnston, ibid., 75, 785 (1953).

(4) Henry E. Wirth and Emiel D. Palmer, TinS sourna1, 60, 911
(1956).

(5) Il. L. Johnston and David White, Trans.
(1950).

S.M.E., 77, 785

In this range, it varied from 0.14 to 38.3 atm.

Table |

Vapor Pressure of Diborane

Run No. Temp., °K. Pressure, atm.
1 151.23 0.1375
2 160.39 0.2787
4 169.92 0.5325
3 180.64 1.0025
5 194.54 2.0339
6 205.17 3.2523
7 209.96 3.9568
8 219.75 5.7167
9 229.58 8.0182
10 240.15 11.1735
16 246.07 13.2924
11 251.39 15.4418
15 251.40 15.4756
17 256.02 17.5118

12 260.47 19.6553
20 260.49 19.6960
21 264.53 21.8520
19 268.53 24.1090
18 273.16 26.9859
13 273.19 26.9734
27 276.31 29.0888
28 279.85 31.6676
25 282.89 33.8443
24 285.63 36.0677
14 288.46 38.3354

219.75°K., the vapor pressure data were fitted by
the equation

598.30 1.6733 X 104

log p — 3.8262 (D
with an average deviation of 0.02%. In the range
151.2°K. T ” 288.46°K., the data were fitted by
means of the equation
log p = 48000 123Te.2+, 1.221&3ﬁx 106

1.2247 X 107 = 3.4141 X 103

y|3 + T1 (2)

with an average deviation 0.06%.
The calculated value of the normal boiling point
using eqg. 1 is 180.59 + 0.04°K.

Discussion

The low pressure values are in good agreement
with those of Wirth and Palmer,4 and the value of
the normal boiling point agrees with their value,
180.63°K., within the precision of the temperature
scale in this temperature range.

The high pressure values are somewhat higher
than those of Rifkin, Kerr and Johnston.2 Consid-
ering the greater precision in the measurement of
pressure in this research, the differences are about
what one should expect.
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The heat of vaporization of diborane has been measured calorimetrically from the normal boiling point to within four

degrees of the critical point.

Over this range, the heat of vaporization as a function is given quite well by the expression

Lt = 546.2 (TO — J)0Pcal. mole-1, where T< is the critical temperature, 289.7°K.

Introduction

As a part of this laboratory’s program for the in-
vestigation of the thermodynamic properties of
diborane, its heat of vaporization was determined
calorimetrically from the normal boiling point to
the critical point.

Experimental

Apparatus.—The condensed gas calorimeter used in this
work is the same as that of Hu, White and Johnston.1

Procedure.—Diborane of 99.91 mole % purity was con-
densed into the calorimeter from a calibrated volume. The
quantity of material was determined to 0.4% by measuring
the pressure with a mercury manometer and a Gaertner
cathetometer. All pressure readings were referred to a
standard meter bar, and the observed pressures were cor-
rected for capillary depression, the temperature of the mer-
cury and scale, and for local value of g.

The temperature of the calorimeter was determined using
a standard copper-constantan thermocouple and a Wenner
potentiometer. The energy input for vaporizing diborane
was determined, using a double White potentiometer and a
resistance thermometer.

At the start of a determination, the temperatures of the
calorimeter blocks, which had been adjusted previously to
the temperature of the calorimeter, were recorded. The
current through the resistance thermometer was read, as
well as its drift rate and the galvanometer sensitivity. The
potential drop across the resistance thermometer and the
e.m.f. of the thermocouple were read alternately at 30-sec.
intervals until steady drift rates were obtained.

The valve at the top of the calorimeter was cracked open
at the same time that the heating period began. By throt-
tling this valve it was possible to maintain the temperature
of the calorimeter constant to +0.05° throughout the heat-
ing period. The vaporized diborane was collected in an
evacuated calibrated volume. At the end of the heating
period the material remaining in the lines outside the cal-
orimeter was transferred into the calibrated volume by
means of a Toepler pump.

The heating period was adjusted to approximately 15 min.
duration. The rate of energy input was determined by
measuring the potential drop across the heater at the mid-
point of the heating period, and the current was taken as
the average of that obtained at 0.21 and 0.79 of the heating
period. The energy input so obtained was corrected for
heat leak as well as for the drift in temperature from the
beginning to the end of the heating period.

Results
The molar heat of vaporization Lv is related to

the experimentally observed @ and m by2

qm _ i E
m ~PYar ()

M (,
By @

where Q is the energy input necessary to vaporize
m grams of diborane, m the molecular weight, p the
vapor pressure, ve and F1 the molar volume of

(1) J. Hu, D. White and H. L. Johnston, «7. Am. Chem. Soc., 75,
5642 (1953).

(2) N. S. Osborne and D. C. Ginnings, J. Research Natl. Bur. Stand-
ards, 39, 453 G947).

diborane vapor and liquid, respectively. The vapor

pressure data used are reported in the preceding

paper.3 The molar volumes were taken from un-
Table |

Heat of Vaporization of Diborane

. - QM/M, TV'd Lv (exr:), Lv (eq. 3),
T, °K. tal. mole-1 cal. mole 1 cal. mole-1  cal. mole-1
179.79 3412 15 3397 3405
179.37 3430 15 3415 3404
179.38 3417 15 3402 3404
190.06 3312 25 3287 3286
199.77 3198 38 3160 3158
209.98 3066 56 3010 3013
220.03 2946 81 2865 2858
229.99 2808 112 2696 2692
239.89 2664 155 2509 2508
250.03 2511 207 2304 2295
259.92 2326 277 2049 2052
264.97 2236 320 1916 1908
270.07 2121 371 1750 1744
274.87 1988 418 1570 1563
277.94 1900 468 1432 1428
280.98 1809 531 1278 1271
284.01 1646 576 1070 1076
Table Il

Heat and Entropy of Vaporization of Diborane

Ly, ASv.
cal. mole-1

T, °K. cal. mole-1 deg.-1
180.57 3405 18.85
180.60 3405 18.85
190.00 3287 17.30
200.00 3155 15.78
210.00 3012 14.34
220.00 2859 13.00
230.00 2691 11.70
240.00 2506 10.44
250.00 2296 9.18
260.00 2050 7.88
270.00 1747 6.47
273.16 1631 5.97
280.00 1325 4.73
285.00 999 3.51
288.00 672 2.3
289.7 0 - 0

published measurements made in this Laboratory.
The corrections of --- were calculated using both

eg. 1 and 2 and were consistent.

The results of the heat of vaporization measure-
ments and calculations are given in Table I. Con-
sidering the precision of the measurements and vari-
ous sources of systematic error, the maximum error

3) Leo J. Paridon and George E MacWood, This Journal, 81,

1997 (1959).
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in the molar heat of vaporization is estimated to be
+10 cal./mole.

To smooth the data, they were fitted to the equa-
tion

Lv = 546.2 (T, — Tf-Ucal. mole-1 3)

where Tc = 289.7°K. Table Il gives the values of
Lv, calculated using eq. 3, and Asv, the entropy of
vaporization.

There have been several previous determinations
of the heat of vaporization of diborane at the nor-
mal boiling point.as Clarke, et al., determined it
both calorimetrically and from their vapor pressure
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measurements, reporting 3412 and 3431 cal./mole,
respectively. The first value is in good agreement
with the value reported here considering the uncer-
tainty in the two values. Wirth and Palmer calcu-
lated a value of the heat of vaporization at the
normal boiling point from their vapor pressure
measurements, estimating the gas imperfection
using the Bertholet equation. Their value is 3413
cal./mole and is in exceptional agreement with the
other two.

(4) John T. Clarke, E. B. Rifkin and H. L. Johnston, J. Am. Chem.
Soc., 75, 781 (1953),

(5) Henry E. Wirth and Emiel D. Palmer, This Journal, 60, 911
(1956).

IN MOLTEN FLUORIDES.

I. IN MIXTURES OF NaF-ZrF4

By J. H. Shaffer, W. R. Grimes and G. M. Watson

Oak Ridge National Laboratory,10ak Ridge, Tennessee

Received March 6, 1959

Solubilities of HF have been determined at pressures from 0.5 to 3 atmospheres over a temperature range 550 to 800°

in NaF-ZrF4 mixtures containing 45 to 80.5 mole % NaF.
creasing temperature.
from 45 to 80.5 mole %.

Henry’s law is obeyed and the solubility decreases with in-
The solubility of HF increases approximately tenfold as the mole % of NaF in the solvent is increased
Henrv's law constants in moles HF per cc. of solution per atmosphere at 600, 700 and 800° are
(1.23 + 0.04) X 10-5and (0.93 + 0.02) X 10-i and (0.73 + 0.01) X 10-5in NaF-ZrF, (53 mole % NaF).

The enthalpies

of solution in kcal. per mole also increase in magnitude from —3.85 to —9.70 as the mole % of NaF is changed from 45

to 80.5.

Introduction

This investigation constitutes part of a sys-
tematic study of the solubilities of gases in molten
salts. In this study an attempt is being made to
elucidate the solvent characteristics which have an
effect on gas solubility. The results cf measure-
ments on the solubility of HF in various mixtures
of NaF-ZrFaat pressures from 0.5 to 3 atmospheres
over the temperature range 550 to 800° are pre-
sented here.

Solubilities of gases in liquids have been studied
by many investigators; reviews covering much of
this work are available.2-4 Solubilities of noble
gases in molten fluoride mixtures have been re-
ported.s Burkhard and Corbetts recently deter-
mined the solubility of water in molten LiCI-KCI
mixtures and presented an approximate value of the
solubility of HC1 at 480° in a mixture containing
60% LIiCl. No information regarding the solu-
bilities of HF in molten fluorides in the range of
pressures, temperatures and solvent compositions
presented here has been found in the literature.
Related investigations on some of the properties
and phase behavior of acid fluorides of LiF7

(1) Operated for the United States Atomic Energy Commission

by the Union Carbide Corporation.
(2) A. E. Markham and K. A. Kobe, Chem. Revs., 28, 519 (1941),

(3) J. H. Hildebrand and R. L. Scott, “The Solubility of Non-
Electrolytes,” Chapter XV, 3rd Ed., Reinhold Publ. Corp., New
York, N. Y, 1950.

(4) M, W. Cook, U. S. Atomic Energy Commission, UCRL-2459
(1954).

(5) (@) W. R. Grimes, N. V. Smith and G. M. Watson, T his
Journal, 62, 862 (1958); (b) M. Blander, W. R. Grimes, N. V.

Smith and G. M. Watson, ibid., 63, 1164 (1959).
(6) W. J. Burkhard and J. D. Corbett, 3. Am. Chem. Soc., 79, 6361
(1957).

The entropies of solution vary from —5.2 to —6.5 e.u. over the same range of solvent compositions.

NaF,s' ©KF,1RbF, 2 CsF13and NH4 F 1 have been
reported. Information on liquid-liquid solubilities
and liquid-vapor equilibrium of HF-UFs mix-
tures is available.16

Mixtures of NaF and ZrFa were chosen for this
investigation because of their value in nuclear
fuel element reprocessingi 21 and their use (with
added UF9 as fuel for an experimental nuclear
reactor.

(7) H. V. Wartenberg and O. Bosse, Z. Elektrochem,, 28, 386 (1922).

(8) J. F. Froning, M. K. Richards, T. W. Stricklin and S. G. Turn-
bull, Ind. Eng. Chem., 39, 275 (1947).

(9) D. G. Hill, unpublished work, Oak Ridge National Laboratory,
Oak Ridge, Tennessee.

(10) W. Davis, Jr., KLI-2552, “Vapor Pressure-Temperature Rela-
tions in the System NaF-HF,” Union Carbide Nuclear Company,
Oak Ridge Gaseous Diffusion Plant.

(11) G. H. Cady, J. Am. Chem. Soc., 56, 1431 (1934).

02) E. B. R. Prideaux and K. R. Webb, J. Chem. Soc., 1 (1937);
111 (1939).

(13) R. V. Winsor and G. H. Cady, J. Am.
(1948).

(14) O. Ruff and L. Staub, Z. anorg. allgem. Chem., 212, 399 (1933).

(15) G. P. Rutledge, R. L. Jarry and W. Davis, Jr., This Journal,
57, 541 (1953).

(16) R. L. Jarry, F. D. Rosen, C. F. Hale and W. Davis, Jr., ibid.,
57, 905 (1953).

(17) G. 1. Cathers and R. E. Leuze, “A Volatilization Process for
Uranium Recovery in Reactor Operational Problems,” Vol. 11,
Pergamon Press, New York, N. Y., 1957, pp. 157-163.

(18) G. I. Cathers, Nuclear Sci. and Eng., 2, 768 (1957).

(19) R. P. Milford, Ind. Eng. Chem., 50, 187 (1958).

(20) S. Lawroski, “Non-aqueous Processing— An Introduction,”
Symposium on the Reprocessing of Irradiated Fuels Held at Brussels,
Belgium, May 20-25, 1957, pp. 479-497, Book 11, TID-7534.

(21) R. C. Vogel and R. K. Steunenberg, “Fluoride Volatility
Processes for Low Alloy Fuels,” ref. 20, pp. 498-559.

f22) A. M. Weinberg and R. C. Briant, Nuclear Sci. and Eng., 2,
795 (1957).

Chem. Soc., 70, 1500
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Experimental

Materials.—The HP was obtained from cylinders each
containing 6 Ib. of anhydrous liquid hydrogen fluoride sup-
plied by the Harshaw Chemical Company, Cincinnati,
Ohio, the liquid HF had a specified minimum purity of
99.9%. The vapor was found to contain less than 0.2 mole
% of gases insoluble in aqueous KOH solution; it was used
without purification.

The fluoride mixtures were prepared from sodium fluoride
of reagent grade and ZrF4which had been prepared by hydro-
fluorination of ZrCh at 500° in equipment of nickel. The
mixtures were purified, transferred, sampled and analyzed
by procedures previously described.6

Apparatus.—The apparatus consists of saturating and
stripping sections connected by a section of metal tubing
which could be sealed as desired by freezing a portion of the
fluoride. All sections of the apparatus in contact with the
molten fluoride or at high temperature were of nickel;
welded construction and commercial Swagelok fittings were
used throughout this metal portion. Some sections that the
gas contacted only at low temperature were of copper or
Teflon tubing. The saturatior and accessories, the con-
necting tube, the nickel vessel into which the solution was
transferred, and the furnace assembly were identical to
those used in a previous study.6

Pressures were measured on Bourdon pressure indicators
of bronze, known as Ashcroft Laboratory Test Gauges.
Pressures above atmospheric were read from a gage of 4.5 in.
diameter face reading 0-30 Ib./sq. in. in 0.1 Ib./sq. in. sub-
divisions. Low pressures were read from a gage with a 7-in.
diameter face showing 0-30 in. Hg in Va-in. subdivisions.
These gages were calibrated in place by periodic comparison
with a mercury U-tube manometer having a scale graduated
in 1 mm. subdivisions.

The line through which HF was admitted to the saturator
contained a filter made from a disc of sintered nickel (0.0004-
in.-diameter pores) and a 2-liter surge tank of nickel. The
filter effectively removed finely divided solid particles which
were detached from the surfaces of heated lines carrying HF
vapor. The surge tank diminished the pressure decrease
when a portion of the melt was transferred to the stripping
section.

Temperatures were controlled and recorded from ohromel-
alumel thermocouples as in previous investigations.6 Once
per day the melt temperature was checked with a standard
platinum to platinum-rhodium thermocouple connected to a
Leeds & Northrop type K-2 potentiometer. The tempera-
tures probably were known to 5°.

Procedure.—The internal surfaces of the empty saturator,
stripping section and connecting tube were treated at 600°
with flowing hydrogen for 2 hours. A charge of approxi-
mately 2.5 1 (5 to 7.5 kg.) of molten salt was transferred to
the saturator which was then isolated from the empty strip-
ping section by establishing the frozen seal. The internal
surfaces of the stripping section were conditioned by treat-
ment at 600° with anhydrous HF vapor. The empty
stripping section and the saturator containing the molten
charge were flushed with He until the HF concentrations
in the effluent streams diminished to values below 4 X 10~6
mole HF/1. The melt, at thermal equilibrium in the sat-
urator, was saturated by sparging with HF at the desired
pressure for 6 hours. After sparging was discontinued the
HF was maintained at pressure as a covering atmosphere.
The liquid level was measured by use of the electrical probe.6
Meanwhile the stripping section, which had been continu-
ally flushed with a stream of He, was closed and filled with
He at a predetermined pressure such that about one-half
the salt would transfer from the saturator when the frozen
seal was destroyed. The frozen seal was melted and the
molten salt was allowed to transfer until hydrostatic
equilibrium was achieved. The frozen seal was immedi-
ately re-established and the final liquid level in the saturator
was determined. The dissolved HF was stripped from the
salt and absorbed in a standard solution of KOH in water.
Stripping with He was discontinued (after about 75 1 had
been passed) when the concentration of HF in the effluent
stream dropped to about 4 X 10~6 mole/l. The 1IF ab-
sorbed in the KOH solution was determined by back titra-
tion with standard acid solution.

No attempts were made in the routine determinations to
continue the final stripping until negligibly small quantities
of HF remained in the molten salt. Instead, in several

J. H. Shaffer, W. R. Grimes and G. M. Watson
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Table |
Solubility op HF in Molten NaF-ZrF, (53 mole % NaF)
HF solu- R
Saturating Saturating bility X 105, K x 1o
temperature, pressure, moles/Ccc. moles HF

°C. (atm.) melt) (cc. melt)(atm.)
550 2.09 291 1.39
2.56 3.62 1.41
2.96 3.98 1.35

Av. 1.38 + 0.02
Caled, fromeq. 1 1.45
Q0 0.494 0.57 1.16
0.550 0.66 1.19
0.565 0.69 1.23
1.05 1.39 1.32
1.05 1.33 1.27
1.34 1.62 1.21
1.50 1.75 1.17
1.55 1.92 1.24
2.05 2.72 1.33
2.05 2.45 1.19
2.52 3.07 1.22
2.52 3.02 1.20
2.53 3.11 1.23
2.95 3.52 1.20

Av. 1.23+0.04
Caled, fromeq. 1 1.22
650 0.43 0.47 1.10
1.03 1.02 1.00
1.47 1.49 1.01
2.14 2.20 1.03
2.36 2.41 1.02
2.74 2.81 1.03

Av. 1.03 £ 0.02
Caled, fromeq. 1 1.06
700 0.62 0.58 0.93
1.16 1.08 .93
1.40 1.32 .95
1.79 1.68 .94
1.86 1.80 .97
2.75 2.42 .88

Av. .93 + 0.02
Caled, from eq. 1 .93
750 0.83 0.73 .88
1.15 1.00 .87
1.96 1.63 .84

Av. .86 + 0.02
Caled, from eq. 1 .83
800 0.42 0.31 .74
0.84 0.62 .74
1.51 1.14 .75
2.18 1.54 .73
2.48 1.75 71

Av. .73 £0.01
Caled, from eq. 1 74

separate experiments, a portion of molten salt which had
been transferred under identical experimental conditions
of temperature and pressure, but which had been saturated
with helium instead of HF, was used to establish that about
0.3 mmole of HF was recovered by sparging with 75 1 of
helium. This “blank,” which amounted to 1 to 2% of the
HF recovered by the regular procedure, was used to correct
all the data presented in this report.

The volume of transferred salt was established from the
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Table Il

E ffect of Solvent Composition on the Solubility, Enthalpy
and Entropy or Solution of HF in NaF-ZrF4M ixtures

Solvent
compn.,
mole % NaF at 600° at 700° at 800°
45 0.78 0.65 0.51
53 1.23 0.93 0.73
60 1.53 1.03 0.81
65 2.17" 1.46 1.06
80.5 12.80* 7.20¢ 4.43

“ Extrapolated from measurements at higher temperatures.

trations of HF in gas and liquid phases at 1000°K.
the gas and liquid phases at 1000“K.
by the equation In K = ASp/R — AH/RT.

initial and final levels in the saturator. The concentration
of HF in the saturated melt was available from this volume
and the corrected absolute quantity of HF recovered.

Results

The solubility of HF in molten NaF-ZrFa (53
mole % NaF) has been examined at 50° intervals
over the range 550 to 800° at pressures from about
0.5 to 3 atmospheres. Linear dependence of
solubility on HF pressure was observed from the
experimental data shown in Table I. The tem-
perature dependence of the Henry's law constant
for this system is expressed by the equation

AH 1 (ASP)

R T R 1)

The calculated Henry’s law constants from this
equation are also shown in Table I. The solu-
bility of HF has been measured over the same range
of pressures at 600, 700 and 800° in NaF-ZrFa
mixtures containing 45 and 60 mole % NaF, at
650, 750 and 850° in mixtures containing 65 mole
% NaF, and at 800, 850 and 900° in mixtures con-
taining 80.5 mole % NaF. Because of the high
liquidus temperaturesz of NaF-ZrFa4 mixtures
containing more than 60 mole % NaF, it was not
possible to make a direct measurement of the solu-
bilities at 600 and 700°. For purposes of com-
parison, Henry's law constants for these gases
were extrapolated from measurements at higher
temperatures. The arithmetic averages of Henry’s
law constants and calculated enthalpies and en-
tropies of solution in different solvent mixtures
are shown in Table Il. The standard deviation of
the experimental with the calculated values of
Henry’s law constants are also shown to be within
4%.

Table 111 shows values of the constants for the
equation

p(g./cc.) = A —Bi{°C)) (2)

from which densities of these liquids can be cal-
culated over the temperature interval used in this
study. The data presented can, by use of these
values, be converted to mole fraction or to moles
HF per gram of solvent as desired.

As in the studies of noble gas solubility,4 sparging
of the melt for & hours was shown to be ample to

(23) C. J. Barton, W. R. Grimes, H. Insley, R. E. Moore and
R. E. Thoma, Thissournar, 62, 665 (1958).

(24) H. F. Poppendiek, Oak Ridge National Laboratory, personal
communication.

ink = AJh _ AH

it RT

A& AH, ASp,c N
e.u. kcal./mole e.u. al
-5.2 -3.85 -14.0 3.65
-5.4 -4.70 -14.1 2.85
- 6.2 -5.80 -14.9 2.51
-6.4 -6.60 -15.1 0.90
-6.5 -9.70 -15.2 1.19

b ASc, entropies of solution calculated for equal concen-

* ASp, entropies of solution calculated from equal pressures of HF in
d 6, per cent, standard deviation of experimental values of K from values calculated

Tabite Il

Constants for Density-T emperature Equation

Mixtures Investigated?

p(g./cc.) = A - BI(°C.)

Soln. compn.,

mole % ZrL A B X 10+»
55 3.83 0.91
47 3.71 .89
40 3.61 .87
35 3.52 .86
19.5 3.23 .81

ensure saturation; no evidence of entrainment of
gas bubbles in the liquid was observed.

Temperatures should have been accurate to £5°
and the volume of salt transferred could be meas-
ured to +2%. Uncertainties in the acidimetric
titration were negligibly small while the blank,
which could hardly have been in error by +25%,
contributed less than 2% to the solubility values.
The solubility values and Henry’'s law constants
shown in Table | are representative of the pre-
cision of the experiments.

Discussion

Within the precision of the measurements the
solubility of HF in all mixtures studied follows
Henry’s law. In contrast with the behavior of
noble gases in similar solvents,4 the solubility of
HF decreases as the temperature is increased.
The dependence of the solubility of HF on solvent
composition is far greater than that exhibited by
the noble gasess in related solvents. As shown
in Table II, the solubility increases by approxi-
mately tenfold as the mole per cent, of NaF in
the solvent is increased from 45 to 80.5. Table Il
also shows that the enthalpy of solution is strongly
dependent on the solvent composition. The
values of the entropies of solutionz are all negative
and change only 1 e.u. over the range of solvent
compositions investigated but are considerably
larger in magnitude than those observed for the
noble gases in NaF-ZrF4a and in NaF-KF-LiF
ternary eutectic.d

The observed strong dependence of the solu-
bility of HF on solvent composition may be related
to the relatively high stability of NaF-HF com-
pounds. It may be possible, when more data are

(25)
centrations of HF in the gas and liquid phases in the same manner
as described elsewhere.4

The entropies of solution have been calculated for equal con-
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available, to relate the observed strong dependence
of HF solubility on solvent composition with the
relative stabilities of some of the alkali metal acid
fluorides noted previously at lower temperatures. 13
Since LiF jforms quite unstable bifluorides7 s
it might be predicted that the solubility of HF in
LiF-ZrF4 mixtures would be smaller and less de-
pendent on the composition of the solvent than in

J. B. Kinsinger and R. E. Hughes
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the corresponding NaF-ZrFs mixtures. Present
plans are to study HF solubility in related mixtures
of LiF-ZrF4 LiF BeP2 NaF -BeF2 and LiF-NaF.
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Number average molecular weight-intrinsic viscosity relationships have been determined for atactic polypropylene in

three solvents.

dynamically good solvent the “K” and “a”
geometrical isomers.

High temperature light scattering studies of polypropylene in 1-chloronaphthalene at 125° have provided
weight average molecular weight-intrinsic viscosity relationships for atactic and isotactic polypropylene.

In a thermo-

constants from the Mark-Houwink expression are found identical for these
The root-mean-square-end-to-end-distances for atactic and isotactic polypropylene in 1-chloro-
naphthalene at 125° were found to have experimental values in reasonable agreement with hydrodynamics! theory.

The

calculated values of the universal hydrodynamic interaction constant (<> were in good agreement with those reported for

other atactic polymers.

The second virial coefficients for atactic polypropylene differed from those of the isotactic polymer

reflecting differences in thermodynamic interaction between polymer and solvent and possibly molecular size.

Introduction

While several viscosity-molecular weight rela-
tionships for polypropylene have appeared in the
literature, 315 all of these investigations are limited in
nature and none embrace concomitant studies
on the atactic and isotactic polymers. The
importance of conducting experiments in this man-
ner has been emphasized by Danusso,7 who noted
differences in the second virial coefficient for two
geometrical isomers of polystyrene. The purpose
of this work was to provide intrinsic viscosity-
molecular weight relationships for polypropylene so
that further investigations on the dilute solution
properties and their dependence on geometrical
configuration might be facilitated.

While variations in geometrical structure account
for wide differences in behavior of the polymers in
the solid state, additional interest is now centered
on the characteristics of the various geometrical
forms of the same polymer in dilute solution where
the polymer configuration and thermodynamic
properties can be measured. In particular, dif-
ferences in configuration may be characterized by
the thermodynamic parameters and unperturbed
dimensions which arise from the dilute solution
theory for linear macromolecules.

(1) Presented before the Division of Polymer Chemistry, 132nd
National Meeting, American Chemical Society, New York City,
September 8-13, 1957.

(2) Hercules Powder Co. Fellow; University of Pennsylvania, 1956-
1957. Department of Chemistry, Michigan State University, East
Lansing, Michigan.

(3) G. Ciampa, Chim. e ind. (Milan), 38, 298 (1956).

(4) F. Ang and H. Mark, Monalsh. Chem., 88, 427 (1957).

(5) R. Chiang, J. Polymer Sci., 28, 235 (1958).

(6) F. Danusso and G. Moraglio, Makromol. Chem., 28, 250 (1958).

(7) F. Danusso and G. Moraglio, J. Polymer Sci., 24, 161 (1957).

Experimental

Samples of atactic and crystalline (isotactic) polypropyl-
ene were generously provided by the Hercules Powder
Company of Wilmington, Delaware. The atactic samples
were clear, colorless and characteristically rubbery whereas
the crystalline polymers were fluffy, white, non-tacky
powders. According to their source, these polymers were
prepared with Zeigler type catalysts. No residual metals
(very low ash content) were noted in the polymer; however,
the purification and the atactic-isotactic separation proce-
dure was not revealed. All samples appeared pure and ho-
mogeneous. The three samples investigated are designated
as:

Sample A Atactic, [7] 1.10 (benzene) 25°
Sample B Atactic, [17] 1.10 (benzene) 25°
Sample C Isotactic, fo] = 1.69 (decalin) 135°

As indicated by the limiting viscosity number and later
confirmed by the source, the two atactic samples were
taken from a common master batch and are therefore iden-
tical .

Fractionation. A. Atactic Polymer.—The solubility
parameter (5 = square root of the cohesive energy density)
of polypropylene was determined previously in this Labora-
tory to be approximately 8.2.

Both atactic samples were fractionated by the addition
of a non-solvent to a dilute solution of the polymer by the
precipitation procedure described by Fiory.8

Sample A was fractionated at 30° with a solvent-non-
solvent pair consisting of benzene and methanol, respec-
tively. Each of the resulting fractions was redissolved in
benzene, filtered and freeze dried. All fractions were dried
to a constant weight in vacuo at 50°.

To circumvent earlier separation difficulties, a new sol-
vent-non-solvent system consisting of cyclohexane and ace-
tone, respectively, was chosen for the fractionation of Sample
B. In this mixture the concentrated polymer phase settled to
the bottom of the flask so the clear dilute solution phase
could be decanted easily. Eight fractions were recovered
and each was redissolved in benzene and recovered by freeze
drying. The large initial fraction subsequently was sepa-
rated by refractionation into two fractions.

(8) P. J. Fiory, “Principles of Polymer Chemistry,” Cornell Univ.
Press, Ithaca, New York. N. Y., 1953, pp. 339-342.
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During the fractionation it was noted the atactic polymer
behaved in all respects like a true amorphous material with
no evidence for any crystalline type separations or even a
small portion of crystalline polymer in the initial fractions.
The high molecular weight atactic fractions were transparent,
non-tacky rubbers, whereas the low molecular weight atactic
fractions were viscous, slightly tacky oils. There was no
noticeable change in the transparency or the rubfoery or vis-
cous nature of the atactic fractions even months after they
had been purified and dried and examination under crossed
polaroids revealed no crystalline regions.

B. Isotactic Polymer.—As recommended in a recent
study,9 fractions of crystalline (isotactic) polypropylene
were prepared by the method of fractional precipitation at
high temperature. Since it had been shown that polyethyl-
ene could be fractionated in this manner as much as 60° be-
low the melting point of the polymer, a fractionation tem-
perature range of 130 to 135° was chosen for polypropylene
(~30° below the melting point).

The fractionation was performed in standarc equipment
in a constant temperature oil-bath. A two liter, three
necked flask was fitted at the bottom with a moderate size
stopcock and was lubricated with a coating of powdered
graphite to prevent sticking and leaking in ffle hot oil.
With the addition of a pressure spring and carefml manipula-
tion no difficulties with the stopcock were encountered during
the high temperature fractionation. A variable speed motor
drove a standard taper ground glass stirrer mounted through
the center neck of the flask. A standard taper dropping
and measuring funnel was fitted to one of the other two necks
and the third was occupied by a thermometer.

The polymer solution was agitated vigorously during the
slow addition of the non-solvent until a non-vanishing pre-
cipitate appeared. In all instances this phase would vanish
when the solution was warmed slightly. Finally the mix-
ture was cooled slowly with stirring to the preferred tem-
perature and the polymer allowed to settle overnight. Since
the precipitated phase could be transposed eas.ly to a true
solution merely by a slight temperature increase. it appeared
the initial separation was liquid-liquid in nature-D

Cyclohexanone, a theta solvent for the atactic polymer at
a lower temperature, was used as the solvent and ethylene
glycol as the non-solvent. This combination gave clean
fractionation, especially for medium to low molecular weight
species. To aid the initial dissolution of polymer in cyclo-
hexanone, a small amount of tetralin (tetrahydronaph-
thalene) was added to the concentrated mixture to form a
viscous solution before the cyclohexanone was added further
as adiluent (1% or less in polymer).

Although the initial separations appeared lquid-liquid,
after settling overnight the precipitated polymer in the more
concentrated phase would crystallize and was easily sepa-
rated from the remaining solution by draining the latter
away through the stopcock into another preheated flask.

To circumvent the problem of over-stepping the initial
addition of non-solvent, a less drastic non-solvent, dimethyl
phthalate, was chosen for a second run with sample C (de-
noted C'). In this case a larger portion of non-solvent was
needed to reach the point of initial phase separation and two
moderate sized fractions of high molecular weight polymer
were obtained to complete the range of fractions sought.

Oxidative degradation of the polymer was prevented by
the addition of stabilizers to the solutions (preferably 2,6-
di-f-butyZp-cresol).

The crystalline polymer fractions could be recovered as
white fluffy powders or friable fibers by dissolving the frac-
tions in tetralin at 130° and immediately pouring the solu-
tion into cold, rapidly stirred methanol. Upon completion
of the precipitation, the mixture was stirred slowly for a half
hour, after which the polymer was placed into fresh meth-
anol for a period of 24 hours. Thereafter the polymer was
filtered free of excess solvent, washed with additional fresh
methanol and finally dried in a vacuum oven at 70 to 90°
until the sample reached constant weight (usually 48 hours).
At this stage, all fractions were extremely poro.is and would
dissolve almost instantaneously when placed in either decalin
or tetralin at 130°. The fractions were free of color. Al-
though other methods of fraction recovery were attempted,
none was found to leave the samples in as pure a condition

(9) A. Nasini and C. Mussa, Makromol. Chem., 20, 59 (1957).
(10) Recent experiments have verified that these phase separations
occurred in the liquid-liquid region.
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or as easily redissolvable. This latter point proved espe-
cially important because it reduced the time the polymers had
to remain at high temperatures by a considerable extent and
thus helped minimize the degradation problem.

A summary of the fractionation data is given in Table I.

Table |

Fractionation of Atactic (A, B°) and Isotactic

(C, C') Polypropylene

G./ \%tj Non- Temp.,
Sample Fract. Fract. Solv. solv. °C.
A-l 0.9 4.5 Benzene Methanol 25
2 0.56 2.8
3 2.90 14.5
4 2.96 14.8
5 3.04 15.2
6 1.96 9.8
7 1.92 9.6
8 0 76 3.8
9 0.50 2.5
B-la  0.30 3.0 Cyclohex- Acetone + 30
Ib 1.10 11.0 ane methanol
2 2.8 28.0 for 7 and
3 0.4 4.0 8
4 0.9 9.0
5 0.6 6.0
6 1.65 16.5
.7 0.56 5.6
8 1.24 12.4
C-1 4.1 41. Cyclohex- Ethylene 130
2 126 12.6 anone glycol
3 1.14 11.4
4 0.66 6.6
5 0.63 6.3
6 0.25 2.5
CT 0.31 2.8 Cyclohex- Dimethyl 130
2a 1.68 15.0 anone phthal-
2b 235 21.0 ate
. “SMIFi = 1.99 for M in cyclohexane at 25° (see Table
11); [4] bulk-polymer = 2.01.

Viscosity Measurements.—Polymer solutions were pre-
pared so the relative viscosity fell within the limits 1.2 to 1.9.
Both ijap/C and (In Arei/C) were calculated anil plotted
against the concentration and a double extrapolation to
zero concentration was performed where the two curves met
at a common intercept [7]. These two initial extrapolations
were drawn by eye to a best fit. Afterwards the k and k'
values of the Huggins viscosity relationships were calculated
from the slopes and the intercept. In all cases these values
when summed equalled 0.5 + 0.03.

Generally three or more concentrations of each fraction
were prepared individually (the dilution technigque was never
used) for each intrinsic viscosity determination.

Special techniques were required for handling the crys-
talline polymer at high temperature. Severe degradation
in decalin resulted when it was necessary to maintain the
polymer at solution temperatures (120° or higher) for a
considerable time (~30 minutes). The polymer fractions
dissolved rapidly in the solvent and the solutions were imme-
diately filtered through a heated glass frit into the viscome-
ter and measured so that the total time lapse from dissolu-
tion to completion of the viscosity measurement was less
than 15 minutes.

Degradation was further prevented by adding a stabilizer
to the solutions (2,6-di-f-butyl-p-cresol). With this com-
pound as a stabilizer, (1%), a constant efflux time could be
maintained in decalin in the viscometer for over half an
hour at 135°. If left exposed to air in the viscometer over-
night at this temperature the polymer degraded even with
stabilizer.

Viscosity data were taken in several solvents and at several
temperatures and are recorded in Table I1.

f : 71
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Fig. 1.—Osmotic pressure vs. concentration for atactic
polypropylene in (6 ) benzene and (®) cyclohexane at
25°.

Table Il

Intrinsic Viscosity of Fractions of Atactic and

Isotactic Polypropylene

Cyclo'—

Benzene Decalin hexane
Fract. 25° ° 25°
A-l 2.45
A-2 3.20
A-3 2.14 3.70 4.08
A-4 1.20 1.70 2.30
A-5 0.75 1.10 1.35
A-6 .49 0.63 0.80
A-7 .305 .296
A-8 17
A-9
A-7, 8" .23 0.26 .32
B-5 .64 1.03
C-1 3.90
C-2 1.85
C-3 1.34
C-4 0.63
C-5 0.27
C-6 .o,
c'-Il 4.99
C'-2a 4.80
C'-2b 2.35
C'-3
c-4

° Mixture of.7 and_8. .
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Osmometry.— Osmotic pressure measurements were car-
ried out with the atactic polymer only, in a modified Bu-
reau of Standards type osmometer at 25°. Membranes
were prepared from very dense grade “ Ultracella” which
were treated successively with caustic solution, water, ethyl
alcohol, acetone and finally benzene. The membrane
treatment followed an elaboration of a scheme suggested
by Yanko.ll Redistilled white label grade solvents were
used for all osmotic pressure measurements.

Most of the osmotic pressure data were taken with a
single osmometer and membrane. At least 24 hours were
required to attain equilibrium but readings were generally
extended from 48 to 72 hours. The final values, which
fluctuated slightly because of temperature variations, were
averaged to obtain an equilibrium value. The membranes
were sufficiently non-permeable that only one fraction
showed any appreciable diffusion of polymer (A-7,8). The
diffusion rate of the lowest molecular weight fraction was
found to be 1% per 24 hours and the equilibrium value for
this fraction was taken as the intercept of the extrapolated
steady diffusion curve to zero time. _

The number average molecular weight (M a) was deter-
mined for six atactic fractions in benzene at 25°, two of
which were also measured at the same temperature in cyclo-
hexane. For these two fractions the extrapolated reduced
osmotic pressure vs. concentration curves were found within
experimental error to meet at a common intercept (Fig. 1).

Light Scattering.—Light scattering measurements were
performed in a Brice Phoenix Light Scattering Photometer
fitted with a Brice Phoenix high temperature thermostat
designed after a model used by Trementozzi.2 The ther-
mostat was lagged on the outside with sheet asbestos and
the temperature within the unit was maintained by circu-
lating ethylene glycol through the thermostat from a regu-
lated external bath. The glycol was transported through
asbestos lagged quarter inch copper tubing and all connec-
tions were made with silicone rubber tubing. A commer-
cial pump successfully transferred the hot fluid up to 140°
without modification. The polymer solution temperature
lagged ten degrees below that of the regulated external bath
but once equilibrium was established the solution tempera-
ture did not vary throughout the measurements more than
+ 2° for a single fraction.

The thermostat was not operated at high temperature for
extended periods of time and except when measurements
were actually in progress the lid to the photometer was left
open. In this manner the photomultiplier tube housing
never became hotter than slightly warm to the touch.
Neither erratic behavior nor excessive drift in galvanometer
readings was noted, which indicated the photomultiplier
tube apparently was not affected by the slight temperature
rise during the measurements. Data taken intermittently
over a 15-minute period for a given concentration of polymer
were reproducible.

The photometer was calibrated by two methods: the
first based on the standard opal glass reference as explained
in the Brice Phoenix handbook, the second consisted of
measuring the turbidity of a standard sample of Cornell
polystyrene. Both methods agreed within 1%.

Technical grade 1-chloronaphthalene was distilled twice
through a short Vigreux column at 15 mm., each time col-
lecting the middle third of the distillate. The final distilla-
tion was carried out in a 24 inch packed column and the cen-
ter third retained for scattering measurements. The re-
fractive index of each batch of solvent was taken with an
Abbe refractometer at 25°. These values were found to
agree with the literature within two units in the third deci-
mal place.

Since the crystalline polymer precipitated just 15 to 20°
below the measurement temperature, it was necessary to
handle these solutions in a somewhat different fashion.
Before dissolving the fractions at high temperature all
equipment was prepared so that measurements could be
performed in minimum time. The polymer and solvent
then were weighed into a volumetric flask and heated to
130° to dissolve the polymer. After solution was complete
(usually 10 to 15 minutes with intermittent agitation) it was
forced with nitrogen through a preheated ultrafme filter di-
rectly into the preheated cylindrical cell set into the thermo-
stat. When filtration was complete, the cell was covered

(11) J. A. Yanko, J. Polymer Sei., 19, 437 (1956).
(12) Q. A. Trementozzi, ibid., 22, 187 (1956).
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with a ground glass plate and the measurements taken
after allowing ten minutes for temperature equilibrium.
The heated filter was later flushed three times at high tem-
perature with hot xylene and dried with air.

After the first concentration was measured, the cell was
quickly removed, weighed and returned to the thermostat.
Preheated, filtered solvent then was added to the cell, the
amount measured by difference in weight of the solvent
flask. If during successive additions, dust contaminated
the solution, it was refiltered into the cell and the contents
reweighed. The measurement of a fraction took from 30
minutes to an hour to complete. Although solvent was
generally added to the initial polymer solution, one run was
carried out by adding concentrated polymer solution to pure
solvent. There was no indication from the data taken by
these two methods that degradation was occurring. A
single pass through the ultrafine filter was sufficient to clarify
the 1-chloronaphthalene solutions.

All light scattering measurements were taken with un-
polarized light in the Wittnauer type cell sold by the Phoenix
Instrument Company. Angular deviations due to cell im-
perfections were checked by measuring the scattering of a
dilute solution of fluorescein in water.

A Zeiss-Rayleigh type interferometer was used to meas-
ure the refractive index increment at two temperatures (25
and 50°) for solutions of atactic polypropylene ki 1-chloro-
naphthalene and the data extrapolated to 125° to obtain
(dn/dc). This extrapolated value also agreed clcsely with a
value calculated with the Dale-Gladstone relationship using
measured densities for both the polymer and tne solvent.
However, the uncertainty in the high temperature refractive
index increment values represent the major source of error
in the weight average values for the various atact.c and crys-
talline fractions in this study (dra/dc in 1-chloronaph-

thalene at 125°; 5460 A. = -0.227, 4380 A. = -0.228).

Considerable fluorescence in blue light developsd in the 1-
chloronaphthalene solutions when they were exposed to air
at 140° or higher for short periods. Considerable effort
was expended to restrict access of air to the solut-ons and all
measurements were made with green light (546 mu).

At the high temperature the 1-chloronaphthalene pro-
duced strong penetrating fumes when the cell was opened
at the top to add solvent. These vapors condensed inside
the apparatus and were especially noticeable on the working
standard which thus required regular cleaning before each
run.

Results and Discussion

Number Average Molecular Weight.— Several
equations relating the reduced osmotic pressure to
concentration appear in the literature. In par-
ticular the two virial expansions used are

(w/C) = (t/C)0[L + rX2+ grx2+ ..1 (I)
(t/C) = RT [¢ - +AtC + AtCt*+ ...] (2)

By neglecting terms higher than c 2in the expansion
and setting g = I7i, equation 1 can he reduced to

MC)h = U/Qo'M1+ DC/2L (3)

where the second virial coefficients of (1) and (2)
are related as As — Tmn. According to the
simple polymer theory A2 = (v2/v 1) (172— xi) wherev
is the specific volume of the polymer, vi is the
molar volume of the polymer and \i is the
thermodynamic interaction parameter.

The number average molecular weight and second
virial coefficients were determined for six atactic
fractions from data plotted according tc equation
3 (Fig. 1). The values of (aszc) were always less
than three times (ir/c)o as suggested for this
procedure.1z The data which are given in Table
111 show a twenty-fold molecular weight range for
the fractions measured.

(13) See ref. 7, Chapter .
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Fig. 2—(C/t0) at (6) = 0 vs. concentration for two
(®) atactic fractions and 6 (O) isotactic fractions of poly-

propylene. Solvent was 1-chloronaphthalene at 125°.
Tabte Il
Osmotic Pressure Data at 25°
for Atactic Polypropylene
As (cc.

Fract Solv. ¥ (g "X«
A-3 Benzene 30 8 75 2.44 0.498
A-4 Benzene 13.8 30 2.72 .498
A-5 Benzene 7.58 25 3.30 .498
A-6 Benzene 4.38 16 3.65 497
A-7, 8 Benzene 1.42 8 5.60 496
B-5 Benzene 6.00 15 2.52 .498
A-7, 8 Cyclohexane 1.42 23 9.0 .35
A-4 Cyclohexane 13.8 124 16.5 A2

Weight Average Molecular Weight.— M w was
obtained graphically by plotting (c/r) against
sinz2 os2 for each concentration and extrapolating
the resulting curves to 0o — 0. The zero angle
values (c/rQ were then plotted against concentra-
tion and the resulting curves extrapolated to zero
concentration (C/vo in accordance with the
relationship

(Clr,) =

The weight average molecular weight then was
calculated from the relationship

(Clrop»(l + 2D C + ...) (4)

Mw = H(C/r,y (5)
where
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_Mw.
Fig. 3.—log [4] vs. log Mw for atactic (=) and isotactic
(O, this work; o, ref. 3) polypropylene fractions in decalin
at 135°.

Fig. 4.— Second virial coefficient A2vs. log M for atactic
polypropylene in benzene (©), cyclohexane (cf) at 25° and
1-chloronapthalene (=) at 135°. Open circleg are for iso-
tactic polypropylene in 1-chloronaphthalene {0 at 125°.

H = 32%W(dre/dc)V3XW

Examples of these data are shown in Fig. 2. From
the slopes and the values of m v,_A 2 was calculated
from the relationship A2 — Tzmw. The pertinent
light scattering results are summarized in Table
IV where the data of Chiangs are included for
comparison.

Although Chiang’s light scattering data were
taken in the same solvent at 140° our values of the
second virial coefficient appear to be in reasonable
agreement.

Intrinsic viscosity-molecular weight relation-
ships were established by combining the viscosity
data of Table A with the m nand m w of Tables 111
and 1V, respectively, on a log-log plot. The two
constants a and k from the empirical Mark-
Houwink expression

[.] = KM* (6)
were evaluated from the slope and intercept re-
spectively and are summarized for both weight and
number average molecular weights in Table V.
The two constants for benzene and cyclohexane in
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the weight average value relationship were calcu-
lated from intrinsic viscosity data alone.

Table IV
Light Scattebing Data in 1-Chloronaphthalene at
125°
At (cc.
r, mole/g.2
Fract. Afw MwMn (cc./g.) X 10«
C'-2a 618,000 31.5 5.1
C'-2b 235,000 15.5 6.6
A-3 383,000 1.23 22.4 5.8
A-4 170,000 1.26 14.1 8.3
C-2 200,000 13.2 6.6
C-3 124,000 8.5 6.8
C-4 49,000 2.9 6.0
C-5 16,500 1.1 6.9
B-6 39,500 1.27 4.1 10.2
F-1° 107,000 4.5 4.2
F-2« 333,000 12.6 3.8
F-3¢ 500,000 17.5 3.5
F-4¢ 1,100,000 45.0 4.1
:From ref. 5 (data taken in 1-chloronaphthalene at
140°).
Table V
Mu
Temp., K x
Solv. °C. 10* “a” Fract.
Benzene 25 2.70 0.71 6
Cyclohexane 25 1.60 .80 6
Decalin 135 1.38 .80 5
Mw
Decalin 135 1.10 0.80 8
Benzene 250 2.55 .70
Cyclohexane 25 1.43 .80 5

The weight average molecular weight relation-
ship for decalin taken from Fig. 3 shows excellent
agreement with the relationship given by Chiangs
and his data are found to correspond closely to ours.
This good correlation obtains despite the fact that
our reported (dn/dc) values differ by enough to
allow a 40% error in measured molecular weights.
Since the agreement is generally good this variation
in (dn/dc) must result from differences in measure-
ment temperature plus solvent preparation and
purity.

The high values of “a” for cyclohexane and
decalin reflect their behavior as thermodynamically
good solvents. This is expected since the cohesive
energy density parameter of polypropylene, cyclo-
hexane and decalin are nearly identical. The lower
value for k in decalin at 135° suggests the chain is
somewhat smaller under these conditions as the
polymer molecule would possess greater flexibility
at the higher temperature.14 Benzene is only a
moderately good solvent for atactic polypropylene
and dissolution is slow unless the sample is warmed.

The data in decalin confirm the work of Danussoz
and Krigbaumis on atactic and isotactic poly-
styrene that the intrinsic viscosity-molecular
weight relationships for the two conformations are
identical in a thermodynamically good solvent.
This is especially gratifying since the measure-

(14) See ref. 7, Chapter 14.

(15) W. R. Krigbhaum. D. K. Carpenter and S. Newman, This
Journal, 62, 1586 (1958).
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ments with isotactic polystyrene were taken while
the polymer was in a metastable condition with
respect to crystallization from solution.

The molecular weight heterogeneity of the frac-
tions as shown in column 3 of Table IV. indicate a
fairly narrow molecular weight distribution. There
was no evidence from the fractionation or molecular
weight data that either conformation of the polymer
chain was highly branched.

The Second Virial Coefficients.—The depend-
ence of the second virial coefficient A 2 on the con-
formation of the polymer chain recently has been
confirmed by Krigbaum, Carpenter and Newman. s
The work of these authors shows the second virial
coefficient of the atactic polystyrene chain to be
larger than an isotactic chain of identical molecular
weight. They further propose that these data can
be justified if the unperturbed dimensions (Lo’ M)
of the isotactic polystyrene are larger than those of
the atactic polymer.

In Fig. 4 our log A2 values as measured both
osmotically and by light scattering are plotted
against log M. The slight dependence of A2
on molecular weight noted in most other synthetic
polymers is verified for polypropylene. The curves
for 1-chloronaphthalene at 125° show a noticeable
difference in slope for the atactic and isotactic
polymer; however, the general scatter in the data
which reflects the high temperature and general
experimental problems associated with light scat-
tering measurements on crystalline polymers does
not justify further comment on the relative chain
dimensions from these data. The postulation that
the isotactic polymer may have large unperturbed
dimensions implies that, (1) the theta or “Flory”
temperature may differ from the atactic and (2)
either the second coefficient or the d temperature
may ultimately reflect the degree of stereoregu-
larity within the polymer chain. In a future paper
we plan to discuss the results in thermodynami-
cally poor solvents where segment-segment inter-
actions are favored.

Size of the Polymer Chain.—The <z> average
radius of gyration has been calculated from both
Zimm plots (for the highest molecular weights) and
by the dissymmetry technique. Table VI com-

Thermal Transition of Ribonucléase in Urea Solutions

2007

piles this data where the <2> average radius of
gyration is given in cm.

Table VI
(«ad'/! Zimm (Rx2QW2 Dissy. > X
X 10», X 10%, 10-21

Fract.® cm. cm. (av. value)
C'-2A 920 852 2.35
C'-2B 860 855 1.90
A-3 900 835
A-4 520 485 2.1
C-2 452
C-3 350 2.5

“ Solvent is 1-chloronaphthalene at 125°.

The Zimm plots gave a somewhat larger radius
of the polymer and for dimensions of chains this
size little advantage was found in using this type
of evaluation to determine the radius of the
molecule. The dissymmetry method was simpler
and gave radii which resulted in a calculated $
value somewhat nearer the accepted value measured
for other polymer-solvent systems. An especially
large <z> average radius value was obtained for
the atactic sample A-3 and the reason for this is
unknown.

The data show some variation in the value of the
universal hydrodynamic interaction parameter
$; however, the average value corresponds to that
measured in other systems.i2 Under these condi-
tions, the distribution of segments about the
center of gravity of the molecule appears to remain
Gaussian whether the polymer is atactic or iso-
tactic. There is no evidence that the isotactic
polymer is assuming the shape of stiff rods but this
does not mean that some extended segments in
the chain may not already be in the helical confor-
mation found in the crystalline state. The vis-
cosity also shows no sign of an overt change near
the precipitation temperature as has been observed
for cellulose polymers near the critical miscibility
temperature. A transition from a Gaussian distri-
bution of segments to a stiff rod-like molecule for
the cellulosics under these conditions has been
proposed to account for the sizable increase in the
viscosity of the polymer.

(16) A. M. Holtzer, H. Benoit and P. Doty, T his Jottbnal. 58,
624, 635 (1954).
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The temperature dependence of optical activity of ribonuclease has been measured in water and in several concentrated

urea solutions.
verted transition” followed by a “normal transition.”
of rotation data is demonstrated.

The heat and urea dénaturations of proteins
have been widely investigated as separate phe-
nomena. If the hypothesis of Kauzmann is ac-
cepted1 that in most cases the effect of urea or of

1) W. Kauzmann, “Mechanism of Enzyme Action,”
and B. Glass. Eds., John Hopkins Press, Baltimore, Md,, 1954.

The observed features of the rotation-temperature curves are discussed qualitatively in terms of an “in-
The importance of refractive index corrections in the interpretation

high temperature is to destroy the stability of a
hydrogen-bonded structure in favor of a flexible
polypeptide chain, it must be concluded that the
processes are closely related. In fact a qualitative

W. McEIroy description of dénaturation in agreement with

most facts can be obtained with the simple as-
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sumption that the hydrogen-bonded structures of
most proteins have only a marginal stability be-
cause of the hydrogen bonding properties of water
and that this slight stability can be destroyed either
by heating or the addition of a more powerful
breaker of hydrogen bonds, e.g., urea, etc.z In-
vestigations simultaneously involving denaturing
agents and the variation of temperature are rela-
tively rare in the literature, though the results are
often intriguing. For example, Christensen found
that /3-lactoglobulin placed in concentrated urea
solution at o ° undergoes a large change in optical
rotation which is reversed by heating to 30°.8 A
similar effect is implied in the results of Simpson
and Kauzmannsin their kinetic investigations of
the urea dénaturation of ovalbumin where an in-
crease in temperature resulted in a partial reversion
to a more folded form (indicated by a change in
optical rotation). If it is admitted that the urea
dénaturation of proteins is a special case of the dis-
ruption of a hydrogen-bonded structure by a sol-
vent component capable itself of forming strong
hydrogen bonds, then related investigations may
be found in the field of synthetic polypeptides.
Bamford, Hanby and liappeyes found that poly-
peptides which exist in the a-form in solvents such
as CHCU, never do so in formic acid, which forms
very strong hydrogen bonds. Subsequent work,
involving a continuous transformation from one
type solvent to another, has shown that the addi-
tion of formic acid in sufficient quantities converts
the a-helix into a flexible polypeptide chainz A
very illuminating parallel to the work of Jacobsen
and Christensen is to be found in the paper of Doty
and Yangs in which the transition of the helix to a
flexible chain is found to be inverted, i.e., the helix
is the high temperature form.

The present work is an attempt to investigate,
rather more thoroughly than is usual, the com-
bined effect of urea and high temperatures on a
protein. Ribonucléase was chosen because of its
stability as a chemical species. We avoid the fre-
guent remark that ribonucléase has a high stability
toward heat dénaturation, since this and other
investigations show that ribonucléase undergoes
profound structural changes at about 60°. This
protein maintains its structural integrity after ex-
posure to denaturing conditions because of the
reversibility of its transitions rather than from
any inherent stability.

Experimental

Armour crystalline ribonucléase lot 81-059 was used for
all of the experiments. A sample of the protein was dried
to constant weight at 105° and found to contain 9.7% mois-
ture. This figure was used for all of the calculations of
specific rotations. When solutions were not made up in

(2) W. H. Harrington and John A. Schellman, Compt. rend. trav.
lab. Carlsberg, Ser. chim., 30, 21 (1956).

(3) L. K. Christensen, ibid., 28, 39 (1952).

(4) R. B. Simpson and W. Kauzmann, J. Am. Chem. Soc.t 75,
5139 (1953).

(5) C. H. Bamford, W. E. Hanby and F. Happey, Proc. Roy. Soc.
(London), A205, 30 (1951).

(6) C. H. Bamford, A. Elliott and W. E. Hanby, “Synthetic Poly-
peptides,” Academic Press, New York, N. Y., 1956.

(7) P. Doty, A. Holtzer, J. Bradbury and E. Blout, J. Am. Chem.
Soc., 76,4493 (1954).

(8) P- Doty and J. T. Yang, ibid., 78, 498 (1956).
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volumetric flasks the data of Gucker, Gage and Moser9 for
apparent molal volumes of urea were used to determine
concentrations. For these calculations a value of 0.7 m1./
g. was used for the specific volume of ribonuclease. The
solvent for all of the protein solutions was 0.1 M potassium
chloride. The urea was J. T. Baker C.P., recrystallized once
from U.S.P. ethanol and dried at 45° in a vacuum oven.

A Rudolph precision polarimeter with a monochrometer,
1P28 photomultiplier and a rocking prismIwas used for all
of the measurements. The solutions used for the tempera-
ture measurements contained about 3% protein and meas-
urements were made in a jacketed 1 dm. polarimeter tube.
The urea-free solution had a pH of 4.8. When the disper-
sion measurements were made, this 1 dm. tube was not avail-
able so the 2 dm. tube was used with about half the protein
concentration. One serious difficulty arises with the con-
centrated urea solutions that is not commonly observed with
dilute aqueous solutions. When the temperature is changed
there are marked fluctuations in the light coming through the
polarimeter tube which make it impossible to measure the
rotation. Normally in less than 10 min. after changing
temperature rotations can be measured. These light fluctua-
tions seem to result from refractive index gradients set up
by temperature gradients. Since the polarimeter tubes
used have glass linings the rate of heat transfer to the solu-
tion is slow, which means it may take some time to establish
final temperature equilibrium. As would be expected, the
light fluctuations are less marked in the 1 dm. tube. (Very
recently some experiments have been performed in an all
metal tube which clearly demonstrates its superiority to the
glass-lined tubes in this respect.)

When this work was started the initial measurements
were made visually using the 546 mix mercury green line.
Consequently when the careful photoelectric measurements
were started we continued using this line. This does not
permit direct comparison with other work done at the so-
dium-D line except at 25° where we also have dispersion
data. However, since larger specific rotations normally are
observed for proteins at shorter wave lengths, we feel the
green line is preferable.

Results

The temperature versus rotation data are sum-
marized in Fig. 1. Although these changes ap-
pear large in terms of specific rotations, the largest
measured changes were of the order of half a de-
gree.

Looking at the curves we observe these several
features.

(A) A thermal transition, presumably an un-
folding or swelling of some sort, is occurring as the
solutions are heated. The transition temperature
is lowered as more urea is added. (We will show
the transition is complete at the maximum in the
—[a] vs. T curves.)

(B) Below the minima large increases in levo-
rotation occur on adding more urea.

(C©) The changes in rotation on going through
the thermal transitions decrease as more urea is
added, except that the change in the 3.72 m solu-
tion is slightly larger than that for the zero molar
solution  This will be discussed below.

(0) Above the transition tem peratures the
slopes are parallel

(E) Below the minima in the —[a] vs. T curves
the slopes are steeper at higher urea concentra-
tions.

Since we wish to discuss data in thermodynamic
terms it is necessary that the thermal transitions
be reversible or at least largely reversible. All of
the data on the curves of Fig. 1 were taken as the
temperature rose. Usually the temperature was

(9) F. T. Gucker, F. W. Gage and C. E. Moser, ibid., 60, 2583
(1938).
(10) H. Rudolph, J. Opt. Soc. Am., 45, 50 (1955).
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permitted to rise as rapidly as possible but oc-
casionally the temperature would be fixed for inter-
vals ranging from 15 minutes to an hour to see
whether the rotations remained constant. In all
cases they did.

On cooling rapidly the rotations generally did not
return to their original values immediately. The
slowness of the reversal is not surprising since there
must be a large decrease in entropy in going from
the unfolded states to the intermediate activated
complexes. The most carefully studied case was
in 6.79 M urea. Here the temperature was
quickly changed from 50 to 20° by running tap
water through the polarimeter tube jaiket. The
first measured rotation almost coincided with an
extension of the high temperature slope of Fig. 1
to 20°. Apparently the protein was temporarily
trapped in a thermodynamically unstable state.
After 90 minutes the rotation was exactly that
found on the way up. The 3.72 m urea solution
was cooled rapidly from 70 to 20° and ;n 20 min-
utes the levorotation was +97° (about 77% re-
versed to its original value). With no urea the
levorotation went to +93° (over 60% reversed)
in 20 minutes on being cooled from 78 to 20°.
All of this suggests that the reaction is probably al-
most completely reversible.

However, as with most protein kinetics, there
are some interesting complications. Fcr example,
in the 3.72 m solution the rotation was within
23% of its value on the ascending curve after 20
minutes. No more measurements were made that
evening but the next morning the levorotation had
increased to about 125°. Furthermore, the ap-
parently well behaved 6.79 m solution did not con-
tinue behaving. At the end of the 90 minute
period mentioned above the solution was rapidly
cooled to 6°. After 2 minutes the levorotation
had changed from 114.0 to 118.8°. Nine minutes
later it was at +117.5° and when left overnight at
6° it wentto +113.4°.

We do regard these difficulties as important but
the reactions apparently are largely reversible over
a period of a few hours. So for simplicity we will
neglect these peculiarities in most of our discus-
sion.

The rotatory dispersions of the four solutions
were measured. (Only four wave lengths were
used: 546, 436, 365 and 313 m) These data
fitted a Heller plotn with values of 232, 234, 220
and 223 mu for X for the O, 3.72, 6.79, and 7.75
molar solutions. Since the Xc values were based
on only four points and a line fitted visually they
are not too accurate but they should be useful for
extrapolations.

Discussion

In order to interpret the results in a reasonably
simple way we have chosen to use a two state
model, i.e., the protein is either native or de-
natured. This is almost certainly an approxima-
tion since there will be a number of intermediate,
partially unfolded molecules.1213 But this sim-

(11) W. Heller, This Journal, 62, 1569 (1958).

(12) J. A. Schellman, ibid., 62, 1485 (1958).

(13) J. A. Schellman, Compt. rend. trav. lab. Carlsberg, Ser. chim.,
30, 363 (1958).
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Temp., °C.
Fig. 1.—The temperature dependence of levorotation of
ribonuclease. Refractive index corrections are indicated
for three points by arrows.

pie model is adequate to explain the observations
of Fig. 1. We assume
[«] = Ti[«]i+ (1 —/i)[«]e (1)

where fi is the fraction of the protein molecules
internally hydrogen bonded, i.e., in the native
state.s [a]i and [g]e are the specific rotations of
the native and denatured states. The subscripts
| and E represent the state of peptide hydrogen
bonding, partially internal for native ribonuclease,
according to current beliefs, mostly external for
the denatured form. Rearranging the equation
gives

. [a] — M e

Jl [a], - [alB

which may be used to evaluate a thermodynamic
variable fi from the observed rotations. In order
to do this we need to know the values of [a]i
and [dJe as functions of temperature.

The protein will be most stable at low tempera-
tures in the absence of urea. Looking at Fig. 1
it can be seen that from 5 to 32° the levorotation
is approximately constant at 87.3°. This value
will be used as the specific rotation of the native
ribonuclease.

In the high temperature, high urea concentration
region there is a striking similarity in the slopes
which we attribute to the intrinsic temperature
dependence of rotation for the denatured protein.

(14) This is the equivalent of /h used previously in a discussion of

helices.
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Temp., °C.
Fig. 2—The temperature dependence of levorotation of
denatured ribonucléase corrected for refractive index differ-
ences.

The upper slopes do not lie on a common line
because the refractive index differences of the urea
solutions give rise to differences in the absolute
values of rotations. By multiplying each rotation
by

Wh2 + 2

«wu22+ 2

(where nw and nu are the refractive indices of the
water and urea solutions) we are effectively com-
paring the rotations of the denatured protein mole-
cules when they are in water.13  Figure 2 shows the
slopes above the maxima corrected in this way.
The straight line is given by [«]Je = —1285 +
0.33T(°C.).

One important conclusion to be drawn from the
continuity of this upper slope through a large range
of temperatures and urea concentration is that the
specific rotation of the denatured form is completely
independent of the presence of urea. The urea
serves only to destroy the internally hydrogen-
bonded protein structure. Once the protein is
unfolded it makes no difference in rotation whether
few or many urea molecules are combined with
it. Further evidence for the view that the upper
slope represents the temperature dependence of
rotation of a random polypeptide chain comes
from a consideration of the rotation-temperature
data already in the literature. Oxidized ribo-
nucléase lacks the stabilizing influence of the four
disulfide links in native ribonucléase and should
behave as a random chain in water. Recently re-
ported data for its temperature dependence2
show a value of 0.25 between 20 and 30° compared
to our value of 0.33 for denatured ribonucléase.
Clupein in 0.1 m potassium chloride, chymotryp-
sinogen in 8 M urea and a-chymotrypsin in 8 m
urea all have a similar temperature coefficient of
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rotation.13  (All of these values were measured at
the sodium-D line while our measurements were
made at the 546 nvi mercury green line where the
slopes will be about 20% greater. This difference
may be calculated from a single Drude equation
with the Acvalue given above of 223 mp.)

Figure 3 shows/i versus temperature (with refrac-
tive index corrections applied to all the urea values).
The most interesting feature of these curvesisthat in
the urea solutionsfi increases with temperature at
low temperatures. This means that some of the de-
natured protein is being refolded as the temperature
isincreased! Since this behavior is contrary to that
normally observed with proteins it has been termed
an “inverted transition.”s It can be seen in Fig. 3
that these inverted transitions are followed by
“normal transitions” as the temperature is raised.
We will now discuss qualitatively the reasons for
this behavior in terms of a two state model.

When a protein is reversibly denatured we may
represent the reaction occurring by

P(folded) > P(unfolded)

If there is only one solvent present, e.g., water,
what happens when this reaction takes place is
that internal hydrogen bonds are replaced by ex-
ternal hydrogen bonds to water. This is, of course,
a very crude picture which neglects, among other
things, the possible effects of side chains, ioniza-
tion, etc., on dénaturation. The free energy of
unfolding in pure solvent will be designated by
AFUNf(s) and is given by

AFunf(s) = Aflenffs) - TASUt(s)

It is known that for proteins AjTuf(s) is posi-
tive, i.e., energy is required to break the internal
bonds and replace them with water.1 However,
there is a large increase in entropy on unfolding so
that as the temperature is raised this term will
eventually predominate as in any typical endother-
mic reaction.

If a denaturing agent such as urea is present this
unfolding can be followed by a second step

P(unfolded) + rD < > PDr(unfolded)

in which r dénaturant molecules displace water and
are adsorbed on some of the v adsorption sites
which were not available on the unfolded protein.
Although we have written this as a simple com-
bination of r dénaturant molecules with each un-
folded protein molecule, this only represents an
average number. There can be from zero to v dé-
naturant molecules adsorbed on the unfolded
protein molecules, assuming one dénaturant per
site. The free energy for this reaction depends on
r. This dependence is stressed by designating
the free energy of combination by AFcomb(r).
The over-all Arunf will now be given by

AFutf = AFunf(s) + AFonb(r) (2)

This new AFUT will differ from the original value
in pure solvent for two reasons. If the dénaturant
is more strongly adsorbed than the water it will
decrease the heat of the unfolding. On the other
hand, whenever a dénaturant is adsorbed from solu-
tion it loses a good deal of its freedom and there-
fore there will be a decrease in entropy favoring
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the folded state. The balance among these two
heats and two entropies is a delicate one. If our
interpretation of the ribonucléase data is correct
it is just this balance that leads to the inverted
transition. Perhaps the simplest way to see
this is to start with an approximate relationship of
the form

AFunt = Affunf(s) + rA<H> — T(ASuni(s) + rA<S>)

where A<H > and A<»S'> are average values for
the heats and entropies of urea bincing. If we
assume a linear decrease in r with temperature this
leads to a quadratic with a maximum in AFuf.
It is this maximum that corresponds to the end of
the inverted transition.

We have now explained the more important fea-
tures of Fig. 1 in terms of an invert«! transition
followed by a normal transition for the urea solu-
tions and a normal transition alone fcr the water
solution. There are a few points mentioned above
in the results not specifically covered as yet. At
temperatures below the minimum in —[a] vs. tem-
perature there are large changes in the levorota-
tion since the AFuf is made more negative by the
adsorption of urea on the unfolded form. This
increases the fraction of unfolded form present and
therefore increases the levorotation just as in the
usual urea dénaturation studies made at constant
temperature.

As we go to higher urea concentrations the frac-
tion of native protein present at the end of the in-
verted transition decreases (see Fig. 3). Conse-
qguently there will be smaller changes in rotation
when the normal transition occurs. (The differ-
ent temperature dependences of rotation for the
two protein states would lead to larger changes in
rotation at low temperatures if the normal transi-
tion always started with the same fraction folded.
There is a small increase in A[a] on going from O
to 3.72 m urea which apparently is caused by this
intrinsic increase not being quite overcome by the
decrease in the fraction of native protein present
at the start of the normal transition.)

From Fig. 1 it can be seen that the low tempera-
ture slopes increase as more urea is added to the
protein solutions. These slopes increase because
of an increase in the fraction of unfolded molecules
with their large d[«]/di of 0.33. However, the
slopes for the 6.79 and 7.75 m solutions are actually
greater than 0.33, since there are also contributions
from the inverted transition. From Fig. 3 and the
temperature derivative of eq. 1 the relative contri-
butions of these two effects can be calculated.
At 10° in 3.72 m urea the inverted transition ac-
counts for 80% of the slope but in the 7.75 m solu-
tion it contributes only 35%.

Thus far we have only been concerned with the
qualitative aspects of the dénaturation. However
it is possible to obtain some quantitative infor-
mation quite readily for the case of cenaturation
in water from the temperature dependence of f\
and
1—7i _ _ ATLIS) |

fi -~ RT

If a transition temperature is defined as that tem-
perature when Kk = 1, a heat and entropy of un-

ASUf(fe)
R

In K(s) = In 3)
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Temp., °C.

Fig. 3.—The fraction of internally hydrogen-bonded ribo-
nucléase as a function of temperature.

folding at this temperature can be determined.
From a graph of eq. 3 (which is quite linear in the
vicinity of K = 1) we obtain

Aifunf(s) = 76.5 kcal.

and

765 X 103
335.2

No great accuracy is claimed for these numbers
since very small experimental errors have a marked
influence on them. In a private communication
Tanford reports 95 kcal. and 285 e.u. for the same
reaction at the same pH.

In order to obtain quantitative data relating the
other parameters used in the discussion (viz.,
&<H>, A<S> and v) it is necessary to have an
explicit form for eq. 2 Recently a number of
authors have presented theoretical discussions of
this very point. 121516 However, at present we will
not attempt to fit our data to the equations de-
rived.

Aunf(s) 228 e.u.

Conclusions

We believe that our data show quite clearly that
in a mixed solvent inverted transitions can occur
in proteins. Doty and Yang were probably the
first to recognize the occurrence of such transitions
in a synthetic polypeptide of y-benzyl-L-glutamic
acid dissolved in an ethylene dichloride-dichloro-
acetic acid mixture. Since such polypeptides
should be good model compounds for proteins it
is not surprising that inverted transitions occur
with them also. In fact this study was initiated in

(15) J. A. Schellman, Compt. rend, trav. lab. Carlsberg, Ser. chim.,

29, 223 (1955).
(16) J. H. Gibbs and E. A. DiMarzio, J. Chem. Phys., 30, 271 (1959).
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an attempt to find such a transition after Doty
and Yang'’s results were first reported.

One of the differences between our results and
theirs is that with ribonucléase the inverted transi-
tion is followed by a normal transition. In retro-
spect it now seems quite clear that all inverted
transitions must be followed by a normal transition
if the temperature is raised sufficiently. This is
implicit in Doty and Yang’s discussion of inverted
transitions and is stated quite explicitly by Gibbs
and DiMarzio. We are currently studying the
temperature dependence of rotation and viscosity
for lysozyme to see whether its behavior parallels
that of ribonucléase in this respect.

If we now examine the data of L. K. Christen-
sen3 mentioned in the Introduction it is apparent
that it can also be interpreted as the result of an
inverted transition. One of the main differences
between ribonucléase and lactoglobulin is that the
latter exhibits irreversible effects more quickly.
Christensen found that lactoglobulin in 38% urea
underwent a slow change in rotation at 30°. The
levorotation at the sodium-D line went from ap-
proximately 40 to 63° in six hours. Twice during
this interval the solution was rapidly cooled to 10°
and an increase was observed in levorotation. This
brought its value to coincidence with a curve of a
rotation-time experiment carried out at 10°. In
terms of our Fig. 1 this would indicate that the 30°
measurements were made near one of the minima.
On cooling, an inverted transition occurred and
levorotation increased as more denatured protein
appeared. (Jacobsen and Christenseniz have re-
ported parallel measurements in which solubility
changes were used as a criterion for dénaturation.
The results were essentially the same.)

Simpson and Kauzmann have reported an ex-
tensive series of measurements on the kinetics of
the urea dénaturation of ovalbumin.4a This pro-
tein also appears to exhibit an inverted transition
since heating an 8.3 M urea solution of ovalbumin
from O to 30° causes a decrease in the levorotation.
It should be emphasized that our results and inter-
pretations are thermodynamic and not offered as
an explanation of kinetic data. However it seems
very probable that there is a connection between
the maxima in our Fig. 3 and minima found by
Simpson and Kauzmann in their rate-temperature

(17) C. F. Jacobsen and L. K. Christensen, Nature, 161, 30 (1948).
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data for ovalbumin (see their Fig. 4); but we will
not attempt to interpret this point at present.

We have pointed out already that the data pre-
sented for ribonuclease, plus what published data
are available, suggest that the observed marked
temperature dependence of rotation for the un-
folded protein may be generally true. In addition,
the rules of Kauzmann and Eyringis also point to
a larger temperature dependence of rotation for
the unfolded compared to the folded form.  (Briefly,
these rules state that raising the temperature
permits greater rotation about the bonds involved
in optical activity which decreases their average
asymmetry and therefore their contribution to the
activity. The temperature effect on ring structures
will be less marked since the rotation is more re-
stricted. These rules have been shown to hold
for a great many smaller molecules.) This tem-
perature dependence is worth emphasizing since
being unaware of it can lead to the erroneous inter-
pretation of rotation data. An example of what
we believe to be such an erroneous interpretation
has just been publisheds in a discussion of Doty
and Yang’s data for poly-7-benzyl-L-glutamate.
As already mentioned, this polypeptide undergoes
an inverted transition similar to that reported in
this paper. However, they did not go to high
enough temperatures to observe the normal transi-
tion and the large temperature of rotation for the
unfolded polypeptide which we believe follows. If
this prediction is correct then the values for the
fraction of polypeptide folded as a function of tem-
perature calculated by Gibbs and DiMarzio would
be very badly in error. However, in this case they
were only interested in showing that an explicit
form of our eq. 2 could be made to fit a set of ex-
perimental data using reasonable parameters and
this calculation is a minor point in their paper.

Finally, we would like to emphasize the poten-
tial importance of refractive index corrections for
such studies. Figures 1 and 2 show that applying
such corrections can largely eliminate solvent effects
and thus permit legitimate comparison of rotations
in different solvents. Unfortunately, refractom-
eters for the ultraviolet are not commonly avail-
able at present.
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(18) W. Kauzmann and H. Eyring, J, Chem. Phys., 9, 41 (1941).
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An experimental apparatus has been constructed that allows the simultaneous measurement of the electrical conductance

of thin films and the uptake of gases by these films.

This apparatus has been used to study the kinetics of oxygen uptake

by copper oxide films and the effect of this uptake on the electrical conductance of the film. The results obtained show
that the rate of oxygen uptake depends on the conductance of the film, that the relationship between conductance and gas
uptake is not simple and that an incorporation step, which is not apparent from gas uptake measurements alone, can be

followed by conductance changes.

I. Introduction

The measurement of the electrical conductance
of solid films during sorption reactions is a means
of obtaining information about the “electronic
factor” in chemisorption and catalysis. The im-
portance of the work discussed here is that gas up-
take as well as conductivity was measured. In
previous kinetic work of this sort, only conductivity
was reported.l'2 The measurement of both these
parameters not only adds new information for the
study of reaction kinetics but also provides data
for the determination of charge transfer effects on
semiconductor surfaces.

This paper is an initial report of a study being
made on this subject and is concerned principally
with experimental techniques and experimental re-
sults.

Il. Experimental Methods

1. Vacuum System.—The vacuum and gas handling
system is of the ultrahigh vacuum type. A three-stage oil
diffusion pump is used. The valves are ebher all metal
or metal bodies with Teflon seats and gaskets The part of
the system containing the film tube and Pirani gauges can
be baked out at 450° and pressures much ess than 10-8
mm. can be attained. During the experiments reported
here, there was no baking out, but pressures of 1-3 X 10-8
mm. were attained regularly. Because of the Teflon gas-
kets, the gas handling part of the system could not be
heated above 100-125° and this part was limited to pres-
sures of 10-7 mm.

2. Pirani Gauge.—An important part of this experiment
was the development of a vacuum gauge capable of measur-
ing pressures accurately over a wide pressure region. This
gauge is described elsewhere.3 It is sufficient to say here
that the accuracy of our data was in no case limited by the
vacuum gauge. The actual variations in pressure due to
temperature fluctuation of other parts of the system were
always greater than the uncertainty in the pressure measure-
ments. For example, fluctuations in pressure due to cycling
of the room air conditioner were easily visibb even though
this effect was less than 0.1%.

3. Film Preparation and Measurement.—The film tube
consists of a Pyrex tube, 51 mm. in diameter and 300 mm.
long, which is sealed at one end with four mngsten leads
and connected to the vacuum system at the other end with
10 mm. tubing. Four thin strips of platinum on the inside
walls of the tube are used as contacts for the conductance
measurements. These strips are 2 mm. wice and 5 mm.
apart, extend almost the length of the tube and make con-
tact to specially prepared tungsten-to-glass seals.4 The
platinum strips are prepared by painting on *“Liquid

(1) W. E. Garner, T. J. Gray and F. S. Stone, Disc. Faraday Soc.,
8, 246 (1950).

(2) V. I. Lyashenko and I. I.
(1957).

(3) A. W. Smith, Rev. Sci. Inslr30. 485 (1959).

(4) H. Wieder and A. W. Smith, ibid., 29, 794 (1158).

Stepko, Zhur. Fiz. Khim., 31, 1825

Bright Platinum”
layer of the metal.

Copper was plated onto a molybdenum filament from an
acid sulfate bath prepared with reagent grade chemicals.
The filament was mounted along the axis of the film tube and
the copper was evaporated over the cylindrical surface of the
tube, as well as over the platinum strip. Evaporation was
carried out in an auxiliary vacuum system, the filament then
being removed and the tube sealed onto the primary system.

The film tube is surrounded by a closely fitting aluminum
block, 5 inches in outside diameter. The block is first
wrapped with asbestos, then provided with Nichrome heat-
ing wires and finally covered with a 2-inch layer of insulating
material. The furnace is on a track and may be raised or
lowered from the tube as desired. The temperature of the
block is controlled by a variable transformer in series with
a constant voltage transformer and it can be varied from
room temperature to 500°.

During the experiment, the temperature of the film was
monitored by a 10-junction thermopile; the hot junctions
were buried in the aluminum block and the cold junctions
were immersed in an ice-bath. Most of the e.m.f. of the
thermopile was bucked out by a potentiometer, the differ-

and heating to obtain a thin uniform

ence being registered on a 10 mv. recorder. With this ap-
paratus, the temperature can be read to +0.1°. It was
generally held constant within 0.2° during a run. A timing

mechanism attached to the furnace allowed the film to reach
operating temperature by morning after an overnight bake-
out.

The conductance of the film was measured by applying
a current between the two outer platinum strips and meas-
uring the voltage across the inner two. The film voltage
and the Pirani voltage were recorded simultaneously on a
two-pen recorder. The film current, which changed slightly
during a run, was measured periodically.5

The film contained 23 ng. of copper per cm.2which im-
plies a thickness of Ou2 of about 5 X 10~6cm. using the
bulk density. The voltage probes were 0.5 cm. apart and
25 cm. long. The conductivity is thus on the order of 4 X
10s times the conductance. Because of the uncertainty
in the exact film thickness, only the conductance values are
presented in the results.

4. Sorption and Desorption Measurements.— Gas used
for sorption was obtained by purifying ordinary tank oxygen
in the following way: After the gas lines were flushed, oxy-
gen was condensed in a liquid nitrogen trap, warmed until
part of it filled the gas-handling system and then this was
pumped out. This procedure was repeated several times
and finally the gas was retained in the system for later use.

During sorption measurements, a small amount of oxygen
was allowed to leak into the section containing the Pirani
gauge. This section will be referred to as the gauge section.
The gas was then allowed to expand into the previously
evacuated film tube section and its pressure was continu-
ously followed on a recorder. In the constant pressure runs,
the valve to the gas-handling system was repeatedly ad-
justed to maintain constant pressure in the tube.

The amount of sorption Ap reported in the Experimental
Results section of this paper, is simply the change in
pressure measured by the Pirani_gauge in a constant
volume system. The major error in these values (except

(5) We thank P. C. Claapy for early work on the conductance
measurements.
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Fig. 1.—Temperature dependence of electrical conductance.

for uncertainty in pressure differences when very small
amounts were sorbed) is due to the temperature difference
in the two parts of the system. The temperature difference
can be used to calculate gas concentration differences in the
two parts of the system. Also, thermomolecular flow effects
are important in this pressure region. Corrections for ther-
momolecular flow were computed for a large number of tem-
peratures and pressures using the equation given by Porter.67
Both this correction and the normal gas concentration cor-
rection were applied in several cases and the effect was
shown to be small. For this reason, the results to be
presented here do not include these corrections except in
the calculation of desorption. S3stematic errors of a few
per cent, can arise from this source but they are not large
enough to affect the interpretation in any way.

(6) A. S. Porter, Disc. Faraday Soc., 8, 358 (1950).
(7) For this computation, we thank J. W. McClure and L. B.
Smith of these Laboratories.
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Fig. 3.—Time dependence of oxygen uptake; film in State

I; three separate runs.

Fig. 4—Temperature dependence of rate constants: Kj
is rate constant for State |11, Ki is rate constant for State I.
The numbers indicate runs.

Desorption measurements were made by expanding the
gas from the film tube into the gauge section, measuring the
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new over-all pressure, and then pumping out just the gauge
section, the cycles continuing until the pressure was too
low to be measured.

HE. Experimental Results

The copper oxide films are light yellow when first
oxidized, becoming darker with further oxidation
and ultimately reaching a dark brown color. Re-
duced to their lowest conductivity using hydrogen
at 200°, the films have a reddish cast. In terms
of sorption and conductance behavior, we can
distinguish four states. In the reduced state
(State 1), there is rapid sorption of oxygen accom-
panied by negligible conductance change. After
some oxygen is incorporated into the film, State
11 is reached, at which point rapid oxygen sorption
is now accompanied by a definite conductance
change, the two being related almost parabolically.
With further incorporation of oxygen, State |11
is reached, as determined by the nearly linear re-
lationship between sorption and conductance.
State IV, which appears after strong oxidation,
shows negligible oxygen sorption and conductance
change, while for the first time permitting rapid
hydrogen sorption.

In passing from the reduced state to the oxidized
state, the electrical conductance changes in a
way typical of polycrystalline oxides, which is
described by Meyer’s rule.s This states that the
increased conductivity upon departure from stoi-
chiometry is due largely to a decrease in the expo-
nential temperature factor, the activation energy
for conduction. For the copper oxide film, the
conduction in all cases was p-type, determined both
by the sign of the conductance change during
sorption of oxygen or hydrogen and in g few cases
by the sign of the thermoelectric power.

The results to be presented here refer to one film
in States I, Il and I11. The electrical conductance
measured in States | and 111 is plotted logarithmi-
cally versus the reciprocal temperature in Fig. 1.
Activation energies for conduction determined from
the slopes of these lines yield values of 0.87 and
0.50 e.v. for State | and 0.45 e.v. foi State III.
Results for other films indicate that the break
in the curve for State | is atypical.

The kinetics of the uptake of oxygen on copper
oxides has been studied by the Bristol workers.o
Both a Langmuir type adsorption curve and an
Elovich (also called Rojinski-Zeldowich) type curve
have been used. In some cases an Elovich type
plot fits our data, but a better and less arbitrary
fit is a simple parabolic curve for State Il and a
simple first-order curve of logarithm pressure versus
time for State I. These curves are shown in Figs.
2 and 3. The.small amount of scatter to these
points shows the accuracy of the pressure measure-
ments. An attempt has been made to relate the
experimental kinetics to a reaction mechanism.
This problem will be discussed in a late r communi-
cation, since these data alone do not establish an
unequivocal mechanism. Since surface areas were
measured only on subsequent films, one can only
estimate that in the present case the largest uptake
of oxygen during a run corresponded to less than
0.2 monolayer.

(8) W. Meyer and H. Neldel, Z. Tech. Phys., 18, 388 '1937).
(9) T.J. Jennings and F. S. Stone, Adv. in Catalys s, 9, 441 (1957).

Oxygen Sorption and Electrical Conductivity of Copper Oxide Films

2015

Mp (micors)  1IE
0 5 10 15 20

Fig. 5.—Conductance change versus gas uptake.

Fig. 6.—Variation of rate constant with initial conduct-
ance; film in State I11; the numbers indicate the runs.

Fig. 7.—Conductance change during sorption and incorpora-
tion.

Data of the type shown in Figs. 2 and 3 have
been recorded at a number of temperatures and the
resultant curves are used to obtain rate constants
from which activation energies may be calculated.
The plots of the logarithm of the rate constants
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ki and k 2 versus reciprocal temperature, shown in
Fig. 4, yield activation energies for sorption of 10
and 16 kcal. for States | and 111, respectively. This
does not imply that only one activation energy
would be found in each state; more likely the
activation energy increases continuously as oxygen
is incorporated. Jennings and Stone found an
activation energy of 7 kcal. for cuprous oxide on
copper metal.9

The electrical conductance may be plotted against
time or against gas uptake. Figure 5 shows typical
plots of the conductance change versus the gas
uptake. In State I, this is more or less parabolic
while the data for State 111 can be fit by a more
complex function. The most important point is
that the conductance change is not directly pro-
portional to the gas uptake, the shape of the curve
depending strongly on the state of the film.

Many measurements were made to show that the
rate of oxygen sorption depends on the stoichi-
ometry of the film as determined by the conductance.
Figure 6 shows how the rate constant in State 111
varies with the conductance at the beginning of a
sorption run. Since each run followed an over-
night bakeout in vacuum, the initial conductance
is due to changes in the bulk stoichiometry rather
than being just a surface effectt The good fit
of the data as shown in Fig. 6 is typical of these
results.

An interesting and unexpected consequence of
these measurements was the conductance change
observed at the end of a run when the oxygen was
pumped out of the system. The conductance
change at that point reversed direction and started
to decrease. This effect is shown in Fig. 7. In
one run, the desorption was followed carefully.
In six hours the conductance decrease was 75%
of the original increase whileonly 5% of the adsorbed
gas was desorbed. This behavior was noticed

V. Baliah and Sp. Shanmuganathan
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particularly in State Il. In State 111, there was
little change in conductance on pumping out the
oxygen. This effect can only be explained by some
incorporation process in which the oxygen is pre-
sumably diffusing into the film.

Adsorption-incorporation runs similar to those
shown hr Fig. 7 were made for varying durations
of sorption. The effect was present even for very
short times. This shows that adsorption and in-
corporation occtu simultaneously even at very
low coverages. Thus the conductance change nor-
mally measured is a result of both adsorption and
incorporation.

IV. Conclusions

The results presented here show the interesting
possibilities resulting from the measurement of the
electrical conductance simultaneously with the
usual reaction kinetics. While these results cannot
be applied rigorously to any theory, due to uncer-
tainties in such factors as electron mobility and
film porosity, they do show the role of the elec-
tronic factor in chemisorption. With further knowl-
edge of these presently uncertain factors, the
results can be used in a quantitative way.

The results do show that measurements of con-
ductance alone cannot be used for kinetic expres-
sions based on an assumed relation of conduc-
tance change to gas uptake since different relations
are obtained for even one sample under different
oxidation conditions. On the other hand, meas-
urement of gas uptake alone will not reveal the
presence or extent of electronic interactions.

The significant decrease in conductance without
a correspondingly significant desorption during
oxygen pump-out shows the presence of an ad-
ditional, incorporation step in the gas uptake. It
also shows the need for both measurements in
correctly distinguishing between desorption and
incorporation.

KINETICS OF BROMINE ADDITION TO
SOME UNSATURATED SULFONES

By V. Baliah and Sp. Shanmuganathan

Department of Chemistry, Annamalai University, Annamalainagar, Madras State, India
Received May 26, 1969

The kinetics of bromine addition to a,0- and /3 y-unsaturated sulfones in carbon tetrachloride at 30° has been studied.

It is found to be approximately second order.
unsaturated sulfones.
a,/3-unsaturated sulfones in the ground state.
of the sulfonyl group.

Introduction

Sudborough and Gittins,1from a study of rates
of esterification of a/3-unsaturated acids, showed
that conjugation of a carboxyl group with an
ethylenic linkage decreases the reactivity of the
carboxyl group. Similarly the effect of conjuga-
tion with a carboxyl group on the reactivity of an
ethylenic linkage was established by the deter-

) J. J. Sudborough and J. M. Gittins, J. Chem. Soc., 95, 315

(1909).

a,/3-Unsaturated sulfones add bromine at a slightly lower rate than /3,y-
There is no evidence of any significant conjugation between the sulfonyl and ethenyl groups in
The data obtained can be interpreted on the basis of the inductive effect

ruination of the rates of addition of bromine to un-
saturated acids; a,/3~unsaturated acids add bromine
at a much lower rate than s ,y- or 7,5-unsaturated
acids.2 Furthermore, the addition of hypochlorous
acid to ethylenic double bonds is also much re-
tarded if the double bonds are conjugated with the
carboxyl group.3-6

(2) J. J. Sudborough and J. Thomas, ibid., 97, 715, 2450 (1910).
(3) G. F. Bloomfield, E. H. Farmer and C. G. B. Hose, ibid., 800
(1933).
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The present investigation deals with the rates
of addition of bromine to some a,t3- and 4,7 -un-
saturated sulfones in carbon tetrachloride solution
at 30°. It was thought that a comparison of these
rates would reveal whether there is effective con
jugation or not between the sulfonyl group and
ethylenic double bonds in «/3-unsaturated sulfones.

Experimental

Materials.— Methyl vinyl sulfone was prepared according
to the method of Buckley, Charlish and Rose8; allvl methyl
sulfone was obtained according to the method of Price and
Gillis7, the procedure of Smith and Davis8 was employed
for the preparation of phenyl vinyl sulfone and p-tolyl vinyl
sulfone. Allyl phenyl sulfone and allyl p-tolyl sulfone were
prepared according to the method of Otto.9 The method of
Balasubramanian, Baliah and Rangarajanidwas used for the
preparation of methyl styryl sulfone; phenyl styryl sulfone
and styryl p-tolyl sulfone were obtained following the
method of Balasubramanian and Baliah.:1 Cinnamyl
phenyl sulfone, cinnamyl p-tolyl sulfone and cinnamyl
methyl sulfone were obtained as already reported.12

Purification of Carbon Tetrachloride.—B.D.H. “Analar”
carbon tetrachloride was shaken with 5% sodium hydroxide
solution, then with 5% hydrochloric acid solution, washed
several times with water and dried over fused calcium chlo-
ride for a day. It was thendistilled over phosphorus pent-
oxide, the distillation unit being provided with a calcium
chloride guard-tube. Only the middle portion of the dis-
tillate was employed.

Purification of Bromine.—About 150 ml. of analytical
grade bromine was shaken thrice with an equal volume of
sulfuric acid, the bromine layer separated and frozen in a
bath of ice and calcium chloride. When the bromine had
completely solidified, it was taken out of the bath and partly
melted. The supernatant liquid was decanted off and the
rest of the solid bromine was allowed to melt completely.
The liquid was once again frozen and the procedure re-
peated several times till about 50 g. of bromine freezing at
—6 to —7° was obtained.

Measurement of Reaction Rate.— The general method of
procedure was to prepare carbon tetrachloride solutions of
the unsaturated sulfones and of bromine of "he same con-
centration (Vaoth or ‘/«th of the gram-molecular weight per
liter of the solution, depending upon the solubility of the
unsaturated sulfone in carbon tetrachloride). The bromine
solution was standardized by means of sodium thiosulfate,
potassium iodide and starch in the usual manner. One
hundred ml. of each solution was placed in a ground-glass
stoppered conical flask. The two solutions were placed in a
thermostat regulated to 30 =+ 0.1°. After the attainment
of thermal equilibrium, the bromine solution was run into
the solution of the unsaturated sulfone and waen about half
the bromine solution had been run, a stop-watch was
started. The mixture was swirled gently to ensure com-
plete mixing. At suitable intervals, 10 ml. of the mixture
was withdrawn and run into a conical flask containing a
solution of a slight excess of potassium iodide to arrest the
reaction. It then was titrated immediately against 117/30
or M /60 sodium thiosulfate solution using starch as indica-
tor. The solutions of sodium thiosulfate, potassium iodide
and starch were prepared in water from which carbon di-
oxide had been expelled.

Since the sulfone and bromine are both at the same con-
centration, the second-order rate constant k .s given by the
expression

(4) E. H. Farmer and C. G. B. Hose, J. Chem. Sec., 962 (1933).

(5) G. F. Bloomfield and E. H. Farmer, ibid., 2062, 2072 (1932).

(6) G. D. Buckley, J. L. Charlish and J. D. Hose, ibid.: 1514 (1947),

(7) C.C. Price and R. G. Gillis, 3. Am. Chem. Soc., 75, 4750 (1953).

(8) L. I. Smith and H. R. Davis, J. Org. Chem., 15, 824 (1950).

(9) R. Otto, Ann., 283, 181 (1894).

(10) M. Balasubramanian, V. Baliah and T. Rangarajan, J. Chem.
Soc., 3296 (1955).

(11) M, Balasubramanian and V. Baliah, ibid., 1844 (1954).

(12) V. Baliah and Sp. Shanmuganathan, J. Indian Chem. Soc., 35
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where f is the time in minutes, a is the initial titer value
(for zero time) expressed in mole/l and (a — x) is the titer
value after time t. The average deviation in the value of
the rate constant between duplicate determinations did not
exceed 2%.

Trial runs with styryl p-t,olyl sulfone and cinnamyl p-
tolyl Sulfone at both M/30 and 117/60 concentrations of
bromine and the sulfone indicated the rate constant to be
independent of concentration. In the case of other sul-
fones either M /30 or 217/60 solutions only were employed.

Results and Discussion

The binolecular rate constants and the
ratics are given in Table 1.

ke,y/

Tabile |

R ate Constants fob the Bromine Addition

k X 10*
(mole/1.)-1
sec.

Sulfone 1 kR,y/ka,R

ch3¥oXh= ch, 6.1

4.42
ch¥%oXhZXZh=ch?2 27.0
cthGoZXh=ch2 6.5
cthZXhZh=ch?2 8.3 128
p-ch,cthdoZXZh= ch2 6.8
P-CH3CEH4S02XH2ZH=CH?2 8.4 1.24
CH&S0XH=CHC&H®& 14.4
CH8S02XH2XH=CHC&.* 42.9 2.98
CHB0XBr=CHC@aH5a 3.3
CHBOXHXH=CHC&E®¢ 5.4 1.63
p-CH&HSO0XLH=CH<AHSs* 3.5
p-CH&H4AS02XLHZXLH=CHCell5" 5.4 1.54

“ trans-lsomer.18

It is seen that bromine adds to a/3,y-unsaturated
sulfone only at a slightly faster rate than to an
a/S-unsaturated sulfone. This is in marked corn»
trast to what is observed in the case of p,y- and
a,/3-unsaturated acids.2 Thus there is no evidence
of any significant conjugation of the sulfonyl
group with the ethyleric link in the ground state
of a/?-unsaturated sulfones. A similar conclusion
was arrived at by earher workers.14% The slight
increase in the value of kp,y over i1cap can be attrib-
uted to the weaker incuctive influence of the sul-
fonyl group on the ethylenic bond in /3,7-unsatu-
rated sulfones due to the intervening methylenic
group.

It is significant to note that the sulfonyl group
retards bromine addition more powerfully than
the nitro groupl4® in spite of the fact that the
nitro group is a more “acidifying” substituent
than the sulfonyl grcup.7 This remarkable re-
tarding influence of die sulfonyl group toward
bromine addition may be explained by the high
positive charge that the sulfur atom bears if the
sulfur-oxygen bond is formulated as semi-polar.B
The electrophilic attack will be inhibited by the
positive sulfur.

The influence of structure on the rate of bromine
addition is also interesting to note (Table 1). The
p-tolyl sulfones have slightly higher rates than the

(13) Y. Baliah and M. Sestapathirao, unpublished work.

(14) 1. R. C. McDonald, R. M. Milburn and P. W. Robertson,
J. Chem. Soc., 2836 (1950).

(15) P. B. D. de la Mare and P. W. Robertson, ibid., 2838 (1950).

(16) P. B. D. de la Mare, Ann. Reports, 47, 127 (1950).

(17) W, Hiickel, “Theoretical Principles of Organic Chemistry,”
Vol. I, Elsevier, New York, N. Y.f 1955, p. 337.

(18) V. Baliah and Sp. Shanmuganathan. T his Journai, 62, 255
(1958).
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corresponding phenyl sulfones. The tolyl group
is slightly more electron-releasing than the phenyl
group. Thus the positive charge on sulfur is
slightly less when the sulfonyl group is attached
to p-tolyl than when it is attached to phenyl.
Therefore the phenylsulfonyl group exerts rela-
tively greater inductive effect on the ethylenic
link than p-toluenesulfonyl.

Bromine adds to CHIZEO0XH=CHCG6HG6 at a
significantly faster rate than to CH3Z02ZH=CH2.
Thus the nature of R in CHBS0XH=CHR in-
fluences the rate considerably. This effect of R is
undoubtedly polar because phenyl group, which
increases the electron accessibility on the ethylenic
bond, causes an increase in the rate.

A careful examination of the rates of bromine
addition to the various unsaturated sulfones listed
in Table | reveals that steric effects also control the
bromine addition. The rates of addition to CH3
SOXH=CH2 CH6B0ZXH=CH2 and p-CHX6

THE NON-STOICHIOMETRY

Edward J. Goon

Vol. 63

H4502CH=CH 2do not differ much, indicating that
the nature of R in RSOZZH—CH2 does not have
much effect on the rate. The same is not true of
R in RSOZZH=CHCG6H®6 because the rate of addi-
tion to CHE0XH=CHCG6HG6 is strikingly greater
than that to C6H&02XH==CHC6HB and p-CH3
C6HAS02CH==CHC6H5. This is presumably a
steric effect. Scale models of methy!l styryl sulfone
and phenyl styryl sulfone reveal that the two stages
of bromine addition, electrophilic and nucleophilic,
involved in the bromide formation are inhibited
in phenyl styryl sulfone by the shielding phenyl
group. A cyclic intermediate does not seem to be
involved in the addition. This is to be inferred
from the fact that bromine addition to methyl
styryl sulfone, methyl cinnamyl sulfone, phenyl
styryl sulfone and p-tolyl styryl sulfone results
in the formation of a mixture of eryth.ro and Ihreo
isomers of the addition product in each case.13

OF LANTHANUM HYDRIDE1

By Edward J. Goon2

Department of Chemistry, Tufts University, Medford 55, Mass.
Received May 26, 1959

An interpretation of the data from a high temperature X-ray diffraction study of lanthanum hydride indicates that the

hydride exists as a non-stoichiometric compound at elevated temperatures.

The non-stoichiometry may result from the

movement of hydrogen out of the octahedral sites of the fluorite-type hydride lattice without the necessity of forming

Schottky defects in the lanthanum lattice of the hydride.

The energy which was required to create the hydrogen vacancy

was calculated from thermal expansion data and found to be 0.10 e.v.

Introduction

To the author's knowedge, X-ray diffraction
studies which have been performed on the rare
earth hydrides have been conducted at room
temperatures-s The dihydrides of lanthanum,
cerium, praseodymium and neodymium have the
fluorite-type structure with the hydrogens located
in the tetrahedral interstices. Neutron diffraction
evidences indicates that further absorption of hy-
drogen by the dihydride results in the filling of the
octahedral interstices. Absorption of the ad
ditional hydrogen is accompanied by a contraction
of the cell constant of the hydride without a change
of symmetry of the metal atomrs.

Many metallic hydrides are normally non-stoi-
chiometric, containing a deficiency of hydrogen.
The term nonstoichiometric as applied to lan-
thanum hydride, denotes a compound whose atomic
ratio of hydrogen to lanthanum is between two
and three. Since the lattice constant of lanthanum
hydride, LaH,, (2 < n < 3),issensitive to the number

(1) This research was supported by the U. S. Atomic Energy Com-
mission.

(2) National Research Corporation, Cambridge, Mass.

(3) A. Rossi, Nature, 133, 174 (1934).

(4) B. Dreyfus-Alain, Compi. rend., 235, 540, 1295 (1952);
1265 (1953).

(5) B. Dreyfus-Alain and R. Viallard, ibid., 237, 806 (1953).

(6) F. H. Ellinger, C. E. Holley, Jr., R. N. R. Mulford, W. C.
Koehler and W. H. Zachariasen, T his Journal, 59, 1226 (1955).

(7) W. L. Korst and J. C. Warf, Dissertation, U. of Southern Cali-

fornia, 1956.
(8) B. Stalinski, Bull. acad. polon. sci., Classe Il1, 3, 613 (1955).
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of hydrogen vacancies in the hydride lattice, it was
believed that the information which would be ob-
tained from a high temperature investigation, could
be correlated with data from other physical chemi-
cal measurements to establish the stoichiometry of
the hydride at elevated temperatures.

Experimental

Apparatus.—Diffraction patterns of metallic hydrides
were obtained by the use of the high temperature assembly,9
which was used in conjunction with the Straumanis type
G. E. powder camera at temperatures up to 650° and pres-
sures up to 600 p.s.i. The accuracy of the measurement of
specimen temperatures was better than +3°. Because the
specimen was contained in a beryllium metal tube, films
contained the diffraction pattern of beryllium metal super-
imposed on that of the specimen. Masking of some of the
lanthanum hydride lines by beryllium diffraction bands was
not a serious handicap to the method.

Usually the composition of a hydride specimen at ele-
vated temperature is calculated from pressure-volume-
temperature data. In the X-ray experiments this was not
feasible because of the existence of a temperature gradient
along the length of the specimen and the relatively large
volume of the apparatus as compared to the small volume
of hydrogen available from dissociation of the specimen.
Since the temperature of that part of the specimen directly
exposed to the X-ray beam and hydrogen pressure over the
specimen were known, the composition of the hydride speci-
men was estimated whenever possible from available
P-V-T data.

Materials.—The lanthanum metal was of high purity
and was furnished by the Ames Laboratory of lowa State
College. To prepare the metal for hydriding, the surface

(9) E. J. Goon, J. T. Mason and T. R. P. Gibb, Jr., Rev. Sci. Instr.,
28, 342 (1957).
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of the specimen was cleaned by abrading with Carborundum
finishing paper No. 3/0 under mineral oil. Before trans-
ferring to a container for hydriding, the specimen was
washed in anhydrous ethyl ether. Hydriding was carried
out at room temperature under a hydrogen pressure of one
atmosphere. Lanthanum hydrides of composition LaH2%
and LaH30 were prepared. It is doubtful that, the atomic
ratio of hydrogen to lanthanum actually exceeded three so
that the additional 0.04 is probably experimental error.
The hydrogen was purified by passing it through a Deoxo
purifier, Drierite and a hot uranium metal getter.

Calculation of Lattice Constant.—The lattice constant
of the face-centered cubic structure of lanthanum hydride
was calculated ljy use of the diffraction line 711,551. Pa-
rameter corrections for eccentricity and absorption were not
necessary, the accuracy of the lattice constant measurements
being +0.001 A.

Results.— Lattice constants of lanthanum hydride (LaH2
to LaH3 at elevated temperatures were calculated from
diffraction patterns taken while the hydride was subjected
to hydrogen gas pressures in excess of that neecled to obtain
a pressure-independent cell constant. The cell constant
will be considered that of the hydride at limituig composi-
tion, which is defined as the composition at infinite hydrogen
pressure and temperature T. If the magnitude of external
gas pressure were insufficient to prevent the minimum
amount of dissociation, larger values of cell constants would
result. Hydrogen gas pressures ranged from 500 to 640
p.s.i. The linear variation of lattice constant of lanthanum
hydride with temperature can be seen in Fig. 1, line AB.

The variation of lattice constant of a hydride of constant
composition was desired. The experimental conditions
necessary to obtain lanthanum dihydride, LaE2 at various
temperatures were available from the data cf Korst and
Warf.7 The thermal expansion of the dihydride was ob-
served to be linear (see line BC, Fig. 1) with rhe linear co-
efficient of thermal expansion equal to 1.07 X 10~5per de-
gree from room temperature to 650°.

Discussion

Due to experimental difficulties involved in the
preparation of near stoichiometric LaH£and to the
diffuseness of the diffraction lines, previous in-
vestigators have reported lattice constants which
are in poor agreement. In the present study the
diffuseness of the diffraction lines from a pattern of
Lali3was verified and prevented a direct calcula-
tion of the lattice constant. However, the latter
was obtained from an extrapolation of line AB
to room temperature, Fig. 1, and found equal to
5.604 A. A cell constant of 5.663 A. was experi-
mentally determined for stoichiometric LaH2 in
excellent agreement with a value of 5661 A. ob-
tained by Korst and Warf.

The lattice constants of lanthanum hydride
(LaH2 to LaH3 are plotted in Fig. 2. It is ob-
served that the data obtained by other investi-
gators are randomly distributed about the line
drawn through the two points obtained in this
research and that the variation betwesn composi-
tion and cell constant is linear. From the slope of
the linedn Fig. 2, a change of lattice constant
of 0.001 A. is equivalent to a change in composition
n of 0.017, where n is the atomic ratio of hydrogen
to metal. Since the lattice constant is quite sen-
sitive to a change in composition of lanthanum
hydride, a graphical interpretation of Fig. 1 will
be made to show the existence of non-stoichiometry
at elevated temperatures.

Before a graphical interpretation can be at-
tempted, several assumptions are necessary, (a) The
change in lattice constant of lanthanum hydride at
room temperature observed on varying the hydro-
gen content from LaH2 to LaH3 is invariant at a

Non-sto:chiometry of Lanthanum Hydride
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LATTICE CONSTANT (A).

Fig. 1.— Lattice constant of lanthanum hydride vs. tempera-
ture.

Fig. 2.—Lattice parameter of lanthanum hydride at room
temperature vs. composition.

constant elevated temperature, (b) The thermal
expansion of the dihydride remains linear above a
temperature of 650°. (¢) The intersection of
lines AB and BC, Fig. 1, at point B may be inter-
preted to mean that dissociation of the trihydride
has occurred at 908° to form the dihydride. In
other words, the limiting composition of lanthanum
hydride at 908° is LaH20at the pressures employed.

From Fig. 1 it is observed that the over-all
change in lattice constant of the hydride is going
from a composition of LaHs at point A to LaH2
at point B is 0.113 A The change attributed only
to the decrease of hydrogen content in going from
the trihydride to the dihydride is 0.059 A. (see
Fig. 2). The difference between the values 0.113
and 0.059 A is the change in lattice constant that
would have been observed for the thermal ex-
pansion of the trihydride, if it were stable at ele-
vated temperatures. Graphically the dissociation
of the trihydride can be visualized as occurring in
two steps: (1) thermal expansion of the trihydride
lattice to point F at 908° (represented by line AF)
and (2) dissociation of the trihydride to the dihy-
dride at a constant temperature of 908° (repre-
sented by line FB). It isinteresting to note that the
slopes of fines AF and BC are approximately equal.
This indicates that the linear coefficients of thermal
expansion of the dihydride and trihydride are equal.
One may conclude that lanthanum hydride exists
as a non-stoichiometric compound (H/La < 3)
at elevated temperatures and infinite hydrogen
pressures. The variation of limiting composition
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of the hydride along line AB is also approximately
linear.

From statistical mechanical considerations ReesD
and LibowitzIl have shown that hydrogen vacancies
in the hydride lattices of zirconium and uranium,
respectively, can be accounted for by the formation
of Schottky defects in the metal atom lattice with
the simultaneous formation of hydrogen vacancies.
The assumption made is that a hydrogen atom can-
not occupy a site next to a vacant metal atom site.
The explanation is proposed to account for non-
stoichiometry, i..., limiting compositions of the
hydrides at elevated temperatures.

The application of a similar treatment to lantha-
num trihydride does not seem warranted. First
of all, there are two types of interstitial positions
in the fluorite-type lattice of lanthanum hydride,
tetrahedral and octahedral, which are available
for occupancy by hydrogen. However, in the hy-
drides of uranium and zirconium there is only one
type of interstice available for occupancy by hydro-
gen. Neutron diffraction studies6indicate that the
tetrahedral interstices are filled preferably to the
octahedral positions. Daou and Viallard2 state
that the hydrogens in the octahedral interstices
of cerium hydride are more weakly bound than the
hydrogen in the tetrahedral interstices. A simple
picture of the formation of a Schottky defect in
the metal atom lattice does not take into considera-
tion the preference of hydrogen for one type of
interstice over the other and a more rigorous theo-
retical treatment of this situation is not attempted.
The formation of a hydride of limiting composition
LaH2 via the simple Schottky mechanism would
result in a hydride lattice with both the tetrahedral
and octahedral interstices partially filled. Al-
though the evidence is not conclusive, a greater
probability exists for finding only the tetrahedral
interstices filled at composition LaH2

The energy of formation of a Schottky defect
in the lanthanum lattice of the hydride was calcu-
lated from equation 1 derived by following a pro-
cedure similar to that employed by Rees and Libo-
witz.

= 2303 RT log ;A L 1
0g ;A L (1)

where en~ = energy of formation of a Schottky
defect in the lanthanum lattice of the hydride,
s = limiting composition of hydride at infinite pres-
sure. I7La is seen to be a function of s and .
By assuming that the linear coefficient of thermal
expansion of a non-stoichiometric hydride is equal
to that of the dihydride, values of s and + were
obtained from Fig. 1 For example, LaH::s
at room temperature is represented by point D and
a hydride of similar composition at a temperature
of 678° is denoted by point E, the intersection of
lines AB and DE. The values of en* range from
3 to 5 kcal./mole. The rather small values for
energy of formation of Schottky defects in the lan-
thanum lattice of the hydride leads one to believe
that the procedure employed for calculating e na
may not be applicable to lanthanum hydride.
(10) A. L. G. Rees, Trans. Faraday Soc., 50, 335 (1954).

(11) G. G. Libowitz, J. Chem, Phys,, 27, 514 (1957).
(12) J. Daou and R. Viallard, Compt. rend., 243, 2050 (1956).
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The non-stoichiometry of lanthanum hydride
in the composition range LaH2to LaH3must result
from the dissociation of the hydride through another
mechanism.

It is generally accepted that the presence of
Schottky defects in a crystal lattice does not nec-
essarily affect the magnitude of the cell constant.
Mott and Gurney13 have shown that the number
of Schottky defects may contribute to the thermal
expansion of a crystal lattice, particularly near the
melting point. The non-linear thermal expansion
of the crystal lattice of silver bromide was inter-
preted by Lawson} as due to Schottky defects in
the crystal lattice. His method of analysis of the
thermal expansion data makes it possible to calcu-
late the formation energy of a lattice defect eg.
The values of s determined by Fischmeister®b
for the alkali halides do not compare favorably with
activation energies for ionic conduction determined
from electrical conductivity measurements and
are too small compared to the formation energies of
Schottky defects calculated by Kurosawa.®6 How-
ever, it appears that Lawson’'s method can be ap-
plied to the thermal expansion data of metallic
hydrides as was done hi the case of uranium
hydride.T7

The expression (equation 2) proposed by Lawson
is of the same form as that for the number of lattice
defects in equilibrium at a temperature + and relates
the anomalous expansion s to the formation energy
of a lattice defect es- Anomalous expansion is
defined as total expansion « — 1m/nh MiNuUs reg-
ular expansion ar(r — 1 1), where ar = linear co-
efficient of thermal expansion of lanthanum hydride,
4 = lattice constant of lanthanum hydride at room
temperature, Z = lattice constant of lanthanum
hydride at temperature .

5= h-ILk - (f -
&

On taking the logarithm of equation 2, equation 3
is obtained

Tt) = e-~/RT (2)

log 6 “ “ 2.303/ii’ (3)

Since the expansion of the lanthanum hydride
lattice, which occurs on decreasing the hydrogen
content from LaH3to LaH2 (see Fig. 2 and line BF,
Fig. 1), would come under the heading of anomalous
expansion, equation 3 may be used to determine
the energy of formation of a lattice defectes. The
regular or normal component of the thermal expan-
sion of lanthanum trihydride, line AF, Fig. 1, was
calculated by using a value of 1.061 X 10~6 per
degree for ar. The energy es was determined from
the slope of the fine of Fig. 3 and appears to be con-
stant in the temperature range from 100 to 650°
with a value of 2.4 kcal./mole (0.10 e.v.). The
deviation of the points from linearity at tempera-
tures below 100° indicates an increase in the value
of e h» as the composition of the hydride approaches
stoichiometric LaH3

(13) N. F. Mott and R. W. Gurney, “Electronic Processes in lonic
Crystals,” Clarendon Press, Oxford, 1950.

(14) A, W. Lawson, Phys. Rev., 78, 185 (1950).

(15) H. F. Fischmeister, Acta Cryst., 9, 416 (1956).

(16) T. Kurosawa, J. Phys. SoC. Japan, 13, 153 (1958).

(17) E. J. Goon, submitted for publication.



Dec., 1959 The “HCI Effect”

From the data obtained in an ultraviolet absorp-
tion study of the KBr-KH system,18 Mott® has
calculated the activation energy for the escape of
a hydrogen atom froma KBr-KH lattice to be ap-
proximately 0.083 e.v. The latter value is the
energy required to form an F-center. Since the
energy es obtained in this research is about the
same as the value calculated by Mott for KBr-KH,
this may indicate that a similar mechan sm may be
applied to the loss of hydrogen for the octahedral
sites of the lanthanum hydride lattice. This is to
say the hydrogens in the octahedral sites may leave
the hydride lattice without the necessity of creating
Schottky defects in the lanthanum lattice of the
hydride.

In conclusion the good agreement between the
energy e , and the activation energy for electrical
conduction determined by Stalinski® in his elec-
trical conductivity study of the lanthanum-hydro-
gen system (LaH2to LaH3 should be mentioned.
The order of magnitude of the conductivity at
80°K. ranged from 10 ohm-1 cm.-1 at LaH2 to
10-7 ohm-1 cm.-1 at compositions close to LaH3so
that lanthanum hydride would be classified as a
semi-conductor. Values of the activation energy

(18) R. Hilseh and R. W. Pohl, Trans. Faraday Soc*, 84, 883 (1938)*

(19) N. F. Mott, ibid., 34, 888 (1938).
(20) B. Stalinski, Bull. acad. polon. set., Classe IlIl. 6, 1001 (1957).
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Fig. 3.—Anomalous expansion (a) of lanthanum hydride \&
temperature.

for electrical conduction ranged from 0.091 to
0.230 e.v. for composition of hydride LaH28 to
LaH2®2 However, it was noted that the activation
energy determined by Stalinski tended to zero at a
composition of LaH272 whereas in this research the
value of e s appears to remain constant down to a
hydride composition cf LaH”. Therefore, the
good agreement may be fortuitous.

“HC1 EFFECT” IN ANION-RESIN EXCHANGE1

By Benjamin Chu and
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An explanation is offered for the interesting feature that distribution ratios of anions with strong-base exchange resins
are generally lower from concentrated HC1 solutions than from comparable LiCl solutions. It is suggested that this be-
havior is due to the invasion of the resin by ncn-exchange electrolyte at the high external-solution concentrations and to the
partial association of the acid species in the resin phase. That is, because of the nature of the latter phase, normally strong
acids are differentiated, the weaker ones partially associating. This does not occur as readily with the lithium salts, and
so the preferential association of non-exchange H + with the weaker-acid anion (CI- in mest of the cases studied) represses
the absorption of the other anion as a non-exchange electrolyte. If the anion of interest were the anion of a weaker acid
than that of the macroelectrolyte, the reverse of the usual behavior should occur, namely, exchange from acid solution

should yield larger distribution ratios than exchange from lithium salt solutions.

This is shown to be the case for CI-

tracer exchanging with concentrated HBr and LiBr solutions.

Introduction

Hydrochloric acid is one of the commonest and
most important eluents used in anion-exchange-
resin separations and studies.2 Since the aqueous
activity coefficients of HC1 and LiCl are moder-
ately similar up to very concentrated solutions, it
certainly might be expected that the exchange
behavior of anions from LiCl and HC1 solutions
would also be similar. However, this has been
found not to be true.34 Most anions, and partic-

(1) This work was supported in part by the U. S. Atomic Energy
Commission, Contract No. W-7405-eng~48.

(2) K. A. Kraus and F. Nelson, in “Proceedings of the International
Conference on the Peaceful Uses of Atomic Energy,” Vol. VII, Geneva,
1955 (United Nations, New York, 1955), pp. 113-125.

(3) S. G. Thompson, B, G. Harvey, G. R. Choppin and G. T.
Seaborg, J. Am. Chem. Soc., 75, 6229 (1954).

ularly the metal-chloride complex ions, show
values of the distribution ratio o which are one to
three orders of magnitude greater for concentrated
LiCl solutions than those for HC1 solutions of the
same concentration. The distribution ratio is de-
fined as

Q_

amt. of ion of interest per g. of resin
amt. of ion of interest per ml. of soln.

Examples are shown in Figs. 1 and 2, and other
cases are in the literature.34 Such behavior can
be useful in metal-ion separations, and, for ex-
ample, the larger o values obtained in LiCl solu-
tion have been used in the separation of the trans-

()]
77,1391 (1955).

K. A. Kraus, F. Nelson, F. B. Clough and R. C. Carlston, ibid.,
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Fig. 1.— Distribution ratio vs. chloride molality for tracer
bromide, A— A, and for tracer perrhenate, O— O- Open
symbols are Lid solutions; closed symbols are HC1 solu-
tions.

Fig. 2.—Distribution ratio vs. chloride molality for tracer
indium(I11), O— O, and for tracer cobalt(ll), A—A. Open
symbols arc LiCl solutions; closed symbols are HC1 solutions.
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plutonium ions from the rare earth ions.3 But this
difference in behavior is also an interesting feature
to be explained in understanding the ion-exchange-
resin process. An explanation that has been ten-
tatively advanced28 is that the complex metal
anions are the anions of somewhat weak acids, and
that at high HC1 concentrations the undissociated
complex acid forms in the external aqueous solu-
tion. Such association would lower the concen-
tration of the distributing metal anion and so
would lead to the observed lower value of o in
HC1 solutions.

But there are difficulties with this explanation.
First the extraction behavior of the complex metal
acids into oxygenated organic solvents indicates
that they are not weak, but are very strong acids,
stronger than HC1.66 Their strength is of the or-
der of that of HCIO., which is indeed a good model
acid for the metal-complex acids. Secondly, the
distribution ratio of bromide ion is also larger from
LiCl than from HC1 solutions (ref. 2 and Fig. 1).
But HBr is certainly a strong acid, stronger than
HC1, and so by the above explanation should have
a higher value of o from the HCL1 solution than
from the LiCl solution. Curiously, the difference
in the values of o for Br_ with HC1 and LiCl is not
as great as those for the chlorometallic complex
ions such as GaCh-, FeCLr and InCh-. In fact,
it appears that the magnitude of the difference in
o between HC1 and LiCl solutions increases with
increasing acid strength of the anion under consid-
eration. This is just the reverse behavior of that
to be expected from the above explanation, but a
clue to an alternative explanation to be presented
in this paper.

Experimental

Resins.—The resins used in this work were of the strongly
basic quaternary amine type, namely, Dowex-1 resins of 10
and 16% divinylbenzene content.” They were conditioned
before use by alternate repeated washings with 3 M HC1
and water and were then dried at 98 + 1° overnight. After
cooling, they were dry-sieved (10% DVB to 60 to 100 US
mesh; 16% DVB to 200 to 400 US mesh), and stored in a
desiccator over anhydrous Mg(C104)2-

Tracers.—The (ReXB04)- (T./s = 89 hr.) and (Br&)“
{Ti/2= 36 hr.) were obtained from Union Carbide Nuclear
Company, Oak Ridge, Tennessee. The (CI3)- (2v/i —
32 min.) was produced by irradiating sodium hydrogen
phosphate in the Berkeley 60-inch cyclotron. No detect-
able change in the 7-ray spectra of the tracers occurred
during the period of their use, and the tracers decayed
with the correct half lives, indicating that no appreciable
radioactive impurities were present. The radioactive
samples were counted with a well-type Nal scintillation
counter employing a single-channel analyzer.

Method.—The values of D for Re04~ were obtained by
the batch equilibration method, those for CI- by the column
technique and those for Br~ by both methods. In the
batch method, 50 j*. of the tracer in 10 ml. of the macro-
electrolyte solution was shaken for 4 to 12 hr. with small
amounts (0.03-0.2 g.) of resin. Duplicate 3-ml. aliquots
of the solution were withdrawn through glass-wool filters
and gamma-counted. After correction for background,
comparison of the counting rates with those of aliquots of
the initial solution before the introduction of the resin

(5) R. M. Diamond, This Journal, 61, 75 (1957), and unpub-
lished work.

(6) E. Rudzitis, J. W. Irvine, Jr., and J. Mendez, “Annual Progress
Report,” June 1957 to May 1958, Laboratory for Nuclear Science,
Massachusetts Institute of Technology.

(7) Thanks are expressed to the Dow Chemical Company, Midland,
Michigan, for samples of the J0% DVB resin.
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allowed the calculation of D. The method becomes quite
inaccurate for small values of D and for such cases the column
technique is more suitable. This consists of adsorbing a
few microliters of the tracer on the top of a column of resin
(pre-equilibrated with the macroelectrolyte solution at the
concentration to be studied), and then eluting the tracer
with the solution of macroelectrolyte. The volume of
solution necessary to elute the tracer (neglecting one free-
column volume) is proportional to the distribution ratio of
the tracer.8

Results and Discussion

The variation in the distribution ratios for sev-
eral tracer anions, Br~, 1-, Re04 , InCi4 , CoCl4*
and ZnCI<T, with Dowex-1 resins of 2, 10 and 16%
DVB content from various chloride solutions, HCI,
LiCl, NaCl, KC1, CsCl, N(CH34Cl and M(CZH®4Cl
have been studied.9 It has been found that the
plot of log o vs. chloride concentration for HCI is
anomalous. This curve always shows a more
negative slope at high chloride concentrations than
those for the alkali chlorides. Figure 3 is an ex-
ample, showing some of the data for tracer Re04 .
Note that the curve for HCI falls steeply across the
others.

For such exchange of univalent ions, X - and
Cl-, the equilibrium expression may be written as

N _ (CH(X)-yMEI7MX
(CI)(X)TMCITMX

where the bar indicates the resin phase and MCI is
the macroelectrolyte. A distribution ratio o * can
be defined as

jy _ molality of ion in the resin phase_ _
molality of ion in the external soln.

(X)

(X)
It should be noted that o - is not the same as the
more easily measured ratio o which has already
been defined, but o is equal to ro - where r is the
ratio of the ml. of solution that contains 1 g. of
water to the g. of resin that contains 1 g. of water.
Then for dilute external solutions, wiiere tmci/
7mx 1, we have

(Cl) 7mc  7Mx
(Cl) 7mc1 7mx

D ~(CTW (3)
Furthermore, if the ion of interest x - Is present
in only tracer quantities and there is no resin in-
vasion by non-exchange electrolyte, we have (R")
= (CI) = constant, where (R") is the concentra-
tion of resin sites in meq. per gram of resin water,
and 7mci/7mx = constant. From these we obtain

)

At very low external solution concentrations, no
dependence of the distribution ratio on the nature
of the chloride solution is to be expected. The
ratio depends only upon the chloride concentra-
tion. Experimentally, the difference between the
HCI and LiCl (as well as the other alkali chloride)
curves is negligible at low external solution concen-
trations but increases with increasing chloride con-
centration. This suggests that the effect may be

D=rD" =K = K'/7{Cl)

(8) S. W. Mayer and E. R. Tompkins, J. Am. 7hem. SOC., 69,
28C6 (1947).

(9) Benjamin Chu, Ph.D. Thesis, Cornell University, Feb. 1959.
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Fig. 3.—Distribution rati3 vs. chloride molality for per-
rhenate ion from LiCl, O— O; HCI, m—m; NaCl,
KC1, CsCl, MeANCI, A—A; NEtLl, a—a
solutions.

connected with the presence of non-exchange elec-
trolyte in the resin phase, that is, with the increas-
ing amount of electrolyte that invades the resin
phase at increasing external solution concentrations.

The increasing amount of non-exchange elec-
trolyte present in the resin phase makes the ex-
pression for o', eq. 3 or 4, more complicated.

Equation 2 is still correct, but mstead of (Cl) =
(R, we have (CI) = (R) + (M). Thus we ob-
tain

r>* = nR"'") 4- tmci tmx

L(C1)_J (CD-lI TmMx 7mclI
v m +
L (ci)+
~(R"Y) + \/(RT + 4(7My)/(7Mci)(M)(Cl)-j 7mc1 7mX
2(Cy J 7mMx 7Mc1
(5)
The first term on the right side gives the exchange
contribution, but this decreases as (Cl)-1, so that
the second term, due to the resin-invasion elec-
trolyte, may become dominant at high external-
solution concentrations. Thus o' does not de-
crease as steeply with increasing (Cl-) as the first

term alone and becomes dependent on the nature
of the cation of the macroelectrolyte solution.

This dependence is reflected in variations in (R')
and in the ratios of activity coefficients, 7 mcis
7mci and 7mx/7 mx-

For simple univalent tracer anions, the order of
decreasing distribution ratios with the various con-
centrated alkali chloride solutions is the same as
that of the resin invasion by the chloride salts them-
selves, namely, Li > Na > K > Cs > NMe4 >
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are for lithium salts; closed symbols are for acids.

NEt., This is not surprising, as from eq. 5 it
can be seen that the order of the distribution ratios
depends upon the relative amount of resin-invasion

cation, (m ). The reasons for the differing amounts
of resin invasion and what effect this has on the dis-
tribution ratios will be discussed in greater detail
in a later paper s but for the present it is sufficient
to point out the parallel between the amount of
resin invasion by the macroelectrolyte, and the
order of distribution ratios of a given tracer. In
contrast to this general behavior, the distribution
ratios for most tracer anions are lower from HC1
than from LiCl solutions, even though the solu-
bility of HC1 in the resin phase is greater than that
of LiCl from solutions of the same concentra-
tions.o This behavior becomes more marked
as the external solution concentration increases.
We believe that the origin of this anomaly lies in
the formation of undissociated HC1 in the resin-
phase solution. This undissociated HC1 may be
either molecular HC1 or an ion pair; it has not been
possible to differentiate these cases. But there are
several reasons for believing that association
occurs. First, there is some association in any
concentrated HC1 solution and the amount in-
creases with increasing total concentration. The
resin phase solution is a very concentrated elec-
trolyte. For example, when the external aqueous
HC1 concentration is - :: m, the total ionic
strength of the internal resin-phase solution is
about double that, ~16 min HCl1 and - : m in

(10) F. Nelson and K. A. Kraus, J. Am. Chem. Soc., 80, 4154 8Cid, as can be seen from eq. 5.

(1958)
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resin chloride. There is thus relatively less water
in the resin phase than in the external solution to
solvate the ions and keep the H+ and CI- apart.
Furthermore, the lower effective dielectric con-
stant of the resin phase increases the electrostatic
interaction between ions. The suggested associa-
tion of HC1 in the resin phase explains its greater
solubility there than that of LICl. In fact, this
association explains both the greater amount of
HC1 over LICIl absorbed per unit weight of resin
from solutions of the same molality, and the curious
feature that the concentration of total HC1 inside
the resin is greater than that of the equilibrating
solution, at high HC1 concentrations. The resin
solution contains more HC1 in the form of a new
(associated) species than the external solution.
Experimentally, such acid association also has
been observed with S04’, since HS04_ appears to
be a weaker acid in the resin phase than in an ordi-
nary aqueous solution .. and should be a perfectly
general phenomenon in the resin phase.

Of more importance for this discussion, it pro-
vides an explanation for the anomalously low
values of the distribution ratios of tracer anions
from concentrated HC1 solutions. The association
of the HC1 in the resin phase results in a smaller
number of “free” non-exchange cations there than
with LiCl solutions. If the tracer anion of interest
is from a stronger acid than HC1, few of these
anions can enter the resin phase as non-exchange
electrolyte from HCL solutions, because the chloride
ion preferentially unites with the non-exchange
hydrogen ion. A much smaller amount of associa-
tion occurs with the non-exchange lithium ion in
the resin phase and so the distribution ratio from
HC1 solutions falls increasingly below that from
LiCl solutions as the amount of non-exchange elec-
trolyte in the resin increases with increasing exter-
nal solution concentration.

Such behavior follows directly from the present
hypothesis that 7nci is less than 7rici as long as
the tracer anion is derived from an acid stronger
than HC1. This can be seen from eq. 5 because
» Lix and 7LiC are approximately equal to 7hx
and 7nci, respectively, so that D '1iG/D 'hci
a 7Lici THx/fLiX 7nci- The difference in o be-
tween HC1 and LiCl solutions should, in fact, in-
crease with the strength of the acid HX and it ap-
pears that the magnitude of the “HC1 effect” does
increase from Br~ to I- to Re04 to InCL-. This
is the order of increasing acid strength for HC1,
HBr and HI, and that expected for HRe04 and
HINCh. However, it is difficult to test this point
with other anions from such strong acids as, be-
cause of their great strengths, they would not be
expected to show great differences from each
other in their resin behavior, and their exact acid
strengths are not usually known.

However, if the hypothesis of relatively greater
acid association in the resin phase than in the ex-
ternal solution is correct, the relative distribution
ratios for a tracer anion from lithium and acid
macroelectrolyte solutions should also be a func-
tion of the relative strength of the macroelectrolyte
If a weaker acid
than HCI and its lithium salt were used, a greater
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variation in the distribution ratios of the tracer
anion might be expected than from HCi and LiCl.
If a stronger acid were used, less difference in the
distribution ratios might be expected (as long as
the macroacid were weaker than the tracer acid;
see last paragraph below; ... Figure 4 presents the
results of such a study with Re04~ tracer using the
acid-salt pairs HBr-LiBr and HNOs-LiNO03
Hydrobromic acid is stronger than HC1 and HNOs
is weaker, and it can be seen that the difference
in o+ values for the HN,.s f-LiN. s case is indeed
larger than that for the HBr-LiBr pair.

This larger difference between HNOs-LiNOs
solutions than between HCI-LiCl solutions has
also been noted recently with the rare earth ions :.
The idea that the resin phase solution is more
conducive to ion association than the external
solution because of its lower water content and
effectively lower dielectric constant leads to an
explanation for the absorption of the rare earth
ions from LiNO: solutions and for their order of
absorption. Since it is most unlikely that the
rare earth ions form anionic complexes with nitrate,
the absorption of the former by the resin is as non-
exchange cations. Nitrate ion will preferentially
associate with H+, and so from HNO: solutions
there will be little chance for the rare earth ions
to enter the resin phase; the non-exchange elec-
trolyte will be predominantly HNO3 From LiNOs
solutions, however, the non-exchange electrolyte
cations are lithium and the rare earth ions. Ob-
servation of activity-coefficient tables? shows that
nitrate salts have low values relative to chloride
salts, and that this difference becomes more pro-
nounced as one goes from the alkalies to the alka-
line earths and, presumably, onto the rare earths.
Such lower values are indicative of ion association
and that the higher the charge on the cation, the
larger the effect. Thus, although the rare earth
ions cannot compete with H+ for the non-exchange
NO03 , they can do so very favorably with Li+,
and so go into the resin phase with nitrate ion as
(partially ion associated) non-exchange electrolyte.
The values of o should increase with increasing
non-exchange electrolyte concentration and, hence,
increasing external solution concentration, as is
observed. Furthermore, the strength or degree
of the rare earth-nitrate ion association should
be a function of the ionic size of the rare earth
ion, increasing with decreasing size of the hydrated

(11) A complication in interpreting such an exper.ment is that the
water activity may be quite different with the different macroelec-
trolytes, and this affects the degree of resin invasion, as, in general,
the lower the water activity, the greater is the amount of resin invasion
(c/. reference 9).

(12) Y, Marcus and F. Nelson, This Journal, 63, 77 (1959).

(13) It. A. Robinson and R. H. Stokes, “Electrolyte Solutions,”
Appendix 8.10, Butterworths Scientific Publications, London, 1955.
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Fig. 5.—Distribution ratio vs. bromide molality for tracer
chloride ion. Open symbols are for lithium salts; closed
symbols are for acid.

ion. Since the hydrated size of the rare earth
ions increases from La to Yb, as indicated by their
limiting equivalent conductances .. greater associa-
tion with nitrate ion should be expected in the
reverse order. At a given nitrate concentration,
the distribution ratios should decrease in the order
La to Yb, which is the order observed experimen-
tally. The striking effect of even very small
amounts of HNOs (10-. m) in reducing the
values of o is also accounted for.

Still one more test of the hypothesis of acid
association predominantly in the resin phase has
been made. The distribution ratios for a tracer
anion derived from an acid the strength of which
is weaker than that of the macroelectrolyte anion
should show the opposite behavior from H+ and
Li+ solutions than that shown in Figs. ., 2, 3 and
4. Now the tracer anion associates in the resin
phase with the non-exchange H+ more than does
the macroelectrolyte anion, yielding values of o
which are larger from concentrated acid solutions
than from lithium solutions of the same molality.
This can be seen again from eq. 5. For example,
the roles of Br* and CI- as tracer anion and macro-
electrolyte, respectively, (illustrated in Fig. 1) can
be reversed, and the distribution behavior of tracer
Cl- can be studied from concentrated solutions of
HBr and LiBr. The experimental results are
shown in Fig. 5 and it can be seen that the expecta-
tion of larger o values for the HBr solutions than
for those of LiBr are fulfilled.
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Information is reported contributing to further knowledge of passivity in the Cr-Fe alloys containing up to 29% Cr.
Data include (1) critical current densities for anodic passivation at pH 3 and 7 at 25°, and for pH 7 at 4, 25 and 50°, (2)

coulombs of passive film substance per unit area, (3) activation potentials at which passivity breaks down.

Critical cur-

rent densities decrease with increasing Cr content, reaching a value equivalent to or less than the normal corrosion rate of

iron at >12% Cr-Fe, hence these alloys are self-passivating (stainless steels).
If it is assumed that (1) the anodic passivation reaction is in accord

on iron and Cr-Fe alloys average 0.01 coulomb/cm.2

The equivalents of passive film substance

with M + 2HD “m02M + 4H+ + 4eG where 02V signifies oxygen associated with metal as oxide or adsorbed gas, and
(2) activation potentials correspond to equilibrium conditions for this reaction, then the calculated free energy of formation

of 02M is not in accord with the free energy of formation of any known iron oxide.

It is concluded that the passive film

on Fe, Cr and the stainless steels consists of a chemisorbed oxygen or oxygen-complex film.

Passivity in iron can be induced by concentrated
HNO: or by anodic polarization in sulfuric acid,
but the resulting resistance to chemical reaction is
temporary, the metal reverting in short time to
its original state. When 12 or more per cent.
Cr is alloyed with Fe, passivity can be induced by
simple air-exposure of the alloy and the resulting
decrease in corrosion rate is relatively permanent.
Alloys in this category are the basis of the so-
called stainless steels.

The possible structure and composition of films
on Cr-Fr alloys responsible for their passivity are
still being discussed and constitute the basis of the
present paper. Information is obtained from
data presented herewith on the critical anodic
current densities necessary to induce passivity in
deaerated 3% Na.S0. solution at pH 3 and 7 at
25°, and pH 7 at 4 and 50°. Data are also pre-
sented on the equivalent coulombs of passive
film substance necessary to achieve passivity.
Finally, the activation potentials (Flade potentials)
at which the passive film breaks down are re-
ported for 9.0, 18.6 and 29.1% Cr. This informa-
tion combined with data by other investigators
closely defines certain properties of the passive
film with which any assumed structure and com-
position must be in accord.

Experimental Procedure

Alloys from which electrodes were prepared were melted
in a vacuum induction furnace starting with pure iron (Fer-
rovac E, National Research Corporation) and electrolytic
chromium. No deoxidizers were added. The alloys were
cast by drawing into Vycor tubes, homogenized at il00° in
helium for 1 hour, rolled into strips, water-quenched from
1000°, cut to size and pickled.

The electrodes measuring about 1 cm.2and 2 mm. thick
were assembled with a nickel wire, silver soldered (keeping
the alloy cold) to a stem machined on the alloy specimen.
The wire was enclosed by an 8 mm. diameter glass tube. A
Teflon gasket maintained a water-tight seal between elec-
trode and glass at one end, with constant contact being
effected by means of a screw, nut and rubber grommet at-
tached to the wire at the other end.

Critical current densities for passivity were determined in
an all-glass one-compartment cell, two components of which
were joined by a ground glass seal. Two platinum elec-
trodes about 3 cm. diameter were equally spaced on either
side of the alloy anode. The probe of a salt bridge filled
with 3% Na2S04was positioned near the surface of the alloy
electrode. The salt bridge in turn made contact with a test-
tube partly filled with the same solution and into which the
tip of an Ag-AgCl, 0.1 N KC1 electrode was immersed. The
cell was similar to that described by Uhlig and Woodsidel
with the improvement that the alloy electrodes could be

pickled within the cell using warm 15 vol. % HNOs, 5vol. %
HF, washed three times with deaerated 11D, and finally
filled with deaerated 3% Na»S04without the electrode com-
ing into contact with air. Deaeration of solutions was ac-
complished by bubbling through them, for 6 hours or more,
nitrogen previously purified over copper turnings at 400°.
Critical current densities obtained in this cell were some-
what higher than current densities determined after short
exposure of the electrodes to air and were better reproducible.
The cell and accompanying reservoirs of solutions, except for
the pickle solution, were kept within a large constant tem-
perature chamber maintained at 25 + 0.2°, or at 4° or 50 +
2°,

Activation or Flade potentials were recorded either by
observing the final potential just before passivity spontane-
ously decayed in water of known pH (adjusted using H.SO4),
or by cathodically reducing the alloy surface at slowly
changing potentials until a sudden change of current through
the cell indicated breakdown of passivity. The latter
method was essential for the high chromium alloys which
exhibited stable passivity even in acid media. Muller and
Cupr?2 reported activation potentials of chromium which
showed more active (less noble) values when the metal was
cathodically activated, than when self-activated by simple
immersion in acids of pH —0.2 to +1. Also the slope of
activation potential, Er vs. pH, for cathodically activated
chromium was approximately twice (2 X 0.058) that for
self-activated Cr. Rocha and Lennartz3 similarly found
a slope of about 2 X 0.058 volt for cathodically activated
alloys of more than 14% Cr, and decreasing slopes for lower
Cr alloys, eventually reaching a slope of 0.058 for Fe. One
of us suggested4 that the variation of slope with method of
activation may be caused by differing chemical equilibria
accompanying breakdown of passivity, triggered by a film
thinning within pores in the case of self-activation, but
thinning more generally over the surface in the case of ca-
thodic activation. General thinning of the film may favor re-
action of the passive film with the base metal and measure-
ment of the corresponding potential involving reaction
products, whereas with self-activation the potential is
measured instead corresponding to equilibrium of only the
passive film with electrolyte. An explanation along these
lines is supported by the fact, as we found, that the slope
can be altered by speed of cathodic reduction, higher speeds
favoring local rather than general breakdown of the film,
and hence accounting for lower slopes of Ef vs. pH. For
currently reported measurements, we chose a speed of re-
duction which gave the same slope (0.059 volt, 25°) as is
obtained for the same or neighboring alloys when self-ac-
tivated. The same pH dependence of E? indicates that
passivity probably breaks down similarly by both methods
of activation, and that the same chemical reactions are in-
volved; hence the data are comparable. The method em-
ployed which gave the approximately correct slope consisted
first of slightly polarizing the passive alloy specimen cathod-
ically and retaining passivity at some definite potential with

(1) H. H. Uhlig and G. E. Woodside, This Journal, 57, 280
(1953).

(2) E. Muller and V. Cupr, Z. Elektrochem., 43, 42 (1937).

(3) IT. Rocha and G. Lennartz, Arch. Eisenhiillenw., 26, 117 (1955).

(4) 11. H. Uhlig, Z. Elektrochem., 62, 626 (1958).
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reference to Ag-AgCl. The potential of the specimen was
then made less noble, or more active, by about 20 mv. by
appropriately adjusting the current and allowing time to
reach steady-state conditions. This required about 5
minutes. The potential then was altered again in the ac-
tive direction by another 20 mv. Eventually a critical po-
tential Ep was reached at which the current changed direc-
tion within the cell accompanying breakdown of passivity,
and the electrode became anode with respect to the auxiliary
platinum electrodes.

The time-potential curves on passivating ar. active elec-
trode at constant current were recorded manually using an
electronic galvanometer, or if too rapid for potential meas-
urements to be made in this manner, oscillograms were
photographed. One of the manually recorded plots for a
13.6% Cr-Fe alloy is shown in Fig. 1. Plots of this kind
risually showed two discontinuities in slope, each probably
indicating a change in the nature of surface dims formed
anodically. The ratio of time to the first discontinuity T\
to the second discontinuity To averaged over 14 measure-
ments for alloys between 2.7 and 39.1% Cr, was 0.27 with
a standard deviation of 0.07. The change of potential be-
tween discontinuities was approximately linear with loga-
rithm of time. On the basis that the potent.al change is
proportional to the amount of surface oxygen »chemisorbed
or as oxide), the log relation is in accord with the Elovich
equation for rate of chemisorption or with the Tammann-
Koster equation for the initial oxidation rat® of metals.
Not enough data were obtained to resolve with certainty the
nature of the electrode processes initiating at each discon-
tinuity.

Results

Critical Current Densities—Critical current
densities were obtained by noting the time + in
seconds to reach the maximum passive potential
for a given current density and obtaining such
times for various current densities. The current
dersities then were plotted with \/+ in accord with
the relation

<*>

where 1 is the applied current density (amp./
cm.2), 1 a s the critical current density below which
passivity is not achieved in any time and k rep-
resents coulomb/cm: to achieve the passive
state. (Time is chosen to reach the passive
potential beyond which the potential is relatively
constant. The corresponding coulombs/cm: are
greater than the equivalents of passive film sub-
stance at the Flade potential.) This relation holds
satisfactorily at current densities near the critical
current density. It was used by Shutt and Wal-
tons in their study of the passivation of gold in
HC1, by Francks in his study of the passivation of
iron and by Olivier: for Cr-Fe alloys. A typical
plot of potential e vs. time to passivity for various
constant current densities is shown in F.g. 2 wheret
was chosen corresponding to the levelling off of
potential at about 11 volt vs. Ag-AgCl 0.1 ~
KCl. The critical current densities obtained by
plots of current density vs. 1/t for various alloys in
deaerated 3% N"SCh are plotted as a function of
chromium content in Fg. 3.  The latter figure also
shows critical current densities obtained directly,
for which a specific applied anodic current density
wes applied below that required for passivation,
then progressively higher values chosen until a
cd. wes reached resulting in passivation. These

(5) W. Shutt and A. Walton, Trans. Faraday Soc. 30, 914 (1934).

(6) U. F. Franck, Naturforsch., 4A, 378 (1949).

(7) R. Olivier, “Int. Com. Electrochem. Therm, and Kinetics,”
Poitier- Butterworths, London, 1955, p. 34,

Passivity in the lron-Chromium Binary Alloys

2027

[ 3

N

>

m

0

<

c

S

Time ( Seconds).

Fig. 1.—Tracing of oscillogram depicting change of

potential with time for 13.6% Cr-Fe alloy anodically
polarized in deaerated 3% Na2504, pH 7, at 0.18 ma./cm.1,
25°.

Time (minutes).

Fig. 2.—Relation of potential to time of passivation at
various current densities for 13.6% Cr-Fe alloy in deaerated
3% Naxso0, pH 7, 25°.

values are in good agreement with values obtained
indirectly using equation 1L The present values
tend to be somewhat higher but are in essential
agreement with previously reported values of
Uhlig and Woodsidelup to 10% Cr. For higher
chromium alloys, the latter authors did not find a
critical current density by the direct method in
contrast to the present data obtained by the in-
direct method. This can be accounted for in part
by brief exposure of alloys to air in Uhlig and Wood-
side’'s measurements, inducing -loner apparent
values of the critical current density where critical
current densities are already low, and where the
alloy composition range >12% Cr corresponds to
stable passivity, as is discussed later. In compari-
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Per Cent Chromium

Fig. 3.—Critical current densities for passivation of
Cr-Fe alloys, in deaerated 3% Na2C+at pH 3 and 7, 25°,
including data of Olivier in 10% H2504, room temperature.

Fig. 4.—Critical current densities for passivation of
Cr-Fe alloys in deaerated 3% NaZ04 pH 7, at various
temperatures.

Fig. 5.—Electrochemical equivalents of passive film
substance produced on Cr-Fe alloys by anodic polariza-
tion.
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son, pickling within the cell and avoiding air-
exposure, as was done presently, ensured the active
state from the beginning of the measurement.
The critical current densities presently obtained for
alloys of greater than 12% Cr-Fe at pH 7, approx-
imate . microamp./cm..

Measurements at pH 3 are also shown in Fig. 3
together with data reported by Olivier obtained
in 10% H.S0. (pH approx. 0.13), both sets of
data being obtained by plotting 1 vs. 1.2 in ac-
cord with equation 1. Up to 9% Cr, critical cur-
rent densities at pH 7 or 3 are the same within
experimental error. Above 10% Cr, current
densities at pH 3 are markedly higher than at
pH 7, and similarly, critical current densities
obtained by Olivier in 10% H.SO0. are still higher.
It is not certain that Olivier’'s higher values below
9% chromium compared with values at pH 7 and
3 represent real differences. The three sets of data
are consistent in showing a discontinuity in slope
at 10to 12% Cr.

Critical current densities at pH 7 for 4 and 50°
are shown in Fig. 4. For alloys below 10% Cr,
values at 4° are orders of magnitude lower than at
the higher temperatures, but the 50° values are
only slightly higher than those at 25°. Above
12% Cr, on the other hand, 4° values are slightly
higher than the 25° values, but the differences fall
within the expected experimental variation caused
in large part by varying roughness factor after
pickling. The corresponding values at 50° are
definitely higher and qualitatively resemble the
data of Fig. 3 for pH 3. A discontinuity of critical
current density plotted with per cent. Cr appears
at 12% Cr for all three temperatures. This
critical composition, therefore, is not sensitive to
small variations in temperature, nor to changes in
pH of the environment.

From values of « in equation ., coulombs/cm..
required for passivation of each alloy in sodium
sulfate at pH 7 are plotted in Fig. 5 at 3 tempera-
tures, and for pH 3 at 25° including Olivier's
data for 10% H.SO0. at room temperature. Values
for iron are highest, rangingfrom, s to..s coulomb/
cm.2 except at 4° wdiere the value is only 0.01
coulomb/cm.. Values decrease rapidly as Cr is
alloyed with iron, reaching a value averaged for
all alloys above 5% Cr of 0.013 coulomb/cm..
Olivier’'s data attain an average value above 9.5%
Cr of 0.011 coulomb/cm.. Values at pH 3 tend to
be higher than at pH 7; and values at 25 and 50°
tend to be higher than at 4°, but experimental
scatter is sufficiently large to discount any certain
conclusions in this regard. The averages of
present data and Olivier's data for the high range of
Cr alloys are in good accord.

Flade potentials for 9.0, 18.6 and 29.1% Cr
alloys as a function of pH of the solution in which
activation takes place are shown in Fig. s . Values
for 9.0% Cr were obtained by self-activation,
but for other alloys by cathodic activation. Values
are also shown for iron passivated in concentrated
HNO: or anodically in dilute H.S0. based on our
work reported previouslys The slopes of e f
vs. pH approximate 0.059. Standard Flade po-

(8) II. H. Uhlig and P. F. King, J. Electrochem. Soce., 106, 1 (1959).
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tentials (pH 0) are in reasonably good accord with
values reported by Rocha and Lennarts as shown
in Fig. 7 despite differing techniques of activation;
but, as discussed earlier, slopes of e r+ js. pH are
lower. The “critical recovery potential™ of a type
347 18-8 as measured by Cartledges in 0.1 n~
H.SO. is also close to the activation potential
shown for 18% Cr, indicating that the two po-
tentials are probably the same and are determined
largely by the Cr content of the alloy as well as
pH of the environment.

Discussion

Critical current densities mark a change in
electrode reaction from anodic dissolution of active
alloy forming Fe++ and Cr+++ in accord with
Faraday’'s law, to a reaction resulting in oxygen
evolution and Fe+++ plus Cr0.  for *he passive
alloy. Oxygen is the major anodic reaction
product for passive iron, but with higher chromium
alloys formation of Fe+++ and CrOi— are the
major products, and oxygen evolution may di-
minish to zero depending on the potential to which
the electrode is polarized, this in turn being gov-
erned by current density and nature of the an-
ioni.o1. As discussed by Franck s the true critical
current density for passivation of iron lies consid-
erably higher than the measured value. The
initial anodic reaction product, probably FeS04
forms an insulating coating over the electrode,
thereby raising the true current density within
pores of this film. When about 17 amp./cm.:
is reached in pores, the true passive film forms
accompanied by dissolution of the FeSOu film and a
sudden potential change of about . volts in the
noble direction. In accord with this mechanism
we found that the critical current density for iron
shifted from 450 ma./cm.. in 5% H2B04t0 100
ma./cm.. in 5% H.S04 1.6 » FeS04 The same
situation applies to low chromium alloys but at
lower current densities. In solutions of pH 7 at
about 12% Cr, the formation of an insulating film of
corrosion products appears to be less important or
no longer is required and the potential changes
markedly toward the passive value on application
of all but very small currents.

The critical current density can be considered
that value which induces sufficient polarization at
the anode to allow hydroxyl ions to discharge.
For iron, the required polarization is considerable,
but for chromium-iron alloys, where it can be
reasonably assumed from properties of iron and
chromium compounds (in accord with calculations
presented later) that the affinity o: the alloy
for OH- (or for oxygen) increases with chromium
content, the required polarization is less. Above
12% Cr, the discharge of OH- proceeds directly at
current densities equivalent to or less than the
corrosion rate of iron in water (approx. 25 mg./
dm.2day equivalent to .... ma./cm.2 so that the
alloy becomes self-passivating. In acid media,
the critical current density required for passivation

(9) G. Cartledge, ibid., 104, 420 (1957).

(10) H. H. Uhlig and J. Wulff, Trans. AIME, 13S, 494 (1939).

(11) G. Masing, Th, Heumann and H. Jesper, Arch. EisenhiUtenw.,

25, 169 (1954).
(12) Th. Heumann and W. Rosener, Z. Elektrochem., 57, 17 (1953).
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Fig. 6.—Activation (Flade) potentials of Fe and Cr-Fe
alloys in H2S04as a function of pH (25°).

7.—Standard activation (Flade) potentials of Fe,
Cr-Fe alloys and Cr.

Fig.

is higher because of lower hydroxyl ion concentra-
tion. Critical currents reported by Olivier are
highest of all in accord with expected results in an
acid environment of very low pH. Effect of pH
is not so pronounced below ..% Cr, however,
because, for one reason, the major film of reaction
products first forming conditions the environ-
ment to the pH of saturated FeS04 regardless of
external pH. Roberts and Shutt:: and Heumann
and Diekotter:. found that the critical current
densities for passivation of Cr are also higher the
lower the pH.

(13) R. Roberts and W. Shutt, Trans. Faraday Soc., 34, 1455
(1938).
(14) Th.

(1958).

Heumann and F. Diekotter, Z. Elektrochemeé62, 745
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Tabile |

Equivalents of Passive Film Substance per Unit Area (Apparent Surface)

Metal Method
Iron

Iron

Coulometry

by passive film
Iron
>9% Cr-Fe alloys and 18-8
>5% Cr-Fe alloys
18-8

Coulometry
Coulometry

loy to aerated HD

° Based on alloy pickled in HCI1-H2504 which gave a measured roughness factor of 4.

Max. oxidation of Cr02~ to CrC4~-

Anal, of iron entering soln.

Consumption of 02on exposure of al-

Equiv. of
pass. film,
coulombs/cm.2 Ref.
0.008 Weill7

.012 Uhlig and O’'Connorb

< .003 Snavely and Hackerman2
.011 Olivier7
.013 Present work
.013 Uhlig and Lord

The value for a measured rough-

ness factor of 1.2 (18-8 pickled in HNO3HF) is 0.004 coulomb/em.2 The roughness factors of other metals listed in the
table above have not been determined, but are expected to fall within the range 1.2-4.0.

At low temperatures, the initial film of ferrous
sulfate is more viscous, diffusion is retarded, and the
passive film forms at lower applied current densities.
The corresponding critical current densities at
25° are lower than at 50° and still lower at 4°.
Above 12% Cr, where the initial insulating film of
reaction products is less important, critical current
densities at 4 and 25° are about the same. But at
50° the values are higher, suggesting that passivity
is less stable at this temperature, and that a re-
action-product film must first partially insulate the
surface before the true critical current density for
passivity is attained.

The discontinuity in slopes at 10 to 12% chro-
mium corresponds to the critical minimum con-
centration of Cr observed in practice for air-
stable passivity. This critical chromium com-
position has been described by one of uslB®b
as the composition marking the filling of the sur-
face d band of chromium energy levels by elec-
trons of alloyed iron below 12% Cr but with d-
electron vacancies present above 12% Cr. It is
assumed that chromium d-electron vacancies favor
optimum chemisorption of the environment (e.g.,
02), the resulting chemisorbed film constituting
the passive layer.

Apparent coulombs required for passivity are
higher for iron than for Cr-Fe alloys, because of
the accompanying formation of a temporary
FeSCh film. For Cr-Fe alloys, the initial insulating
film is less important, and coulombs for passivity
diminish as Cr content increases (or as tempera-
ture decreases), finally reaching at 5 to 10% Cr
an average constant value of about 0.01 coulomb/
cm.2 This value is also the order of magnitude for
the equivalents of the true passive film on iron as
obtained from coulometric measurements of WeilT7
or from maximum oxidizing capacity of the passive
film by Uhlig and O’Connor,18 and is the value
measured for 18-8 stainless steels as reported by
Olivier by the same indirect method as was used
in obtaining data for Cr-Fe alloys. It is also the
value obtained by Uhlig and Lord®for the equiv-

(15) H. I1. Unlipi, ibid., 61, 700 (1958).

(10) “ Corrosion Handbook,” Edited by Id. H. Uhlig, John Wiley
and Sons, Inc., New York, N. Y., 1948, p. 20.

(17) K. Weil, Z. Elektrochem., 59, 11 (1955). (There has been dis-
cussion as to what Weil actually measured, the suggestion being made
that he measured only the thickness of film supplementary to the
passive film existing at the activation potential.)

(18) H. Uhlig and T. O’Connor, J. Electrochem. Soc., 102, 562
(1955)-

alent amount of oxygen consumed in forming the
passive film on 18-8 stainless steel, first pickled,
then washed in N2saturated H2D and subse-
quently exposed to aerated water for several minutes
up to several hours. Snavely and Hackerman:
found 0.003 coulomb/cm.. based on a comparison
of iron entering solution in a 0.1 M Na.S0. +
H.SO., pH 3, and total coulombs passed during
anodic passivation. They also state that the
value at the Flade potential, based on cathodic
reduction measurements, is much less than 0.003
coulomb/cm.. Several experimental factors, in-
cluding local cell action during cathodic reduction,
and factors entering anodic polarization as men-
tioned by the authors, may have combined to
make their reported values too low. Except for
this work, the total amount of passive film sub-
stance appears to be of the same order of magnitude
whether the alloy is passivated by air exposure
requiring up to « hours for complete passivity. s
or by anodic polarization within as short a time as
seconds or minutes. Data are summarized in
Table 1. The amount of passive film substance
(.02 coulomb/cm.?, allowing for a roughness
factor of 4 as measured by the BET method.:
for 18-8 pickled in HCI-H.SO., is equivalent to an
oxide film about 17 A. thick or an adsorbed close-
packed nonatomic layer of O through gaps of which
a monomolecular 0: layer is chemisorbed. It is of
interest in this connection that a two-layer struc-
ture has been suggested for 0. adsorbed on W ..
and for N. adsorbed on W, Mo, Ta, Kb, Cr and
Fe. xs

Structure of the Passive Film—It can be
assumed that the passivation of metal involves a
typical anodic oxidation reaction

M + 2H20 — ~ 02M + 4H+ + de~ (2)

where 0 M signifies oxygen associated with metal
as oxide or adsorbed gas. If it is further assumed
that this reaction is at equilibrium at the activa-
tion potential, then the passive film is neither
formed nor reduced at this potential. This as-
sumption is consistent with the demonstration by
others:. that passivity cannot exist at potential

(19) H. Uhlig and S. Lord, Jr., ibid., 100, 216 (1953).

(20) E. Snavely and N. Hackerman, Can. J. Chem., 37, 268 (1959).

(21) T. O’Connor and H. Uhlig, This Journal, 61, 402 (1957).

(22) J. Becker, Ann. N. Y. Acad. sci., 58, 723 (1954).

(23) E. Greenhalgh, N. Slack and B. Trapnell, Trans. Faraday
Soc., 52, 865 (1956).

(24) K. F. Bonhoeffer, Z. Metallic., 44, 77 (1953).
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values more active than the activation or Flade
potential, and that at more noble potentials, the
passive film is thicker; hence at the activation
potential the film is at minimum thickness con-
sistent with passivity. It follows from the Nernst
equation that the activation potential e-p for
reaction 2 should be a linear function of pH or
ep = I?F°+ 0.059pH, as is observed.

From values of e ¥° one can calculate the standard
free energy change.4 For iron, e £ is equal to
—0.58 v. according to Franck, —0.68 v. according
to Rocha and Lennartz, and —0.64 v. according to
our data (Fig. 6), the average value of which is
—0.63 v. This is equivalent to a standard free
energy change of 58,100 cal. for reaction 2. From
A(?° of formation of HD(1) and H+, equal to —56,-
690 and 0 cal./mole, respectively, Ac- of formation
for 02M is equal to —55,100 cal./mole. This is
significantly different from the corresponding
values of AG°/mole 02 for Fed 3or Fel04equal to
—118,000 or —121,200 cal., respectively.B

On the other hand, looking at 02M as oxygen
chemisorbed on Fe, the heat of adsorption measured
by Tompkins®bis
02+ Fe surface — > 02(adsb. on Fe)

AHO = —75,0C0 cal. (3)

Assuming that the entropy of adsorption is not
far different from that for N2 chemisorbed on Fe
(—46.2 e.u/mole 02 standard state equals I/ 2
coverage), and noting that aw Is not sensitive to
surface coverage,Z it follows that at 25° from the
relation: Ac- = Au- — Tasc, the free energy
change for reaction 3 equals —61,250 cal. This
is more nearly in accord with the value —55,100
cal./mole 02 calculated from the activation po-
tential and supports the premise that the passive
film is essentially chemisorbed 02 Thicker pas-
sive films corresponding to potentials more noble
than the activation potential probably consist of
an adsorbed oxygen complex made up of O, OH,
H2 or various solute ions.8 Furthermore the dif-
ference between calculated and observed values
can be accounted for by considering the free
energy of adsorption of HD on Fe. Since a film of
adsorbed HXD must be displaced by adsorbed 02
in aqueous solutions when iron is passivated, but
not when 0 2is adsorbed from the gas. the corre-
sponding free energy change measured by the ac-
tivation potential is actually

2HD + raHXD(adsb. on Fe)-—>a
AHD -0 Aadsb. on Fe) + 4H+ + 4e"
AG» = 58,130 cal. (4)

where wHXD-02adsb. on Fe) represents nH2D
adsorbed on layers of oxygen, which in turn are
adsorbed on Fe. Also, A(7° for the reaction

2HD + Fe surface — >
02(adsb. on Fe) + 4H+ + 4e~ (5)

as calculated from the free energy of adsorption of
02on Fe = -61,250 + 2(56,690) = + 52,100 cal.
Subtracting (4) from (5) yields the reaction

(25) W. M. Latimer, “Oxidation Potentials,” Prentice-Hall, Inc.,
New York, N. Y., 1952, p. 221.

(26) B. Trapnell, “Chemisorption,”
York, N. Y., p. 215.

(27) Ref. 26, p. 213-216.

Academic Press, Inc., New
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Fig. 8—Heats of adsorption per mole 02 on Fe, Cr-Fe
alloys and Cr calculated from activation (Flade) potentials
(25°).

Fe surface + rcHXD-02adsb. on Fe) — >a
0 Aadsb. on Fe) + wHD(adsb. on Fe)
AG« = -6,000 cal. (6)

If we assume that the free energy of adsorption of
water on the passive film is negligible compared to
the free energy of adsorption of HD on Fe, this
equation simplifies to
Fe surface + reHD — > raH2(adsb. on Fe)

AG» = -6,000 cal. (7)

where n is probably equal to 1 or 2 (‘/ 2to 1 molecule
H2 displaced on the surface for every O atom
adsorbed). This value for Ac- is reasonable for
physical adsorption of HXD on Fe; it would be
larger if corrected for the adsorption of H2
on the passive film.

The value for e ¥ for Cr according to Rocha
and Lennartz is +0.2 volt, which similarly provides
a free energy for 02adsorbing on Cr (in water) of
—131,800 cal./mole 02 The absolute value would
be slightly higher taking into account H2X ad-
sorbed on Cr. The corresponding value for free
energy of formation of Cr 3per mole 02is —167,-
000 cal./mole 028 which value is more negative
than for adsorption, as should be expected from
the fact that the adsorbed oxygen film is an inter-
mediate metastable state preceding formation of
metal oxide of lower free energy. On Cr, the
reported equivalents of passive film substance
varies from 0.002 to 0.006 coulomb/cm.2 1314
as measured in sulfuric acid, the smaller values
corresponding to times of passivation related to an
arbitrary passive potential, and the larger values
corresponding to potentials at or just below the
value at which Cr04 is formed. A passive
film of thickness corresponding to this order of
chemical equivalents, therefore, is also in accord

(28) lief. 20, p. 210.
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with a chemisorbed film. Since a chemisorbed
oxygen film appears to make up the passive film on
iron, as the foregoing thermodynamic calculation
indicates, it is reasonable that the passive film on
Cr-Fe alloys, amounting similarly to about 0.01
coulomb/cm.2 is chemisorbed. Additional evi-
dence points in the same direction.4293 Snavely
and Hackermand also concluded that a passive
film composed of sorbed ions and dipoles is reason-
able. On this basis, heats of adsorption of 02
on the Cr-Fe alloys can be calculated from activa-
tion potentials. These values plotted in Fig. 8
assume that the entropy contribution to oxygen

(29) H. H. Uhlig, “ Metal Interfaces,” Am, Soc. for Metals, Cleve-
land, 1952, p. 312-335.

(30) Tho Heumana and W. Rosener, Z. Elektrochem., 29 722
(1955).
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adsorption throughout the alloy series is constant
and is the same as was assumed for Fe; if corrected
for adsorption of HD the values would be some-
what higher. Activation potentials are taken
from Rocha and Lennartz’ data, and the average
of the three reported potentials for Fe is used for
the point labelled “Average Calculated.” Since
— aH o undergoes a sharp change around 10-12%
Cr, it follows from the reasoning outlined above that
the alloys have greater affinity for oxygen, beginning
particularly at this composition range, leading to
the more stable passive film characteristic of
stainless steels.

Acknowledgment.— The authors are grateful for
support of this research by the Office of Naval
Research and to Jorg Osterwald for helpful dis-
cussions.
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The rational values of the potential of the electrocapillary maximum of mercury in contact with 2, 3 and 4 N aqueous

solutions of potassium chloride at 25° have been determined.

are presented.

Differential capacity data for 2 and 3 N potassium chloride

Values for the rate of change of capacity attributable to the anions with respect to potential between 2
and 3 N potassium chloride have been compared with values calculated from the theory of the diffuse double layer.

Values

for the components of charge in the double layer for 2.449 N potassium chloride have also been computed from the data.

All results are found to be in agreement with the predictions of the theory at large values of cathodic polarization.

At

lesser values of the polarization, rather large discrepancies from the values predicted by the theory are found if specific

adsorption is neglected.

The anomalous results of lofa and Frumkin concerning the nature of the double layer in con-

centrated solutions of acids are not observed in concentrated potassium chloride solutions.

Introduction

Electrocapillary measurements at high concentra-
tions have not been reported in the literature, ex-
cept in the case of such acids as HBr, HC1 and
H2504 on which work has been done by lofa
and Frumkin.4 The results of these investigators
appear to be anomalous and have been inter-
preted6 as indicating repulsion of the cations from
the interface at highly cathodic potentials. Such
results are contradictory to the currently accepted
theory of the diffuse double layer, and the question
arises as to whether this represents a breakdown
of the theory in concentrated solutions or some
anomaly attributable to the hydronium ion.

Thus, it is of considerable interest to investigate
the properties of the electrical double layer between
mercury and concentrated salt solutions. First,
such a study will provide a check on the validity
of the current theory of the diffuse double layer,
at high concentrations and, secondly, it will give
an indication of the extent of the anomalous be-
havior observed by lofa and Frumkin.46

(1) Requests for reprints should be addressed to the Department of
Chemistry, Amherst College, Amherst, Massachusetts.

(2) Department of Chemistry, University of Washington, Seattle,
Washington.

(3) Late Professor of Chemistry, Amherst College.

(4) S. lofa and A. Frumkin, Acta Physicochim. U.R.S.S., 10, 473
(1939).

(5) A. Frumkin, private communication to D.C.G.

Experimental Details and Methods of Calculation

Potassium chloride was chosen for this study and all solu-
tions were made up in conductivity water from once re-
crystallized Baker C.P. reagent. Measurements at 25°
of the differential capacity of mercury in contact with 2 and
3 N aqueous solutions of KC1 were made, using techniques
which have been described previously.67 Measurements of
potential were made relative to a normal calomel electrode
and no correction for liquid junction potentials was or
should have been made. Rather, the potential relative
to a hypothetical electrode reversible to the potassium ion
and kept always at the concentration of the salt in question
was computed. The details of this computation may be
found elsewhere.8

The potential of the electrocapillary maximum (e.c. max.)
was determined for 2, 3 and 4 N KC1 solutions, using a
streaming mercury electrode technique (ref. 9, method V1).
Despite the fact that all possible precautions were taken to
exclude oxygen from the system, ideal conditions were not
adequately realized using this method. Therefore, A e.c.
max. values were determined by difference, in the observed
values, measured by switching back and forth between two
concentrations of KC1, since even though the observed
values may be slightly in error, the A values should be more
nearly correct. Rational values for 2, 3 and 4 N KC1 were
then calculated on the basis of the previously reported
value for the e.c. max. of 1 N KC1.9 These values, along
with a value for 2.449 N KC1, appear in Table I. This
last value was determined by interpolation from a plot of
e.c. max. vs. concentration, including not only the present

(6) D. C. Grahame, J. Am. Chem. Soc., 71,2975 (1949).

(7) D. C. Grahame, Z. Elektrochem, 29 740 (1955).

(8) C. W. Lees and J. R. Sams, Jr., Thesis, Amherst College, 1958.

(9) D. C. Grahame, E. M. Coffin, J. I. Cummings and M. A. Poth,
J. Am. Chem. Soc.t 21, 1207 (1952).
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data, but also those presented in ref. 9 for lesse- concentra-

tions of KC1. The need for the 2.449 N value is discussed
below.
Table |
Potential of the Electrocapillary Maximum of
Mercury in KC1, 25°

Concn., Potentia.,0

moles/1 V.

2.0 0.5802

2.449 .5890

3.0 .5989

4.0 .6158

* Potentials measured relative to a normal calomel elec-
trode.

The differential capacity curves for 2 and 3 N KC1 ap-
pear in Fig. 1. Due to the methods of calculation em-
ployed (as described below) it was necessary to know ac-
curately the position of the 3 N curve relative to the 2 N
one. This was ensured by making several rapid measure-
ments of C values at potentials ranging from —0.60 to
—1.80 v. in steps of 0.20 v. at each concentration, switch-
ing back and forth between solutions as rapidly as possible.
This minimized errors arising from variations :n the condi-
tion of the dropping mercury electrode. Subtraction then
gave AC values between these two concentrations at these
potentials. Several AC values were determined at each
potential and their median values calculated. A smoothed
plot of AC vs. E + was then constructed and this curve was
used to draw a 3 N curve relative to the 2 N one. This3 N
curve coincided sufficiently with the 3 N curve determined
in the usual way so that we could safely assume that we had
fixed the position and shape of the complete 3 N curve
relative to the 2 N one.

The equations employed in the calculations have been
presented elsewhere,10-12 but it will be convenient to restate
some of them here. From a purely thermodynamic argu-
ment it is possible to derive the equations
v+ (dg/dfx)e- = (Dr+/dE “)wand

v- (dg/bn)e* = (dr_/AE+)f. (1)

(ref. 10, eq. 26), where v+ and »<_are the numoer of cations
and anions formed by dissociation of one molecule of salt,
g is the surface charge density of electricity on the metallic
phase, uis the chemical potential of the salt, r+(r_) is the
superficial density of cations (anions) and E +(E~) is the
potential relative to an electrode reversible to the cation
(anion). These two equations may be differentiated with
respect to potential to give

A(bC/d/IDE- = (i>C+/dE~)n and
v (dC/dN)B+ = (dC_AE+),, (2)

where C+ and C_ represent that part of the capacity of the
double layer attributable to cations and anions, respectively,
and are defined as

C+ = 2>r+/dI?- and C. = &r_J/aE+ 3)

After rearrangement, the second of equations 2 gives (for a
1:1 electrolyte)

ACE+ = (dC-MF+LAnR (4)

If specific adsorption is assumed absent, no ions will popu-
late the region between the interface and the outer Helm-
holtz plane and equation 4 may be rewritten as

ACVd = (dC_delcLE,+)* AM (5)

where the superscript de refers to the diffuse region of the
double layer and indicates that the variation is with respect
to the applied potential E + and not some other potential.13
Equation 5 enables us to compare the experimental results@

(10) D. C. Grahame, Chem. Revs., 41, 441 (1947).

(11) D. C. Grahame, J. Chem. Phys., 21, 1054 (1953).

(12) D. C. Grahame and B. A. Soderberg, ibid., 22, 449 (1954).

(13) There is another differential capacity Cd of tile diffuse double
layer defined as Cd = ~dr)d/dipQwhere V1is the surface charge density
of the diffuse region and tf is the potential of the outer Helmholtz
plane. The potential 7 is very different from the applied potential;
and moreover d7° dE+ so that these two capacit es are quite dif-

ferent.
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Potential, volts.

Fig. 1.— Differential capacity of the electrical double layer
at a mercury-potassium chloride solution interface C as a
function of potential E +.

Fig. 2—Observed and calculated values of the rate of
change of capacity attributable to the anions with respect
to potential (dCie/dE+)/i as a function of potential E +.

with the predictions of the theory as follows. (dC6 /dE+)ii
is given by diffuse double layer theory as
1
(dC-de/dE+)n = 21 + 9B
(Cd=)2
[cx DAV T T A s vy

(ref. 12, eq. 25). In this equation, v — tjd/2A, and A is a
constant, equal to 5.8716 c'/> for aqueous solutions at 25°,
where c is the molar concentration of the solution. In
calculating v, jjd was taken as being equal to —q (as a conse-
quence of assuming no specific adsorption), which in turn
may be determined as a function of E + by numerical inte-
gration of a differential capacity curve for 2.449 N KC1,
this concentration being one whose activity is equal to the
geometric mean of the activities of 2 and 3 N KC1. This
2.449 N curve was drawn between the two observed curves
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Potential, volts.

Fig. 3.—Components of charge in the double layer be-
tween mercury and 2.449 N potassium chloride solution as
a function of potential, —q is total charge; yd is total
charge in the diffuse double layer; r+ is charge attributable
to cations in the double layer. ydis charge attributable to
anions in the diffuse double layer; y' is charge attributable
to anions adsorbed on the mercury surface; is the sum
of these two.

Fig. 4—Observed and calculated values of the rate of
change of capacity attributable to the anions with respect
to potential (dCdedd.S+)r as a function of potential E +
calculated from data of Grahame and Soderberg.12

by plotting average values of the 2 and 3 N curves. The
integration was carried out starting at the e.c. max., thus
setting the constant of integration equal to zero. Values
of C and dC/dE were also obtained from the 2.449 N curve
by direct reading and by graphical tangential slope measure-
ments, respectively, it being assumed that C = Cde and
dC/dE = dCie/dE (again as a consequence of our assump-
tion of no specific adsorption). Experimental values for
(dCde/dii+)> were obtained from AC values through equa-
tion 5. Figure 2 shows observed and calculated values of
this quantity.

From the data it is also possible to calculate the compo-
nents of charge in the double layer. A numerical integra-

J. R. Sams, Jr., C. W. Lees and D. C. Grahame
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tion of the observed (dC-/dE+)n curve with respect to po-
tential gives C- as a function of E+. The constant of in-
tegration is obtained by calculating the value of C_ at
—1.805v. by use of equation 62 of ref. 11. This potential is
selected because the convergence of the two curves in Fig. 2
indicates that the diffuse double layer theory upon which the
calculation is based holds best in the highly cathodic region.
An integration of the C_ vs. E +curve gives T_. Again itis
necessary to determine the constant of integration, this time
by calculating r_ at a potential of —1.81 v. (the most
cathodic value obtainable without extrapolation), from
equations 43 and 72 of ref. 10. r+ is otained by difference
from g and r_. The surface excess of specifically adsorbed
anionsy'is found by subtracting from r_ the surface excess of
anions in the diffuse part of the double layer ijd. The latter
is found from T+ using equations 72 and 73 of ref. 10. The
validity of these calculations rests on the requirement that
cations be present solely in the diffuse part of the double
layer. Summing T+ and yd gives yd. This quantity can
also be obtained from the relation
nd = —2A smh(zetp°/2KT) (8)

and this was used as a check on the numerical accuracy of
the results. All the components of charge are shown in
Fig. 3.

Discussion of Results

The differential capacity curves for 2 and 3 n
KC1 (Fig. 1) exhibit the same general shape char-
acteristic of lower concentrations of the same salt,
and the 2 n curve agrees quite well with inde-
pendent data obtained at this concentration.4
The good agreement between the points calcu-
lated from AC values and those obtained directly for
3 v KC1 indicates that the shape and position of
this curve relative to the 2 n curve have been
closely established.

It is clear that the discrepancy between the two
curves in Fig. 2 is due to specific adsorption of the
chloride ion on the mercury surface. It will be
remembered that in the calculation of (dCdHdi?+)il
by equation 7 it was assumed that specific adsorp-
tion was absent. However, if anions are present
in the inner region in the cathodic branch of the
curve, this causes an increase in the negative charge
on the metallic phase and hence an increase in the
capacity of the double layer. This accounts for
the fact that the observed values are greater than
the calculated ones.

The curves converge as the potential becomes
more cathodic, due to the fact that the bonds be-
tween the adsorbed anions and the mercury are
weakened by the increasingly negative charge
on the mercury and anions are repelled from the in-
terface. Thus, the discrepancy due to specific
adsorption decreases.

It may finally be noted that both curves approach
zero as the potential becomes more cathodic.
What is actually observed is that (dciday)e+
equals zero at some highly cathodic e + (see Fig.
1). But by equation 2, this is equivalent to ob-
serving that (dC /dFJ+)™ equals zero. Since
the quantity (7- is the differential of r_ with re-
spect to e+, one observes that (52 _/5£+)"
approaches zero. This phenomenon is also pre-
dicted by the theory of the diffuse double layer.
From equation 73 of ref. 10 it may be seen that

(dV d<h/2 = -(4/4) exp(jli2) (9)

where y is a monotonic function of e +. Hence
asy approaches a large negative value, d2y~d/d £ +2

(14) D. C. Grahame, unpublished results.
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approaches zero. This precise mathematical pic-
ture may be expressed qualitatively by saying that
as e + approaches large negative values, the neg-
ative charge on the double layer approaches a
limit. Hence (s c -ie/o e +)n, the second deriva-
tive of this charge, approaches zero.

It is instructive to compare Fig. 2 wbh Fig. 4,
in which observed and calculated values of (dC_dod
cLE+V for 0.1 n KC1 calculated from the data of
Grahame and SoderbergXare plotted againste +. A
discrepancy of the type found at 2.449 n is ob-
served but does not become apparent until rel-
atively more anodic potentials are reached. If
one again attributes the discrepancy to specific
adsorption, this behavior is entirely expected.

The components of charge (Fig. 3) behave as
one would expect from the theory, and the curves
are qualitatively very similar to those presented
previously for more dilute solutions.0 At large
values of negative polarization, the surface excess
of specifically adsorbed anions goes to zero, as all
the anions are expelled from the inner region of
the double layer. At these same potentials id
becomes identical with — q, and r.51 becomes iden-
tical with r_, as must be the case when specific
adsorption is absent. It is to be noted that T+
is positive even on positive polarization, since as
a result of specific adsorption, more anions are
held to the mercury surface than corresponds to the
positive charge on the mercury. Hence, the net

Zirconium-Hydrogen and Zirconium-Hydrogen-Uranium Systems
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charge is negative, and cations are attracted. lofa
and Frumkin4d report that 1+ decreases as e ap-
proaches large negative values in solutions con-
taining high concentrations of HC1, HBr and HS 04
Such anomalies are not found in concentrated solu-
tions of potassium chloride and may possibly be
caused by the nature of the hydronium ion.

Conclusions

The agreement obtained between observed and
calculated values for the rate of change of capacity
attributable to the anions with respect to potential
for 2.449 n potassium chloride at large values of
cathodic polarization indicates that the theory
of the diffuse double layer remains valid in this
concentration range as well as in more dilute solu-
tions. The discrepancies observed at lesser values
of the cathodic polarization are evidently due to
specific adsorption of the chloride ion on the mer-
cury surface, and if this adsorption were taken
into account, good agreement between theory and
experiment should be obtained over the entire range
of potentials. The values calculated for the com-
ponents of charge likewise show no anomalies due
to increasing the concentration range of the meas-
urements. The results of lofa and Frumkin,4
which indicate repulsion of the cations from the
interface at high values of cathodic polarization in
concentrated acid solutions, are not observed in
concentrated solutions of potassium chloride.

A STUDY OF THE ZIRCONIUM-HYDROGEN AND ZIRCONIUM-
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John Jay Hopkins Laboratory for Pure and Applied Science, General Atomic Division of General Dynamics Corporation,
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The zirconium-hydrogen and zirconium-uranium-hydrogen systems have been investigated at various temperatures
between 600 and 800° by means of hydrogen-dissociation-pressure measurements in conjunction with high-temperature

X-ray diffraction techniques.
hydrogen diagram are in good agreement with earlier work.
which must be considered tentative in several respects.
exist in the related binary systems.

zirconium-uranium diagram rapidly expands wi~h the addition of hydrogen.

zirconium-hydride phase is very limited.

Introduction

In recent years a considerable amount of work
on the binary zirconium-hydrogen system has been
reported in the literature. Ells and McQuillanl
published a fairly complete phase diagram based
on the results of several investigators who all
used the hydrogen-dissociation-pressure technique.
The diagram of Ells and McQuillan, which differs
but little from that given in Fig. 1, shows a eutec-
toid at 547° at a composition of 32 at.-% hydro-

en.

? A more or less complete diagram based entirely
on X-ray diffraction work was published by
Vaughan and Bridge.2 Their diagram deviates

(1) C. E. Ells and A. D. McQuillan, J. Inst. Metals, &5 89 (1950).
(2) D. A. Vaughan and. J. R. Bridge, J. Metals, 8, 528 (1956).

Phase diagrams deduced from the data are presented.
A ternary zirconium-uranium-hydrogen diagram is proposed
No new phases were encountered that are not already known to
The misc-bility gap appearing in the body-centered-cubic solid-solution field of the

The results on the binary zirconium-

The solubility of uranium in the face-centered

from the previously cited one in a few respects.
First, the a + {3 phase region extends much farther
to the hydrogen-rich side; second, the eutectoid
composition is shown near 42 at.-% hydrogen.
On the basis of heat-capacity measurements,
Douglas and Victor3 concluded that the diagram
given by Vaughan and Bridge is essentially correct.

In view of these discrepancies, it was considered
worthwhile to redetermine parts of the zirconium-
hydrogen diagram by dissociation-pressure meas-
urements. In addition, it was found possible to
extend the measurements into a few regions not
investigated by other workers.

Little effort had been made previously to investi-

3) T. B. Douglas and A. C. Victor, J. Research Nail. Bur. Standards,

Gl 13 (1958).
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Fig. 1.— Zirconium-hydrogen phase diagram derived from  Geneva, 1958, Paper UN/P/1785).
various sources (see ref. 1): A, Edwards, Levesque and
Cubicciotti; 0O, Gulbransen and Andrew; O, Ells and uranium alloy was hydrided at temperatures

McQuillan; X, present authors. between 540 and 800°. Both dissociation-pressure
and X-ray techniques were employed. The X-
ray data were obtained on quenched specimens.

The determination of the ternary phase diagram
is greatly facilitated by the fact that the three

R R +H related binary diagrams are reasonably well
established. These binary diagrams are shown in

800 / Figs. 1, 2 and 3. The zirconium-hydrogen dia-

gram is based on data taken from previous studies
/ as well as from the present work. The zirconium-
uranium diagram also contains contributions by
various other investigators and is tentative in

B+ I_é several respects.

In the present work, the experimental approach
was as follows: the phase boundaries were deter-
mined by measuring the hydrogen-dissociation
pressure during hydriding of several zirconium-
uranium alloys at various temperatures. From
these measurements and the known binary dia-

600 grams, tentative isothermal sections of the ternary

diagram could be deduced without serious dif-
ficulty.

In addition to these measurements, X-ray dif-
fraction patterns were taken on alloys of selected

a a—H_t compositions as a check of the validity of this

diagram. Since the high-temperature phases usu-
ally are not retained during quenching of the
alloy, all X-ray data were taken at temperature.
The excellent dissociation-pressure data by
a+Us Singleton, et a1,,4 were of great benefit to us and
have been used in constructing the diagrams which
are presented here.

900

700 U /

dE °°
[ERN

IENPRgEA:

500

400

0 o1 0.2 0.3 0.4 05 .
Preparation of the Alloys and

Experimental Technique

i i i Reactor-grade, crystal-bar zirconium made by the Foote
Fig. 2.—Uranium-hydrogen phase diagram at 1 atm. \jjneral Company was used for the study of the zirconium-
(based on ref. 5). hydrogen system and for preparing the zirconium-uranium

alloys, and uranium metal, analytical reagent-grade, made

gate the ternary system. The only work reported by the Mallinckrodt Chemical Works was used in the alloys.
is by Singleton, et o(.,4 who studied in detail the The oxygen content of the zirconium and uranium stock was

phase transformations occurring when a 28 at.-% not known. The zirconium-uranium alloys were made by
arc-melting in a water-cooled copper crucible in a carefully

4) J. H. Singleton, R. Ruka and E. A. Gulbransen, “ The Reaction purified inert-gas atmosphere. Atmosphere purity during
of Hydrogen with a 50 Weight Percent Alloy of Uranium and Zir- melting was maintained by a hot zirconium “getter” foil
conium Between 542 and 798°,” Westinghouse Electric Corporation inside the arc furnace. The homogeneity of the alloys was
Report AECU-3G30, November 16, 1956. checked and found to be excellent. Chemical analysis

AT.- % URANIUM (100 U/H + U) -
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H/Zr

Fig. 6.—Hydrogen pressure versus composition isotherms
for zirconium-hydrogen system between 500 and 650°.

showed that the uranium content of different sections of a
sample were constant within the experimental error. The
zirconium-uranium alloys investigated were 1.69, 3.26,
5.05, 15.0 and 54.0 at.-% uranium. A 28.0 ai.-% uranium
alloy was studied by Singleton, ef ai.4

The hydriding apparatus is shown schematically in Fig. 4.
Small known increments of hydrogen that had been purified
by passing it over activated charcoal at liquid-nitrogen tem-
perature were taken from the storage and measuring vessel
through a Toepler pump into the reaction tube. The hy-
drogen pressure in the reaction tube was measured with a
McLeod gauge (for pressures below 2 mm.) or with a mercury
manometer.

At 800°, hydriding of massive samples weighing a few
grams occurred very rapidly. At lower temperatures, where

Zirconium-Hydrogen and Zirconium-Hydrogen-Uranium Systems
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HZrm

g. 8.—Hydrogen pressure versus composition for zir-
conium-uranium-hydrogen System at 687°.

F

Fig. 9.—Hydrogen pressure versus composition for zir-
conium-uranium-hydrogen system at 643 and 617°. The
symbol < indicates (100 U/U + Zr) = 54.0 rather than
1.69 as in Fig. 7.

the reaction became sluggish, the time to reach equilibrium
was reduced materially by the use of samples consisting of
very coarse filings. Even then, at 625° several hours were
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required and tbe time increased with increasing uranium and
hydrogen content.

'No chemical analysis was made of the samples after hy-
driding. The ready reproducibility of the dissociation-
pressure curves for different samples of a given alloy com-
position and also during dehydriding was taken as evidence
that even if a slight pick-up of oxygen or other impurity
occurred during handling and hydriding, this did not seri-
ously affect the results.

X-Ray diffraction patterns were recorded by a Norelco
diffractometer using molybdenum Ka radiation. Powder
samples sealed in evae, ated, thin-walled quartz capillaries
were mounted inside a furnace provided with a slit for the
X-rays. This simple setup proved adequate for phase iden-
tification, although precise lattice-spacing determinations
were not possible. To prevent thermal diffusion of the hy-
drogen along the length of the specimen (2 to 3 mm.) three
separate furnace windings were employed to minimize the
thermal gradient.

The 54 at.-% alloys yielded extremely weak patterns and
were not further investigated. During exposure of the
alloys of high uranium content at 800°, there was sometimes
evidence of a reaction occurring between the quartz and the
alloy. In such an event the run was disregarded.

Results and Discussion

The phases that occur in the binary systems are
designated as shown in Figs. 1, 2 and 3. As a
rule, the conventional nomenclature has been
adopted except where this would lead to confusion
in discussing the ternary system.

The high-temperature  body-centered-cubic
phase, which is common to all binary systems, has
been called ft This phase is designated ft if it
appears on the zirconium-rich side and ft if it
appears on the uranium-rich side of the miscibility
gap.

In Figs. 5 through 9 the logarithm of the iso-
thermal dissociation pressure is plotted against the
atomic composition ratio H/Zr. The binary as
well as the ternary diagrams are drawn for a
pressure on the system of 1atm.

The Zirconium-Hydrogen System.— Pressure
versus composition isotherms for several tempera-
tures are presented in Figs. 5 and 6. Where the
pressure is composition-dependent, a single solid
phase exists. On the plateaus where the pressure
is independent of composition, two solid phases in
equilibrium are present, in accordance with the
phase rule. The discontinuities in slope locate
phase boundaries. There is some uncertainty in
locating the hydrogen-poor boundary of the
Y-phase field because of the absence of a sharp
break in the curve. The points on the boundary
are best determined from a log pressure versus 1/(2
— H/Zr) plot. Below 550°, hydriding proceeded
very slowly and data were most easily obtained
by measuring the dissociation pressure as a function
of temperature at constant composition. The
points plotted on the 500, 520, and 535° isotherms
in Fig. 6 were found by interpolating plots of log
p versus 1/T7 for the three compositions. The
fragment of an isotherm at 535° (marked by
X's in Fig. 6) was measured as a check on the
validity of this procedure.

The zirconium-hydrogen diagram in Fig. 1 is
based on data from a number of sources, all ob-
tained by dissociation-pressure measurements. The
agreement between these data is indeed satis-
factory. The eutectoid is found at 33 at.-%
hydrogen.
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It follows from thermodynamic considerations
that the initial slopes of the phase boundaries
meeting at the aft? transition point of pure zir-
conium differ by Ax /r 7 2, where A+ is the latent
heat of transformation of pure zirconium and v
is the absolute temperature of transformation,
1149°K. From Fig. 1 we calculate A+ = 1050
cal./mole, which is in reasonable agreement with
the value of 900 cal./mole derived from heat-
capacity measurements of pure zirconium.3 Evi-
dently the direction of the (a + ft-/3 boundary
as drawn by Vaughan and Bridge2 in their phase
diagram cannot be correct.

The Zirconium-Uranium-Hydrogen System.—
The pressure versus hydrogen composition iso-
therms for several temperatures are shown in
Figs. 7, 8 and 9. For comparison with the previ-
ously discussed curves, the atomic ratio H/Zr is
again plotted as the abscissa. The key in Fig. 7
identifies the hydriding curves for the various alloys
in all three figures.

In interpreting the curves, one is guided by the
known related binary diagrams and the following
rules. In any single-solid-phase field the pressure
shows a rapid and steady increase with increasing
hydrogen content. In general, when a boundary of
a single-phase field is crossed, a two-phase field is
entered. The appearance of a two-solid-phase
region will manifest itself by a sudden decrease in
slope. The slope in a two-phase field can be
very small but must remain finite, since the
phase rule requires that the pressure can only be
constant for a series of compositions if these all fall
on a single tie line, so that the phases in equilibrium
do not change their composition. In the presence
of three solid phases in equilibrium, the pressure is
independent of over-all composition.

The 795° isotherms in Fig. 7 seem to offer the
least difficulty in interpretation. The early,
steeply rising portion of each curve indicates the
solid solution of hydrogen in a single phase, ft
The following sharp break onto a plateau-like
region indicates the start of a two-phase field.
The near coincidence of the curves for all alloys
and for pure zirconium beyond H/Zr = 0.7 is
conspicuous and suggests that the reaction oc-
curring along these plateaus is the rejection of a
uranium-rich ft phase. This rejection is completed
at the upward bend in the curves at about H/Zr =
0.7, at which point ft is nearly pure uranium and ft
is largely depleted of uranium. Beyond this
H/Zr ratio the behavior of the system closely
resembles that of the zirconium-hydrogen system,
with the uranium-rich phase participating only
slightly in further hydriding. Therefore, the
three solid phases in equilibrium along the true
pressure plateaus between H/Zr = 1 and H/Zr =
1.4 must be ft, ft, and the Y-hydride. Apparently,
the solubility of uranium in the Y-hydride at this
temperature is very small. The final, steeply
rising portion of the curves represents the hydriding
of the Y-hydride.

The 800° section of the ternary phase diagram is
shown in Fig. 10. (The key in Fig. 10 identifies the
symbols in the following three figures) The
Solid lines across the diagram, ending in the
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hydrogen corner, indicate the hydriding paths of
the various alloys. Though the number of avail-
able data fixing the boundaries of the phase fields is
rather limited, the position of the boundaries is
fairly well determined. The two long xmndaries
of the ft + ft + 7 region clearly intersect near the
uranium corner of the diagram. X-Ray data
showed that the lattice spacing of ft was slightly
larger than that of body-centered-cubic uranium
at 800°. Since the hydriding curve fcr the 1.69
at.-% uranium alloy shows no break, whereas the
3.26 at.-% alloy does, the ft corner of the ft +
ft + y triangle lies slightly above the hydriding
path of the 1.69 at.-% alloy. The accuracy of the
pressure measurements is inadequate to deter-
mine the tie lines from the data in Fig. 7. The
directions of the tie lines drawn in the two-phase
fields are believed to be approximately correct.

The solubility of hydrogen in uranium is ex-
tremely small in comparison with its solubility in
zirconium. The standard heat of solution of
hydrogen in body-centered-cubic uranium, calcu-
lated from data in ref. 5, is 1000 cal./mole, as
compared with a value of —38,000 cal./mole in
body-centered-cubic zirconium derived from the
dissociation-pressure measurements. The? large
difference between these values explains thermo-
dynamically the rejection of the uranium-rich
phase during hydriding.

The hydriding curves and the isothermal section
of the ternary diagram at 687° are shown in Figs.
8 and 11. The initial composition-sensitive por-
tion of the curves for alloys of 28 at.-% uranium or
less is in the ft' region and the break onto the first
plateau is again interpreted as the appearance of a
uranium-rich ft phase. The 54 at.-% alloy is
peculiar in that according to the zirconium-
uranium diagram this alloy is already in the ft +
ft field without the addition of hydrogen. Here,
the initial steep rise reflects the hydriding of ft
and to a lesser degree of ft, with little change in the
Zr/U ratio of either phase. At a critical hydrogen
composition, H/Zr «0.12, the sharp break in the

(5) H. A. Sailer and F. A. Rough, “ Compilation o' U.S. and TJ.K.

Uranium and Thorium Constitutional Diagrams,” Battelle Memorial
Institute Report BMI1-1000, June 1, 1955.
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Fig. 11.—687° section of the zirconium-uranium-hydrogen
phase diagram (tentative).

Fig. 12.—643° section of the zirconium-uranium-hydrogen
phase diagram (tentative).

Fig. 13.—617° section of the zirconium-uranium-hydrogen
phase diagram.

hydriding curve onto a plateau indicates a further
rejection of uranium from the ft phase.

There is some question as to whether the uranium-
rich phase in this portion of the diagram is really
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Table |
Phases Determined by X-Ray Diffraction
Sar;gple U/UC-l?mZprn' (atomHyﬁtlo_')_ 2 Phéslzsg§ at Ph;§g§ at Phéa\gg? at
1 0.017 0.49 7 + trOi oi + trv Oi + tro2
2 .017 51 7+ 0 oi
3 .017 .55 7+ 01 7+ 01
4 .033 .24 01 o1
5 .033 .40 7+ 01 oi + tros 01 + 02
6 .033 .65 7 7 + tr auf?)0 7 + troz
7 .050 .29 oi oi oi
8 .050 .50 oi+ 02+ trv 0i + 02 + trv
9 .050 .51 0i + 7 + 0i(?)"
10 .050 .54 7+ troi+ troz o1+ 02+7
11 .050 .66 7+ troz
12 .15 .20 01 + 02 oi
13 .15 .30 0* 01 + 02 01 + 02
14 .15 31 01 + 02 o1 + 02
15 .15 .32 01 + 02
16 .15 .32 01 + 0Q?)"
17 .15 .45 o+ 7+ &2)*
18 .15 .53 o+ 02+7 oi + 02 + trv
19 .15 .61 0+ 7 02+7
20 .15 .63 7-f-au

° Doubtful if 020r an-

s2, since in the binary zirconium-uranium system
at 687°, at least two uranium-rich phases- s:
and s u and possibly a third one, au—appear.
However, according to Figs. 2 and 3, both s u and
au have a relatively small solubility for zirconium
as well as for hydrogen, and the top of the three-
phase triangle in Fig. 11 is clearly located near the
pi region. The extent of the pi field was not
precisely determined. The break in the hydriding
curve for the 3.26 at.-% alloy is not clearly dis-
cernible and the pi corner of thes i + . + Y three-
phase triangle is therefore drawn just below the
hydriding path of this alloy.

Beyond the pi + pi field the interpretation is
much the same as at 795°, except that the 54 at.-%
alloy breaks into a narrow second three-phase
plateau. Two of the three phases in equilibrium
have to be pi and y, but the third phase may be
either au or s u= The curves for the low-uranium
alloys either were not extended far enough to
intercept this plateau or the region is too narrow
to be seen on these curves. The dissociation
pressure of the alloy beyond this three-phase
region is considerably higher than for pure zir-
conium of equal H/Zr ratio. This indicates some
solubility of uranium in the :-hydride at this
temperature.

The hydriding curves at 643 and 617° differ
but slightly from those at 687° and are shown in
Fig. 9. The corresponding isothermal sections
of the ternary diagram are shown in Figs. . and
13.

These temperatures are well below the s--
eutectoid temperature of 685° in the zirconium-
uranium system, and the pi phase appears as an
island at the top of the s + three-phase
triangle. The extent and precise location of this
island are not well defined. The narrow pi +
Pi + au three-phase region which necessarily
exists between the pi + au and .: + Pi phase
fields is beyond detection. The final, narrow,

18 2 + 7

6Single body-centered-cubic phase with broadened lines.

three-phase plateau, which appears at 687° on the
54 at.-% alloy curve, is again unmistakably present
on the curves for this alloy both at 643 and 617°.
It is here believedto beas. + - + au region since
the existence of s u at these temperatures is not
likely.

The hydriding and dehydriding curves around
this final plateau did not coincide as they did in
Fig. 9. This hysteresis phenomenon, which was
not observed at the higher temperatures, is ap-
parently caused by nucleation difficulties in the
s> phase.

X-Ray Diffraction Data.—X-Ray data were ob-
tained on only a limited number of samples, the
compositions of which were chosen in those phase
fields which were considered to be of most interest.
Identification of the phases was often difficult
because of the weak diffraction patterns and the
close overlap of several of the principal diffraction
lines of some of the phases. Sometimes, especially
in the higher-uranium samples, traces of U0. were
detected.

The results are shown in Table I and the points
obtained are plotted in the isothermal sections in
Figs. 11,12 and 13. The temperatures at which the
X-ray data were taken for each isothermal section
are slightly higher than those for the dissociation-
pressure measurements. In general, the X-ray
data confirm our other results, although a number
of uncertainties remain, mainly at 625°. In
particular, the diffraction pattern of sample 13
at 625° showed only the lines of a single s -phase
with a lattice parameter intermediate between
those for s and s.. The line-broadening was
considerable, however, and suggested that segrega-
tion of a second phase, presumably :., had oc-
curred, though on a very small scale. Sample 16,
similar to sample 13, therefore was annealed for
thirty days at 625°, and this treatment resulted
indeed in a complete splitting of the (11O)-reflec-
tion. Unfortunately, because of high background
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scattering, the other lines were too weak for one
to decide conclusively whether the second phase
Was -2 Or au-
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The decomposition of ten aliphatic carboxylic acids by -y-radiation has been studied with particular reference to their

relative rates of decarboxylation.

gated as well as the distribution of free radicals for one of the acids as determined by radio-iodine trapping techniques.

The effects of structural variation, added iodine and temperature have been investi-

It is

suggested that the mechanism of decarboxylation involves the intermediate formation of free alkyl and carboxyl radicals.

Introduction

The radiolysis of carboxylic acids in the pure
state has been studied previously by Whitehead. .
Newton; and Burr.«s

Aqueous solutions of varying concentration of
acetic acid up to 16 m have been investigated by
Garrisons

With the exception of the work by Burr, all
investigations have involved the use of heavy
particle radiation, either alphas from naturally
radioactive materials or cyclotron beams.

The volatile products of radiolysis of compounds
of this class are generally agreed to be carbon
dioxide, the saturated hydrocarbon of one carbon
less than the parent acid, smaller amounts of
hydrogen, carbon monoxide, water, methane (for
compounds of higher molecular weight than acetic
acid) and traces of other hydrocarbons of chain
length both greater and smaller than that of the
parent acid. In addition unsaturatec acids and
unsaturated hydrocarbons are observed. How-
ever, no detailed mechanism has been developed
and it was felt, therefore, that an investigation
of the ; -ray induced decomposition would be of
value in providing further information leading to
a clarification of the mechanism of decomposition.

Experimental

Ten carboxylic acids were irradiated. These were acetic,
propionic, ra-butyric, isobutyric, n-valeric, isovaleric, tri-
methylaeetic, a-methylbutyric, re-caproic and isocaproic
acids. The acetic acid was analytical grade. The others
were Eastman Kodak “white label” grade. All were dis-
tilled through a 30-em. spinning band or equivalent column
and center cuts having boiling range of less than 0.2° were
collected. The center fraction was redistilled after drying
for 24 hr. by stirring with “Drierite.” The acids were dis-
tilled from “Drierite” into the irradiation vessels, which
were Pyrex ampoules, on a vacuum line. Samples were
thoroughly degassed by repeated freezing, pumping and
thawing. Samples were irradiated in the FSU Cobalt-60
irradiator, which is of the type described by Burton, Hoch-
anadel and Ghormley.6

(1) This work was supported in part by the USAEC under contract
AT-(40-1)-2001 and in part by the FSU Research Council.

(2) W. L. Whitehead, C. Goodman and I. A. Breger, J, Chem. Phys.,
48, 184-189 (1951).

(3) A. Newton, ibid., 26, 1764 (1957).

(4) J. Burr, This Journal, 61, 1481 (1955).

(5) W. Garrison, 3. Am. Chem. Soc.t 77, 2720 (1955).

(6) M. Burton, J. A. Ghormley and C. J. Hochanadei, Nucleonics,
13, 10 (1955).

The mixture of gaseous decomposition products was ana-
lyzed either by a modification of the technique of Saunders
and Taylor,7 employing differential vapor pressure and
chemical absorption techniques for the separation of the
reported constituent, or by vapor phase chromatography.
Reproducibility with duplicate samples by these means was
of the order of £5% of the “C? -value.

Dose rates were calculated from atomic density and ab-
sorption coefficients of the solution referred to a standard
absorption in 0.8 N sulfuric acid of 3.0 X 10De.v./l.-min.
This calibration was obtained by use of the aqueous ferrous
sulfate dosimeter, with a specific yield of 15.6 ferric ions per
100 e.v. The radical trapping experiments were carried out
using the technique of McCbuley and Schuler.8

Results and Discussion

1. The Effect of Temperature during Irradia-
tion—The range of temperatures studied was
limited by the desire to consider irradiation effects
only in the liquid state. The yield of carbon di-
oxide from acetic acid was studied for the tempera-
ture range 0° (super cooled) to + 105°. For
propionic acid the temperature range was —20° to
88°. The vyields of other gaseous decomposition
products from acetic acid and propionic acid were
also studied. The data are presented in Table I.
Carbon dioxide yields from the other eight acids
are shown in Table 11

Above room temperature the effect of tempera-
ture in the case of both acids is slight and the yield
of all products shows a linear increase with tem-
perature. The yield of C02at 0° for both acetic
and propionic acid is anomalous. In both cases
a rather sharp increase in (?(C..) over the value
at 27° isseen. This is in accord with the observa-
tion of Whitehead, et a1.,2 who observed in their
study on behenic acid (C2) the same unexpected
rise in yields at 0°.

If one postulates that the combined yields of
carbon dioxide and carbon monoxide represents a
measure of the total decomposition of acetic acid
leading to the formation of methyl radicals, then
the ratio [G(CH9 + 2G(CH,))]/[G(C02 + c-
(CO)] will have a value of one if an of the methyl
radicals produced by the decomposition react to
form methane or ethane. It is of interest to con-
sider the value of this ratio and its variation with
temperature. At 27° the value of this ratio is

(7) K. W. Saunders and H. A. Taylor, J. Chem. Phys., 9, 616 (1941).
(8) C. E. McCauley and R. ~T. Schuler, J. Am. Chem. Soc., 79, 4008
(1957).
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Table |
Liquid Phase Radiolysis of Acetic and Propionic Acids
G (molecules/100 e.v,)am

Acid n%> Scavenger T, °C. co2 CO Cli4 C2Ho He C2H4
CHsCOOH 1.3710:1 0 6.7
CH3COOH 1.37192 27 6.0 0.73 3.34 0.62 0.35 Trace
CH3OOH 1.37192 1jf1 X RH-IT) 27 6.2 44 0.69 .65
CH3OOH 1.37192 88 7.1 .85 4.25 72 0.42
CH3OOH 1.37192 105 7.4
ch.ch,cooh 1.38080 -20 5.5
chXhZooh 1.38080 0 5.7
ch,chZooh 1.38080 27 4.4 .46 0.01 3.3 0.76
CH3XH2Z00H 1.38686 88 6.2

a Average value for three runs.

Tabte Il

Carbon Dioxide Yields from Higher Acids

G-

Acid 2D Scavenger -I(; (co
CHjCHiCHiCOOH 1.39713 27 5.0
CH&H(CHJCOOH 1.39265 27 144
CHjCHeCHe&CHCOOH 1.40804 27 5.4
CmcmCHalCHUCOOH 1.20292 27 5.9
CHXHICH(CHjCOOH 1.40353 27 6.3
(CHjUCCOOH 83 6.3
CHLCHeCHeCHeCHeCOOH 1.41633 27 4.4
CH.CHiCIlIe&CHICHeLOOH 141633 lg1 X 10-* M) 27 4.5
CHjCH(CHIi)CH.CH3COOIl 1.41460 27 6.7

“ Average values for at least three runs.

0.68 and at 88° it is virtually unchanged (0.70).
This suggests that something less than one-
third of the methyl radicals produced by carbon-
carbon bond scission escape to form higher
hydrocarbons and in the liquid phase this number
is independent of temperature. Alternatively,
if CO:; is produced by some other reaction, such as
suggested by Garrison6 (2CH3COOH-N-CH3COCH3
+ CO02+ H,0), the relative rates of these two
reactions must be independent of temperature.

2. The Effect of lodine— (i) The effect of
irradiating acetic acid at 27° in the presence of
1 X 10~2wm iodine is threefold. First it is found
that the yield of carbon dioxide is virtually un-
affected. Secondly, the yield of methane is sharply
diminished (from 3.34 to 0.69 molecules/100 e.v.);
and finally, the yield of ethane is essentially inde-
pendent of the presence of iodine. These latter
observations strongly suggest that ethane is
formed independent of a process involving thermal
methyl radicals while about 80% of the methane
arises from thermal radical reactions. This latter
figure is in fair agreement with J. Burr's3estimate
of about 15% for methane produced by a molecular
process. The effect of added iodine on c(coi)
for n-caproic acid also was studied and found to
be negligible, (ii) Results of the determination of
the distribution of thermal free radicals from valeric
acid, using a radio-iodine technique show that
approximately 80% of the radicals detected were
those resulting from the loss of a carboxyl group by
the parent acid. This suggests that C-C scission
at the carboxyl group is the predominant reaction
even in acids of moderate chain length.

3. Structural Effects, (i) Straight Chain Acids.
—The most exhaustive study on the effect of
ionizing radiation on straight chain acids was
carried on by Whitehead, et a1.,2 using «-particles.
Their studies were carried out in the solid phase and

were concentrated mainly on the acids of longer
chain length. Only acetic and propionic acids, of
the lower members of the series, were studied.
On the basis of these data it was concluded that the
yield of carbon dioxide decreased linearly with in-
creasing chain length. While this seems to be
generally true for the acids of chain length greater
than eight, or perhaps generally true for the acids
containing an even number of carbon atoms
we have observed deviations from this generali-
zation deemed to be significant. From an exami-
nation of Tables | and Il it can be seen that while
acetic, n-butyric and n-caproic acids show the
expected linear decrease, propionic and n-valeric
acids, a careful examination of the earlier data
reveals that the disproportionately low yield of C02
in the case of propionic acid also was observed.
A value of 2.75 for ¢ (CO:) is predicted on the basis
of the linear relationship while experimentally a
value of 2.4 was obtained. This is a deviation
of 12% from the expected value, while in this work
a deviation of about 25% has been observed.

No ready explanation for these anomalies presents
itself. It can be conjectured that these deviations
arise from differences in the magnitude of short-
range ordering effects in the liquid state when even-
numbered and odd-numbered acids are compared.
This would lead to different “caging” efficiencies
for the various acids. Such speculation is sup-
ported by the fact that at higher temperatures
these differences in ¢ {CO:) are smaller than at the
lower temperature. That, differences in the nature
of aggregation in the liquid state exist for the odd
numbered acids is attested to by anomalous viscos-
ities, heats of vaporization and melting points of
the odd numbered compounds. Similar anomalies
have been observed in this Laboratory for the odd-
numbered acids in the case of the recoil-tritium
labeling of these compounds.

(i) Branched Acids.—The most striking ef-
fect of structural variation is to be seen in the
case of the two butyric acids. The yield of carbon
dioxide is almost three times as great from the
branched as from the straight-chain compound.
This is in agreement with the observations of
Dewhurst,9 who found that the preferred site of
scission in hydrocarbons was at the point of branch-
ing.

In the case of the isomers of n-valeric acid it is
seen that when the carboxyl group is at the point of

(9) IT. A. Dewhurst, J. Am. Chem. Soc., 80, 5007 (1958).
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branching (pivalic acid and a-metbylbutyric)
the yields are higher than for the other two isomers,
although the difference is not so great as in the case
of the four carbon acids.

Radiation Chemistry of Liquid Aliphatic Carboxylic Acids
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ratio G(CHr)/G(COOH) is found to be 0.63,D
and for y-rays the ratio is 0.68.

The fact that the ratios are nearly equal despite
the difference in total decomposition

over-all

4. Linear Energy Transfer Effects—In Table [pased on G(C02 + G(CO)] suggests that the

111 the experimental data from this Laboratory
on acetic acid using y-radiation are compared with
those of other workers using various o, her types
of radiation.

Table Il

Linear Energy Transfer E ffects

dx/dE,
Radiation A./e.v. Gcoz Geo <ch4 Getb Gh*
27 Mev He++ 0.3 4.0 031 1.20 0.77 0.5 5
18 Mev H2 1.9 4.0 1.35 .63 4 5
7 40-50 6.0 0.73 3.34 .62 .35 This
Laboratory
An examination of Table 111 indicates that linear

energy transfer has a marked effect on the yields
of the products of radiolysis. Thus the yield of
CO02is increased 50% in going from heliam ions to
cobalt-60 y-rays, and the yield of methane is al-
most tripled. In a like manner, the yield of hy-
drogen is substantially less in the y-ease. The
absolute yield of ethane is, however, only slightly
diminished as one goes to lower ionization densities.
This fact requires further consideration.

The consequences of high L.E.T. are generally
considered to be the production of high local con-
centrations of the primary and secondary products
of radiation. Very low L.E.T. radiations, in
contrast, produce an essentially homogeneous dis-
tribution of activity throughout the bulk of the
system under irradiation. Thus, high L.E.T.
radiation will result in enhanced participation of
those reactions involving the interaction of two or
more activated species such as two radicals, or two
excited molecules while low L.E.T. radiation pro-
duces systems in which reactions of an activated
species with the substrate predominate. An
example is to be found in the high peroxide and
hydrogen yield produced by alpha radiation in
water.

It is of interest to compare the effect ofan L.E.T.
difference on the ratio of methyl radicals (ob-
served as methane and ethane) to carboxyl radicals
which are observed as carbon dioxide plus carbon
monoxide. The results of irradiation of acetic
acid with 27 Mev. helium ions and witn cobalt-60
y-rays are compared. Here the yield of methyl
radicals is taken to be equal to G(Cfi4 + 2G(CHe).
The vyield of carboxyl radicals is assumed to be
equal to G(C09 + G(CO). For helium ions'the

over-all mechanism is the same for both cases and
in both cases about */* of the methyl radicals pro-
duced initially go to form something other than
methane or ethane.

It is also instructive to consider the ratio G(CH4)/
G(CH.y) for the two cases. For the 27 Mev. He+2
case the value is 0.44 and for the y-ray case it is
0.73. Furthermore, if one compares the ratios of
methane yield to carboxyl yield for the two cases,
we obtain values of 0.27 and 0.50 for the high and
low L.E.T. cases, respectively. Thus, per mole-
cule of acetic acid attacked about twice as many
events result in the formation of methane in the
y-ray case, whether one considers the number of
methyl radicals produced or the total number of
molecules of acetic acid decomposed. Since these
“missing” methyl radicals appear as the dimer
(CHB9, it is tentatively concluded that a distinct
L.E.T. effect is observed in the case of ethane
formation even though comparison of the absolute
yields shows them to be very nearly the same for
both high and low L.E.T. radiation.

The mechanism for the radiolytic decomposition
of carboxylic acids has been discussed by a number
of authors.1-4 The photolysis of acetic acid in
the vapor phase has been studied by Burtonil
and Ausloos and Steacie.2

The latter authors have concluded that 10%
or less of the reaction is due to direct decomposition
to methane and carbon dioxide but rather that the
bulk of the decomposition involves free radical
intermediates. This is in qualitative agreement
with the conclusions of Burr on the formation of
methane from liquid acetic acid and our results
using iodine as a free radical scavenger. It is
thus concluded that a substantial part of the radi-
olysis involves alkyl and carboxyl free-radical inter-
mediates.

Acknowledgments.— The author wishes to ac-
knowledge the technical assistance of Messrs.
Wayne Westmark and Kenneth Chellis and to
thank Dr. C. J. Hochanadel of the Oak Ridge
National Laboratory for the use of his radiation
facilities during the early phases of this work.

(10) These are extrapolated yields based on the work of Garrison
on aqueous solutions of acetic acid.

(11) M. Burton, J. Am. Chem. Soc., 58, 692 (1936).

(12) P. Ausloos and E. W. R. Steacie, Can. J. Chem., 33, 1530

(1955).
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Inorganic anion exchangers have been prepared by coprecipitating cations of higher valence with aluminum and zinc

hydroxide in slightly acidic solutions.

The gels are dried to form white finely divided amorphous powders of AI(OH)-

and Zn(OH)2 We have postulated that the higher valent cations are in lattice positions ordinarily occupied by the cation

of the base structure, the charge unbalance being made up by loosely adsorbed exchangeable anions.

If an alumina base

exchanger is prepared with aluminum chloride precipitated with sodium hydroxide in which is dissolved some silica, the

chloride form of the exchanger is obtained.

Analysis of the dried and washed product gives the stoichiometric formula

Alo.&Bi0.i4OH)XIM3 The slight deficiency of chloride ion to compensate for all the charge unbalance caused by silicon

is probably made up by hydroxide ions.
washing.

Introduction

Many naturally occurring alumina-silicates such
as orthoclase (KDAI12D36Si02, albite (Nad-
Al 36Si02, analcite (NaAISiD6HD) or heulan-
dite (Ca0 AID 36Si025H2) are cation exchangers.
These structures contain silicate chains in which
are substituted aluminum atoms in tetrahedral co-
ordination with oxygen atoms. Because the alumi-
num atom has a charge of three, a cation deficiency
arises which is balanced by the exchangeable alka-
line or alkaline earth cation.

We have prepared AlI(OH)3 with substitutional
silicon atoms. The resulting solids have an anion
exchange capacity equivalent to the number of sili-
con atoms in the solid. The silicon atoms are pos-
tulated to have replaced aluminum atoms in their
octahedrally coordinated positions. The lattice
therefore has a positive charge excess, and this is
balanced by exchangeable anions. In asense, these
materials may be considered the anion exchange
counterparts of the natural and synthetic zeolites,
and other cation exchanging alumina-silicates
which consist of chains of tetrahedrally coordinated
aluminum and silicon atoms.

Al+3 has been introduced into the Zn(OH)2 lat-
tice also. Again, an anion-exchange capacity
equivalent to the positive charge excess is observed.

Unlike the exchangers just described, which are
primarily cation or anion exchangers, some exchang-
ers exhibit both an anion and cation-exchange ca-
pacity depending on the pH. This behavior results
from the amphoteric nature of surface hydroxyl
groups

XOH < > XO~ + H+ (basic solution)

XOH ~ X+ + OH" (acid solution)

Kaolinite (AlD 32Si02-2Si022HXD) and some other
naturally occurring clays are ion exchangers be-
cause of amphoteric hydroxyl ligands.1‘3 Re-
cently, the hydrous oxides of zirconium, thorium,
titanium and tungsten, also have been shown to
have ion-exchange capacity that can be explained
by the amphoteric nature of surface hydroxyl
groups.46 To a small degree, the exchangers that

(1) P. P. Stout, Soil Set. Soc. Am. Proc., 4; 177 (1939).

(2) S. Mattson, Soil Sci., 48 109 (1940).

(3) R. P- Graham and A. E. Horning, J. Am. Chem. Soc., €9, 1214
(1947).

Only a trace of sodium is found in the product, which may be due to incomplete

will be described also exhibit this type of behavior.

Compound Preparation

The Zn(OH)2 exchanger was prepared by adding NaOH
to a 0.25M solution of ZnCl2containing AILC13in the molar
ratio of 8:1 until a mixed colloid in a slightly acidic solution
was obtained. This gel was dehydrated at 130° and the
resulting white powder, Zno.sAlo.u(OH)2Clo.ii, was repeat-
edly washed to remove NacCl.

The AI(OH)3 exchangers were prepared similarly except
that the minor constituent was tetravalent silicon, titanium
or zirconium. The exchangers containing zirconium or ti-
tanium were prepared using solutions of TiCIZOAc)2 or
ZrOCI2in 0.25 M AICh solutions. The TiCIZOAc)2 was
obtained from the Titanium Pigment Corporation.6 The
procedure for preparation was the same as that described
for the Zn(OH)2base exchanger.

Silicon was added to the colloidal alumina by hydrolyzing
(CsEhhSIO, over a slightly acidic solution containing the
alumina gel. The mixed acidic colloid could also be pre-
pared by introducing the silica in the last third of the NaOH
used to precipitate the A1C13solution, or by adding HC1 to a
solution of aluminum and silicon in NaOH. In any case,
the mixed colloid must be in a slightly acidic solution before
dehydrating and washing as previously described. It is
significant that anion-exchange properties are only obtained
if colloids from acidic solutions are dehydrated. This will be
discussed later.

The white powders produced in this way are easily sepa-
rated from solutions by filtering or centrifuging. Although
column experiments have been performed, all of the experi-
ments reported in this paper were the batch-type. This
involved shaking one gram of the exchanger with 200 ml. of
solution that was 0.015 M with respect to the potentially
adsorbed anion. The pH was adjusted by use of the acids
or sodium salts of the particular anion investigated. After
mixing the exchanger and solution sufficiently long for
equilibrium to be established, the exchanger was separated
by centrifuging, and the supernatant liquid was analyzed
and compared with the original solution to determine the
number of adsorbed or released ions.

Analysis of The Exchanger

A total analysis for HD and all elements except
oxygen in the alumina-silicate exchanger yielded the
stoichiometric formula

Na,.0i6C W AU nNnb5Si0.!>840,]'3.02H 20

The sodium content may have resulted from in-
complete removal of NaCl by washing. It was
assumed that all the anion-exchange sites were
filled by chloride ions, whereas some hydrolysis
probably occurred during washing

(4) C. B. Amphlett, L. A. McDonald and M. J. Redman, J. inorg. &
Nuclear Chem., 6, No. 3, 236 (1958).

(5) K. A. Kraus and H. O. Phillips, 3. Am. Chem. soc., 78, 249
(1956).

(6) U. S. Patent 2,670,363, J. P. Wadington, Feb. 23, 1954 (Na-
tional Lead Co.).
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CI[AI2 ,Si,03-3HD + HOH =
(OH)i [AI2,Si,0,]-3HD + (H++ CI*)*

For this reason the chloride ion content may not
equal the silicon content. Also, there is not an
exact charge balance, the error being an excess on
the positive side by about 1%. This also would
be compensated for by any hydroxide ions on the
exchange sites, although the accumulation of ana-
lytical errors prohibits drawing any further conclu-
sions on this basis. The theoretical capacity for
this exchanger is 1.52 meq./g. on the basis of chlo-
ride ion content.

Analysis of the other exchangers for Na+ and
Cl- yielded the same result: the Na+ content was
negligibly small, and the CI- content was equal to
the quantity of the higher valent cation and the ex-
change capacity. The formula for the exchangers
can be written

Cl, [AI2,C,+i0 3-3HD

and
Cl, [Zni-nAbO] HD

where C+4 can be Ti+4, Zr+4or Si+4.

It should be noted that the formula for the alu-
mina base exchanger can be written A1D 33HD,
whereas the equivalent formula AI(Ol1)3 more ac-
curately describes the structure, which contains hy-
droxyl bonds.7 This also holds true for ZnO-HD,
the structure of which is more accurately described
by the formula Zn(OH)2

Dehydration of each of these exchangers at 150°
results in the loss of water and loss of anion ex-
changer capacity. With the alumina-silicate ex-
changer in the chloride form, the loss of HC1 was
noted. The reaction is postulated to occur at an
anion-exchange site as

o

1
Cl- + [Si(OH)a+l — > Si02+ HCIf + H2Of

Similar reactions occur with the other exchangers,
with loss of anion-exchange capacity.

X-Ray diffraction analysis indicated that the
exchangers were all amorphous. This could be due
to short range order in the structures resulting from
the method of preparation. Using X-ray diffrac-
tion, it was noted that Ti02was formed on heating
the alumina exchanger containing titanium to 150°.
The material also lost its anion-exchange capacity
under these conditions.

lon-Exchange Reactions

The preparations we have described yield the
anion exchangers in the chloride form. Several
washings of the dehydrated colloid with distilled
water readily removes the NaCl formed by neu-
tralization of the starting materials. Subsequent
washes continue to leach small traces of chloride
ion from the exchanger, as is evidenced by a slight
turbidity of AgCl when a qualitative test with
AgNO03is performed. This leaching may involve
hydrolysis as described earlier. A wash with dilute
NaOH solution serves to remove most of the chlo-
ride ion from the exchanger, as is noted readily by
neutralizing the NaOH solution with HNO03 and

(7) A. F. Wella, "Structural Inorganic Chemistry,” Oxford Uni-

versity Press, New York, N. Y., 1950, p. 417.
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Fig. 1.—Anion-exchange capacity of alumina titanate ex-
changer (chloride form) for sulfate and phosphate ion as a
function of pH.

Fig. 2.—Capacity of alumina silicate exchanger (chloride
form) for sulfate and barium ion as a function of pH.

again testing for chloride ion with AgN03 A co-
pious amount of AgClI is precipitated. This process
converts the exchanger to the hydroxide form.

The exchanger also can be tested qualitatively
by shaking it in a solution of KM n04 Adsorption
of Mn04 by ion exchange turns the white ex-
changer to adark purple color. The permanganate
ion is retained, and only a small degree of leaching is
evident with distilled water washes. However, a
single wash with saturated NaCl solution serves to
decolorize the exchanger by converting it to the
chloride form, the supernatant solution becoming
purple from the released M n04~ ions.



2046

Fig. 3.—Capacity of the zineate aluminate exchanger (chlo-
ride form) for sulfate ion. as a function of pH.

Fig. 4.—Titration of the chloride form of the alumina
silicate anion exchanger with NaOH in distilled water and
1M NacCl solution.

The capacity of the exchanger Ab.soTio.u(OH)s-
Cloiii for sulfate and phosphate ion was determined
as a function of pH (Fig. 1). In basic solutions the
capacity decreases because hydroxide ions begin to
occupy the exchange sites. The capacity also tends
to decrease in acid solutions because these anions
are largely present in the lower valence acid forms,
which are less strongly adsorbed than the higher
valence forms simply because of the lesser degree of
coulombic attraction to the exchange site.

The exchange capacity of the alumina-silicate ex-
changer for sulfate ion (Fig. 2) closely parallels that
of the titanium analog (Fig. 1). The capacity of
the alumina-silicate exchanger for Ba++ also was

E. J. Duwell and J. W. Shepard
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Fig. 5.—Titration of the hydroxide form of the alumina
silicate anion exchanger with HC1 in water and 1M NaCl
solution.

noted as a function of pH. A small amount of ex-
change™capacity for Ba++ in basic solutions was
noted. This may arise from some degree of am-
photeric character in the exchanger.

Adsorption of sulfate ion by the Zn(OH, . struc-
ture containing aluminum (Fig. 3) was similar to
that observed for the alumina base exchangers, ex-
cept that the capacity decreased more rapidly in
acid solutions.

The alumina-silicate exchangers were titrated in
the chloride form with NaOH (Fig. 4) and in the
hydroxide form with HC1 (Fig. 5). The hydroxide
form was prepared by shaking one gram of the
chloride form with 200 ml. of 0.1 n NaOH for two
hours. When the titrations are carried out in 1 m
NaCl solution, the titration curves tend toward
neutral from either the basic or acid side, i.e., the
solutions containing NaCl are less acid in acid solu-
tions and less basic in basic solutions. This is a re-
sult of the amphoteric character of hydroxyl groups
at the edges or surfaces of the exchanger. The re-
actions are

XOH + Na+ = XONa + H + (basic solution)
XOH + Cl- = XC1 + OH" (acid solution)

Exchange capacity on these sites is small compared
with sites arising from isostructural substitution of
a foreign cation of higher valence. The small
amount of barium adsorption in basic solution (Fig.
> ) may result from these exchange sites.

Exchange of sulfate for chloride ion also has been
performed at ... ° under reflux with both the zinc
and aluminum base exchangers. No appreciable
change in capacity was noted for any of the ex-
changers.

Thickening agents, such as those formed by ad-
sorbing quaternary ammonium salts by cation ex-
change on clays, can be formed by adsorbing high
molecular weight organic anions (sodium stearate)
by anion exchange. The resulting solids are hydro-
phobic and can be used to increase the viscosity of
hydrocarbon solutions.

Discussion

It is significant that exchangers with anion-ex-
change capacities as large as those observed are
only obtained from the dehydration of acidic gels
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containing the proper higher valent cation. In the
presence of excess hydroxide ions, the higher valent
cations probably coordinate with their usual num-
ber and arrangement of hydroxyl bonds and there-
fore do not contribute to the anion exchange capac-
ity. When the hydroxide concentration is low, the
cation in excess may determine the arrangement
and number of hydroxyl groups around the oc-
cluded impurity cation, if this cation is capable of
coordinating in the same manner as the excess cat-
ion.

Although the exchangers do not give diffraction
patterns, the AI(OH)3 base exchangers probably
have short range order corresponding to the hy-
drargillite structure (octahedral arrangement of
hydroxide groups around aluminum). Ti+4 and
Zr+4 commonly coordinate in this manner. Si+
does not, however, ordinarily coordinate octahe-
drally, but is found tetrahedrally coordinated in all

Correlation of Solubility Data for Long Chain Compounds
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the common silicates. This may be due to the
small size of the silicon ion, around which six lig-
ands are not accommodated easily. Since octa-
hedral coordination is observed with the small
fluoride ion (KXiF§ and also in SiPD7 the as-
sumption that Si+4has coordinated octahedrally in
the hydrargillite structure is not unreasonable.

Zinc is tetrahedrally coordinated in Zn(OH)2
and although aluminum ordinarily coordinates oc-
tahedrally in agueous systems, it does coordinate
tetrahedrally in the zeolites, AIBr3 and other
structures. Again, isostructural substitution of
the foreign atom in the base structure may occur,
although in both cases this may consist of imper-
fectly coordinated atoms at the”surfaces.

Acknowledgment.—We wish to thank A. Duncan
and J. J. Gavenda for carrying out the chemical
analyses and W. E. Thatcher for making the X-ray
diffraction analyses.
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A new graphical method of correlating solubility data for homologous series of compounds and for predicting the solu-

bilities of missing members of the series is described.

It supplements the “isotherm method” so that solubility prediction

can be extended over a wider range of temperatures and concentrations and applied to additional homologous series. It

is based upon the linear relationship 1/T = a(l/n) + 6, derived from the approximate freesing point depression equation
and empirical relationships between the numbe' of carbon atoms n and the heats and entropies of fusion of the members
of a homologous series. T represents the absolute temperature at which the saturated solutions of the various homologs
in a given solvent contain the same mole fraction of solute. The coefficients a and b are constants. The validity of the
isopleth method was established by the fact that the /T vs. 1/n “isopleth” plots based upon accurate literature data for
a number of systems consisted of a family of straight or only slightly curved lines. The isopleth method can be used (1)
to smooth out experimental solubility data, (2) to locate discrepancies and (3) by graphical interpolation or extrapolation
to predict the solubilities of missing members ol a series. The published solubility data for the normal hydrocarbons con-
taining 8, 12, 16 and 32 carbon atoms were used to predict the solubilities of those containing 10, 14, 18, 20, 22, 24, 26, 28,
30 and 34 carbon atoms at a number of temperatures in 9 solvents. Similar predictions were made for the solubilities of
the normal alkyl methyl ketones containing 11, 15, 17 and 21 carbon atoms in 13 solvents and for the following compounds
in «-hexane: the symmetrical normal alkyl ketones containing 27 and 39 carbon atoms; the symmetrical normal secondary
amines containing 18, 20, 22, 26, 30, 32, 34 and 38 carbon atoms; the symmetrical normal tertiary amines containing 30,
42, 48 and 60 carbon atoms; the normal fatty acids containing 11, 13 and 19 carbon atoms; and the fatty acid methyl
esters containing 11 and 21 carbon atoms. The combined use of the isopleth and isotherm methods of correlation makes
it possible to obtain similar complete solubility data for other solvents and other homologous series on the basis of a mini-

mum of experimental measurements.

In a recent publication2from this Laboratory, an
interpolative method was developed for predicting
the solubilities of the missing members of a homolo-
gous series. This was based upon the observation
that a smooth curve is obtained by plotting the log-
arithm of the molar solubilities of the higher mem-
bers of a homologous series in a given solvent and at
a given temperature against the total number of
carbon atoms in the molecule. ItVas shown that
these isotherms can be drawn accurately on the
basis of the experimentally determined solubilities
of a few members of a series and used to. determine
the solubilities of the missing intermediate members

(1) One of the laboratories of the Southern Utilization Research
and Development Division, Agricultural Research Service, U. S.

Department of Agriculture.
(2) E. L. Skau and R. E. Boucher, Tins Journal, 53, 400 (3954).

by interpolation. Though this method of predic-
tion is applicable to a laige number of homologous
series in a large variety of solvents,3its use is limited
to temperature ranges and to systems for which suf-
ficient experimental data are available to establish
the isotherms. The present paper deals with a sec-
ond method of correlation on the basis of which
solubility prediction can be extended over a wider
range of temperatures and concentrations and
applied to additional homologous series.

It was shown by Garner and co-workers45 that

(3) R. E. Boucher and Evald L. Skau, “Solubility Charts for
Homologous Long-Chain Organic Compounds,” U. S. Dept. Agr.,
ARS-72-1, 1954.

(4) W. E. Garner, F. C. Madden and J. E. Rushbrooke, J. Chem.
Soc., 2491 (1926).

(5) W. E. Garner and A. M. King, ibid., 1849 (1929).
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the heats and entropies of fusion of the higher
members of a homologous series are essentially
linear functions of the number of carbon atoms in

the molecule. That is

AH, = b'n + &' @)
and

S0 " b'n+ a" 2)

where AH, is the molar heat of fusion, To is the
freezing point of the pure compound in degrees
absolute, N is the total number of carbon atoms in
the molecule, and &', a", b', and b" are constants.
These constants may have one set of values when
Nis even and another when nis odd.
Equations 1 and 2 can be combined to give

1 (b'n+ 0

To (b'n + &) )

Huggins67 concluded from this equation that
for large values of N a linear relation exists between
I/TOand I/n. That is, by expanding the right-
hand member of equation 3 into a series and
neglecting terms containing higher powers of
I/n

i _h ./« _ab\I 4

T b+ \ bln @
Huggins pointed out that, as expected, the 1/TO
\s. I/n plot for the normal paraffins was an ap-
proximately straight line. Data for other homolo-
gous series indicate the generality of this relation-
ship.

Since the solubility of a compound is also a
function of its heat of fusion it should be possible,
if the solutions are ideal, to show a similar correla-
tion between the solubility temperatures (primary
freezing points) of members of a homologous series
and the number of carbon atoms in their chains,
all at the same concentration in a given solvent.
The approximate equation for the lowering of the
freezing point, assuming ideal solutions, may be
written as

23031049 »- a)

where N is the mole fraction of the compound with
which the solution is saturated, T is the solubility
absolute temperature in degrees for the given com-
position and R is the gas constant. By substitu-
tion from equations 1 and 2

2.303ftlogN = -(b'n + a' + (b'n+ a”) (6)
At a given concentration in a given solvent 2.303/?
log A is a negative constant k and
1 b'n+ (a° —Kk) .
T~ t/vT+h' (0
By expansion and elimination of terms containing
higher powers of I/n this becomes

This is the same as equation 4 when N = 1.0, that
is, when K = 0. For any given value of N,
equation 8 reduces to the linear relation

(6) M. L.Huggins, T nis Journar, 43, 1083 (1939).

(7) M. L. Huggins, Record Chem. Progr. Kresge-Hooker Set. Lib., 11,
85 (1950).
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in which aand bare constants.

If the basic equations and the assumptions in-
volved in this derivation were valid over the range
considered, a straight line would therefore be ob-
tained for any given concentration A7 by plotting
the reciprocal of the solubility temperatures of the
members of a homologous series in a given sol-
vent against the reciprocal of the total number of
carbon atoms. The slope of the line would depend
upon the homologous series and the concentration
being considered.

The equations and assumptions are of course not
strictly valid and therefore the experimental values
would not be expected to conform exactly to the
linear relationship of equation 9. However, since
the deviations in a homologous series of com-
pounds would in all probability vary regularly
with the chain length, the 1/T vs. I/n plot for each
value of N would at least be expected to be a smooth
curve.

Since these plots represent the relation between
two variables at constant concentration, they will
be called isopleths, using the terminology suggested
by Hill,8 and this method of correlating the solu-
bilities of homologs will be referred to as the
isopleth method to distinguish it from the isotherm
method previously described.2

Procedure for Constructing Isopleth Plots.— In
order to construct the isopleth plots for the solu-
bilities of a homologous series of compounds in a
given solvent, large-scale log N vs. 1/T plots are
first made for all the members of the series for
which experimental data are available. The values
of 1/T at various selected values of N then are
read from these curves for each of the homologs
and plotted on a large scale against 1/n.

The validity of the isopleth method of correla-
tion was established by applying it to published
solubility data for various series of long chain
homologous compounds. Isopleth plots were con-

(3tructed for a number of systems for which there
were sufficient data to establish the contour of the
log N ws. 1/T plots.9 This resulted in a family
of straight or slightly curved lines as expected.
Figure 1 shows such a family of isopleths represent-
ing various concentrations in mole fraction based
upon the published solubility data for the even
members of the saturated fatty acid series in chloro-
form.10

Prediction of Solubilities of Missing Members
of Homologous Series.—Since they can be ex-
pected to be straight fines or smooth curves the
1/T vs. I/n isopleth plots can be used to predict
the solubilities of missing members of a homologous
series, the precision depending upon the accuracy
and consistency of the experimental data available,
and upon the amount of curvature of the isopleths.
Thus, the solubility data for the homologous sym-

(8) A. E. Hill, 3. Am. chem. Soc., 45, 1144 and footnote 4 (1923).

(9) The data as published are generally limited to the solubilities
at ten-degree intervals only, obtained by interpolation in the smooth
curves drawn through a large number of experimental points. Thus,
the available data are often inadequate to establish the exact contour
of the log N vs. 1/T plots.

(10) C. W. Hoerr and A. W. Ralston, J. Org. chem., 9, 329 (1944).



Dec., 1959 Correlation op Solubility Data for Long Chain Compounds 2049

Tabite |

Predicted Solubility Temperatures in Degrees Centigrade of Some »-Aliphatic Compounds in »-Hexane

Mole % 80 60 40 20 10 6 4 2 1 0.5
No. carbon

atoms Symmetrical secondary amines
38 73.2 71.4 68.8 64.3 60.2 56.9 54.6
34 68.4 66.5 63.8 59.1 54.5 51.3 48.8
32 65.4 63.5 60.8 55.9 51.2 47.8 45.2
30 62.4 60.4 57.5 52.6 47.7 44.3 41.8
26 54.8 52.6 49.3 43.9 38.9 35.3 32.7
22 45.1 42.5 38.8 33.0 27.6 23.8 21.0
20 39.1 36.3 324 26.4 21.0 17.0 14.0
18 32.0 29.0 24.7 18.6 13.0 8.8 5.7

Symmetrical tertiary amines
60 61.6 60.4 58.0 53.2
48 42.6 41.0 385 32.8
42 29.9 28.0 25.1 19.0
30 -5.6 -7.8 -11.4 -18.7
Odd saturated fatty acids
19 65.3 60.6 55.8 49.0
13 35.8 31.0 259 19.2
11 22.7 17.4 11.9 4.5
Methyl esters of even saturated fatty acids
21 42.6 40.0 36.3 29.2 23.4 19.7
n -11.7 -15.0 -19.4 -25.6 -31.5 -35.6
Symmetrical ketones
39 68.0 65.0 59.2 55.4 51.4
27 58.3" 54.9 50.447.0 41.1 35.1 29.9
Methy lketones

21 57.0 53.4 49.2 42.5 36.6 32.6
17 44.1 40.5 35.8 29.5 23.4 19.2
15 345 31.0 26.2 19.8 13.7 9.3
11 8.3 4.0 -0.5 -7.3 -13.7 -18.5

‘ Solubility temperature for 15 mole %.

Fig. 1—Solubility isopleths showing relation between
carbon chain length and the reciprocal of the solubility
temperature at selected concentrations of the normal satu-
rated fatty acids in chloroform (N = mole fraction).

metrical normal aliphatic secondary amines in n-

hexane included only the members containing 16,

24, 28 and 36 carbon atoms.1l From the isopleth Fig. 2.—Solubility isopleihs showing relation between car-
; ; f : ; _bon chain length and the reciprocal of the solubility tempera-

plots (Fig. 2) it was possible by graphical interpola ture at selected concentrations of the symmetrical normal

(11) C. W. Hoerr and H. J. Harwood, J. Org. Chem., 16, 779 (1951).  secondary amines in n-hexime (N = mole fraction).
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Predicted Solubility Temperatures in
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Tabie Il (Continued)

2 -28.2 -5.4 3.2 10.4 16.9 22.3 27.3 31.9 39.3
1 -33.3 -10.2 -1.4 6.1 12.6 18.0 229 27.4 34.8
In carbon tetrachloride
90 -30.8 4.0 26.4 34.9 42.3 48.9 54.7 59.8 64.7 72.1
80 -32.3 1.7 24.2 32.8 40.3 47.0 53.0 58.3 63.2 70.8
70 -34.5 -0.6 22.2 31.0 38.6 45.4 51.4 56.8 61.7 69.5
60 -36.8 -3.1 19.9 28.8 36.4 43.4 49.4 54.8 59.8 67.8
50 -39.7 -5.9 17.3 26.2 34.0 41.0 47.0 52.6 57.7 65.8
40 -8.7 14.6 23.6 31.2 38.3 44.3 49.7 55.0 63.0
30 -11.9 10.6 20.3 27.6 34.9 40.9 46.5 51.5 59.5
In cyclohexane
80 — Z 2.1 24.6 33.2 40.7 47.3 53.2 58.3 63.1 70.6
60 -37.3 -2.6 20.6 29.1 36.7 43.3 49.4 54.6 59.5 67.4
40 -42.7 -8.5 14.7 23.4 31.3 38.1 44.3 49.9 55.0 63.0
20 -16.8 6.3 15.4 23.3 30.3 36.5 42.2 47.3 55.5
In benzene
90 3.9 26.5 35.3 42.6 49.2 54.7 59.8 64.4 71.9
80 2.0 24.6 33.5 41.0 47.6 53.3 58.4 63.1 70.6
70 0.4 22.6 31.5 39.1 45.7 51.5 56.9 61.5 69.2
60 -1.5 20.8 29.7 37.1 43.9 49.7 54.9 59.7 67.6
In diethyl ether
80 -32.5 2.6
60 -36.2 -0.9
40 -41.0 -5.3

tion or extrapolation to
determine the values of
1/71at various molar con-
centrations down to N =
0. 04 for each of the miss-
ing members of the series;
1 e., for the homologs con-
taining 18, 20, 26, 30, 32,
34 and 38 carbon atoms.12
The results in centigrade
degrees are shown in Table
I. Because the basic equa-
tion involves the assump-
tion that n is large, pre-
dicted data obtained by-
extrapolation to lower
values of N would be less
reliable and have there-
fore not been included in
any of the tables.

Table | also gives pre-
dicted solubilities in 71-
hexane based upon the ex-
perimental datall for the
methyl esters of the nor-
mal fatty acids containing
a total of 9, 13, 15, 17
and 19 carbon atoms; for
the normal fatty acids
containing 9, 15 and 17
carbon atoms; for the
symmetrical normal ali-
phatic ketones containing
19, 23, 31 and 35 carbon

(12) The authors are indebted to

H. I. Harwood and C, W. Hoerr,

Research Division, Armour and

Co., for supplying the complete

original experimental solubility data

upon which their published data Fig. 3.—Solubility isopleths showing relation between carbon chain length and the re-
and the predicted data of Tables 1,  ciprocal of the solubility temperature at selected concentrations of the normal hydro-
Il and 111 are based. carbons in butyl acetate (N = mole fraction).
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Tabte I

Predicted Solubility Temperatures in Degrees Centigrade of Some ~-Aliphatic

Methyl Ketones in Various

Organic Solvents

No.
Caatgtr)’r?g u 15 17 21 1 15 17 21 1 15 17 21
Mole % In I,4~dioxane In benzene In chloroform
90 10.3 37.0 45.9 58.9 10.5 37.1 46.0 58.9 10.1 36.4 45.6 58.5
80 8.5 35.2 44.3 57.2 8.6 35.2 44.1 56.9 7.1 34.2 43.4 56.4
70 6.3 33.2 42.5 55.6 6.5 32.8 41.8 54.7 3.9 31.3 40.8 54.4
60 4.2 31.5 41.0 54.2 3.5 30.6 39.3 52.3 -0.8 27.9 37.7 51.6
50 0.0 27.6 36.6 49.4 -7.2 23.8 33.8 48.4
In toluene In carbon tetrachloride In cyclohexane
90 10.5 36.9 46.0 58.9 9.5 35.7 44.9 58.2 10.5 36.9 46.0 59.2
80 7.9 34.7 44.0 57.2 6.6 32.7 42.0 55.9 8.6 35.4 44.5 57.4
70 4.9 32.6 41.9 55.3 3.6 29.7 39.3 53.4 6.4 33.3 42.4 55.7
60 1.7 30.2 39.7 53.0 0.3 26.7 36.3 51.0 4.2 30.9 40.0 53.6
50 2.2 27.6 37.4 50.5 -3.3 23.5 33.4 48.4 1.6 28.4 37.7 51.1
40 -8 .1 24.5 34.5 47.7 -7.6 19.8 30.0 45.3 -1.0 25.5 34.8 48.6
30 -12.4 15.9 26.2 41.5 -3.2 22.2 31.4 45.1
20 -18.1 10.3 21.0 36.7
In ethyl acetate In methanol In 95% ethanol
90 10.5 37.0 46.1 59.1 11.3 37.7 47.2 60.0 11.2 37.7 46.8 60.0
80 8.4 35.2 44.5 57.6 10.1 37.1 46.3 59.4 10.1 36.9 46.2 59.4
70 6.0 33.2 42.7 56.2 8.9 36.2 45.5 58.7 8.9 36.0 45.3 58.9
60 3.6 31.0 40.6 54.7 7.7 35.3 44.8 58.2 7.5 34.8 44.4 58.2
50 1.2 29.0 38.7 52.9 6.2 34.3 43.9 57.6 5.9 33.5 43.2 57.5
40 1.9 26.4 36.3 51.0 4.9 33.1 42.9 56.9 4.8 32.6 42.3 56.4
30 -5.3 24.2 34.1 48.8 3.3 31.7 41.7 55.8 2.9 31.0 40.9 55.6
20 -10.2 21.0 31.1 45.8 1.5 30.3 40.5 55.0 0.8 29.3 39.5 54.5
10 -1.8 28.2 38.8 53.7 -2.5 26.4 36.8 52.2
6 -5.0 26.9 37.6 52.9 -5.5 23.9 34.6 50.0
4 -8.0 25.2 36.3 52.2 -8.3 21.7 32.6 48.6
In isopropyl alcohol In acetone In acetonitrile
90 10.9 37.3 46.3 59.6 10.5 37.2 46.5 59.3 10.1 36.7 46.3 59.8
80 9.7 36.1 45.3 58.6 8.8 35.9 45.3 58.4 8.2 35.1 44.9 59.1
70 8.2 34.7 44.1 57.8 6.6 34.3 44.0 57.4 6.5 33.8 43.8 58.4
60 7.0 33.5 42.9 56.7 4.6 32.5 42.3 56.4 4.9 32.7 42.7 57.6
50 5.6 32.4 41.8 55.8 1.9 30 6 40.8 55.5 3.2 31.6 41.8 56.8
40 4.4 31.4 40.8 54.8 -1.4 28.3 38.9 54.3 1.5 30.5 40.8 56.1
30 2.3 29.6 39.1 53.7 -4.5 26.0 36.9 53.0 -0.5 29.2 39.8 55.5
20 0.0 27.5 37.4 52.3 -9.0 23.1 34.7 51.7 -2.2 28.4 39.3 54.8
10 -4.7 23.5 33.9 49.5 -15.9 18.6 31.4 50.4 -4.3 27.8 38.7 54.6
6 7.8 20.1 30.6 46.8 -6 .1 27.0 38.2 54.5
4 -10.1 17.8 28.2 44.5 -8 .1 25.5 37.5 54.4
atoms; and for the symmetrical normal aliphatic be expected to, since the constants in equations

tertiary amines containing 24, 36 and 54 carbon
atoms.

The experimental data for the normal alkyl
methyl ketones containing 9, 13 and 19 carbon
atoms13 and for the normal paraffin hydrocarbons
containing 8, 12, 16 and 32 carbon atoms¥ in a
large variety of solvents were treated in the same
way. The predicted solubilities of the missing
members of each of these series are given in Tables
Il and 111, respectively. They are based only on
isopleths established by at least three points
without resorting to extrapolation of the experi-
mental solubility curves.

In general the isotherms and isopleths for the
odd members of a homologous series do not coincide
with those for the even members. They would not

(13) C. W. Hoerr, R. A. Reck, G, B. Corcoran and H. J. Harwood,
This Journal, 59, 457 (1955).

(14) A. W. Ralston, C. W. Hoerr and L. T. Crews, J
319 (1944).

Oorg. Ckem ., 9,

1 and 2 have different values for the odd and even
members. In a sense the symmetrical normal
secondary amines (CmH2m + i)2Nli may be con-
sidered as belonging to an even or odd series de-
pending upon whether mis even or odd. Actually,
however, solubility data are available for members
of both these series in a variety of solvents and in
each case the isotherms23and the isopleths coincide.
Thus, the hexane solubilities of the missing mem-
bers of both the odd and even series can be pre-
dicted with confidence from the data for even
members and they have been included in Table I.
It seems reasonable to assume that the correspond-
ing odd and even members of the homologous
symmetrical ketones, (CnmH2m+ i)2CO, would show
similar agreement and, therefore, that the solu-
bilities in n-hexane of the (even) members con-
taining a total of 21, 25, 29, 33 and 37 carbon atoms
could be predicted from the data for the (odd)
members containing 19, 23, 31 and 35 carbons.
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However, since there are no solubility data for any
of the even members to confirm this assumption,
predictions have been made for the missing mem-
bers of the odd series only.

The isopleth plots for many of the systems for
which predictions were made consisted of straight
or almost straight lines. In no case was the devia-
tion from linearity very great. The isopleth plot
for the normal hydrocarbons in butyl acetate
(Fig. 3) is typical of the systems in which the
greatest curvature was observed. Here the iso-
pleth for IV = 1, which coincides wita that ob-
tained by plotting the reciprocal of tie melting
points of all the members of the series, 6 is almost
straight. The deviation from linearity is greatest
at the lower values of N, as might be expected since
the derivation of equation 9 involves the assump-
tion that nis large.

Relative Applicability of Isotherm amd Isopleth
Methods.—The relative applicability of the iso-
therm and isopleth methods for correlating or pre-
dicting solubilities of homologous series depends
upon the nature of the experimental data. Three
points are required to establish the contour of a
log N vs. nisotherm or a 1/T vs. 1/nisopleth. If
a non-linear relationship is involved, additional
points will usually be necessary, especially when
marked degrees of curvature or large gaps in the
data are involved.

Most of the experimental data from which the
solubilities in Tables I, Il and IIl were predicted
are such that only the isopleth method is applicable.
This is apparent from Fig. 4, representing the solu-
bility curves for the normal hydrocarbons in butyl
acetate, which can be considered more or less
typical of these systems. Since fewer than three
solubilities are known at any given temperature,
isotherms cannot be drawn. Three or more points,
however, are available for plotting isopleths repre-
senting the whole range of concentrations from N
= 1.0to N = 0.01 (Fig. 3).

Generally, however, the isopleth and isotherm
methods are both applicable, each over a different
range of concentration and temperature. Since
the two ranges overlap, more extensive predicted
data usually can be obtained by applying both
methods. Consider, for example, the prediction
of the solubilities of the normal fatty acids con-
taining 14 and 20 carbon atoms in chloroform
on the basis of the solubility curves for those con-
taining 10, 12, 16 and 18 carbon atoms, represented
by Fig. 5. At least three points are available for
plotting isotherms for all temperatures below 43.9°.
Similarly, three or more points are available for
plotting isopleths for all concentrations between
19 and 100 mole %. Since these isotherms and
isopleths are straight or only slightly curved lines
they can be used to predict the solubilities of the
Cj4 and Cx acids within these respective over-
lapping ranges. Thus, that portion of the Cu
and C2 solubility curves which falls in the rec-
tangular area representing temperatures below
43.9° and compositions above 19 mole % can be
predicted by both methods. The portion of these

Correlation of Solubility Data for Long Chain Compounds
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Fig. 4.—Solubility curves for normal hydrocarbons in
butyl acetate used for predictions, illustrating the inappli-
cability of the isotherm method of prediction.

Fig. 5.—Solubility curves for capric, lauric, palmitic and
stearic acids in chloroform, illustrating the overlapping of
the isotherm and isopleth methods of prediction.

two curves representing solubilities above 43.9°
can be predicted by the isopleth method only and
that portion representing solubilities of less than
19 mole % can be predicted by the isotherm method
only. In the range where both methods are appli-
cable, that method should be used which gives the
more linear relationship in the given range.
Having predicted the solubilities of the missing

(15) National Bureau of Siandards-Ameriean Petroleum Institute homOIOQS listed in Tables |, Il and |||, It was now

Research Project 44, Table 20a, Pts. 1-2.

possible in most instances to apply the isotherm
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Fig. 6.—Log N vs. n isotherm plots based on the original
and predicted solubility data for (A) the symmetrical normal
secondary amines in w-hexane, and (B) the normal hydro-
carbons in butyl acetate.

method of correlation to the combined data for
each homologous series in each solvent. Smooth
isotherms were obtained in all cases.

Comparison of the isopleth and isotherm plots
for these systems over a given range of N values
indicates that the isopleths are less likely to show
marked curvature. Often neither method in-
volved much curvature, €.g., see Figs. 2 and 6A.
At the other extreme, when the isopleth plots
showed considerable curvature, the isotherms
sometimes showed sigmoid curvature. Illustrative
of this behavior are the solubilities of the normal
hydrocarbons in butyl acetate (Figs. 3 and 6),
ethyl acetate or butanone. Sigmoid curvature of
isotherms has been shown previously23 to be a
fairly common occurrence.

The curvature of the isotherms can be attributed
in part to the fact that the solubility data do not
obey the laws of ideal solutions and therefore de-
viate from the requirements of equation 5.2 The
same is true of isopleths. In either case, the least
curvature would be anticipated when the correla-
tion curve represents solubility data all of which
deviate from ideality most nearly to the same ex-

Evald L. Skaij and August V. Bailey

Vol. 63

tent. A lesser tendency toward curvature can
therefore be expected in the isopleth plots since
they represent a correlation of the solubilities of
the different homologs at the same mole per cent,
concentration rather than at widely different con-
centrations.

Though the derivation of equation 9 involves the
assumption that the solubilities follow the laws of
ideal solutions, it was found that the isopleth
method may still be applicable to markedly non-
ideal systems. For example, the complete binary
freezing point diagrams for lauric, myristic, palmitic
and stearic acids with 2-aminopyridine show that
two molecular compounds form in each of these
systems.’6 Thus, in each case specific portions of
the diagram represent the solubilities of the acid,
the 1:1 acid-amine compound, and the 4:1 acid-
amine compound, respectively, in the amine as
solvent. The isopleth plots for these three systems
proved to be almost straight lines and therefore
permitted prediction of the corresponding portions
of the binary freezing point diagram for arachidic
acid with 2-aminopyridme. The predicted primary
freezing points t in degrees centigrade for various
binary compositions expressed as mole fraction of
arachidic acid, N, are

N t N t
1.00 74.7 0.70 70.0
0.90 73.3

.85 72.1 .50 70.0

.40 68.6

.80 72.3 .30 66.2

The freezing points for values of N between 0.85
and 0.80, between 0.70 and 0.50, and between 0.30
and 0.00 could not be predicted.

Isopleth plots also can be employed to smooth
out experimental solubility data for a given homol-
ogous series of long chain compounds in a given
solvent and to locate discrepancies in such data.
The procedure used is essentially the same as that
described in connection with the isotherm method
of correlation.2 By taking advantage of the two
methods of prediction complete solubility data for
additional solvents and other homologous series can
be obtained with the minimum of experimental
work.

Acknowledgments.— The authors express ap-
preciation to H. J. Harwood and C. W. Hoerr for
making their original experimental solubility data
available and to G. |. Pittman for assistance in
constructing the figures.

(16) R. R. Mod and E. L. Skau, ThisJourna1, 60, 963 (1956).
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SOME METAL CHELATES OF MERCAPTOSUCCINIC ACID1
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The acid dissociation constants of mercaptosuccinic acid and the stability constants of its chelates with zinc(11), cobalt(l1l)

and nickel(ll) have been determined.
case when a sulfur—metal bond is present in a metal chelate.
(11) to copper(l).

This investigation was undertaken :n order to
obtain more information on the manner in which
the mercaptide sulfur complexes with divalent
metal ions. The Calvin”™Bjerrum3potentiometric
titration technique has been used to study the
behavior of cobalt(ll), nickel(ll), copper(ll),
manganese(ll) and zinc(ll) with mercaptosuccinic
acid. Previous work on the chelate stabilities of
mercaptoacetic acid,4 /3-mercaptopropdonic acid5
and 6-mercaptopurine6 have shown that zinc(ll)
is more stable than the corresponding nickel (I1)
complex; in addition, these mercaptans tend to
reduce copper(ll) to copper(l). As revealed by
this study, mercaptosuccinic acid behaves in a
similar manner toward these three metal ions.

Experimental

Apparatus and Materials.—The titration apparatus, and
standardization of sodium hydroxide and metal perchlorate
solutions have been described previously.7

Potentiometric measurements of pH values were made
with a Beckman Model “G” pH meter equipped with an
external glass-saturated calomel electrode pa.r and stand-
ardized with Beckman buffers at pH 4.00 anc. 7.00 at 25°.

Mercaptosuccinic acid, kindly supplied by Evans Chem-
etics Inc., New York, was purified by extractien with ether,
and dried in a vacuum desiccator. The equivalent weight
found by titrating the two carboxylic acid protons was 75 .2
(theoretical 75.1).

Neocuproine was obtained from G. F. Smith Chemical
Co. and used without further purification.

Procedure.—The general procedure employed for the de-

R — "H+(3[H +]2+ 2HAKi +
n = <R'}I|_ h* —Q

termination of the chelate formation constants in this work
was to add 105.0 ml. of water and 5.0 ml. of metal perchlo-
rate to a weighed amount of mercaptosuccinic acid in the
titration vessel, degas the solution with prepurified nitrogen,
and then titrate with standard sodium hydroxide (0.1 N)
maintaining an atmosphere of nitrogen in the titration ves-
sel throughout the titration. The ratio of reagent to metal
ion was varied from 1:1 to 6:1 and the reported values of
chelate formation constants are an average of four deter-
minations for zinc(l1) and nickel(ll) and two ~or cobalt(l1).

In the determination of the acid dissociation constants of
mercaptosuccinic acid, 110 ml. of water was added to a
weighed amount of reagent and the titration carried out with
O. 1 N sodium hydroxide in a nitrogen atmosphere.

Calculation of Acid Dissociation Constants.—The acid
dissociation constants of mercaptosuccinic ac.d were calcu-
lated from the potentiometric titration data as described.
The equilibria involved are

(1) Abstracted frer the thesis submitted by G. E Cheney in par-
tial fulfillment of the requirements for the Ph.D. degree at the Univer-
sity of Pittsburgh, June, 1959.

(2) M. Calvin and K. Wilson, J. Am. Chem. Soc., 67, 2003 (1945).

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

(4) D. L. Leussing, J. Am. Chem. Soc., 80, 4180 (-958).

(5) Q. Fernando and H. Freiser, ibid., 80, 4929 (1958).

(0) G. Cheney, H. Freiser and Q. Fernando, ibid., 81, 2611 (i959).

(7) H. Freiser, R. G. Charles and W. D. Johnston, ibid., 74, i383
(1952).

The zi*c(11) chelate is more stable than the nickel(ll) chelate; this is usually the

Mercaptosuccinic acid, like most mercaptans, reduces copper-

HR A1+ H+ + H.R-,
HR -A+H + + HR*,
HR" H+ + R-,

K = [H+]HR-I/[HR] (1)
Ki= [H+][HR*"J[HR-] (2)
K3= [H+][R-]/[HR-] (3)

where HR represents mercaptosuccinic acid and parentheses
denote molar concentrations.

In the titration of mercaptosuccinic acid with sodium
hydroxide, the first two buffer regions overlap; the third
buffer region occurs at a sufficiently high pH so that the
equilibrium involving Kz may be considered independently of
K\ and K2

Considering the equilibria involving only K, and K2it can
be shown that

H++ Na+-OH" KIH+ + 2K,)
2W (H+2) + H+-K, + K,K2

where Tihr is the total concentration of mercaptosuccinic
acid and if

TnR

<H2] + H,.K, (] -) + KilK, =0
a plot of (H+)2N/(S - 2) against H+[(S - 1)(S - 2)]
will give a straight line of slope equal to Ki and intercept
equal to K,K2 K3 was evaluated from the part of the
neutralization curve pertaining to the species HR- in the
usual manner.8

Calculation of Stepwise Formation Constants.—If K, and
Kz are the acid dissociation constants of the carboxylic acid
functionalities and K3 is that pertaining to the mercaptan
dissociation in mercaptosuccinic acid, it can be shown that
h, the average number of anions (02CHS-CI112C02"3
bound to a divalent metal ion is given by

KAE) + [H+P-Ah + 2H+-K,Kj + 3K1K2K3)]

, H-(3[U-'i2+ 2-11+fv, + KiKz

where Tm = total metal ion concentration, 7'n,r = total
mercaptosuccinic acid concentration, Q = 3T hsr — H+ —
Na+ + OH-. The stepwise formation constants for the
chelates of zinc(l1), nickel(ll) and cobalt(ll) were obtained
by plotting rmagainst — log R where
R = (0,C-CHS-CH2C02-8 =
QKiKzKz

H+(3[H +P + 2H+Ai + KiKz)
The values of —og Ratn = 0.5 and 1.0 gave the first step-
wise formation constant as log K, and the useful comparative
constant log Kav, respectively. The second stepwise forma-
tion constant, log K2 was evaluated from the relation

2 log A-,. = log K, + log K2

since the maximum value of n obtainable below the metal
hydrolysis region was 1.3.

Results and Discussion

Titration Curves—The titration curve of mer-
captosuccinic acid against sodium hydroxide indi-
cates that the two carboxylic acid groups have
“overlapping” dissociation constants since there
are only two buffer regions, one between pH 3 and
5, and the other beyond pH 10. Further, a strong

®)
Compounds,” Pi-entice-Hall Inc., New York* N, Y., 1952

A. E. Martell and M. Calvin, “Chemistry of the Metal Chelate
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inflection point, between pH 6 and 9 corresponds
to the formation of the disodium salt of mercapto-
succinic acid. Thus, the first buffer region is
attributed to the two carboxylic acid groups and
the second to the sulfhydryl group. The acid dis-
sociation constants determined on this basis are
given in Table | together with values for similar
carboxylic acids for purposes of comparison; pKée3
and pK&refer to carboxylic acid group dissociations,
pKé&Brefers to the mercaptan group dissociation.

A comparison of the dissociation constants of
the sulfhydryl groups in mercaptosuccinic, mer-
captoacetic and /3-mercaptopropionic acids reveals
that pKg3 of mercaptosuccinic acid is somewhat
lower than might be expected on the basis that the
dissociation involved is from a dinegatively charged
anion.

Table |

Acid Dissociation Constants of Some Carboxylic
Acids at 25.0° in Water

pK*i VK PKu
Mercaptoacetic acid4 3.60 10.55
/S-Mercaptopropionic acidé  4.38 10.38
Mercaptosuccinic acid 3.30 4.94 10.64
Aminosuccinic acid8 1.94 3.70 9.62*
Malic acidD 3.26 4.68
Succinic acidD 4.07 5.28

° Refers to amino group.

The titration curves in the presence of metal
ions reveal the over-all stoichiometry of the re-
actions between these ions and mercaptosuccinic
acid. In order to neutralize the protons released
by the two carboxylic acid groups of the reagent,
6.4 ml. of 0.1 N sodium hydroxide are required;
consequently, the displacement of the reagent ion
curve at 6.4 ml. of base and pH 8.5 from the reagent
curve must be due to proton release, which in the
absence of metal hydrolysis must depend on the
reaction between the mercaptan group and the
metal ion. Since nickel(ll) and zinc(ll) show an
equivalent weight corresponding to one-half the
atomic weight at this pH, whereas cobalt(ll) shows
an equivalent weight corresponding to its atomic
weight, it may be concluded that the nickel and
zinc chelates are 2:1, mercaptosuccinic acid to
metal ion, while the cobalt chelate is 1:1.

The titration curve of mercaptosuccinic acid in
the presence of manganese(ll) does not correspond
to a stoichiometry of either 1:1 or 2:1 mercapto-
succinic acid to manganese(ll). Further, the dis-
placement from the mercaptosuccinic acid curve
occurred in the metal hydrolysis region; thus, this
reaction was not further considered.

The titration curve with copper(ll) and mer-
captosuccinic acid shows the same displacement
from the reagent curve as that of the similar curves
for nickel(ll) and zinc(ll) at pH 8.5, however, this
is misleading and the reaction is discussed below.

Chelate Formation Constants.—Table Il gives
the stepwise formation constants for zinc(ll)
and nickel(ll) with mercaptosuccinic acid, and
log K\ for cobalt(Il). Values of log K2are calcu-

(9) R. F. Lumb and A. E. Martell, T his Journal, 57, 690 (1953).

(10) R. K. Cannan and A. Kibrick, 3. Am. Chem. S o c 60, 2314
(1938).

Graeme E. Cheney, Quintus Fernando and Henry Freiser
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lated from the values of log Ki and log Kav since
the maximum value of Nobtainable below the metal
hydrolysis region was 1.3. Formation constants
of structurally similar compounds have been
added for comparison.

As would be expected if mercaptosuccinic acid is
tridentate, there is a large difference, A, between
log Ki and log Ki (Table 11) for the nickel(ll)
and zinc(ll) chelates. This value is much larger
than the corresponding values for the mercapto-
acetic and /3-mercaptopropionic acid chelates.
Further log Ki for mercaptosuccinic acid is larger
than the corresponding values for the other car-
boxylic acids, and since Chaberek and Martellll
have suggested that aminosuccinic acid is tridentate
by comparing formation constant values of it and
other amino carboxylic acids with various transition
metal ions, it seems probable that mercaptosuccinic
acid behaves as a tridentate ligand with nickel(ll)
and zinc(ll). In this connection it is noteworthy
that Sidgwick12 has compared the relative donor

Table 1l
Chelate Formation Constants at 25.0° in Water for
Mercaptosuccinic and Structurally Related Car-
boxylic Acids

/S-Mer- Amino-
Mercapto- capto- Mercapto- suc-
acetic propionic succinic cinicO
Metal ion acid4 acid8 acid acidlIs
Co(ll)
log A, 5.84 6.31 5.90
log Ki 4.28
2 log Key 12.15 10.18
Ni(ll)
log K, 6.98 5.21 7.97 7.12
log Ki 6.55 4.39 4.90 5.27
2 log Kav 1351 9.60 12.87 12.39
Zn(In)
log Ki 7.86 6.75 8.47 5.84
log Ki 7.18 6.05 5.28 4.31
2 log Kcv 15.04 12,80 13.75 10.15
A = log Ki —log Ki
Ni(ll) 0.43 0.82 3.07 1.85
Zn(I1) 0.68 0.70 3.19 1.53
° At 30° in water.
properties of oxygen and sulfur and in general

showed that the donor properties of sulfur are de-
pendent to a greater extent on the acceptor proper-
ties of the metal; on the other hand, according to
Sidgwick, oxygen and nitrogen may be considered
quite similar with respect to their tendency to
complex with metal ions. Therefore, it is not sur-
prising that the mercaptosuccinic acid-zinc(ll)
chelate is more stable than the aminosuccinic
acid-zinc(ll) chelate, nor is the fact that there is
a reversal in order of stabilities between the cor-
responding nickel(lIl) and zinc(ll) chelates of
mercapto- and aminosuccinic acids, since zinc(ll)
would appear to accept sulfur as the donor atom

(11) S. Chaberek and A. E. Martell, 3. Am. Chem. Soc., 74, 6021
(1952).

(12) N. V. Sidgwick, 3. Chem. Soc, 433 (1941).

(13) S. Chaberek and A. E. Martell, 3. Am. Chem. Soc., 74, 6021
(1952).



Dec., 1959

in its coordination sphere more readily than
would nickel (Il). It is suggested that this may be
attributed to a steric effect since sulfur is larger
than nitrogen.

It is interesting to note that values of 2 log Kav
for mercaptosuccinic acid with nickel(1l) and zinc-
(I1) are less than the corresponding values for
mercaptoacetic acid (Table Il). This is readily
understandable in view of the fact that the 2:1
chelate with mercaptosuccinic acid requires that
there be four negative charges on it; consequently,
it would be expected to be less stabh, over-all,
than a dinegatively charged chelate; further, the
values of 2 log K;NMfor mercaptosuccinic acid are
greater than those of /J-mercaptopropionic acid.
This is understandable since it has been shown5
that six-membered sulfur-containingc helate rings
are much less stable than five-membered sulfur-
containing chelate rings.

The Copper(ll) Reaction.—When copper(ll)
was added rapidly to a solution of mercaptosuc-
cinic acid previously degassed with nitrogen, a
transient blue-purple color was observed initially,
and the solution developed a yellow coler when the
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development of the yellow color indicated that
copper(ll) was reduced to copper(l) and the pres-
ence of the latter in solution was confirmed by re-
action with neocuproine and subsequent extraction
into chloroform.14

A consideration of the titration curve of copper-
(I1) and mercaptosuccinic acid with sodium
hydroxide shows that two protons are released
from the mercaptan functionality per mole of cop-
per(ll) present. These data would fit the over-
all stoichiometry represented by these equations
postulated by Klotz, et al. 6

2RSH" + 2Cu++ = RSSR* 4+ 2Cu+ + 2H+
RSH* + Cu+ = RSCu-2 + H+

(4)
()
Over-all

4RSH- + 2Cu++ = RSSR“4+ 2RSCu“2+ 4H+ (6)

where RSH represents mercaptosuccinic acid and
RSSR represents the corresponding disulfide.
Acknowledgment.—-The authors gratefully ac-
knowledge the financial assistance of the U. S. Pub-
lic Health Service.
(14) G, H. Morrison and H. Freiser, “Solvent Extraction in Analyti-

cal Chemistry,” John Wiley and Sons, Inc., New York, N. Y., 1957.
(15) 1. M. Klotz, G. H. Czerlinski and H. A. Fiess, J. Am. Chem.

addition of the copper(ll) was completed. The  soc, 80, 2920 (1958).
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SEPARATION OF BORON ISOTOPES replaced by a certain form of borate ion due to the large reac-
tion constant. When all the OH* ion on the resin has been
BY ION EXCHANGE replaced by borate ion, boric acid solution begins to flow from
. . the resin bed. The front boundary is somewhat diffuse be-
By Yukio Y%Ee‘?fa’MT‘f.h'r? Uchijima mand cause of the weak acidity of boric acid solution, even in the
o1t Makishima presence of glycerol. The amount of boric acid and the
Department of Applied Chemistry, Faculty of Engineering, University 1SOtopic ratio of boron in each fraction of the effluent were

of Tokyo, Tokyo, Japan
Received January 14, 1969

Various methods have been tried for separating
boron isotopes,2some of which are used industrially.
In this work we determined the separation factor
of boron isotopes in the exchange reaction be-
tween an aqueous solution of boric acid and an
anion-exchange resin. Such an icn-exchange
method has been used for the separation of nitro-
gen isotopes.3

Experimental

Two ion-exchange columns (about 120 cm. in height) were
prepared from 100-200 mesh spheres of Amberlite CG-400-1
(polystyrene-quaternary amine type, strong base for chro-
matographic use); the capacities of the columns were about
650 and 900 meq. of H2BO3", respectively. After the usual
pretreatment, the bed was restored to the OH *“-cycle.
Experimental procedures and the method of analysis have
been described by Spedding, et al.*

An aqueous 0.03 M H3BO3 solution (1) or an aqueous 0.1
M H3BO3 solution containing 8 wt. % purified glycerol (I1)
was passed through a resin column at a flow rate of 0.5-0.7
ml./min. at room temperature. The OH" ion is completely

(1) Tokai Laboratory, Japan Atomic Energy Ressarch Institute,
Tokai-mura, near Mito, Japan.

(2) See, S. Makishima, Y. Yoneda and T. Tajima, T his Journal,
61, 1618 (1957); or “Proc. of the Intern. Symposium on lIsotope
Separation,” North-Holland Publ. Co., Amsterdam, 1958.

(3) F. H. Spedding, J. E. Powell and H. J. Svec, J. Am. Chem. Soc.f
77, 6125 (1955).

analyzed. Isotopic analyses of boron isotopes were carried
out by the usual method; B203, prepared from the sample,
was fluorinated with CoF34 to give BF3and the ratio of boron
isotopes was measured with a mass spectrometer designed
for isotopic analysis.6

In Fig. 1 the atomic fraction of 1B (N %) in successive
fractions of the effluent is plotted against the sum of the

Fig. 1.—Atomic fraction of 1B in effluent vs. equivalents in
effluent.

milliequivalents of H2B03" in the effluent expressed as per-
centage of the column capacity. The form of the adsorbed

(4) 1. Kirschenbaum, U. S. Patent 2,622,014 (Dee. 16, 1952).
(5) A report of this mass spectrometer will appear soon.
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ions was assumed to be HOBO3”, as boric acid is a very weak
acid. The natural abundance of IB in our boric acid
sample was 19.70%.6 In both runs, the lighter isotope was
enriched in the resin phase. The exchange capacity of the
resin used with these solutions was measured as follows;
as the boric acid on a resin bed was eluted with rinsing
water in an ordinary column method, resin after being
filtered off with dry filter paper was equilibrated with a solu-
tion of a certain concentration. The exchange capacity at
a specific concentration of boric acid was obtained by inter-
polation between the values at known concentration, as it
varies with concentration. The exchange capacities of the
resin when used with solutions | and 11 were 4.36 and 4.65
meqg. (H2B03“)/g. resin (dry), respectively; the capacity
with Oil” was 2.65 meq./g.

Discussion

From the exchange capacity of the resin and the
data in Fig. 1, the separation factor a for the
exchange reaction

R-H2>1B03" + H3>»B03 R-H2»B03- + H3IBO03

was calculated according to Spedding, et al.3;
the curves in Fig. 1 were extrapolated to the point
where the atomic fraction N becomes equal to the
atomic fraction of the original boron sample NQ
The following values were obtained for a = (1B/
18 )r/ (108 /1iB)s, Where R and S denote the
resin and solution phases, respectively, a (I, 0.03
M H8B03 = 1.0l0o, and a (11, 0.1 M H3 03with
glycerine (8wt. %)) = 1.0166.

As a preliminary experiment has shown, a
in simple aqueous boric acid solutions increases
with decreasing concentration, the difference be-
tween the a-values of | and Il is probably related
to the presence of glycerol which is known to
increase the acidity of boric acid solutions; the
pKn. values of I and Il were 10.2 and 7.6, respec-
tively. This effect on acidity has been attributed
to a difference in the ionization of boric acid which
would also account for the difference in a-values.

Further experiments are in progress concerning
the effect of concentration and acidity on a, and
the separation of boron isotopes from other ions
in various solvents and from the borate complex.

Acknowledgment.— The authors are indebted to
Dr. Shun Araki for his help with the isotopic
analysis, to Mr. Fujio Mochizuki for technical
assistance and to Mr. Tetsuya Miyake for the
measurement of exchange capacity. lon-exchange
resin and cobalt trifluoride were supplied by
Nippon Organo Co., Ltd.,, and Osaka Kinzoku
Kogyo Co., Ltd., respectively. The expense of this
research was defrayed by a Grant in Aid from the
Ministry of Education, Japan.

i.6) The natural abundance of boron varies somewhat widely ac-
cording to the origin of the reagent.

THE HIGH-TEMPERATURE
TRANSFORMATION OF MoGe2

By Robert J. Peavier and C. Gerard Beck, Jr.
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During an X-ray diffraction study of the molyb-
denum-germanium system, Searcy and Peavlerl

(1) A. W. Searcy and R. J, Peavler, J. Am. Chem. Soc., 75, 5657
(1953),
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found two forms of MoGe2: a-MoGe2 which
constituted the whole of specimens prepared at
980°, and /3-MoGe2 always found mixed with
a-MoGe2in specimens prepared at 1350°. These
facts were first explained by assuming_/3-MoGe2 to
be the high-temperature form, which did not trans-
form completely on rapid cooling to room tempera-
ture. Later, Searcy and Carpenter,2 from studies
of specimens quenched from high temperatures,
concluded that a-MoGe2 decomposed above 1095
+ 20°, forming Mo2Ge3and liquid. They therefore
held that d-MoGe2 was not a stable phase of the
system but a metastable phase formed during rapid
cooling of the MoZ5e3liquid mixture.

The behavior of MoGe2 if confirmed, would be
of great interest, for /3-MoGe2is isostructural with
MoSi2 a stable phase of the molybdenum-silicon
system. This fact suggests that /3-MoGe2 will be
stable under the proper conditions of temperature
and pressure. A study of MoGe2at high tempera-
ture was therefore desirable to test the results of
guenching experiments.

Experiments

A specimen of a-MoGe2was prepared by the re-
action of the necessary quantities of thoroughly
mixed molybdenum and germanium powders at
1000° in an evacuated sealed Vycor tube. A speci-
men for X-ray diffraction analysis was placed in a
thin-wall capillary and sealed to prevent loss of
germanium by evaporation. Diffraction patterns at
temperatures from 970 to 1155° were made by use
of a Unicam high-temperature diffraction camera
of 19 cm. diameter. Copper radiation was used.

Results and Conclusions

The study showed that a-MoGeZ2is stable up to
1080 + 15°, decomposing above this temperature
to a mixture of MoZX5e3and liquid. In all diffrac-
tion patterns made up to 1065°, a-MoGe2was the
only phase observed. In patterns made at 1095° or
above, a-MoGe2had disappeared and was replaced
by M0o2Ge3 The liquid phase could not be detected
by X-ray diffraction methods, but liquid must have
been present to meet phase rule requirements. The
conclusions of Searcy and Carpenter are therefore
fully confirmed by this study.

From the results of this work and the results oi
Searcy and Carpenter, it seems assured that
,S-MoGe2cannot appear in equilibrium diagrams of
the Mo-Ge system at low pressure. In work done
by Searcy and Peavler, by Searcy and Carpenter,
and in these experiments, pressure was low, never
exceeding the vapor pressure of germanium.

While the place of /LMo0GeZ2in the Mo-Ge system
is not yet established, we believe that it will be
stable at high pressures. Searcy and Peavler
found the pycnometric density of a mixture of
a-MoGe2and {3MoGe2to be 6.9 g. ec., and found
the X-ray density of d-MoGe2 to be 8.91 g. cc.
Although pycnometric densities of powders tend to
be lower than X-ray densities, the difference be-
tween these values indicates that /3-MoGe2is more
dense than a-MoGe2and high pressures would pro-
mote the stability of /3-MoGe2 The presence of

(2) A, W4Searcy and H. Carpenter* Unpublished worki
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/?-MoGe2in quenched specimens may therefore be
explained by the formation of small high-pressure

regions, in which /3-MoGe2 is stable, in rapidly
cooling alloys.
SELF DIFFUSION IN LIQUIDS. Il. COM-

PARISON BETWEEN MUTUAL AND SELF-
DIFFUSION COEFFICIENTS1

By A. P. Hardt, D. K. Anderson, R. Ratkbun, B. W.
Mar and A. L. Babb

Department of Chemical Engineering, University of Washington, Seattle
Washington

Received March £8, 1959

The study of self and mutual diffusion in ideal
and non-ideal systems has received much attention
in recent years.2-7 Attempts to account for the
differences observed between the various diffusiv-
ities have been made by several authors.89 The

Fig. 1—Diffusion in the acetone-chloroforn system at
25 ° e , mutual diffusion (ref. 7 );--—--—-- , (AW +
AW)(d Incii/d In Xi); A, self diffusion of acetone; O, self
diffusion of chloroform; a, self diffusion of pure acetone
(ref. 11).

(1) This work was supported by the Office of Ordnance Research,
U. S. Army,

(2) P. A. Johnson and A. L. Babb, This Journal, 50, 14 (1956).

(3) P. C. Carman and L. H. Stein, Trans. Faradary Sec., 52, 619
(1956).

(4) C. S. Caldwell and A. L. Babb, This Journal, 60, 51 (1956).

(5) C.S. Caldwell and A. L. Babb, ibid., 59, 1113 (,955).

(6) R. H. Stokes and B. R. Hammond, Trans. Faraday Soc., 52,
781 (1956).

(7) D. K. Anderson, J. R. Hall and A. L. Babb, This Journal, 62,
404 (1958).

(8) O. Lamm, Acta Chem. Scand., 6, 1331 (1952).

(9) L. S. Darken, Am. Inst. Mining MeU Engreii tmt* Met, Div,i
MetaU TechnoU, Tegh. PvHu 3311 (1048)«
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MOLE FRACTION ACETONE.

Fig. 2.—Diffusion in the acetone-carbon tetrachloride sys-
tem at 25 ° - , mutual diffusion (ref. 7 ) ; ---—--- ,
(AW + AA"i)(d Inoi/d Inw); A, self diffusion of acetone;
O, self diffusion of carbon tetrachloride; a, self diffusion of
pure acetone (ref. 11).

following generalizations concerning the behavior
of self and mutual diffusivities may be made.
Self and mutual diffusivities are equal in dilute
solutions only. In ideal systems both self and
mutual diffusivities are practically linear with mole
fraction, while in non-ideal systems the curves show
various degrees of curvature. It was shown pre-
viously3 that in systems containing one associated
and one unassociated component, the non-ideal
characteristics are exhibited chiefly by the self
diffusivity of the associated component.

Self diffusion coefficients at 25° for four binary
liquid systems are reported together with a com-
parison with mutual diffusivities reported pre-
viously.487 At present no attempt will be made
to interpret the results theoretically.

Experimental

A capillary cell technique which has been described else-
where2was used to obtain the experimental data. The sol-
vents were the highest grades commercially available
and in most cases were used without further purification.
Benzene was stored over metallic sodium. Carbon-14
tracers were purchased from Volk Radio-Chemical Com-
pany. The counting cell used previously was replaced by a
brass cell with a bottom tray of 0.0025 mm. aluminum foil,
eliminating the use of glue or cement.

Results and Discussion

Self diffusion coefficients for the several sys-
tems are given in Table I: acetone-chloroform
(Fig. 1), acetone-carbon tetrachloride (Fig. 2),
benzene-carbon tetrachloride (Fig. 3) and ethanol-
carbon tetrachloride (Fig. 4). The results are
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Tabte |
Summary of Experimental Self Diffusion D ata
Acetone (lI)-Chloroform (2)

Mole fraction (1) 0.071 0.169 0.187 0.338 0.531 0.660 0.807 0.833 0.865
A X 106 cm.2sec. 2.55 2.49 2.47 2.89 3.05 3.27 3.66 3.52 3.91
Mole fraction (2) 0.034 0.063 0.126 0.302 0.563 0.809 1.000
A X 105 cm.2sec. 3.64 3.35 3.24 2.85 2.64 2.45 2.42

Acetone (l)-Carbon tetrachloride (2)
Mole fraction (1) 0.060 0.175 0.343 0.520 0.710 0.790 0.865 0.881
Di X 106 cm.2sec. 1.75 1.80 2.00 2.41 3.07 3.32 3.74 3.42
Mole fraction (2) 0.059 0.146 0.294 0.402 0.435 0.615 0.804 1.000
Di X 106 cm.2sec. 3.29 3.14 2.61 2.37 2.33 1.73 1.50 1.37

Ethanol (I)-Carbon tetrachloride (2)
Mole fraction (1) 0.012 0.020 0.121 0.147 0.216 0.337 0.487 0.888 1.000
A X 105 cm.Zsec. 2.78 2.45 1.60 1.47 1.24 1.10 1.11 1.00 1.00
Mole fraction (2) 0.069 0.224 0.363 0.636 0.764 0.960 1.000
Di X 10s, cm.2sec. 1.54 1.65 1.75 1.86 1.76 1.44 1.37

Carbon tetrachloride (I)-Benzene (2)
Mole fraction (1) 0.072 0.130 0.215 0.303 0.396 0.500 0.600 0.687 0.844 1.000
A X 106 cm.2see. 1.90 1.83 1.83 1.74 1.61 1.59 1.48 1.50 1.46 1.37

MOLE FRACTION BENZENE. MOLE FRACTION ETHANOL.
Fig. 3.—Diffusion in the benzene-carbon tetrachloride Fig. 4—Diffusion in the ethanol-carbon tetrachloride

system at 25°  -------ome , mutual diffusion (ref. 7 ) ;- ,  system at 25 °:-e-mmemv , mutual diffusion (ref. 6 ) ;- :

(AX2+ 2Xi)(d In ai/d In Xi); ------ , self diffusion of ben-

zene (ref. 2); O, self diffusion of carbon tetrachloride.

considered to be accurate to within 5%. Consider-
able difficulty was encountered in obtaining the self
diffusion coefficients of acetone in concentrated
solutions. The amount of scatter for pure acetone
was as large as 20%. For this reason, none of the
authors’ values for acetone are reported for mix-
tures greater than 90 mole % acetone. However,
McCall and Douglasll of Bell Telephone Labora-

(11) D. W. McCall and D. C, Douglas, Bell Telephone Laboratories,

personal communication.

(AX2+ D2AI) In m/d In Xi);
tetrachloride;

A, self diffusion of carbon
O, self diffusion of ethanol.

tories have measured the self diffusion coefficients
of pure acetone at a series of temperatures using a
nuclear magnetic resonance technique. Their data
were interpolated to give a value of 4.8 X 10-~s
cm.2sec. at 25°.

Values of (AV 2+ AV X(d In axd In Xi) where
A, A and a; are the self diffusivity, mole fraction
and solution activity, respectively, are plotted with
the mutual diffusivity for the purposes of compari-
son. The activity term was calculated from ther-
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modynamic data available in the literature.12-15
For acetone-carbon tetrachloride isobaric boiling
point-composition data were used. For the re-
maining systems, isothermal data were available
at the temperature required.

At the present time, the belief is generally held
that the gradient of the chemical potential con-
stitutes the effective driving force for diffusion.
The process of self diffusion, however, is visualized
as the movement of molecules in a thermodynami-
cally homogeneous environment such that the
chemical potential gradient for the diffusion proc-
ess is unity. From this it follows that self dif-
fusivities are related to mutual diffusivities through
this gradient, a principle first announced by Dar-
ken9and recently reiterated by Carman and Stein.3

The experimental data obtained in this study
were applied to Darken’s proposed relationship
between self and mutual diffusivities

Di2 = (DiX2 T DzXi)(d In (7i/d In Xi)

It is apparent that, although the shape of the curve
and the location of the minima are predicted cor-
rectly for non-ideal systems, the over-all effect of
the activity term is to over-correct the predicted
values. This is true for both positive and negative
deviations from Raoult’'s law since both cases are
exhibited here. One would expect better agree-
ment between theory and experiment for ideal
systems. It is surprising to note, however, that
for the nearly ideal system, benzene-carbon tetra-
chloride, theory predicts a non-linear diffusion
curve, while the experimental data are linear.

It seems certain from these results that the
relationship between diffusion and chemical poten-
tial is not as simple as previous investigators
have believed. These discrepancies between theory
and experiment probably are due in part to as-
sociation of the diffusing molecules. However, the
difficulties in describing the diffusion mechanism for
associated systems are many since one must ob-
tain quantitative results as to the degre.e of associa-
tion and relate these results to diffusion pheno-
mena. At present the authors are working on this
problem with encouraging results and will submit
areporton it later.

(12) H. Rock and W. Schréder, z. physik. Chum. N. F,
(1957).

(13) K. C. Bachman and E. L. Simmons, Ind. Engk C hem 44, 203
(1952).

(14) A. L. Edwards, B.S, Thesis, University of Washington, 1954.

(15) F. Ishikawa and T. Yamaguchi, Bull. Inst. Phys. and chem.
Res. {Tokyo), 17, 246 (1938).
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PROTON RESONANCE SHIFTS OF ACIDS IN
LIQUID SULFUR DIOXIDE

By S.Brownsteinland A. E. Stitiman

Department of Chemistry, Cornell University, Ithaca, New York

Received May 8, 1959

It is desirable to have a simple means for deter-
mining the dissociation constants of strong acids.
A correlation between the change in frequency of
the proton resonance signal of an acidic hydrogen
and the dissociation constant of that aeid has been

(€))

Ottawa, Canada.

(

Division of Applied Chemistry, National Research Council,
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Fig. 1.—Dependence of chemical shift upon acid strength:
The chemical shift is in cycles per second at a resonance fre-
quency of 40 megacycles.

obtained for several strong acids in aqueous solu-
tion.23 Since there is rapid exchange between the
protons of the acid and those of the solvent only
a single resonance line is observed for both these
species. By measuring the chemical shift of this
line at a variety of acid concentrations the dis-
sociation constant for the acid may be estimated.
This method is especially useful for strong acids,
where most other methods are not too good.

It was thought that if a solvent not containing
exchangeable protons was used, a single measure-
ment might suffice to determine an approximate
acid dissociation constant. Liquid sulfur dioxide
was chosen as solvent since a wide variety of com-
pounds is soluble in it. Although relative acid
strengths in liquid sulfur dioxide need not be in the
same order as in water nevertheless it was found
that an excellent correlation exists between the
dissociation constant of an acid in water and its
proton resonance shift when dissolved in liquid
sulfur dioxide.

Experimental

The proton resonance spectra were obtained in a manner
described previously.4 The side band modulation5 was
generated by a Heathkit Square Wave Generator, Model
SQ1. After the frequency was adjusted for superposition
of the side band with the peak due to the acid proton the
pulses from the square wave generator were counted on an
Instrument Development Laboratories Model 161 Scaling
Unit. The modulating frequency could be adjusted to
within one cycle per second and its value determined within
one tenth of a cycle per second.

The sample cell was the inner tube of a precision bore
concentric tubing assembly6to which was attached a male

(2) H.S. Gutowsky and A. Saika, J. Chem. Phys., 21, 1688 (1953).

(3) G. C. Hood, A. C. Jones and C. A. Reilly, This Journal, 63,
101 (1959), contains earlier references.

(4) S, Brownstein, J. Am. Chem. Soc., 80, 2300 (1958).

(5) J. T. Arnold and M. E. Packard, J. Chem. Phys., 19, 1608
(1951).

(6) J. R. Zimmerman and M. R. Foster, This Journal, 61, 282
(1957).
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6/20 standard taper joint. With a known weight of acid
in it, the cell was plaeed on a vacuum line and sulfur dioxide
condensed into it at —60°. The cell was capped quickly and
the weight of sulfur dioxide determined.

The reference for the chemical shifts was benzene in the
annular space between the concentric tubes. The shifts are
in cycles per second with the more positive values at higher
field. Diamagnetic susceptibility corrections were made in
the usual manner.7 The volume magnetic susceptibilities
of the solutions were calculated from those of the pure com-
ponents assuming ideal behavior. Even if the diamagnetic
susceptibilities are not exactly additive only a small error
would be introduced.

Results

The correlation between chemical shifts of the
acidic proton and the pPK of the acid in aqueous
solution are shown in Fig. 1 and in Table I. The
chemical shift for acetic acid was found to be
constant up to a concentration of at least 7.40
molal. None of the determinations listed were
made for concentration higher than 4.70 molal to
assure the absence of concentration effects on the
chemical shift.

Tabte |

R esonance Position of Acidic Protons in Liquid Sulfur

Dioxide

Obsd. Cor.

Acid VK Molality shift shift
(CH+C-COOH 5.1 1.46 -139.8 -152.1
CH3COOH 4.75 215 -132.3 -154.2
HCOOH 3.68 4.05 -134.9 -156.2
CH2C1CO0H 2.81 0.98 -135.6 -156.7
CHCKCOOH 1.30 2.16 -129.5 -147.3
CChCOOH 0.52 2.19 -127.5 -143.6
CF3COOH -0.26 4.70 -114.6 -128.9
ch3soh - 0.6 1.71 -117.5 -126.6
h2so4 -3 1.03 - 59.0 - 832

HC104 (70%) 10 212+ 207 + 189

HBr -9 18.4 + 380 +375

HI -10 + 203 + 202

Spectra of 51, 60, 65 and 70% aqueous perchloric
acid dissolved in liquid sulfur dioxide were ob-
tained. A single line, due to rapid exchange of the
acid and water hydrogens, was observed at the
lowest concentration. At higher concentrations
two lines are observed with the one at highest
field attributed to perchloric acid because of its
lesser intensity. The data are given in Table II.
It is assumed that the chemical shift of 100%
HCI104 dissolved in liquid sulfur dioxide would be
that shown by the 70% acid since the rate of

Tabte |l
Proton Resonance of Aqueous Perchloric Acid in
Liguid Sulfur Dioxide
Aq. acid, Molality in
% ‘concn. 02 soin. Cord, shift
51 2.33 h2 15.0
hcio4 150
60 2.13 h 2 + 15.8
HC10, + 18.7
65 2.51 h2o + 28.7
hcl04 + 189
70 2.12 HoO + 45
HC104 + 189

(7) A. A. Bothner-By and R. E. Glick, 3. chem
(1957).

Phys., 26, 1651
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exchange of acid and water protons is no longer
affecting the observed chemical shift.

A general treatment of shifts in line positions
due to proton exchange has been presented.s
Simplifying assumptions were made and an equa-
tion obtained that related displacement of the
lines of two species in equal concentration with the
rate of exchange of the two species. For the case
where the mole fractions of the exchanging species
are not equal, but the line widths are small com-
pared with the distance between them, one obtains

Am[4t2Aw)2 — t25092 + 2] = 5(j(pB — Pa)

The symbols have the same meaning as in ref. 8.
From this one may calculate that a 2.13 molal
solution of 60% perchloric acid in liquid sulfur
dioxide has the proton exchange rates

£hd = 2.05 sec.-1

Aiiclod = 15.0 sec.-1
These exchange rates are in a convenient region
for measurement by proton resonance spectros-
copy. It is likely that they would depend upon
the molality of the aqueous acid in sulfur dioxide
and upon the concentration of the aqueous acid.
The exchange rates might be related to the concen-
tration of ion pairs in the solution.

All the acids shown in the figure have the acidic
proton attached to oxygen. If the proton is
bonded directly to another element different
magnetic anisotropy effects would overshadow
the change in shielding of the proton due to its
different acidity. One such example is hydrogen
bromide. An 18.4 molal solution in liquid sulfur
dioxide has a corrected chemical shift of +375
cycles. This is much higher than would be ex-
pected from its acid strength alone and is consid-
erably higher than that for the pure liquid.9
There is evidence for 1:1 complexes of SO2 and
hydrogen halides in aqueous solution and such a
complex if present in liquid sulfur dioxide could
easily give unusual shielding effects.o It was
necessary to keep the sample in a Dry lIce-bath
until shortly before running the spectra since at
room temperature it reacted fairly quickly to give
bromine, sulfur and water. Hydrogen iodide in
liquid sulfur dioxide had a corrected chemical
shift of +202 cycles, in agreement with its acid
strength. This is much lower than the value ob-
served for the pure liquid.9 In this case no chem-
ical reaction is observed for the solution in sulfur
dioxide.

Discussion

It appears that there may be a correlation
between the chemical shift of an acidic proton in
liquid sulfur dioxide solution and the dissociation
constant of the corresponding acid in aqueous solu-
tion. Therefore this method might be useful as an
easy way to get approximate dissociation constants
of strong acids. If concentrated aqueous solutions
of strong acids are dissolved in sulfur dioxide, one
may determine the exchange rates between the
water and the acidic protons.

(8) H. S. Gutowsky and C. Il. Holm, ibid., 25, 1228 (1956).

(9) W. G. Schneider, H. J. Bernstein and J. A. Pople, ibid., 28, 601
(1958).

(10) S. Witekowa, T. Paryjozak and T. Witek, zeszty Nauk
Politech. Lodz., No. 22, Chein., 7, 17 (1958); C.A., 53, 1975e (1959).
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THE HEAT OF FORMATION OF FORMIC
ACID

By G. C. sinke

Thermal Laboratory, The Dow Chemical Company, Midland, Michigan
Received April 21n, 1959

The heat of formation of formic acid derived by
Waringl from equilibrium studies is not in agree-
ment with the heat of combustion (determined
prior to 1900). The disagreement is unusual in
that the equilibrium data indicate the heat of com-
bustion to be too high, while most of the older heat
of combustion values tend to be too low. A new
determination of the heat of combustion is in agree-
ment with the equilibrium values.

Experimental

Commercial formic acid was purified by frac donai crystal-
lization until freezing curve analysis indicated a purity of
better than 99.8 mole %. Analysis of the combustion gases
indicated the sample had a carbon content of 99.9 + 0.1%
of theoretical.

The calorimetric system and technique was the same as
that used previously2except that the sample was enclosed in
a small bag of Mylar film. The film had a heat of combustion
of A(7rim = 54617 £1.8 cal. g+* and analyzed 62.12%
carbon and 4.18% hydrogen. The remainder was assumed
to be oxygen. Washburn corrections were calculated by the
method of Prosen.3 Results are given in Table |I. The
sample mass is based on the mass of carbon dioxide produced,
after correction for the carbon dioxide calculitec from the
weighed Mylar bag. Results based on sample weight were
slightly lower which would be expected if the impurity was
water.

Tabre |
Sample mass, - AUr/M,
QTotal <Mylar  &HNO3 yWashburn o- cal. g.-1
6224.36 905.22 0.16 14.40 3.99148 1329.0
6313.54 950.12 .00 14.43 4.02558 1328.8
6168.03 907.30 .32 13.81 3.95442 1326.8
6008.06 947.82 .16 13.04 3.79585 1329 6
AV. 1328.6
Stand, dev. 0.6

Results and Discussion

Employing a molecular weight of 46.027 and
calculating to constant pressure gives AR-°02®
() = —60.86 = 0.06 kcal. mole“1. From heats of
formation of liquid water and gaseous carbon di-
oxide2 the heat of formation is calculated as
AHPi 2 (1) = -101.52 + 0.06 kcal. mole“1 The
entropy of liquid formic acid at 298°K. is given
by Stout and Fisher&/and of carbon, hydrogen
and oxygen by Stull and Sinke,&iron which the
free energy of liquid formic acid is —86.38 +

0.06 kcal. mole“1l Waring derived —86.45 and
—86.39 kcal. mole“1 from two different dissoci-
ation equilibria. The excellent agreement is

evidence against the existence of residual entropy

(1) W. Waring, Chem. Revs., 51, 171 (1952).

(2 G. C. Sinke, D. L. Hudenbrand, R. A. McDonald, W. R.
Kramer and D. R. Stull, This Journal, 62, 1461 (1&58).

(3) E. J. Prosen, Chapter 6 in "Experimental Thermochemistry,”
edited by F. D. Rossini, Interscience Publishers, Now York, N. Y.,
1956.

(4) J. W. Stout and L. H. Fisher, J. Chem. Rhys., 9, 163 (1941).

(5) D, R. Stull and G. C. Sinke, “Thermodynamic Properties of the
Elements, No. 18 of the Advances in Chemistry Series, Edited by
the Staff of Industrial and Engineering Chemistry,” American Chemi-
cal Society, Washington, D. C.
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in formic acid and supports recent spectroscopic
and X-ray studies.6 The most likely explanation
for the high previous combustion data is that the
formic acid contained some acetic acid, a common
impurity which has a considerably higher heat of
combustion.

(6)
(1957).

R. C. Millikan and K. S. Pitzer, J. Chem. Phys., 27,

A PARTIAL PHASE STUDY OF THE SYSTEM
NaF-HF

By Robert L. Adamczak,l J. Arthur Mattebn

Howard Tieckelmann

and

Contribution from the Department of Chemistry, University of Buffalo,
Buffalo, N. Y.

Received May 4, 1959

Although phase studies have been performed for
the binary systems KF-11F,2RbF-HF3and CsF-
HF ,4little work has been done on the system NaF-

HF. Several investigators6-7 have studied the ter-
nary system NaF-HF- 1120 in part. Tananaev,8
studied this system more completely. He found

that the solubility curves in the system showed an
analogy to the KF-HF-H2 system.9 His 0° iso-
therm consisted of five branches corresponding to
the solid phases NaF, NaF-HF, NaF-2HF, NaF-
3HF and NaF-4HF. Unlike the acid fluorides of
potassium, those of sodium had no congruent melt-
ing points but decomposed into LIF and NaF-HF.
The latter was stable up to 90° but decomposed
completely at 150°. Jache and Cadyl0 reported
the solubility of NaF in liquid HF as follows: 30.1
+ 0.1 g. of NaF per 100 g. of HF at 11.0°, 25.1 =+
0.1 g. at —9.8° and 22.1 = 0.1 g. at —24.3°. War-
tenberg and Bossell reported the decomposition
temperature of NaF-HF to be approximately 270°
while Froning, o al.,22reported 278°. In this Lab-
oratory, phase studies of the system NaF-HF were
made in the range of mole fraction 0.75 to 0.87 HF.

Experimental

The sodium fluoride was Mallinckrodt reagent grade
(99.4%). The anhydrous hydrogen fluoride (99.9%) was
obtained from Harshaw Chemical Company and was dis-
tilled before addition to the sodium fluoride.

A known amount of sodium fluoride was weighed into a
reaction vessel of 200 to 250-ml. capacity. The reaction
vessels were constructed of monel with needle valves ma-
chined from solid monel stock. Teflon gaskets were used to
ensure air-tight seals. The hydrogen fluoride was distilled
into the reaction vessel using a multipurpose manifold con-
structed of iU in. copper tubing and brass needle valves.
The vessels weighed about 700 g. when empty and usually
held about a 300 g. charge of NaF and HF.

(1) From the M.A. thesis of Robert L. Adamczak, University of
Buffalo, 1955.
(2) G. H. Cady, J. Am. Chem. Soc., 56, 1431 (1934).

(3) K. R. Webb and E. B. R. Prideaux, J. Chem. Soc., Il (1939).
(4) R. V. Winsor and G. H. Cady, J. Am. Chem. Soc., 70, 1500
(1948).

(5) A. Ditte, Ann. chim. -phys., [73 10, 556 (1897).

(6) D. B. Jehu and L. J. Hudleston, J. Chem. Soc., 125, 1451 (1924).

(7) N. D. Nagorskaya and A. V. Novoselova, J. Gen. Chem. (XJ.S.-
S.R.), 5, 182 (1935).

(8) 1. V. Tananaev, ibid., 11, 267 (1941).

(9) 1. V. Tananaev, J. Appl. Chem. {U.S.S.R.), 11, 214 (1938).

(10) A. w. Jache and G. H. Cady, This Journal, 56, 1106 (1952).

(11) V. H. N. Wartenberg and O. Bosse, z. Elektrochem., 28, 386
(1922).

(12) J. F. Froning, M. K. Richards, T. W. Stricklin and S. G.
Turnbull, Ini. Eng. Chem., 39, 275 (1947).
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MOLE FRACTION CF HR
Fig. L.—The system NaF-HF.

The reaction vessel and contents were heated to a tem-
perature high enough to melt all the material and were main-
tained at this temperature for at least 24 hours with inter-
mittent shaking. The establishment of homogeneity was
verified by taking a weighed portion of the solution and
evaporating the hydrogen fluoride. Thus, the ratio of the
constituents could be checked against the original value.
The heated reaction vessel was placed in an insulated ap-
paratus mounted on a Fisher-Kahn shaker which produced
about 280 vibrations per minute. Alternately, cooling and
heating curves were obtained. Temperatures were meas-
ured using two calibrated copper-constantan thermocouples
connected to a Leeds and Northrup Type K potentiometer
and a modified Leeds and Northrup Micromax recorder.

After a sufficient number of curves had been obtained at
the one mole fraction, the composition was changed by re-
placing the reaction vessel on the manifold and removing
some hydrogen fluoride by distillation. Prior to recording
further values, the vessel was heated to at least 50° above
the expected temperature of the thermal effect and main-
tained at this temperature for at least ten hours with in-
termittent shaking. In this manner equilibrium was at-
tained and results of heating and cooling curves were re-
producible to within 0.2°. When a series of curves were
completed the reaction vessel was opened and the contents
examined. The melts were found to be completely homo-
geneous.

In cases where it was necessary to measure the pressure of
this system an Ames strain gauge attached to a Be-Cu
diaphragm was used.

Discussion

The average temperatures of the observed signifi-
cant breaks in the curves are shown in Table I and
illustrated in Fig. 1. The solubility results of
Jache and Cadyl0were converted to mole fraction
of HF in solution and are included in these data.

No freezing points were obtained from cooling
and heating curves below a mole fraction of 0.75.
Attempts were made to record pressure readings in
this region but no significant results were obtained.
At temperatures of 200° and above, pressures from
ten to fifteen atmospheres were recorded. Even
iffreezing points had beenobtained in this region the
results would be of questionable accuracy because
of the change in composition of the liquid phase by
the vaporization of the hydrogen fluoride.

Notes

Yol. 63
Table |
fr'gglign
S Ry Busgle Solid phase
0.870« 133 NaF-4HF
0.860«  22.1 NaF-4HF
0.835»  34.2 NaF-4HF
0.830 35.4 NaF-4HF
0.821 37.1 NaF -4HF
0.815 37.5 NaF-4HF
0.810 38.6 NaF-4HF
0.806 39.1 NaF-4HF
0.801 39.7 NaF-4HF
(0.800)  39.8 F.P. of NaF'4H
0.798 39.6 NaF-4HF
0.798 39.7 391 NaF-4HF
0.796 39.7 NaF-4HF
0.794 39.4 NaF-4HF
CO.792) 39.1 Eutectic
0.790 39.0 aNaF-3HF
0.790  39.3 391 «NaF -3HF
0.795  41.1 39.0 <*NaF-3HF
0.784 415 38.9 «N aF BHF
(0.776) 43.4 39.1 Transition
0.773 490 ... 431 ONaF-3HF
0.772 51.2 43.1 /3NaF -3HF
0.768  55.2 42.9 |3NaF-3HF
(0.762) 625 43.0 | SNaF-3HF
(0.762)  63.6 43.1 (SNaF-3HF
(0.762) 43.1 (SNaF -3HF
(0.762)  64.6 b |SNeF -3HF
0.757 62.6 b j3NaF-3HF
0.755 61.9 b (3NaF-3HF
0.754 429 61.6 RBNaF-3HF
0.741 b 605 |3NaF-3HF
0.731 b  60.4 /3NaF-3HF
0.731 b 605 ONaF-3HF
0.724 b 60.3 |3NaF-3HF
0.720 b 60.8 /SNaF-3HF
0.712 b 603 iSNaF-3HF
0.702 43.0 60.3 |3NaF-3HF

“ Calculated from solubility data of Jache and Cady.D
blIndicates cooling was stopped before these temperatures
were reached.

Thermal data in the region studied showed that
the compound NaF-4HF had a congruent melting
point at 39.8°. This work also indicated that the
compound NaF-3HF had an incongruent melting
point at 60.5° and that it existed in two forms.
The form stable below 43.1° was called aNaF-3HF
and the form stable above that temperature was
called ,3NaF-3HF. It seems unlikely that any
compounds richer in HF than NaF-4HF are
formed. Table Il lists significant points for the
portion of the system studied.

Windsor and Cady4 have observed several
trends among alkali metal compounds MF-XHF as
the atomic number of M increases: (1) corre-
sponding compounds show decreasing melting
points, (2) corresponding compounds show in-
creasing stability, (3) the maximum value of X in-
creases. In the present work, the melting point of
NaF-4HF (39.8°) does not follow the general trend
since the melting point of KF-4HF is 72.0°.2 The
melting point of Na-3HF (60.5°) is lower than that
of KF-3HF (65.8°)2but the former compound has

\
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Tabte Il
Mole
fraction
HF in Temp., Type of Solid phases
soin. °C. point pussent
0.800 39.8 Freezing NaF-4HF
0.792 39.1 Eutectic NaF-4HF and
<*NaF-3HF
776 43.1 Transition «NaF -3HF and
/3NaF-3HF
762 60.5 Peritectic ONaF-SHF and
(NaF-2HF)

an incongruent melting point. The “actual” melt-
ing point would be much higher. It appears from
this work that the trend in stability is as expected
with NaF-3HF less stable than KF-3HF. That
NaF-4HF seems to be the highest acid fluoride of
the NaF-HF system does not contradict the general
trend of increasing maximum values for X.

Summary.— In the range of mole fraction of HF
0.75 to 0.87, sodium fluoride and hydrogen fluoride
form the compounds NaF-4HF, aNaF-3HF and
/3NaF-3HF.

DIFFUSION COEFFICIENTS OF
ZIRCONIUM(IV) IN HYDROCHLORIC
ACID SOLUTION AT 25°-

By D. A. Williams-Wynn
Leather Industries Research Institute, Rhodes University Grahamstown,

South Africa
Received May 6, 1959

Diffusion coefficients of zirconium in nitric and
perchloric acid solutions have been reported by
previous workers using a somewhat limited range
of time, concentration and acidity.23 In the
present work, diffusion coefficients of zirconium
oxychloride have been determined over a wide
range, using the porous glass diaphragm method
previously developed.4‘7 In order to nullify the
effect of the electric charge on the movement of the
zirconium ion, a relatively high concentration of
electrolyte was used as “swamping agent.”68
Sodium nitrate was used as supporting electrolyte
because no complex nitrates of zirconium are
known.9

Experimental

Reagents.—The solutions of zirconium oxychloride and
supporting electrolyte (swamping agent) were made up in
de-ionized distilled water. Purified zirconium oxychloride
octahydrate was prepared from commercial salt, by repeated
reerystallizations from 9 N hydrochloric acid aid was found
by analysis to be more than 99.5% pure. All other reagents
used for the supporting electrolyte or for pE adjustment
were of C.p. grade.

(1) Part of a thesis to be submitted to the Faculty of Science,
Rhodes University, Grahamstown, in partial fuifiliment of the require-
ments for the degree of Master of Science.

(2) G.Jander and K. F. Jahr, Kolloid-Beih,, 43, 295 (1936).

(3) B. A.J. Lister and L. A. McDonald, J. Chem. Sac., 4315 (1952).

(4) J. H. Northrop and M. L. Anson, J. Gen. Physiol., 12, 543
(1929).

(5) J. W. McBain and T. H. Liu, J. Am. Chem. S o ¢ 53, 59 (1931).

(6) G. S. Hartley and D. F. Runnicles, Proc. Roy. Soc. (London)
A168, 420 (1938).

(7) R. H. Stokes, J. Am. Chem. Soc., 72, 763 (1950).

(8) A. Doyle Abbott and H. V. Tartar, This Journal, 59, 1193
(1955).

(9) W. B. Blumenthal, “The Chemical Behavior of Zirconium,”
J> Van Nostrand Co., Inc., New York, N. Y., 1958, p: 288.
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Apparatus.—The magnetically-stirred diffusion cell em-
ployed in this work was similar to that described by Stokes7
except that the pore size of the sintered-glass disc was 30-40
p. All measurements were made in a thermostat at 25 +
0.025°.

Procedure.—For the first series of measurements, 0.5 and
0.1 M solutions were prepared in 1.0 M sodium nitrate
solution. Diffusion measurements were made at the nat-
ural pH of the oxychloride after storage at 21 + 1° for vary-
ing periods up to 12 weeks. The second series was an in-
vestigation of the effect of concentration on the rate of dif-
fusion. The solutions were all aged for 5 to 6 weeks before
diffusion measurements were made.

The effect of acidity on the diffusion coefficient was in-
vestigated in the third series cf measurements. In this case,
acid was used as supporting electrolyte. When the con-
centration of the acid was <1 M, additional supporting
electrolyte was added.

In all determinations the de-aerated zirconium solution
was introduced into the lower cell compartment while the
upper compartment was filled with supporting electrolyte
of the same concentration and pH. Diffusion was per-
mitted to proceed until 8 to 10% of the diffusing material
had entered the upper compartment. The solutions were
then removed and analyzed lor zirconium by the Alizarin-S
spectrophotometric method modified by the writer.0 The
diffusion coefficient was calculated in accordance with the
equation given by Stokes.1l The cell was calibrated using
0.1 N potassium chloride solution, the diffusion coefficient
of which is 1.873 X 10-6 cm.1sec.-1.12

Results and Discussion

Diffusion Coefficient as a Function of Time.—
The diffusion coefficient is relatively large initially
(Table 1) but rapidly decreases with increasing
time. Within a period of 4 to 5 weeks the diffusion
coefficient reaches a limiting value which changes
only slightly with further aging up to 12 weeks.
For the more concentrated solution (0.5 M), the
decrease of the diffusion coefficient and the attain-
ment of equilibrium is more rapid than with the
0.1 M solution. The effect of concentration on
rate of diffusion is given in detail below.

Tabte |

Variations in the Diffusion Coefficient of Zirconium

Oxychloride with Age of Solution

Supporting electrolyte 1.0 M sodium nitrate; D in cm.2
sec.-1.
0.5 M Zr solution 0.1 M Zr solution
Age of soin., Age of soin.,

days D X 10« days D X 10«
1.5 4 30 1.5 4.70
4 3.96 4 4.39
8 3.86 6 411
16 3.85 14 3.65
24 3.85 21 3.54
28 3.84 28 3.47
40 3.78 42 3.40
56 3.81 56 3.40
84 3.80 84 3.40

Diffusion Coefficient as a Function of Concen-
tration.— The effect of zirconium concentration on
the diffusion coefficient is given in Table Il. Dilute
solutions aged for 5 to 6 weeks were shown to have
a lower diffusion coefficient than the more concen-
trated solutions aged far the same period, when
measured at the natural pH. This indicates that
the particles were less mobile in dilute solution
than in concentrated solution. When the solu-

(10) D. A. Williams-Wynn, J. Soc. Leather Trades’ Chemists, 42,
360 (1958).

(11) R. II. Stokes, J. Am. Chtm. Soc., 72, 2243 (1950).
(12) R. H. Stokes, ibid., 73, 3527 (1951).
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tions were diluted while maintaining the pH at the
original value of the 0.8 M solution by addition of
hydrochloric acid, and then aged, diffusion was
much more rapid. The rate of diffusion is de-
pendent less on the zirconium concentration than
on acidity.

Table Il

V ariations in the D iffusion Coefficient of Zirconium
Oxychloride with Concentration of Solution
Supporting electrolyte 1.0 M_sodium nitrate; solutions

aged 5-6 weeks; cin moles/1., D in cm.2sec.-1.
No pH adjustment pH adjusted to 0.38

c pH D X 10® C pH D X 10®
0.856 0.38 3.86 0.856 0.38 3.86

.558 A7 3.84

494 .50 3.84

.281 .65 3.71

.280 .65 3.71

.236 72 3.65 .200 .38 4.01

.185 .86 3.69

110 1.00 3.47 110 .38 4.17

.097 1.08 3.48

.052 1.32 3.27 .055 .38 4.49

Diffusion Coefficient as a Function of Acidity.—
Diffusion coefficients obtained in hydrochloric
acid solutions are given in Table 111 together with
coefficients for zirconium particles in solutions to
which alkali had been added. The presence of acid
increases the diffusion coefficient of zirconium but
a limiting value is reached quickly. This value
is attained when the acid concentration is 1 M or
greater. By comparison, the results found by
Lister and McDonald3in nitric acid solution show
no limiting value. The addition of alkali on the
other hand rapidly reduces the rate of diffusion.
These results are probably in agreement with the
formation of highly aggregated hydrolysis products.
The highly basic solutions, particularly those that
are faintly opalescent, contain particles that are
probably markedly asymmetric and of high mo-
lecular weight, in which case the calibration of
the cell by low molecular weight substances is
not necessarily valid.13

Table Il

Coefficient of 0.05 M
Zirconium Oxychloride with Acidity of Solution

Solutions aged 8 weeks; c¢ in moles/1l., D in cm.2 sec.-1

Variations in the D iffusion

Added
supporting
electrolyte Acitl
NaN03 M c D X 10®
5.00 4.63
2.00 4.63
1.00 4.59
0.5 0.50 4.57
.63 .37 4.49
.8 .20 4.46
9 .10 4.30
1.0 .00 3.27
Alkali
C
1.0 0.02 2.75
1.0 .04 2.44
1.0 .05 2.21

(13) A. E. Alexander and P. Johnson, “Colloid Science,” Oxford
University Press, Oxford, 1950, p. 242,
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General Discussion.—A complete theoretical
treatment of the relation between diffusion coef-
ficient in liquid systems and ionic or molecular
weight is lacking.3 Approximate values of particle
weight can be calculated from the Sutherland-
Einstein equation and the equation expressing
radius in terms of particle weight and partial
specific volume.l4 Although these values are no
more than approximate, it is interesting to examine
the effect of various solution conditions on the
particle size of zirconium, even if the results are
regarded as only qualitatively correct. The parti-
cle weight of 730, calculated from the diffusion
coefficients of 0.5 M zirconium in acid solutions of
1.0 to 5.0 m, indicate a degree of polymerization
in the region of 3.7 (particle weight of the mono-
merL5is taken to be 196). This is in close agree-
ment with the values of 3 to 4 obtained by other
methods.16° 8 In connection with the above,
aggregation of zirconium particles by oxygen
bridges19 to give asymmetric linear polymers im-
poses severe limitations on the validity of particle
weights calculated from diffusion data, partic-
ularly when the diffusion coefficients are small.

Acknowledgment.— The author wishes to thank
Dr. R. L. Sykes for useful suggestions and con-
structive criticism during the course of this work.

(14) Ref. 13, p. 259.

(15) Ref. 9, p. 124.

(16) K. A. Kraus and J. s. Johnson, J. Am. Chem. Soc., 75, 5769
(1953).

(17) J. s. Johnson and K. A. Kraus, ibid., 78, 3937 (1956).

(18) A. J. Zielen and R. E. Connick, ibid., 78, 5785 (1956).
(19) W. B. Blumenthal, Ind. Eng. Chem., 46, 528 (1954).
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Since the time of Pouillet3 thermal data in
studies of heats of immersion have been analyzed
assuming that the “heat of immersion” is released
all at once, and that effects of appreciable duration
are due to thermal transients of the system.45

During measurements of the heat of immersion
of alumina in water, heat release was observed for
a period of several hours—a time far greater than
that required for thermal transients to die out.
This note reports our efforts to analyze this phe-
nomenon.

Experimental
Our twin calorimeter has been described elsewhere5 it
was run adiabatically. All runs stretched over periods of
several hours. Results are reported for immersion at 20°.
The solids were extracted with distilled water and acti-8

(1) From the Ph.D. theses of C. A. Guderjahn (1955) and D. A.
Paynter (1954).

(2) Convair Scientific Research Laboratory, 5001 Kearney Villa
Road, San Diego 11, California.

(3) M. Pouillet, Ann. chim. phys., 10, 141 (1822).

(4) G. E. Boyd and W. D. Harkins, J. Am. Chem. Soc., 64, 1190,
1195 (1942).

(5) P. E. Berghausen, in “Adhesion and Adhesives,” F. Clark,
J. E. Rutzler and R. L. Savage, editors, John Wiley and Sons, Inc.,
New York, N, Y., 1954, p. 225.
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vated under vacuum. Fifteen-m 1. sanrple bulbs were used.
Correction for heat of bulb breaking was made 6 Heat of
stirring was measured separately for each run. Areas were
measured by N2 adsorption.7

J. T. Baker and Co. A1D 3was activated at 130 to 300°,
commercial Davidson Co. Si02was activated at 250°, du
Pont “ Ti-Pure” anatase and rutile were activated at 150 to
350° and Godfrey L. Cabot Co. Graphon was activated at
300°. Of the five solids, only the Si02was porous as indi-
cated by a Type 4 adsorption isotherm.7

Analysis of Data.—To facilitate estimation of
slow heat from time-temperature curves, we as-
sumed the rate of release of slow heat decayed
exponentially with time. With this hypothesis,
the expression for total heat evolved up to time
t takes the form

r=nhi+ h(l—eXj +

m AT ct 2)

ha = total slow heat

hi = total immediate heat

r(t) = total heat released up to time t

m = heat leakage coefficient (measured separately, as
a function of differential temp.). The last term
on the right is the cumulative heat leakage

AT = absolute temp, difference between flask and bath

X = time constant for the process

A typical graph of raw data for alumina (a
sample activated at 150°) is given in Fig. 1; also
shown are the raw data corrected for heat leakage.
(In the absence of slow heat, the curve for the open
circles would approach a straight line after about
5 minutes.) Figure 2 shows result of the treat-
ment eq. 1, rearranged to the form

(hi + ha —r + J'q tn AT At = hat 2
Extrapolation to t = 0 yields 105 ergs/cm.2 for
ha, and the half-life for the slow heat ust is 67
minutes. The satisfactory fit to a straight line is
evident, indicating that over the intervals employed
the analysis is valid.

When the slow heat is known as a function of
time, its contribution to the temperature rise
may be deducted. The resulting curve resembles
temperature traces obtained when thare is no
slow heat, and the usual extrapolation tc zero time
can be made accurately.

Results.—Table | summarizes our results. Prob-
able errors (50% confidence limits for mean values)
are reported where five or more runs under constant
experimental conditions were made.

Table |

Heats of Immersion in Water

Half-life
Act. Surface Immed. of slow
temp., area, heat, Slow heat, heat,
Substance °C.  m-Vg. erg/cm.2 erg/cm.2 min.
Al203 150 7.16 427 86 70
250 7.94 582 319 51
300 8.3 679 £ 7 332 + 39 139 + 27
sio2 250 701 165+ 0.3 6.3+ 0.1 34+ 4
TiO»
Anatase 300 11.06 441 = 14 <5 <8
Rutile 300 7.50 406 + 2 <7 <8
Graphon 300 95.0 31.2 7.5 (60-120)

(6) C. A. Guderjahn, D. A. Paynter, P. E. Berghausen and R. J.
Good, J. Chem. Phys., 28, 520 (1958).

(7) S. Brunauer, “The Adsorption of Gases and Vapors,” Princeton
University Press, Princeton, N. J., 1945.
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Minutes.

Fig. 1.—-Calorimeter differential temperature vs. time for
immersion of alumina in water: O, raw data; <, data cor-
rected for heat leakage; A1 3activated at 150°.

50 100 150
Minutes.

Fig. 2.—Semilog plot of total heat minus heat evolved
up to time tvs. time; ALD 3activated at 150°.

200 250

It may be seen that for alumina, the slow heat
was very appreciable, cf long duration, and in-
creased with activation temperature. There was
no sensible dependence cf slow heat, or of its half-
life, on immersion temperature. For a series of
Al1D 3 samples activated simultaneously at 300°,
it appeared that iy2increased linearly with hs.

For silica gel, slow heat also was evolved over a
long period of time, but the magnitude of the heat,
per cm.2 was much smaller than with alumina.
(Since the area was very large, a small heat per
cm.2represented a large total heat.) fy, appeared
to be independent of the magnitude of the slow
heat.

With rutile and anatase, no slow heat was
observed. If any was present, its time constant
was less than the time for thermal transients to
die out, and its magnitude was too small (less than
2% of the fast heat) to be detected.

With Graphon, slow heat was observed both with
oxvgen-saturated and oxygen-free water. The
uncertainty in Wt (60 or 120 minutes) was caused
at least in part by the small absolute magnitude of
hs: the total slow heat, in joules, was less than
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'/so that observed with alumina or silica; hence the
analysis of the recorded data was more uncertain.

No data of heats of immersion of alumina in
water were found in the literature, for comparison
with our results. For silica, the immediate heat
was of the same order as that previously reportedso9
for high-area silica. Immediate heat values for
Ti02 and Graphon are in satisfactory agreement
with published results.1011

Discussion.—The very small relative magnitude
of the slow heat, €.g. as reported above for silica,
explains why this effect has not been noticed before.
A run ordinarily lasts about 20 minutes (Boyd and
Harkins4 ran 16 minutes). For a first-order proc-
ess, one must run two half-lives to get the reac-
tion 75% to completion.22 For our silica, with
hs = 6.3 erg/cm.2 and W, = 34 minutes, only
2.2 erg/cm.2 of slow heat would be evolved in a
20-minute run. This is 1.3% of the total heat, a
magnitude that would ordinarily be laid to experi-
mental error. When a twin calorimeter is not
used, it is difficult to attain sufficient stability
and low noise level to be confident of an effect of
this size.

A possible mechanism for slow evolution of heat
for Al203and SiO2is rehydration of surface alumin-
oxane or siloxane groups to aluminol or silanol
groups. Young13 has showed that silica dehy-
drates reversibly above 150° and (in part) ir-
reversibly above 400°, but complete dehydration
does not occur until above the sintering range
(>900°). Young discussed mechanisms but not
energetics. Probably the hydrolysis of unstrained
surface siloxanes should be endothermic. But
at sites of surface straini4 (e.g., highly strained
siloxane groups) hydrolysis could be highly exo-
thermic. Makrides and Hackerman9 discuss hy-
drolysis of surface siloxane groups and com-
ment on their heats of immersion of Si02
“An undetermined, but probably small, heat evolu-
tion from rehydration is included in the apparent
heat of wetting of powders evacuated at tempera-
tures above 200-300°.”

Thus it seems reasonable to attribute the slow
heat for Al203 and SiO2 to this hydrolysis. This
mechanism agrees with the trend of increase of
slow heat, and of W, with activation temperature
for alumina. The rather large probable errors in
ha and W2are not surprising, since it might be
hard to reproduce the exact concentration of
strained groups, let alone the distribution of strain
energies, in independent activations. Very prob-
ably the number of sites taking part in the
processes leading to slow heat is much smaller
than the number of sites responsible for the im-
mediate heat.

(8) F. E. Bartell and R. M. Suggitt, ThisJournal, 58, 36 (1954),

(9) A. C. Makrides and N. Hackerman, ibid., 63, 594 (1959).

(10) J. J, Chessick, F. H. Healey, A. C. Zettlemoyer and G. J.
Young, ibid., 58, 887 (1954).

(11) P. Basford, C. Anderson, F. Murphy and G. Jura, “Proc.
2nd Int. Cong. Surf. Act./' Vol. 2, Academic Press, Inc., New
York, N. Y., 1957, p. 90.

(12) J. M. Sfcurtevant, in Weissberger’'s “Technique of Organic
Chemistry,” Vol, 1, 2nd ed., Interscience Pub, Co., New York, N. Y.,
1949, pp. 731-845.

(13) G.J. Young, J. con. sci., 13, 67 (1958).

(14) E. B. Cornelius, T. H. Milliken, G. A. Mills and A. G. Oblad,
T his Journal, 59, 809 (1955).
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It is not clear why Ti02produced effectively no
slow heat. If the rehydration mechanism is
correct for A1 3 and Si02 then the absence of
slow heat for anatase and rutile may be due to the
fact that they are formed as crystals from solu-
tion, and not by dehydration of a gelatinous hydrous
oxide. Or perhaps if surface titanol groups exist,
they can be dehydrated without leaving a strained
group susceptible to hydrolysis.

For graphite, the mechanism is probably quite
different. Oxidation of surface carbons by water
was suggested by McBain, et ol.,2%and was more
recently studied by Pierce, et aZz16 The reaction
was slow, and the products were H2 CO and no
doubt chemisorbed oxygen.

Presumably only carbons located at edges of
basal planes would react with water. (Attack on
carbon atoms in the interior of a plane would be
endothermic, having a very large activation en-
ergy.) An estimate using bond energies, for pos-
sible reactions of edge carbons, gives a heat of 5
to 20 kcal./mole. Combining this range for the
heat with the estimate® that about 1/1500 of the
sites for Graphon are hydrophilic, a value of about
1 to 4 erg/cm.2is obtained. This is of the same
order of magnitude as the observed values, which
ranged from 5 to 13erg/cm.2

Support of the U. S. Air Force, under contracts
AF 33(616)231 and AF 33(616)2824, is acknowl-
edged. This work forms part of WADC reports
55-44 and 56-188. We thank L. A. Girifalco and
J. A. McAndrews for the surface area measure-
ments.

(15) J. W. McBain, J. L. Porter and R. F. Sessions, 3. Am
55, 2294 (1933).

(16) C. Pierce, R. N. Smith, J. W. Wiley and H. Cordes, ibid., 73,
4451 (1951).
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TRACER-DIFFUSION COEFFICIENTS OF
CESIUM ION IN AQUEOUS ALKALI
CHLORIDE SOLUTIONS AT 25°

By Reginald Mills and L. A. Woolfl

Department of Radiochemistry, Research School of Physical Sciences,
The Australian National University, Canberra, A.C.T .

Received June 6, 1969

Considerable data have now accumulated for
the tracer-diffusion of several monovalent ions, in
the three supporting electrolytes KC1, NaCl and
LiCl, over the general concentration range 0.1-4 M.
The ions, the coefficients of which have been meas-
ured under these conditions, are the anions CI* 2
and 1“ 3 and the cations Na+, 46 Rb+6 and H +.7
All these measurements have been made by the
reliable magnetically-stirred diaphragm cell method,
which, however, sets a lower limit on the concen-
tration, at which measurements are valid, of about
0.1 M. This limitation precludes the use of these

(1) Department of Chemistry, University of Wisconsin, Madison,
Wisconsin.

(2) R. Mills, This Journal, 61, 1631 (1957).

(3) R. H. Stokes, L. A. Woolf and R. Mills, ibid., 61, 1634 (1957).

(4) R. Mills, ibid., 61, 1258 (1957).

(5) R. Mills, 3. Am. chem. soc., 77, 6116 (1955).

(6) R. Mills, T his Journal, 63, 1873 (1959).

L

(7) L. A. Woolf, Ph.D. Thesis, University of New England, Armi-
dale, N.S.W., 1959.
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V C, moles/I.

Fig. 1—Ca+ ion diffusion in KC1, NaCl and LiCl: O, KC1,
e, NaCl; 9, LiCl;----—-- , Rb +ion diffusion curves.

data for the testing of the Onsager limiting law.8
Measurements in the very dilute region are, how-
ever, now being made with the continual monitor-
ing capillary method910 and data in the'concentra-
tion range up to 0.1 M for the above ions should
soon be forthcoming. Such complementary data
ought to allow formulation of theoretical and
empirical extensions to the limiting law covering
both dilute and concentrated solutions as in the
analogous conductivity case.ll In the meantime,
accumulation of data such as are reported in this
paper is justified for the intercomparison of cations
and anions in the same supporting medium. In
particular, the testing of semi-empirical viscosity
corrections should prove very useful when the
limiting laws can be extended.

Experimental

The potassium chloride and sodium chloride solutions
were prepared by weighing calculated amounts of the ana-
lytical quality reagent and diluting to volume. Lithium
chloride was prepared by a similar method to tnat of Stokes
and Stokes.12 The concentration of the initial lithium chlo-
ride stock solution was determined by conductance measure-
ments after appropriate weight dilution and this then was
diluted by volume to give solutions covering the concentra-
tion range studied. These procedures were checked by con-
ductance measurements with a Leeds and Northrup Jones
bridge and shown to give an accuracy in concentration of
better than 0.1%. Diaphragm cell manipulation has been
adequately described in previous papers.36

The radiotracer was Cs134 which was obtained in the
form of aqueous cesium chloride from the Radiochemical
Centre, Amersham, England. As in previous studies,34
scintillation counting techniques were used.

(8) L. Onsager, Ann. N. Y. Acad. Sei., 46, 241 (1945).

(9) R. Mills and E. W. Godbole, Awsf. J. Chem., 1-, 1 (1958),

(10) R. Mills and E. W. Godbole, ibid., 12, 102 (1959).

(11) R. A. Robinson and R. H. Stokes, “Electrofyte Solutions,’*
Butterworth's Scientific Publications, London, England, 1955, p. 153.

(12) J. M. Stokes and R. H. Stokes, This Journal, 60, 217 (1956).
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Results

The results of the work are given in Table I.
The estimated accuracy in D is 0.4%. D"cs* has
been calculated to be 2.057 x 10“5cm.2sec., tak-
ing X°c8+= 77.26/ohm/cm.13

(1S) Ref. H, p. 452.

Tabte |

Tracer-diffusion Coefficients of Cs+ in Aqueous

Alkali Chloride Solutions at 25°

105
molce;sll. CPT{(Zsee. D/D°
KCI
0.1 1.981 0.963
0.5 1.957 951
1.0 1.951 .948
2.0 1.897 .922
3.0 1.810 .880
4.0 1.707 .830
NaCl
0.1 1.936 0.941
0.5 1.892 .920
1.0 1.828 .889
2.0 1.651 .803
3.0 1.504 731
4.0 1.315 .639
LiCl
0.0805 1.890 0.919
0.4025 1.801 .876
0.805 1.744 .848
1.610 1.607 .781
3.221 1.351 .657
3.990 1.216 591
4.025 1.208 .587
Discussion

In Fig. 1, the present data for Cs+ are compared
with tracer-diffusion results for Rb+ taken from a
previous publication.6 The concentration depend-
ence of the two ions is seen to be very similar and
the values of the coefficients are in fact the same
within the stated limits of error at all points of the
curves. This might have been expected since both
ions are probably unhydrated and of comparable
size. This similarity means that D/D° (Cs+) can
be compared to D/D° (Na+) in similar terms to
D/D° (Rb+). The reader is therefore advised to
consult the discussion of reference (6) for this com-
parison.

Acknowledgments.—L.A.W. wishes to express
his gratitude to the Australian National University
for permission to use their facilities and also to the
University of New England for leave to undertake
the work.
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The purpose of this note is to elucidate the struc-
ture of crystalline sodium hyaluronate. Dif-
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ferent preparations of sodium hyaluronate show
different degrees of crystallinity depending on the
isolation techniques. To obtain crystalline samples
one has to remove completely the complexed
proteins.2 However, hyaluronic acid samples of
different origin (umbilical cord, Streptococci and
liposarcoma) free of proteins and having molecular
weights of millions were found to be amorphous.3
These same preparations once subjected to an
acidic pepsin digestion (pH 2 at 37°) showed dif-
ferent degrees of crystallinity depending on the
length of the acidic treatment. Meyer4 suggested
that high molecular weight hyaluronates may
contain a few non-glycosidic linkages acting as
branching points. The removal of these branches
by acidic treatment may cause depolymerization
and at the same time enable crystalline organiza-
tion.

Experimental

Crystalline sodium hyaluronate was isolated from um-
bilical cords. The procedure and the analytical data were
given earlier.2 Partial orientation of the sample was
achieved by stretching the hyaluronate film in a swollen
condition in a 82:18 mixture of ethanol and water. The
stretched film was clamped in a jig, dried and humidified to
9.55% water content. X-Ray diffraction pattern was
taken by Cu Ka radiation. The density of the highly crys-
talline powder and that of the oriented film was determined
by the flotation method using carbon tetrachloride and iodo-
benzene. Both had a density of 1.66 + 0.01 g./cm.3
The density of the amorphous hyaluronates provided by
Prof. Meyer3was 1.51 + 0.01 g./cm.3 Hyaluronate prepa-
rations having different degrees of crystallinity had densi-
ties which fall between these two values.

The analysis of crystal symmetry indicated a hexagonal
unit cell. The partial orientation was insufficient to resolve
adequately the layer lines, hence a direct determination of
the fiber identity period was not possible. One assumes,
however, that the long axis of the polyuronide chain is orient-
ing in the direction of stretch. Two reflections correspond-

ing to interplanar spacings of 5.99 and 2.99 A. had definite
meridional orientation, hence they were tentatively assigned
as 001 reflections.

In Table I, the X-ray data are summarized. In the first
column the interplanar spacings are given as calculated
from observed reflections. Column 2 lists the (2 sin 0/X)2
values obtained from the photographs, while column 5 gives
the estimated intensities of the reflections. Considering
the chemical structure of hyaluronates and especially the
1-3 and 1-4 |3-glycosidic linkages, the meridional inter-
planar spacing of 5.99 A. was assigned as a possible 002 re-
flection. An identity period of 11.98 A. is in good agree-
ment with the atomic scale projection of a N-acetyl sodium
hyalobiuronate moiety along the chain axis. Indexing the
powder photographs with the aid of reciprocal lattice was
done the usual way.6 The strongest equatorial reflection
was assumed to be 200. The hexagonal unit cell calculated
on this basis, therefore, has the dimensions a = 12.66 A.,
¢ = 1198 A. (fiber axis), volume = 1662.84 A.3 The
calculated (2 sin 0/A)2based on such an hexagonal unit cell is
in good agreement with the observed values. This is given
in column 3 of Table I, while column 4 indicates the indexing
of the obtained reflections in the hexagonal unit cell.

Discussion

The number of hyaluronate chains per hexagonal
unit cell is 3.75 calculated on the basis of the
experimental density, 1.66 g./cm.3 However, it is
well known that even highly crystalline natural

(2) F. A. Bettelheim, Nature, 182, 1301 (1958).

(3) These samples were generously provided by Dr. K. Meyer of
Columbia University.

(4) K. Meyer, Federation Proc., 17, 1075 (1958).

(5) L. V. Azaroffand M. J. Buerger, ‘‘The Powder Method in X-ray
Crystallography,’* MsQ.raw-AfUM Book Coij Ine,, New York* N* Yu*
JOSS, pp, 1Q6-15!#!
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Tabte |

X-Ray Diffraction Data of Sodium Hyaluronate

d (obsd.), (2sin erx)1 X i0* hkI la
A Obsd. Calcd. (hexag.) (est.)
6.33 24.9 24.9 200 S
7.20 19.3 18.7 110 w
4.83 42.8 43.6 210 w
3.48 82.6 81.1 310 w
3.17 99.6 99.8 400 w
8.82 12.8 13.2 101 M
3.99 62.8 63.1 301 w
3.09 104 106 401 S
2.83 125 125 321 w
1.78 315 314 531 VW
5.99 27.8 27.8 002 s
3.72 72.3 71.5 212 MS
2.61 147 146 322 VW
2.22 202 202 422 VW
2.35 181 181 323 VW
2.99 111 111 004 S
2.42 170 168 304 VW
2.18 210 210 404 VW
2.09 229 230 324 VW
1.94 266 267 504 VW
1.90 277 276 405 w
1.74 330 330 505 VW

“ M, medium, S, strong, VW, very weak, W, weak.

polymers contain a certain amount of amorphous
material. Hence the density of the crystalline
portion of the polymer may be higher than that
found experimentally. Therefore, one may assume
that the hexagonal unit cell contains four hyaluron-
ate chains. The calculated density of such a unit
cell is 1.77 g./cm.3 Using this value and the 1.51
g./cm.3 found experimentally for the amorphous
hyaluronate the estimated degree of crystallinity
of the partially oriented film was 58%.

The fiber axis identity period of 11.98 A- is
considerably longer than, for instance, a corre-
sponding two glucose period (10.30 A.) would be
in the case of cellulose. This means that the
hyaluronate chain is more stretched out, hence
more rigid, than cellulose, probably due to the
steric hindrance caused by the bulky N-acetyl-
amine groups. The position occupied by the
sodium ions in the 001 planes cannot be determined
because of lack of sufficient hk0 reflections. How-
ever, the intense 002 and 004 reflections suggest
that the carboxyl groups and their associated so-
dium ions lie in planes which halve the fiber identity
period. This indicates that the repeating unit
in the identity period is a N-acetyl sodium hyalo-
biuronate moiety.

The stiffness of the hyaluronate chain can partly
explain the absence of crystallinity in the presence
of a few branches. It also can account for the
difficulty one encounters in stretching crystalline
hyaluronate films. The unusually high anisotropy
one observes inbirefringence measurements,6viscom-
etry7 and electron microscopic observation8

(6) B. Sylven and E. J. Ambrose, Biochim. Biophys. Acta, 18, 587
(1955).
(7) v, C, Laurent, J, Biol, GXtm,, BIS, 203 £1955),
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substantiates the great rigidity of the hyaluronate
chain deduced from the X-ray diffraction data.

The relative orientation of the pyranose rings in
adjacent chains of sodium hyaluronate cannot be
established definitely at the present time. Never-
theless these tentative conclusions can be made.
The width of the sodiurn glucuronide unit is cal-
culated to be about 10 A. while that of the N-
acetylglucosamine moiety is 12 A. Since the stiff
hyaluronate chain forms a ribbon-like structure
of an average thickness of 4 A. the only way to
pack four chains in the hexagonal unit cell is to
allow the residues of the adjacent chains to lie
with the plane of their ring parallel to the line
connecting the adjacent chains.

Acknowledgment.— The author wishes to thank
Prof. I. Fankuchen of the Polytechnic Institute of
Brooklyn for the X-ray diffraction facilities and for
the valuable criticism of the manuscript; Mr. V.
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tion of the sodium hyaluronate.

(8) F. A. Bettelheim and D. Philpott, Biockim. Biophys. Acta, 34,
124 (1959).

ON THE MECHANISM OF OZONE
PRODUCTION IN THE PHOTOOXIDATION
OF ALKYL NITRITES

By Phitip L. Hanstland Jack G. Calvert

The Ohio State University, Columbus 10, Ohio
Received June 10, 1959

The formation of ozone when organic nitrites are
photolyzed in air with near ultraviolet light has
been demonstrated by Haagen-Smh, et al.,2
Stephens, et al.,3and others. Other substances re-
ported to produce ozone on photooxidation include
N O2hydrocarbon mixtures,24 diacetyl23 and azo-
methane.6

It has been proposed by Stephens, €t al., that in
the photooxidation of the N0O2hydrocarbon mix-
tures the reaction N02+ hv-*EmNO + 0 precedes
the ozone forming reaction 02+ 0 -» 03 The
diacetyl and azomethane, however, must produce
the ozone by a mechanism not involving N0O2 It
seemed to us worthwhile to attempt to establish
which type of mechanism is involved in ozone pro-
duction from nitrites.

If the nitrites followed the mechanism of the
N O02hydrocarbon mixtures, they would either have
to yield N02on photolysis at least part of the time

RONO + hv— > R +
NO2+ hv— > NO +
O+ 02— p-03

NO,
¢}

or they would have to yield oxygen atoms on
photolysis

(1) Physics Department, AVCO Research and Advanced Develop-
ment, Wilmington, Mass.

(2) A.J. Haagen-Smit, C. E. Bradley and M. M. Fox, Ind. Eng.
Chem., 45, 2086 (1953).

(3) E. R. Stephens, W. E. Scott, P. L. Hanst and R. C. Doerr,
Proc. Am. Petrol. Inst., Sec. Ill, 36, 288 (1956).

(4) E. R. Stephens, P. L. Hanst, R. C. Doerr ard W. E. Scott,
Ind. Eng. Chem., 48, 1498 (1956).

(5) P, L. h~nst and J, G. Calvert, This Journal 63, 71 (1959)*
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/ RONO + hv— R + NO + 0\
1 RONO + hv— aRON + 0 /

0+ 0O»—>03

If this were the case, it would account for the fact
that the nitrites and the NO2hydrocarbon mix-
tures can be classed together as fast ozone pro-
ducers while the other compounds are slower.

If the nitrites do not yield N02or oxygen atoms
on photolysis, then it seems to us reasonable to
assume that the ozone is produced in free radical
reactions similar to those which occur in the
photooxidation of the diacetyl and azomethane.

RONO + hv— > RO + NO
RO + RH — > ROH + R
R + Og— > RO02
RO2 + 0O2--—RO + O3, etc.

Our method of attempting to choose between
these alternatives is ~o0 analyze the products
obtained when methyl mtrite is photolyzed both in
the presence and absence of oxygen and in the
presence of excess NO, to see what reactions must
be assumed to explain these products, and to com-
pare these products with the products of the reac-
tion of methyl radicals aaid nitric oxide.

The photolyses were conducted at room temperature in a
5-liter Pyrex flask. The flask was immersed in water, and in
its center was located a 550-watt medium pressure Hanovia
mercury arc surrounded by a water cooling jacket. This
jacket was made of Pyrex §pass which absorbed practically

all of the light of wave length shorter than 3130 A., thus
minimizing photolyses of reaction products.

Pressures of reactants in tie range of a few millimeters of
mercury were measured on g manometer containing silicone
vacuum pump oil. Higher pressures were measured on a
mercury manometer. A reaction was started when the
lighted arc was lowered into its place at the center of the 5
liter chamber and was ended when the arc was raised.

Analyses were made by means of infrared absorption
spectroscopy using ten centimeter and one meter gas absorp-
tion cells on a Perkin-Elmer Model 21 double beam spec-
trophotometer.

Measurements of concentrations of products were made by
comparisons to reference spectra run on pure compounds
under conditions of resolution, pressure broadening, per
cent, absorption, etc., as near as possible to those existing
during the analysis. No major infrared bands remained
unidentified.

Methyl nitrite was prepared by dropping sulfuric acid
into a mixture of methanol, water and sodium nitrite. The
evolved gas was collected in aDry Ice trap and then distilled
into the storage bulb.

Azomethane was prepare! by the reduction of dimethyl-
hydrazine with mercuric oxide according to the method of
Renaud and Leitch.6

The nitric oxide, oxygen and nitrogen were taken directly
from commercial tanks.

The methyl nitrite was photolyzed both in the absence
and presence of oxygen an! also in the presence of excess
nitric oxide. The results of the infrared analyses are shown
in Table I.

When azomethane was photolyzed in the presence
of a small amount of nitric oxide with no oxygen
present, the resulting spectra indicated that nitroso-
methane and its isomer formaldoxime were formed.

CH3—N=N—CH3+ hv— >2CH3+ N2
CHS+ NO — > CHsNO — ~ HXNOH

These spectra were similar to those recently re-
ported for CHsNO and ts isomerization product by
Luttke.7 He observed that the characteristic infra-

(6) R. Renaud and L. C. Leitch, Can. J. Chem., 32, 545 (1954).
(7) W. LUttke, Z, Elektrochemt, 61, 302 (1957)*
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Tabite |

Products of the Photolysis of Methyl Nitrite
Exposure time, 5 min.; pressures in mm.

8 mm. CHsONO,

1atm. N2
Formaldehyde 3.6
Methanol 0.6
Carbon monoxide 0.0
Nitrous oxide 1.1
Nitric oxide 1.7
Nitrogen dioxide 0.0
Methyl nitrate 0.0
Methyl nitrite 4.1
Total C 8.3
Total N 8.0

red band of the monomer of nitrosomethane (1564
cm.-1) formed when nitrosomethane dimer was
heated at 160°, but quickly disappeared as the
absorption bands due to formaldoxime appeared.
In our case similar phenomena were observed.
The nitroso band at 6.4 p was large when the gases
were first admitted to the absorption cell, but it
decreased with time (a few minutes), while the OH
band at 2.8 pand a characteristic structure between
10 and 12 pincreased. If even a small amount of
oxygen was present (€.g., 2.4 mm. of azomethane,
4.8 mm. of nitric oxide and 4.8 mm. of oxygen), no
nitrosomethane or formaldoxime was formed and
the products were methyl nitrite and its photolysis
products, primarily methyl nitrate, formaldehyde,
and nitrous oxide.

The observed products of the photolysis of
methyl nitrite can be explained by the mechanisms

(1) In the absence of large amounts of oxygen:
CHKONO + hv—> CHX® + NO
CH® + NO — ~ CHWONO
CHL + NO — N~ HXO + HNO
2HNO — > ND + HD
2CH® — > HZXO + CHjOH
CH® + HNO — > CH3H + NO
In the presence of one atmosphere of oxygen:
CHXNO + hv— > CHsO + NO
2NO + 02— 2NO02
CH™L + N02— s- CHDNO2

(2)

In mechanism 1 most of the CHX radicals recom-
bine with NO but, in some cases, NO abstracts a
hydrogen from CH3X to yield 1TCO and HNO.
N2 and H2D then are formed by reaction of HNO
radicals. The methanol and a small part of the
formaldehyde result from interaction of pairs of
CH radicals. This is a reaction indicated by the
results of the photooxidation of methyl radicals.6
The observation that added NO does not signifi-
cantly change the yield of H2Z2O and N2 supports
this nitrite photolysis mechanism on the basis of the
following reasoning. Newly-formed CH3 radicals
can react in two ways; they can disproportionate to
yield H2Z2O and CH30H, or they can react with NO
to yield usually CH3NO, but sometimes H2ZO and
HNO. The disproportionation is only important
in the experiments without added NO, and then
only during the very first stages of the photolysis.
The only effect of added NO ought to be a nearly
complete suppression of Cli3ZOH formation and a

Reactants
8 mm. CHsONO, 8 mm. CHaONO, 8 mm. CHaONO,
8 mm. NO, 8 mm. Oz, I atm. O2
1atm. N2 1atm. N2
4.0 3.0 1.0
0.15 0.3 0.0
0.0 0.0 1.7
1.4 0.9 0.0
10.0 1.8 0.0
0.0 0.0 2.6
0.0 0.0 4.0
4.6 4.1 1.3
8.7 7.4 8.0
17.4 7.7 7.9

shortening of the lifetime of the CH3® radicals.
This is in fact the observed result, as is shown in
Table 1.

The formation of methyl nitrate in the photolysis
of methyl nitrite in one atmosphere of oxygen is
explained by the second mechanism above. The
greater decomposition of methyl nitrite when oxy-
gen is present supports our contention that in the
absence of oxygen there was a good deal of recom-
bination of methoxy and NO to regenerate the
methyl nitrite. The lack of formation of methyl
nitrate when the oxygen pressure was low was un-
doubtedly due to the fact that under these condi-
tions the NO was not oxidized appreciably to N02
during the course of the experiment.

The complete absence of nitrosomethane and
formaldoxime from the products of the no-oxygen
photolysis of methyl nitrite indicates that there is
no significant amount of cleavage at the carbon-
oxygen bond. In other words, methyl nitrite is
photolyzed only into CH3 and NO and not into
CH3and N02 CH3 NO and 0, nor CH3H and 0.

Since the C-0 and O-N bond strengths are not
greatly affected by the length of the hydrocarbon
chain, and since the light absorption process will be
essentially the same for all the members of the
homologous series, we feel that what is indicated
here for the photolysis of methyl nitrite also applies
to n-butyl nitrite. We conclude, then, that the
relatively large yield of ozone obtained on photol-
ysis of n-butyl nitrite in air is not due to N 02for-
mation and its subsequent photolysis (remembering
that 2NO + 02 2NO02is very slow at low NO
pressure), but is due to free radical reactions started
by the butoxy radicals.

CHHXH2XZHZDONO + hv — > CHHXHZXHD + NO
CHXHXHZXHD + RH — > CHLCHXHXHDH + R
R “p 02— >-RO02
R02+ Oa— > RO + 03
RO - RH — ROH + R
continue chain reaction

In the above mechanism, the molecule RH might be
the starting material, the alcohol product, the
butoxy radicals, aldehydes formed by the inter-
action of butoxy radicals, or any other organic
molecule formed in the variety of reactions which
could follow the initial photolysis.

One possible explanation of the fact that the
ozone is easier to observe in the photooxidation of
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a nitrite than in the photooxidations of diacetyl and
azomethane may be that the nitrites have a higher
absorption coefficient in the near ultraviolet. This
will result in a fast photolysis with a ccpious pro-
duction of free radicals.

The authors greatfully acknowledge the financial
support of the National Institutes of Health,
Bethesda, Maryland.

POLYMORPHISM OF RARE
EARTH DISILICIDES1

By J. A. Perri, E.Banks and B. Post

Department of Chemistry, Polytechnic Institute of Brooklyn, New York
Received June 15, 1959

An X-ray diffraction investigation by Brauer
and Haag2 established that the disilicides of
some of the rare earth metals crystallize with the
tetragonal, ThSi2 type, structure. More recent
work3 indicates that the disilicides of the smaller
rare earth metal atoms are actually orthorhombic
and that their structures are slightly distorted
versions of the “normal” tetragonal structure;
of the rare earth metals only La, Ce, Pr and Eu
were found to form tetragonal disilicides. YbSia
was not prepared but it is probably tetragonal
like EuSi2 The degree of distortion from the
tetragonal structure appears to increase monotoni-
cally with decrease in the size of the metal atom.

In this paper we describe the results of an X-ray
diffraction study of the ranges of stability of the
two polymorphic forms of this phase. Reversible
transformations have been observed; the tempera-
tures of these transformations appear to be simply
related to the atomic radii of the metals.

Experimental

A Norelco diffractometer adapted for studies at both low
and high temperatures (—160 to 1,200°) was used for the
X-ray diffraction studies. The high temperature camera
has been described previously.4 A helium atmosphere was
maintained in the camera at elevated temperatures to pre-
vent oxidation of the specimens. For work below room
temperature, the powdered samples were dusted onto glass
slides coated with thin layers of Vaseline; cooling was ac-
complished by blowing cold nitrogen gas (cooled by bubbling
through liquid nitrogen) over the specimens. The tem-
perature was controlled by mixing the cold gas with warm,
dry nitrogen gas.

The preparation and some of the properties of the di-
silicides have been described previously.* The X-ray dif-
fraction patterns obtained were generally of poor quality;
high angle peaks, on which attention would normally have
been focussed, were broad and weak and difficult to measure
with precision. It was found most convenient to concen-
trate on measurements of the (004), (101), (001), (013) and
(103) reflections .of the orthorhombic phases and the corre-
sponding peaks of the tetragonal phases. Although these
reflections occur at relatively low Bragg angles when Cu
radiation is used, they were relatively sharp and free from
interference from neighboring peaks; in general their angu-
lar locations were relatively easy to measure.

The progress of the structure transformations was followed
by observing the variations of the reflection ingles of these
peaks over suitable ranges of temperature. When these

(1) Supported by Air Force Office of Scientific Research.

(2) V. G. Brauer and H. Haag, Z. anorg. allgem. Chem., 267, 198
(1952).

() J. A. Perri, I.
(1959).

(4) J. A. Perri, E. Bants and B. Post, J. Ap-pl. Phys., 28, 1272
(1957).

Binder and B. Post, This Joubnal, 63, 616
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measurements indicated that a transformation had been
completed, a trace of the entire X-ray diffraction pattern
of the new phase was obtained. To check on the reversi-
bility of the transformations, patterns were re-recorded at
room temperature after each high or low temperature run.
All the transformations observed were reversible.

Specimens were prepared in finely powdered form. Ni
filtered Cu K radiation was used; peaks were scanned at a
speed of y 4° (20) per minute. Dimensions of the “c” axes
of the unit cells were obtained generally from measurements
of (004); “a” and “b” dimensions were obtained from (101),
(Oil), (103) and (013); the latter also furnished independent
checks on the values of “c.”

Although the transitions probably occur within relatively
narrow temperature ranges, the X-ray diffraction data did
not permit precise determination of these ranges. The on-
set of the transformations was obscured by Beveral factors:
in most instances the (101), (011) and the (103), (013)
orthorhombic pairs of peaks merged gradually into single
broad peaks as the transition temperature was approached,
as the temperature was raised further, the peaks sharpened
and acquired shapes characteristic of “single” reflections,
indicating that the transition had taken place.

The (004) peak which was expected to serve as a sensitive
indicator of the transformations did not prove to be one.
Even at room temperature (004) was generally weak; at the
elevated temperatures at which most of the transformations
occurred, it was even weaker and changes in its reflection
angle were very difficult to measure. As a result only
relatively broad temperature ranges, within which the
transformations were known to take place, are reported here.

The atomic radii of the metal atoms and the transition
temperature ranges are shown in Table I. The orthorhom-
bic form is stable below the indicated temperatures. The
approximate transition temperatures clearly increase with
decreasing atomic radius of the parent metal.

Tabie |

Transition Temperatures of

Rare Earth “Disilicides”

Average Transition
metallic temp, of
Atomic radius disilicide,
Meta no. (A) "C.
Eu 63 1.99 -150»
Pr 59 1.83 -120 = 15
Nd 60 1.82 b
Sm 62 1.81 380 + 40
Gd 64 1.81 400 £ 25
Y 39 1.80 450 + 50
Dy 66 1.77 540 + 40

“ (200) peak broadened indicating beginning of transition.
bTransformation occurs somewhere between room tempera-
ture and 150°.

It was not possible to determine the transition tempera-
ture of neodymium disilicide. It appears to be ortho-
rhombic at room temperature but the distortion from tetrag-
onal is very slight and the point at which complete con-
version to tetragonal occurred could not be established
though it is apparent that the transformation occurs some-
where between room temperature and 150°.

The (101) and (103) reflections of tetragonal PrSi2
broaden as the temperature is lowered and are resolved into
two peaks below —120°, indicating a transformation to the
orthorhombic form.

In the case of EuSi2 the (200) reflection of the tetragonal
form was most convenient to study. It was observed that
the peak began to broaden noticeably at —150°. Little
additional broadening occurred between that temperature
and —160°. Our experimental procedure did not permit
investigations at still lower temperatures. It was evident,
though, that the onset of the orthorhombic distortion was
responsible for the broadening of the peak. At that tem-
perature the (200) and (020) reflections were separating but
were not completely resolved. Unfortunately reflections at
higher angles were too broad to be useful.

No comparable broadening of any peaks was detected
in the cases of LaSi2 or CeSi2 at —160°. Presumably a
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Tabte Il
Unit Cell Dimensions op Rare Earth Disilicide Polymorphs*
Temp., Low temp, form® High temp, form®
Compound °C. a(A) b (A) c(A) a(A) c(A)
PrSi2 -130 4.23 4.20 13.68 (4.20) (13.76)
SmSI2 470 (4.105) (4.035) (13.46) 4.08 13.51
Gdsi2 460 (4.09) (4.01) (13.44) 4.10 13.61
DySi2 585 (4.04) (3.95) (13.33) 4.03 13.38
Ysi2 545 (4.04) (3.95) (13.33) 4.04 13.42

Parentheses indicate room temperature form.

transformation similar to that noted above occurs in the
cases of these compounds at still lower temperatures. Lat-
tice dimensions of the polymorphs which could be measured
with reasonable precision are shown in Table I1.

THE REACTION OF PERFLUORO-n-PROPYL
RADICALS WITH CYCLOHEXANE IN THE
GAS PHASE1

By Giyn O. Pritchard and Glenn H. Mitter

Department of Chemistry, University of California, Santa Barbara,
Goleta, California

Received June 22, 1959

Recently Giacometti and Steacie2have measured
the rates of reaction of C37radicals with methane
and ethane. They obtained Ki/fc212 = 9.7 X 103
exp[— (9.5 = 05) X W/RT] (mole/cc.)**
see.~12 for methane, and Al//c2i = 1.7 X 106
exp[— (9.2 £ 0.5) X 10¥RT] (mole/cc.)~LU2sec._I/!
for ethane, where subscript 1 refers to the hy-
drogen abstraction reaction and subscript 2 to the
radical recombination reaction.

It is seen that these results are in contradistinc-
tion to similar CH3and CF3radical systems where
the difference in rate constants is reflected almost
entirely in the activation energies of the processes,
the pre-exponential factors being approximately
constant for either series. Further, in methyl radi-
cal systems the activation energies of the hydrogen
abstraction reactions exhibit a stepwise decrease
along the series methane, ethane, compounds con-
taining secondary hydrogen atoms, and compounds
containing tertiary hydrogen atoms, which demon-
strates that the activation energy is dependent on
the nature of the hydrogen atom which is ab-
stracted.34

In view of this discrepancy we have studied the
reaction between C3F7 radicals and a compound,
here cyclohexane, containing secondary hydrogen
atoms. The rates of abstraction from cyclohexane,
where there is little strain in the ring, will be almost
exactly the same as that for a secondary hydrogen
in a paraffin.

Pcrfluoro-w,-propyl ketone was used as a photo-
lytic source of CF7radicals. Its preparation and
purification, the apparatus and procedure were iden-
tical to that described previously5except that the
reaction cell was 174 ml. The cyclohexane was

(1) This work was supported by a grant from the National Science
Foundation.

(2) G. Giacometti and E. W. R. Steacie, Can. J. Chem., 36, 1493
(1958).

(3) E. W. R. Steacie, J. Chem. Soc., 3986 (1956).

(4) G. O. Pritchard, H. O. Pritchard, H. I. Schiff and A. F. Trot-
man-Dickenson, Trans. Faraday Soc., 52, 849 (1956).

(5) G. H. Miller and E. W. R. Steacie, J. Am. Chem. Soc,, 80, 6486
(1958),

Phillips research grade, and was purified and out-
gassed before use. CO and CF M were the only
products which were collected and measured.
Mass spectrographic analysis showed that there
was no carry over of any other products or reactants
in the respective samples at the temperatures at
which they were collected. It is not possible to
separate and measure the C@&i4 under the condi-
tions of our experiment.6

The results of the experiments are summarized
in Table 1.

The reaction mechanism for the temperature
range 25 to 290° is assumed to be

C-dbCOCffl, + hv— > 2CH7+ CO

CF,+ RH—>CFH + R 1)
CF7H CP7m— c&F, 2
CF74-R— c&F,r (3)

R -j-R— " R2 (4)

wdiere RH is cyclohexane and R is cyclohexyl radi-
cal.

For steady-state conditions, that is constant light
intensity and small percentage decomposition of
the ketone (in these experiments less than 3%),
hilffc2ZA = Ec#Fh/S illc,FkK[RH] where the rate of
formation of perfluorohexane Kk c.r< = RCO — W
(Rc,f,s + RcMnN) from radical balance. We were
unable to measure the CF R formed, so it has been
assumed that Rc,€& = 0. The amounts of CF 4
given in Table | have been calculated iii this man-

ner. A least squares plot of the data is shown in
Fig. 1. The rate expression is K\VhAz = 1.2 X
104exp [- (5.2 = 0.1) X 10*/RT] (mole/cc.)-'/’
sec.~12

There is good agreement between the pre-expo-
nential factors for the methane and cyclohexane
systems, 9.7 X 103 and 1.2 X 104 (mole/cc.)l2
sec.~12, respectively. Giacometti and Steacie
found in their experiments with methane that the
guantities of CF7CH3formed were too small for ac-
curate analysis and putting Rof-cti, — 0 did not
affect the fci/A2/2values by more than 1%.

However, their treatment for ethane is more com-
plex due to radical-radical disproportionation re-
actions which can occur in higher hydrocarbon
radical systems. In addition to reactions V, 2', 3
and 4' (identical to reactions 1, 2, 3 and 4, except
that RH is ethane and R is ethyl radical).

C3F7 -j- CAl5---m> ch 4+ cF,h (5%
ch5+ ch5--> chd+ chb (6"

must be considered. They analyzed for C&7H6
(from reaction 3') and for butane (from 4'), and

(6) G. H. Miller, G. O. Pritchard and E, W, R. Steacie, Z. phyeik,

Chem,, 15, 262 (19%),
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Tabite |
¥ Products N .
(CO - VsCsFii:) .
Cyclohexane, Ketone, co, or CeFu, ki/kz12
Temp., moles/cc. moles/cc. moles/cc. moles/cc. moles/cc. Time, (mole/cc.)-1/2
°C. X 10« X 10* X 10» X 10» X 10» sec. sec. ~1fz
235 1.33 1.92 5.79 3.36 4.11 540 1.69
77.5 2.77 3.27 39.6 43.1 18.0 360 6.12
152.5 1.29 2.61 71.2 97.3 225 180 37.6
172.0 1.32 2.77 50.8 72.7 14.4 120 41.9
208.8 1.74 3.11 46.3 75.1 8.82 120 41.9
250.0 1.67 3.69 52.0 92.2 5.88 120 65.9
293.0 0.702 2.47 46.8 70.3 11.7 120 84.6

knowing that Ro/kAiso0.12, independent )f tempera-
ture and pressure, correction for the C3F™ formed
in reaction 5' can be made. The justification for
this procedure is demonstrated by the constancy of
the ratio ks /Zk3 = 0.40 over the whole temperature
range. i2c@n was obtained from the radical bal-
ance Rco —V 2(-KchRH + RcsVim) -

The methane and ethane systems are unique in
that it is possible to separate out easily the products
of the type 3 reaction and measure them. In the
cyclohexane system, the Ca#cyclohexyl is lost
and masked in the vast excess of unused reactants.
To assess the accuracy of our result we must con-
sider first any error introduced by assuming that
reaction 3 is negligible, and second the effect of
additional C3F™ formed in reaction 5, if reactions 5
and 6 are operative in the system

CF7+ R— >R(-H) + CFE (5)
R+ R—>R(—H) + RH (6)

Whether reaction 5 occurs or not, the RC*WU is
given by Rco - ‘ACRcHH + Rc*v,n)- As re-
action 1 is temperature dependent, higher tempera-
tures will lead to greater R radical concentrations,
and hence, for the competitive removal of C3F7radi-
cals from the system, rRctf-u will gain over Rc,f,-
So the assumption that 72c3f7%. = 0 leads to an in-
creasing error in Rctfu with temperature. Recal-
culating Giacometti and Steacie’s results for the
C3 7+ ethane system on the basis that .RciF,Hs= 0
gives an activation energy for reaction 1' of about
8.0 kcal./mole, an error of 1.2 kcal. in their result,
which means our result is low if reaction 3 is impor-
tant.

Not correcting the rate expression for the CF™
contribution from reaction 5 seems tc have little
effect on the activation energy for reaction 1. A
consideration of this correction to tne C3¥7 +
ethane system involves a subtraction of 215 %
0.5% from the total CF™ formed in the reaction.
(This is for 6-of the 10 runs reported; the other
runs involve subtractions of 14, 19, 11 and 30%.)
In a logarithmic plot this shows up as virtually a
constant increment, which does not alter the slope
of the line, so that the activation energy for reaction
1' is unaltered, whether the correction is made or
not. On this basis we can assume that no appre-
ciable error is introduced by equating the C3FM
total to that formed in reaction 1, due to the similar-
ity in the two systems. From a steady-state treat-
ment it is not obvious why the ratio of C3F™ by
(5)/IC3F™ by (1) should be a constant, unless at
very high CsgF7 radical concentrations (conditions

/

Fig. 1.—Arrhenius plot for the reaction of C37radicals with
cyclahexane.

which do not hold in these experiments) we as-
sume that reactions 3 and 5 swamp reactions 4 and
6 for the removal of R radicals. Then the ratio

reduces to K¥(k3+ k9.

Hence, any error in our result is reflected almost
entirely in the assumption that reaction 3 does not
make a significant contribution to the reaction
scheme. For C2Hs5and CaF7radicals k3/k3 = 0.40.
It is probable that the ratio k-Jk3for cyclohexyl and
C37radicals is the same or even bigger, which im-
plies a reduction in .Rci&r and also to the correction
to /;c6F,. We consider therefore that our result of
5.2 kcal./mole for C3F7 + cyclohexane is in error,
but at the most is low by about 1.0 kcal., so that we
can estimate that in general C3~7radicals abstract a
secondary H-atom from a hydrocarbon with an ac-
tivation energy of abou~ 6 kcal./mole.

Thus it appears that there is a discrepancy in the;
results for CF7with CH4and CF7with C2He6, but
further work along the lines of these experiments is
unjustified until some more precise method of de-
termining RctFU is found, other than radical bal-
ance.
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A STRUCTURE PROPOSAL FOR Na7Zrg3

By P. A. Agron and R. D. Ettison

Chemistry Division, Oak Ridge National Laboratory,1
Oak Ridge, Tennessee

Received June 18, 1969

A structure for one of the binary phase compounds
occurring in the NaF-ZrF4 system2 is proposed.
Powder diffraction3 data of samples crystallized
from melts of the composition 50 mole % NaF-50
mole % ZrF4have indicated that these crystals are
isomorphous with crystals of NaUF5 The latter
were found by Zachariasen and reported by Katz
and Rabinowitch4 to be rhombohedral with space
group R3-(CXB) and 6 molecules per unit cell.
The metal ions are in the sixfold general positions

(F: = (XYZ); (ZXY); (YZX) with the param-
eters
X Y z
U 3/13 1/13 9/13
Na 6/13 2/13 5/13

Density measurements made on the single solid
phase produced from large melts of slightly dif-
ferent compositions, namely, 52 mole % NaF-
48 mole % ZrF4 and 53 mole % NaF-47 mole %
ZrF4, indicate the existence of a stoichiometry
different from NaZrF5 The densities observed
are

52 mole % NaF: 4.14 + 0.03 g./cc.
53 mole % NaF: 4.11 + 0.01 g./cc.5

while the calculated density for NaZrF6 is 4.01
g./cc. The unit cell volumes of the solids crystal-
lized from melts of compositions in the region 50
mole % NaF to 53.8 mole % NaF differ by less
than 0.5%. In order to satisfy the requirements of
a greater density with a greater amount of the
lighter component in a substantially constant vol-
ume, it is necessary to assume the addition of an
NaF molecule to the unit cell, rather than the
substitution of a lighter sodium for a zirconium ion
with the accompanying fluorine vacancies even
further reducing the density. It is significant that
the additional Na+ cation could fit into the vacant
special position, (000), without changing the space
group. This would yield a unit cell of the stoichi-
ometric composition Na7Zr@3 (7NaF-6ZrF4 with
a calculated density of 4.16 g./cc., in reasonable
agreement with the above measured values.

Single crystals obtained from melts of the 53
mole % NaF composition have become available.
Diffraction patterns obtained by using film tech-
niques on the Buerger precession and the Weis-
senberg cameras have confirmed that the space
group R3 is still possible for this composition.
It is hoped that further measurements of the dif-
fracted intensities using counting techniques will
yield the fluorine positions, as well as confirm the
suggested position (000) for the added Na+.

+
+

(1) Work performed for the U. S. Atomic Energy Commission at
the Oak Ridge National Laboratory, operated by the Union Carbide
Corporation, Oak Ridge, Tennessee.

(2) C.J. Barton, W. R. Grimes, H. Insley, R. E. Moore and R. E.
Thoma, This Journai* 62, 665 (1958).

(3) P. A. Agron and M. A. Bredig, ORNL-1729, 47, 1954.

(4) J.J. Katz and E. Rabinowitch, “The Chemistry of Uranium,”
McGraw-Hill Book Co., Inc., New York, N. Y., 1951, p. 379.

(5) S. I. Cohen, Oak Ridge National Laboratory, personal com-
munication.
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In the course of this study, an accurate cell
size for this compound was obtained. To refine
the accuracy of the cell size measurement, two
Debye-Scherrer patterns were taken, using Cr-Ka
radiation. The samples were prepared by grinding
several of the above mentioned single crystals.
These patterns were measured with a steel scale
and vernier and corrections were made for film
shrinkage and sample absorption. All clearly
resolved and unambiguously indexed reflections in
the range 18° < 26 < 142° were used to obtain a
least squares fit of the cell size to the data by a
method described elsewhere.6 The refined hexag-
onal cell size was found to be

a = 13.802 + 0.002 A
c = 9420+ 0.001 A.

The corresponding rhombohedral unit cell is
a = 8565 A, a = 107°21'

(6) W. R. Busing and H. A. Levy, Acta Cryst., 11, 798 (1958).

THE TIN (Il) REDUCTION OF
METHYL ORANGE1l

By F. R. Duke and N. C.Peterson
Institute for Atomic Research and Department of Chemistry, lowa State
University, Ames, lowa

Received June 22, 1969

The possibility that one particular Sn(ll) chlo-
ride complex might have high reactivity relative
to others led to this kinetic study of the reduction
of an azo compound to the amine

8Cl + 4H+ + Ar—N=N—Ar + 2Sn(Il) — >
2ArNHs + 2SnCl4

The rates of reduction of a number of such com-
pounds were measured by Goldschmidt and Braa-
naas,2 who reported a variable order in chloride
ion, first order in azo compound and first order in
Sn(ll). The recent equilibrium data for the Sn-
(I1) chloride complexes3allow a more precise inter-
pretation of the mechanism of the reaction relative
to the role played by the chloride. The reduction
of methyl orange was found to proceed at a con-
venient rate and, thus, was selected for study.

Experimental

Sn(ll) perchlorate was prepared by dissolving A.C.S.
reagent grade Sn(ll) chloride in 2 A HC104and passing the
solution through a column of Dowex 50 exchange resin in
the acid form, followed by an elution with 2.0 m perchloric
acid. Chloride ion was shown to be absent from the solu-
tion.

Commercial methyl orange was recrystallized twice from
water and dried in a desiccator over anhydrous calcium sul-
fate. Perchloric and hydrochloric acid solutions were pre-
pared by diluting the concentrated reagents to 2.00 M with
water distilled from alkaline permanganate.

A model 6A Coleman Junior Spectrophotometer was used
to follow absorbancy for all rate measurements, with Pyrex
1 cm. cells.

(1) Contribution No. 768. Work was performed in the Ames
Laboratory of the U. S. Atomic Energy Commission and Department
of Chemistry at lowa State University.

(2) H. Goldschmidt and A. Braanaas, Z. physik. Chem., 96, 180
(1920).

(3) C. E. Vanderzee and D. E. Rhodes, J. Am.
3552 (1952),

Chem. Soc., 74,
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Results and Discussion

The reaction between Sn(ll) and methyl orange
was found not to proceed in the absence of chlo-
ride. In the presence of chloride at all concentra-
tions, the reaction was found to be first order in
Sn(ll) and first order in methyl orange.

The chloride effect was studied by using very
low methyl orange concentrations and relatively
high Sn(ll) and chloride ion concentrations.
Under these conditions, the reaction is pseudo-
first order in methyl orange.

Since Sn(ll) forms the complexes Snhl+, SnCI2
and SnCI3' in appreciable concentrations under
the conditions of these experiments, a general rate
equation would be

N -

M{h[Sn++] + fe[SnCI+] +
¢3[SnCI2)+ ~[SnCI3]]

where M is the methyl orange concentration. If
the stepwise formation constants for the Sn(ll)
complexes are Ki, Kband Kz for the formation of
complexes containing 1, 2 and 3 chlorines, respec-
tively, and Sn(ll) = [Sn++] + [SnCIl+] + [Sn-
Cl2] + fSnCU-], then
—AM

dt

\G + AKI[CL“] + + KiKiKJCACI-}3!

i 1+ XdCI-] + KJCt[CI-]2+ KJizKtICI-Y 5

Msn(ll)

Since Sn(Il) and CI“ are large compared with M,
K' = Usn(ii), where K' is the slope of the log M s.
time and A is the bracketed term in the above
equation. If P is the denominator of the brack-
eted term, then we define a parameter F(C1“)
= fc'P/Sn(ll) where F(CI*) is the numerator of
the bracketed term, such that F(C\~)/P = A.

The term P was evaluated from the literature
values for Kh Ki and K32 It was first assumed
that CI* = Te where Tais the total chloride.
Since Tc = CI* + SnCl+ + 2SnCl2+ 3SnCI3‘, a
series of approximations allowed calculation of CI“,
the uncomplexed chloride. This was used to make
a final calculation of P. The data and calculated
values of [CI“], P and F(C1*) are given in Table
1.

Table |

Methyl Orange Reduction Rates™

Expt. Tec. T. [CI-1, X o

no. M M M P min._I F(C1)
1 0.190 0.00217 0.187 5.21 11.5 27.6
2 472 00217 .468 21.3 83.5 820
3 .0950 .00217 .0930 2.56 5.69 6.71
4 .187 .00429 .181 5.01 27.0 31.5
5 .0188 .00939 .0169 121. 0.371 0.0478
6 .0574 .00939 .0522 1.74 3."6 0.697
7 .0960 .00939 .0881 2.43 12.45 3.22
8 .1356 .00939 .1255 3.34 28.3 102
9 L1732 .00939 .1620 4.38 49.3 23.1
:IO .2026 .00469 .1965 5.54 40.4 47 .4

°T,and T, are total concentrations in Cl- and in Sn(ll),
respectively, [CI-] is uncomplexed chloride; P, k' and F-
(Cl~) are defined in the text.

A plot of log P(C1“) vs. log [CI* ] was prepared.
It might be expected that at low [CI*], a small

/
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slope would be observed, the slope increasing as
CIl* increases; however, a straight line, with
slope = 3 resulted. Thus we reach the conclusion
that the appropriate rate equation is

dm _ ktKJCzKACI-}3MSn(11)
di 1+ P[C1-]+ X,A2CI“]2 K,KJIL,[CI*]3
ki [SnCI3* M

Thus, it appears that S.:Cls“ reacts much more
rapidly than any other tin species. It is not un-
likely that the tin is tetracoordinated in the acti-
vated complex, the fourth position being oc-
cupied by the methyl orange.

SILICA-ALUMINA-CATALYZED
OXIDATION OF ANTHRACENE
BY OXYGEN

By Richard M. Roberts,Cyril Barter and Henry Stone

Shell Development Company, Emeryville, California

Received June 25, 1969

We have found that silica-alumina catalyzes the
oxidation of anthracene by molecular oxygen at
room temperature.

Before describing this reaction, it is necessary to
give an account of the behavior of anthracene and
silica-alumina in the absence of oxygen. Silica-
alumina, anthracene and n-heptane (solvent) were
separately outgassed and were mixed under
strictly anaerobic and anhydrous conditions, em-
ploying all-glass apparatus, break-seals and high
vacuum technique. The silica-alumina had been
evacuated at 500°, the anthracene at room tempera-
ture and the anhydrous n-heptane by repeated
freezing, evacuation and thawing. When the
three components were mixed under the above
conditions, the silica-alumina turned green. (An-
thracene solutions do not absorb visible light.)
The green color is characteristic of anthracene
adsorbed on acidic solids under anaerobic and
anhydrous conditions; anthracene adsorbed on
pure silica gel, an extremely weak acid, is color-
less. The green color of anthracene adsorbed on
silica-alumina may be due to a carbonium ion
formed by transfer of a proton from the silica-alu-
mina to the anthracene molecule, probably on the
9-carbon atom.1

The adsorption of anthracene on silica-alumina
under the above conditions, producing the green
color on the solid, is reversible. When a little
outgassed n-butylamine was added through a
break-seal to the anaerobic mixture of silica-
alumina, anthracene and n-heptane, the green
color disappeared and the silica-alumina became
perfectly white. The n-butylamine is evidently
more basic than anthracene and displaces the
latter from the silica-alumina surface. It may be

(1) G. Dallinga, E. L. Mackor and A. A. Verrijn Stuart, motecular
phys., 1, 133 (1958). We have examined the absorption spectrum
of anthracene adsorbed on silica-alumina from decahydronaphthalene
solution under anaerobic and anhydrous conditions, with a Cary
spectrophotometer. Decahydronaphthalene was employed as sol-
vent to reduce the scattering of light. Absorption bands not present
in the spectrum of anthracene in solution were noted at 4200 and
7500 A. with two possible very weak bands at 5850 and 6400 A. A
publication on the absorption spectra of adsorbed molecules, including
anthracene, is planned by one of us (C.B.).
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remarked that water also displaces anthracene
from silica-alumina.

Now when oxygen was admitted at room tem-
perature to the anaerobic system containing green
silica-alumina, the color of the solid rapidly
changed from green to very dark brown. On
addition of n-butylamine to this mixture, the solid
did not revert to its original white appearance, but
remained brown, suggesting that in this case the
adsorbed material may have been more basic than
the amine. Anthracene adsorbed on pure silica
gel is not oxidized by oxygen under the present
conditions.

A gquantitative oxidation experiment was made in a static
system consisting of a glass reaction vessel connected through
a Kovar seal to a metal packless valve, and then to an all-
metal pressure gage through a stainless steel line. Silica-
alumina (1.03 g.) was evacuated at 550° for 1.5 hr.; 10 ml.
of n-heptane and 20 mg. of anthracene were separately
thoroughly outgassed; the three components then were
mixed by break-seal technique. Oxygen was admitted to
the reaction vessel at room temperature at a pressure of 540
mm. and the vessel was shaken. A gradual decrease in pres-
sure was observed, the green silica-alumina began to darken
and in three minutes was almost black. After one hour
there was no further decrease in pressure. The remaining
oxygen was removed and measured, and the solution was
analyzed for anthracene by ultraviolet spectroscopy before
and after treatment of the silica-alumina with n-butyl-
amine. There was 73% conversion of anthracene, and 1.6
moles of 0 2was consumed per mole of anthracene converted.
The absorption spectrum of the brown silica-alumina was
not obtained. However, at the conclusion of an experiment
similar to that described above, the brown catalyst was
eluted with methanol (all the adsorbed material was not re-
moved by this treatment), giving a red solution witli an

absorption maximum at 5550 A. This solution turned
yellow on standing in air for a few hours.

It should be emphasized that anthracene in re-heptane
solution is completely unreactive with oxygen at room tem-
perature in the absence of a catalyst.

Eastman Kodak Company “blue-violet fluorescent”
anthracene was employed in the above experiments. The
n-heptane was treated with an excess of NO2-N 204 to remove
traces of olefins and then was chromatographed on silica
gel. The silica-alumina was American Cyanamid Company
Aerocat cracking catalyst, with the following properties:
22.1% A120 3 0.92% S04,0.032% Fe, 0.009% Na and B.E.T.
surface area of 526 m.2/g. Before use, this catalyst was
heated in air for five hours and was perfectly white after this
treatment.

The reaction reported above appears at first
sight to be anomalous because there seems to be
agreement that hydrocarbon reactions catalyzed by
silica-alumina involve ionic or polar intermediates,2
while hydrocarbon autoxidations are generally
believed to proceed by homolytic mechanisms.3
As far as is known, hydrocarbon oxidations cat-
alyzed by the solid acid, silica-alumina, have not
been reported.

We find two reports in the literature which appear
to demonstrate acid-catalyzed oxidation of hydro-
carbons. Friedel and Crafts found that phenol
was formed when air was bubbled through a re-
fluxing mixture of benzene and aluminum chloride.4
Dallinga, Maekor and Verrijn Stuart reported that
the spectra of solutions of perylene, pyrene and
naphthacene in hydrogen fluoride were greatly
altered by the presence of oxygen and suggested

(2) I1. Il. Voge in “Catalysis,” Vol. VI, P. Il. Emmett, Editor,
Reinhold Publ. Corp., New York, N. Y., 1958, pp. 407-493.

(3) G. A. Russell, 3. Chem. Ed., 36, 111 (1959).

(4) C. Friedel and J. M. Crafts, Compt. rend.. 86, 885 (1878).
conversion of benzene and the yield of phenol were not reported.
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that oxidation to a free radical positive ion was
responsible for the alteration in spectrum in the
case of perylene.6

Matsumoto and Funakubo observed a small
amount of oxidation of anthracene to anthra-
quinone during chromatography of a benzene solu-
tion of anthracene on activated alumina.6 This
observation may be an example of the reaction
reported here, although alumina is considered a
very weak solid acid.

The present experiments raise a warning that
oxidation may interfere with the chromatographic
separation of aromatic hydrocarbons. By the
same token studies of hydrocarbon catalysis by
acidic solids may involve errors due to an attenu-
ation of catalytic activity by products of oxidation
or other basic molecules such as water. The latter
may be especially true when catalysts are “re-
generated” by contact with air immediately before
use.

The experimental assistance of R. M. Ross is
gratefully acknowledged.

(5) G. Dallinga, E. L. Maekor and A. A. Verrijn Stuart, Molecular
Phys., 1, 125, 137 (1958).

(6) Y. Matsumoto and E. Funakubo, J. Chem. Soc. Japan, Pure
Chem. Sect., 731 (1951); Y. Matsumoto, ibid., 733 (1951).

A GLASS CONDUCTANCE CELL FOR THE
MEASUREMENT OF DIFFUSION
COEFFICIENTS

By Herbert S. Harned and Milton Blander

Contribution No. 1556 from the Department of Chemistry of Yale Uni-
versity. New Haven, Conn.

Received June 25, 1959

The determination of diffusion coefficients of
electrolytes by the conductance method has
been carried outin Lucite cells of types described by
Harned and Nuttall.1 To avoid the disadvantages
of the use of Lucite and of grease in the region of
the electrodes, the glass cell, the cross section of
which is shown in Fig. 1, was constructed.

The cell is of soft glass tubing of 8 mm. internal diameter.
The electrodes at positions C are platinum tubes about 2
cm. in length and 3 mm. in diameter. The ends of these
tubes were closed and made flat by spinning. They are
sealed at positions C at a distance from the top and bottom
of the cell of one sixth its depth. The tup of the tube was
flanged at B. A glass plate A ground to this flange serves
when clamped to seal off the top of the cell. The bottom
of the cell is attached to a special stopcock E with a hole
only half way through it. This hole or cup D in the stop-
cock can be turned to any position and serves to introduce
salt solution into the cell. The cell, with lead wires from
the conductance bridge attached to electrodes, is mounted
on a brass block in a Lucite box which is covered and sub-
merged in a water-bath. A cork was sealed to the stopcock
handle and Nylon cord was attached to the cork so that the
stopcock could be turned from outside the Lucite box.

The sequence of manipulation of the glass cell is similar
to that previously used with the cells made of Lucite. After
the electrodes were platinized, the cell was repeatedly washed
with distilled water until the resistance between any pair
of electrodes after standing overnight was over 500,000 ohms.
The cell in the upright position was filled with fresh distilled
water. The flange was greased lightly. A mound of water
above the surface of the flange was built up so that by sliding
the glass plate along the ground surface of the flange, the
liquid could be sheared off completely. Care was exer-

(1) H. S. Harned and R. L. Nuttall, 3. Am. Chem. Soc., 69, 730
(1947).
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The glass plaie then was
The salt is introduced as

eised to eliminate all bubbles.
clamped to the flanged surface.
follows:

(1) The cell is turned upside down to position | (Fig. 1)
with the salt cup D aligned with the filling tube F.

(2) Salt solution is introduced into D through F and all
bubbles forced out with a sharpened rod.

(3) The salt cup is turned to position 11, the lead wires
are attached and the cell in the upright position 111 is placed
in the Lucite box which then is submerged in the water-bath.

(4) When the system has come to temperature equilibrium
after 48 hours, the salt cup is turned to position IV for a
suitable time and then turned to position I1l. With 0.15
M potassium chloride in D, it took 70 minutes :or sufficient
salt to diffuse into the cell to yield a final concentration of
0.00255 M.

Following the former procedure with Lucite
cells, five conductance measurements were made
each day at approximately two hour intervals.
The ratio of the cell constants at the bottom pair
and top pair of electrodes, /cb/At, was determined
before the diffusion experiment was made. If
then Ks and Kt are the specific conductances

between the bottom and top electrodes, respec-
tively, atatime, t
(kBKB — krKv) = Ae~t/T 1)
and
In Kb — ~ + constant 2)
where

£>is the diffusion coefficient of the salt and ais the
depth of the cell. The quantity 1/r was evalu-
ated by the usual method as described by Harned
and Nuttall.1

Table | contains the results obtained over a
five day period. The first column are the values of
the diffusion coefficient of potassium ch oride from
measurements on the first and second days, the
second column values obtained for the second to
third day and so on.

Table |

Determination of the Diffusion Coefficient of

Potassium Chloride at 25° by the Glass Conductance
Cell
1-2 Values are determined from measurements made on first

and second days, 2-3 from second to third day conductances,
etc.

¢ = 0.00255 mole/L, a = 8.214 cm., kB/k-: = 0.93

DOx I
1-2 2-3 3-4 4-5«
1.908 1 948 1.941 1.943
1.910 1.942 1.953 1.942
1.913 ' 1.944 1.956 1934
1.903 1.955 1.953 1.950
1.915 1.939 1.956 1.942
“ Mean for three day runs from second ;o fifth day:

20 = 1.946 X 10~5 theoretical = 1.949 X 10"6.

It is apparent from these results that the dif-
fusion was steady after the second day of the run.
The mean result of the last three days is 1.946 X
10-5 at 0.00255 molar concentration which agrees
well with the value of 1.949 X 10 which was ob-
tained by means of the theory of Onsager and
Fuoss.2
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GLASS CELL

Hiling Sequence

Fig. 1—A glass cell for determining diffusion coefficients.

This result proves that a glass cell of the type
described can be used to determine diffusion coef-
ficients of salts in dilute solutions. However,
attempts to determine uhe diffusion coefficient of
the more mobile electrolyte, hydrochloric acid,
in this cell were not successful.

This contribution was supported in part by The
Atomic Energy Commission under Contract AT
(30-1) 1375.

(2) H. S. Harned and B. B. Owen, “The Physical Chemistry of

Electrolytic Solutions,” 3rd Edition, Reinhold Publ. Corp., New
York, N. Y., 1958, pp. 119-122, 1*3-144.

THE ACTIVITY COEFFICIENT OF HYDRO-
CHLORIC ACID IN THORIUM CHLORIDE
SOLUTIONS AT 25°

By Herbert S.Harmed and Alan B. Gancy

Contribution No. 1560 from the Department of Chem istry of Yale
University, New Haven, Conn

Received June 25, 1959

From measurements of the electromotive force
of the cell
H2 |HCl(wi), ThChCwffi AgCI-Ag
at 25°, the activity coefficient of the acid has been
computed by the equation

E = E° —0.1183 log yx\/mi(mi + 4m2 (1)

The results were obtained at constant total ionic
strengths m = (mi + 10m2 of 0.1, 0.5, 1, 3 and 5.
The experimental electromotive forces and the
derived activity coefficients are given in Table I.
The solutions were prepared by weight from
carefully analyzed thorium chloride and hydro-

chloric acid solutions. Uncrystallized thorium
chloride by “Lindsay, Code 130" was used. Al-
though no difficulty was encountered in repro-

ducing the electromotive forces, the results should



2080

Table |

Electromotive Forces of the Cell Hj/HCI (mi), ThCl4
(raO/AgCI-Ag and Activity Coefficients of Hydro-
Solutions of Various Total

chloric Acid in lonic

Strengths
M= 0.1 g = 05

mi E 7 hci mi E 7 hci
0.1 0.35261 0.795 0.5 0.27227 0.759

.07 .36707 792 .3 29517 .720

.05 .38053 781 N .33804 655

.03 .39978 761 .01 43319 .365

.01 44039 672

mi E 7hd T ! mi E Yhi
1.0 0.23321 0.811 0.3 0.28572  0.700

T .24989 174 1 .32009 .586

.5 .26455 745 .01 41581 .365

H=3 ) li=5

mi E Tiret mi E Thoi
3.0 0.15183 1.318 5.0 0.09519 2.380
2.7 15779 1.275 4.5 10427 2.167
2.4 .16440 1.229 4.0 11434 1.953
2.1 17166 1182 35 12469 1.769
1.8 .18000 1.128 3.0 13613 1.598
1.5 .18956 1.069 2.5 .14879 1.427
1.2 .20086 1.003 20 16261 1.266
0.9 .21529 0.919 1.5 17995 1.096

.6 .23370 .831 10 20202  0.923

.3 .26433 .688 0.5 .23325 .756

A .34054 283 0.2 .30179 .328

be regarded as preliminary until repeated with
other preparations of thorium chloride.

_Plots of log thci versus m1 the acid concentra-
tion at these constant stoichiometrical ionic
strengths, all tend to decrease rapidly as the acid
concentration decreases. This behavior indicates
that the “true” ionic concentration product,
rrinma, IS reduced: This behavior is consistent
with recent investigations of thorium chloride
solutions . s

This contribution was supported in part by the
Atomic Energy Commission under Contract AT
(30-1) 1375.

(1) See Fig. (14-13-2), p. 631, H. S. Harned and B. B. Owen, "The
Physical Chemistry of Electrolytic Solutions,” 3rd Edition, Reinhold
Publ. Corp., New York, N. Y., 1957.

(2) W. C. Waggoner and R. W. Stoughton, This Journal, 56, 1
(1952).

(3) K. A. Kraus and R. W. llolmberg, ibid., 58, 325 (1954).

HEATS OF SOLUTION FROM THE
TEMPERATURE DEPENDENCE OF
THE DISTRIBUTION COEFFICIENT:

By F. A. Trumbore and C, D. Thurmond

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey

Received June 29, 1959

The temperature dependence of the distribu-
tion coefficient « of a given component of a binary
alloy system is determined by the relative amounts
of that component in the alloys lying along the
solidus and liquidus curves. In recent years, a
number of papers have appeared.- s in which the
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temperature dependence of the distribution coeffi-
cient (specifically, the slope of alog k vs. :/ T plot,
where 1 is the absolute temperature) of the minor-
ity component of the solid solutions has been inter-
preted to give heats of solid solution of the minority
component in alloy systems for which the major
component is germanium or silicon. In certain
cases emphasis has been placed on the form of the
temperature dependence of « near the melting point
of the major component. Recently, for example,
Weisers has suggested that such data near the
melting points of Ge or Si could be used to obtain
heats and entropies of solution in the very dilute
solution range and would constitute a sensitive test
of his theory on the magnitude of «. In inter-
preting distribution coefficient data in this man-
ner it has been assumed that the effects of non-
ideal solution behavior in the liquid phase can be
neglected. Recently, however, it has been shown,
that in certain systems the non-ideality of the
liquid phase appears to play a major role in deter-
mining the temperature dependence of the dis-
tribution coefficient. In this note we shall con-
sider in greater detail the effects due to non-ideal
solution behavior in both solid and liquid phases.
From these considerations it will be evident that
the interpretation of distribution coefficient data
is complex and that serious errors can be made in
calculating heats of solution from such data.
General Equation for the Temperature De-
pendence of k.—From the usual definitions of
activity coefficients, namely
ui = ixf + RT In-yfzl
A = ml+ RTIN

€h)
@
and the fact that, at equilibrium between solid and

liquid phases, p] = M it follows that the distri-
bution coefficient k can be written

k= xtxt = (B y!) exp(AearT) (©)

In these equations r is the gas constant, T is the
absolute temperature while xI and x\, -! and
72, and u1 and (A are the atom fractions, activity
coefficients and chemical potentials of component
> (the minor component of the solid solution) in
the solidus and liquidus alloys, respectively. The
quantities yt and RPLare the chemical potentials
of pure solid and liquid component . while ari is
the free energy of fusion of component ., equal
to ¢i.d — /AB- Equation 3 is a modified form
of an equation developed previously by Thur-
mond and Struthers .

Since we are concerned here with the interpre-
tation of the slope of a log « vs. 1/7 plot we may
write the relation

diInk
dls+

a N7\ In-> / da\

['V ox'i mr -* 'l a*i yU WMd 1/77

+ /O In
1 kx\ \ dﬂ*)
@
(2) €. D. Thurmond and J. D. Struthers, This Journal, 57, 831

(1953).

(3) F. Van der Maesen and J. A. Brenkman, Philips Research

1) Presented at the American Chemical Society Meeting, Boston, Repts., 9, 225 (1954).

Massachusetts, April 7, 1959.

(4) R. N. Hail, 3. Phys. Chem. Solids 3, G3 (1957).
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which follows from equation 3 and standard ther-
modynamic equations relating activity coefficients
to heats of solution. Here w\ and 5f are the
partial molar heat contents of component 2 in the
liquidus and solidus alloys, respectively. Equation
4 is the general equation defining the temperature
dependence of k in terms of a heat of solution and
the departures from ideal solution behavior in the
liquid and solid phases. In this paper an ideal
solution is defined as one in which yl or y£ is unity
(Raoult’'s law). An ideal ditute solution is defined
as one in which y® or y£ is a constant, other than
unity, at a given temperature and is independent
of concentration (Henry's law).

Interpretation of Distribution Coefficient Data
to Give Heats of Solution.— It is evident from equa-
tion 4 that the slope of alog k vs. 1/7 plot is directly
proportional to a heat of solution only in special
cases where the terms other than (s# — r f)/R
are zero. An obvious case where this is true is the
case where both liquid and solid solutions are ideal
and

dink _ Adg

dur R w
where Ani Is the heat of fusion of component
2. A situation more likely to be encountered ex-

perimentally is the case where the liquid solutions
are ideal and the solid solutions are ideal dilute
solutions in which case

dinft
dur W

where H fais the heat content of pure liquid com-
ponent 2 and the asterisk denotes that the partial
molar heat content is independent of composition.
Equation 6 appears to be valid for systems such
as the Sn-Si system7 where, at low temperatures,
the liquidus alloys are nearly pure component 2.
Let us now consider the interpretatiDn of log €
17 plots in the region of the melting point of
the major component v where both and
tend to zero. In previous work2-5 it has been
assumed that the solid alloys were ideal dilute
solutions and that the liquid alloys were either
ideal solutions or the non-ideality in the liquid
phase could be neglected. Another possible as-
sumption would be that the liquid alloys were also
ideal dilute solutions. If either ideal or ideal
dilute solution behavior is'assumed to hold strictly
Gie., Vi 1 or ya is absolutely constant at a
given temperature) all terms involving a variation
of the activity coefficient with composition would
vanish and

Hf* —(H 1)*
R

Vs.

}d In fid
Ld UTJt, O

While the assumptions made in the derivation of
equation 7 seem quite reasonable, consideration of
the possible behavior to be expected experimentally
leads to a quite different result.

To illustrate this point let us retain the assump-
tion that the dilute solid solutions obey Henry’s law
and consider how closely we would expect Henry's

(5) R. A. Oriani and R. N. Hall, ibid., 6, 97 (1958)

(6) K. Weiser, ibid., 7, 118 (1958).

(7) F. A, Trumbore, C. R. Isenberg and E. M. Forbansky, ibid.,
9 60 (1959).

(H\)* -
R

(Hi)*
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law to be obeyed by the liquid alloys for a
real system where there are significant departures
from Raoult’s law. Specifically, let us assume that
the liquid alloys are “regular” solutions in the sense
that
IN72 = r¢ (t' x\y (8)

where a is a constant, independent of tempera-
ture and composition. Evidence has been pre-
sented that equation 8 may be a useful first ap-
proximation to the activity coefficients in Ge and Si
binary alloy systems.8 With these assumptions,
near the melting point of the major component
Ti equation 4 becomes

@- fcorj ©

where A is the heat of fusion of component 1
and k- is the value of k at 7x. From equation 9 it is
evident that if the slope of the log k vs. 1/7 plot is
interpreted directly to give a heat of solution, this
heat will be in error by an amount equal to 2a-
An /(1 —k-rTi. This term may be particularly
large for alloy systems with major components such
as Ge or Si where the heats of fusion are especially
large, 8 and 12 kcal./g.-atom, respectively. For
Ge and Si systems «- is usually negligible compared
with unity and estimated values of a range from
about —35 to +11.5 kcal. so that the term
2aAH[/(I — kx-)rT can amount to as much as
N80 kcal. for certain systems.

Even greater errors are possible at intermediate
temperatures for systems showing large positive
departures from ideality in the liquid phase. For
such systems the (ex\/& 1/7) term in equation 4
may become even larger than its value of An\/
(1 — «korTi at . For example, for the Sn-Si
system,7 interpreting the slope of the high tem-
perature log « vs. L' 7 data directly to give a heat of
solution yields a value of ~ 100-200 kcal. whereas
the actual heat of solution estimated from the low
temperature data (see equation 6) is an order of
magnitude smaller.

In view of the possible errors which might result
from the assumption of ideal or ideal dilute solution
behavior for the liquid alloys, the question arises as
to whether or not similar complications might re-
sult from the assumption of Henry’s law for the
solid solutions. Experimentally, for the systems
involving electrically neutral impurities in Ge
and Si, this does not seem to be the case9 although
experimental data are not now sufficiently precise
or extensive to permit any definite conclusions.
In equation 4 it is seen that any departures from
Henry's law as expressed by the (d In vI/dxijT
terms are multiplied by «, which is usually ap-
preciably less than unity, thus reducing the im-
portance of these terms. If these terms were
roughly of the same order of magnitude as the
(d In yz/axtyr term, the assumption of Henry's

(8) C. D. Thurmond, This Journal, 57, 827 (1953).

(9) For donor or acceptor impurity elements in semiconductors
departures from Henry's law are to be expected in quite dilute Bolid
solutions. These interactions influence the distribution coefficient
even though the distribution coefficient may be rather small.10

(10) F. Trumbore, E. M. Porbansky and A. A. Tartaglia, «7. Phys.
Chem. Solids, to be published.
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law would be an appreciably better approximation
for the solid solutions than for the liquid solutions.
Some estimates have been made, assuming the
regular solution model for the solid solutions,
which indicate that as k becomes smaller the
(6 In tl/6zDt term becomes larger. However,
the « term tends to dominate the activity coeffi-
cient term thus reducing the latter’'s importance.

Summary.— A general equation for the tempera-
ture dependence of the distribution coefficient has
been given which indicates the complications in-
herent in the interpretation of log « vs. 1/7 plots
to give heats of solution. A simple solution model
has been used to indicate the magnitude of the
errors which might result if the experimental data
are not properly interpreted.

QUENCHING OF EXCITED Hg(®9 BY NO1

By Robert J. Fallon, Joseph I. Vanderslice
and Edward A. Mason

Institute for Molecular Physics, University of Maryland, College Park,
Maryland

Received July 6, 1959

Noyes2 has studied the mercury photosensitized
reaction of NO and, after a careful analysis of the
experimental data, has concluded that the over-
all process corresponds to the reaction

2Hg + 2NO — > 2HgO + N: @
and that the rate-determining step is
Hg* + NO— > Hg + NO* ®

Bates3 has measured the cross section for the
quenching of excited Hg(3P0 by NO and found the
extremely large value of 24.7 A.2 which indicates
aresonant process. On the basis of the then known
potential curves for NO, both Bates and Noyes were
forced to conclude that the NO* formed in reaction
2 was most likely in a highly excited vibrational
level of the ground X 211 state. In order to explain
the kinetics, Noyes postulated that the lifetime
of the NO* was appreciably longer than the average
time between collisions, even at the low pressures
used in the experiments. A highly vibrationally
excited molecule in the X n electronic state would
have a long lifetime. Noyes stated, however,
that one would expect the formation of such
a highly excited (about v = 26) state by collision
to be rare in the absence of some special resonant
effect.

Recently, a large number of potential curves for
the different states of NO have been calculated
from spectroscopic data and quantum-mechanical
theory.4 Two of these, the X and the 4,
areshown in Fig. 1. These are the only ones which
will be of importance in the subsequent discussion.
The lowest vibrational level of the 4 state is esti-
mated to lie 4.64 + .11 e.v. above the lowest vi-
brational level of the X 2n state. Since 4.88 e.v.
is transferred from the Hg* to the NO in reaction 2,

(1) This research was supported in part by the National Aeronautics
and Space Administration.

(2) W. A. Noyes, Jr., 3. Am. Chem. Soc., 53, 514 (1931).

(3) J. K. Bates, ibid., 54, 569 (1932).

(4) J. T. Vanderslice, E. A. Mason and W. G. Maisch, J. Chem.
Phys., 31, 738 (1959).
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it is quite possible from an energy point of view for
the NO to end up in one of the lower vibrational
levels of this 4l state. This transition from the 2n
to the 4N also satisfies the correlation rules for such
processes.6 Furthermore, a transition to the 4
state would result in an excited molecule with a long
lifetime, since the radiative transition back to the
1 state has an exceptionally low transition prob-
ability.6 This is in agreement with Noyes' sug-
gestion regarding the lifetime of the NO*. A
transition to this state also agrees with Laidler's
suggestion7 that a process involving the least net
change in electronic energy is the most likely.
Finally, a transition to one of the lower vibrational
levels of the 4 state is in accord with the Franck-
Condon principle, since there would be a very small
change in internuclear distance. Because the
quenching cross section is so large, the transition
must occur readily and one would expect that this
would not happen if a large change in internuclear
distance had to occur during the process. In
short, a transition between the 2h and 4 states of
NO by collision with Hg(sPi) would be essentially a
resonant process.

In conclusion, we should like to propose that the
NO* formed in reaction 2 might be in the 4
state rather than in the vibrationally excited X 2n
state, the one suggested by Noyes on the basis of
the then known potential curves of NO. If our
suggestion can be verified, it would be added ex-
perimental confirmation that the 4 state lies in
the region first proposed by Mulliken,8 later ten-
tatively confirmed by Ogawa9 on the basis of his
experimental data and recently reconfirmed4 on

(5) K. E. Shuler, ibid., 21, 624 (1953).

(6) ft. S. Mulliken, “The Threshold of Space,”
Ltd., New York, N.Y,, 1957, p. 123.

(7) K. J. Laidler, “The Chemical Kineties of Excited States,”
Oxford University Press, London, England, 1955, p. 101.

(8) R. S. Mulliken, Revs. Modem Phys., 4, 1 (1932).
(9) M. Ogawa, Science of Light (Tokyo), 3, 39 (1954).

Pergamon Press,
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the basis of additional theoretical and experimental
information.
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and comments.

THE HYDRODYNAMIC VOLUME OF THE
HETEROPOLY HEXAMOLYBDOCOBAL-
TATE (II1) ANION FROM VISCOSITY
MEASUREMENTS

By Michael T. PorEland Louis C. W. Baker2
Contribution from the Department of Chemistry, Boston University,
Boston 15, Massachusetts
Received July 6, 1959

In a recent paper, Kurucsev, Sargeson and West3
demonstrated that the Einstein viscosity equation
is valid for various large spherical inorganic ions.
They were able to show that the 12-tur_gstosilicate

ion has a hydrodynamic radius of 5.6 A., in good
agreement with that calculated from the molar
volume4 and consistent with the crystallographic

unit cell dimensions of PI4[SiWi204] -5H-0.56

Application of this method to the investigation
of other heteropoly anions is limited by ".he solubili-
ties of the salts available. In general, for most
heteropoly anions, those salts which are readily
purifiable are only soluble to an extent of up to
about 20 g. per 100 ml. Therefore even saturated
solutions usually have low molarity (less than 0.1
v ) because of the high molecular weights of the
solutes. The viscosities of such solutims are not
sufficiently greater than that of water to make pos-
sible a series of reasonably accurate measurements.
The free acids of these anions are generally much
more soluble, but in many cases are unstable, es-
pecially in concentrated (>0.2 m ) solutions.

In the course of an investigation of "he solution
chemistry of the isomorphous 6-molybdo anions of
trivalent Co, Cr, Fe and Al, it was found that the
free 6-molybdocobaltic acid can be concentrated
without decomposition. We have discussed the
chemistry of these anions in a previous paper7 and
recently have shown that they are of high thermo-
dynamic stability and are monomeric in solution.8

The s -nol tic acid wes ing an
agueous solum purified mnmprqialur’%dsalb%/m an
Amberlite IR-120 (Rohm and Haas Co.) i -
um in the hydrogen cycle:s The effluent acid wes con
centrated at just below room tenperature by placing it ina
ol sac and bloning a currertt of warn air over the

outside of the sac. The nolarity of the resulting solution
wes detenmined by analysis of aliquots. A portion of the

(1) Monsanto Research Fellow at Boston University.

(2) Addressee for reprints.

(3) T. Kurucsev, A. M. Sargeson and B. O. West T his Journal,
6l, 1567 (1957).

(4) M. C. Baker, P. A. Lyons and S. J. Singer, 3. Am. Chem. Soc.,
77, 2011 (1955).

(5) R. Signer and H. Gross, Helv. Chim. Acta, 17, 1076 (1S34).

(6) O. Kraus, z. Krist., 100, 394 (1939).

(7) L. C. W. Baker, G. Foster, W. Tan, F. Schdnick and T. P.
McCutcheon, J. Am. Chem. Soc., 77, 2136 (1955).

(8) G. A. Tsigdinos, M. T. Pope and L. C. W. Baker, Abstracts of
papers presented before the Division of Inorganic Chemistry, American
Chemical Society National Meeting, Boston, Mass., April, 1959.

(9 L. C. W. Baker, B. Loev and T. P. McCutcheon, J. Am. Chem.
Soc., 72, 2374 (1950).
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Molarity ().
Fg. . —Viscosity values for agueous solutios of H3
[Col\/lgoG)ZL at 25‘:[.y The lire shown wes drawn from the
origin by method of least squares.

effluent acid, concentrated at 40- by aspirating dry air
through the solution for 48 hours, the sane viscosity
resutsasmeaadoomen&ated@ﬁeoellqiamsxz
method.  Viscosity measurenents were made in an Cstweld
Viscoeter at 25°.

The results of the viscosity determinations are

recorded in Fig. 1. They can be expressed by the
Jones-DoleDequation

no

wherea = 0ands = 0.46, over the concentration
range 0.035 t0 0.23 m .

The acid has the formula H3[CoMo®2i], and its
three dissociation constants all lie close together,
having p k 's within the range 2-3.78 Assuming
that the p k 's merely lie close to this range and
assuming Gurney'sil value of +0.07 for the 13-
coefficient of the solvated proton, the B-eoefficient
of the heteropoly particles was calculated to he be-
tween +0.40 and +0.45. Whence, according to
the Einstein equation, the apparent hydrodynamic
volume of the [CoMo®2ip3ion falls between 265
and 300 A.3 within the concentration region in-
vestigated. This corresponds to an hypothetical
sphere with radius between 4.0 and 4.2 A.

Since the structure of this series of isomorphous
6-molybdo anions has not yet been determined,
there are no independent data for direct comparison
with the above results. However, there is some
evidenceRthat these anions may have very similar
structure to that of a 6-heteropoly tungstonickelate
of similar formula and known crystal structure.2
That tungsto complex is essentially isostructural
with the 6-molybdotellurate(VI) anion, the struc-
ture of which was suggested by Andersoni3 and

(10) G. Jones and M. Dole, ibid., 51, 2950 (1929).

(11) R. W. Gurney, “lonic Processes in Solution,”
Book Co., Inc., New York, N. Y., 1953, p. 159.

(12) U. C. Agarwala, Doctoral Dissertation,
1959.

(13) J. S. Anderson, Nature, 140, 850 (1937).

McGraw-Hill

Boston University.
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proved by Evans.14‘®% In the crystals, these sim-
ilar ions are both thick hexagonal discs, approximat-
ing oblate spheroids. From the crystallographic
data, the effective minor radius (half-thickness) of
each may be estimated as 2.7-3.0 A. and the effec-
tive major radius averages about 6.0 A. The vol-
ume of each of these two disc anions is about 600 A.3
In arriving at these estimates, the possible closeness
of approach of water molecules to the irregular sur-
face of the polyanion was considered. While the
nickelate and tellurate complexes each contain
twenty-four oxygen atoms, the 6-molybdocobalt-
ate(lll) anion and its Cr, Fe and Al isomorphs
might contain as few as twenty-one oxygen atoms
apiece (their proportion of “constitutional water”
being uncertain at present).7812 The discrepancy
between the effective hydrodynamic volume de-
termined above and the probable range of the total
crystallographic volume of the anion is easily under-
stood in view of the size and probable disc shape of
the anion. The size is below that for which good
applicability of the Einstein equation should be
assumed for polyions. Factors involving the fit of
solvent molecules to the irregular surface of the
solute particle are proportionately more important
the smaller a polyanion becomes. These 6-molybdo
ions are presumably far from spherical; and, if they
have the probable disc-like structure, it is likely
that their planes would become oriented parallel
to the direction of liquid flow. In view of the di-
mensions cited, it is most reasonable that such
anions would have an apparent hydrodynamic vol-
ume close to that observed. The results also indi-
cate that the degree of solvation of the anion is
negligible. This is consistent with the low charge
density on the surface of heteropoly anions and with
the negligible solvation observed for 12-tungsto-
silicate ion.3

An attempt to measure the viscosity of solutions
of the free acid of 6-molybdoiodate(VIIl), which is
presumably isomorphous with the 6-molybdotellu-
rate(V1),J6 was unsuccessful owing, apparently, to
decomposition of the acid in concentrated solution.
For the same reason, analogous measurements could
not be made upon the heteropoly 6-molybdo anions
of Cr(lll), Fe(lll) or AI(lII).
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(15) H. T. Evans, Jr., Abstracts of papers presented before the
American Crystallographic Association, Cambridge, Mass., 1954.

(16) H. J. Emel6u8 and J. S. Anderson, “Modern Aspects of In-
organic Chemistry,” Second Edition, D. Van Nostrand Co., Inc.,
New York, N. Y., 1952, pp. 225-226.

THE PYROLYSIS OF ACETYLACETONE
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In previous work concerning the pyrolysis of the
metal acetylacetonates (l), acetylacetone itself was
observed in several instances as one of the major
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degradation products.l These results suggested
that acetylacetone may be more heat stable than

- chs ]
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the metal chelates derived from it. The present
work on the pyrolysis of acetylacetone permits a
more direct comparison of the heat stabilities and
also permits a comparison of the degradation prod-
ucts from acetylacetone with those of the metal
acetylacetonates. There appears to have been no
previous comparison of the pyrolysis of a chelating
agent with the pyrolyses of the metal chelates de-
rived from it.

Table | gives the gaseous products obtained by
heating acetylacetone in sealed evacuated glass
tubes for 4 hours at the temperatures indicated. At
the lowest temperature employed, 266°, little de-
composition has occurred. This is in contrast to the
Cu(l11), Ni(l1), Co(l1), Co(l11), AI(III), Cr(l11),
Fe(l11) and Mn(111) acetylacetonates, all of which
decompose to a significant extent at this tempera-
ture.l The introduction of a metal atom into the
acetylacetone molecule results, therefore, in a de-
crease of thermal stability, at least for these met-
als.2

Table |

Thermal Degradation of Acetylacetone

Sanples heated 4.0 hours at the tenperature indicated

Components
0? a9

266° 346° 462°
A{Etylm 0.99 0.78 0.00
Acetic acid 01 .08 .08
Acetone 00 12 88
CO0: 00 01 34
0 0) 00 00 .39
CH, 00 00 .28

The principal gaseous products of pyrolysis for
acetylacetone given in Table | are also major de-
composition products for the metal acetylaceto-
nates.1 This fact suggests that at least one possi-
ble route for the decomposition of the metal acetyl-
acetonates involves first the formation of acetylace-
tone followed by decomposition of the latter to the
products given in Table I. That acetylacetone is
actually found as nearly the sole decomposition
product, at the lower temperatures, for the Mn(l11)
and Cu(ll) chelates supports this view.1 The fact
that only small amounts of acetylacetone were found
among the decomposition products of the other
metal acetylacetonates studied may indicate that,
in these instances, the decomposition of the ini-
tially formed acetylacetone is catalyzed by the

(1) J. von Hoene, R. G. Charles and W. M. Hickam, T his Journal,
62, 1098 (1958).

(2) On the basis of volatile decomposition products, sodium aeetyl-
acetonate appears to be more stable than acetylacetone. The decom-
position of the former compound may, however, involve non-volatile
pyrolysis products which cannot be detected by the mass spectrometer
(ref. 1).
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presence of undecomposed metal acetylacetonate or
by metal-containing decomposition products.

The principal pyrolysis products of acetylace-
tone at 346° are acetic acid and acetone At 462°
appreciable quantities of C02 CO and methane are
also present. The latter products may very well
result from the pyrolysis of the initially farmed ace-
tone or acetic acid rather than from acetylacetone
directly.

The only previous study of the pyrolysis of ace-
tylacetone is that of Hurd and Tallyn.34 These
workers determined the formation of ketene from
acetylacetone, using a flow system and much higher
temperatures than those employed lere. The
procuction of ketene is not inconsistent with the
present results since ketene is, under the proper
experimental conditions, a product of the pyrolysis
of acetone.6

BExperinmental
A Consolidated ness spectroreter wes used to identify

and to determire the is products. The apparatLs
and \Aaeess%tr?a}lliffgsarmesﬁ'nsepre\nasly

enployed: Ten- sanrpks of hi ri
ere gLy QW o tyk;j[re)ea}%‘tlps and

were weighed into Pyrex gl
ﬂ'lenb&gv\ere andsealed

wes cooled with Iquld nitrogen during 1he evacuatlm and
sealing procedures. . The tubes were heated for 4 hours ina
constant temperature tube furmace with the sealed portions
entirely within the hot zone. The heated tubes were

cooled to roomterrperature, sealed to the inlet emoﬁhe
mess_spectroreter and the ges expanded, analysis
10 3000 ml. by breaking the break-tip with a magnetic bar.
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Although no previous studies have been reported,
the system GaX 3Si02 is of interest. The ionic
radius of Ga+3 (0.620A.)2 is intermediate between
that of AI+S (0.57 A)) and Fe+3 (0.67 A.). The
structure of the stable (jS) modification of GaX 3is
related to that- of a-AlD 3and a-FeD 3 It is of in-
terest, therefore, to examine the melting relations
of Gad 3 with other common oxides and compare
the behavior of Ga2 3with that of A10 3and FeX 3
For this purpose, phase relations in the system
Ga®d 3Si02 have been determined.

BExperimental
Startlng meterials were prepared by blending Ga:.0: and

SIG Ore gram batches were from electronic
grace Ga.0s (Eagle Pltcher Co.), ad ignited Si0. gel

(1) Department of Chemistry, University of Aberdeen, Old Aber-
deen. Scotland.
(2) Goldschmidt radii are used throughout.
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Baker Analyzed Reagent Grade). The calculated
g)ortlors of Ga0s and Si0. were \zxaghed out ad gro?xmij

under aloohol inan rmrtglr ‘Iheﬂ%oomlh\lfxas
powder blended thoroug
returmed to the nortar, noistened with al ooholy
?r’d redws r&sultled in p%@d startlw rmterepI rial of satis-
actol ater icate rus on
srrall%,ortlorsofﬁéyongml preparation.
o |I|br_|un0rdeﬂt%mmtga*s were mede as follons. A
on starti ion was |n
otiniem fofl and T Gortrollen terparess
mace. At the conclusion of the qulllbratlon the
wes by dropping it into a dish of mercury.
pheses at the hlgﬁtenmraturemere determined by
petrographlc examination and ponder X-ray diffraction

techniques.
Furmaces were of a vertical tube model suited for quench
ingwork  They were heated by a pIatmumZO% rhodium
resistance element and the tenpel lated by a Wes-
tonTagliabue “ Celectray” oontrol Ier fumace tem
peraque could be lated to +2°. T ratures irsice
fumace were aplatinum-platinum . » % rhodium
memnelerrem next to the sanple.  The themmo-
element wes calibrated freauently at the mrelting point of
CaMg(Si0s). (1391.5°) and CaSi0: (1544) The themo-
e error wes of the order of £ °, the tenpera
tures reported mreaowratetoabwt +4°

evapo-
It wes

Results

The experimental results are shown diagramati-
cally in Fig. 1. From the melting point of Si02at
1723°, liquidus temperatures fall to a eutectic at
about 7 mole % GaX®d3 and 1642°. Phases in
equilibrium at this eutectic are /3-Gad 3 liquid and
silica (cristobalite). Liquidus temperatures rise
slightly from this eutectic to a point located at about
8 mole % Gad 3and 1652°, marking one end of an
extensive region of liquid immiscibility. The range
of compositions melting to two liquids extends to
m~65 mole % Ga203 From 65-100 mole % Gad 3
liquidus temperatures rise from 1652° to the melt-
ing point of Ga-Ah (1725°).3 This is shown as a
dashed line in Fig. 1, as no runs were made on
compositions between 70 mole % Ga2 3and Gad 3

Discussion of Results

Recognition of the high temperature liquid im-
miscibility in the system Ga23Si02 is compara-
tively simple. Quenched charges of appropriate
compositions heated above 1652° contain two glassy
phases. One is a clear isotropic glass, havingn =
1.504 (sodium light). The other is a partly devit-
rified brownish glass of high index. The index of
this gallium oxide-rich liquid could not be deter-
mined, on account of its partial devitrification
upon quenching. The relative proportions of the
two glasses varies with the bulk composition of the
mixture. The liquids have a relatively low viscos-
ity, and separate fairly well in runs of a few minutes’
duration: however, the high silica liquid frequently
traps droplets of the Ga2 3rich liquid.

Although gallium oxide is essentially non-vola-
tile,2 possible losses of Gad 3 from the mixtures
were checked by duplicating runs on the 10 mole %
and 70 mole % Ga 3 compositions using samples
sealed in platinum tubes. The tubes were welded
shut at one end, a sample inserted and the open end
welded shut. Using a micro-welder, it was possible
to weld tubes shut without sensible heating of the

(3) V. G. Hill, R. Roy and E. F. Osborn, 3. Am. ceram. SOC., 35

[6], 135 (1952),
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sample. The sealed tube runs on the 10 and 70%
gallium oxide mixtures gave results identical with
those obtained in open foil envelopes.

No compounds of gallium oxide and Si02were en-
countered in this study. The 50, 60 and 70%
Gad 3compositions were heated at solidus tempera-
tures, and also at 1550 and 1450° for 24 and 48
hours, respectively. Only j3-Ga® 3and cristobalite
were present in the runs. Thus no gallium analogs
of mullite (3AI2 3-2Si02 or the ARSIOs polymorphs
are stable at high temperatures. The high tem-
perature liquid immiscibility in the Gadd 3Si02
system is another feature not found in AID 3Si024

Mole %  GcijOj------ -
Hg. . —Phase relations in the system Gaeo --Sio.. Solid
dots represent the termperature of critical rus.

Phase relations in the Fe 3Si02systems are not
known at liquidus temperatures because of the dif-
ficulty of maintaining the iron in the ferric state, so
that no direct comparisons can be made with other
MDD 3Si02systems. An extrapolation of data ob-
tained at oxygen pressures of 1 atmosphere and
less6 indicates that extensive liquid immiscibility
exists in the FeD 3Si02 system. It may be sug-
gested, therefore, that melting relations are similar
in the systems Ga 3Si02and FedD 3Si02

(4) N. L. Bowen and J. W. Greig, ibid., 7 [4], 242 (1924); with
corrections by J. F. Schairer, ibid., 25, 243 (1942); further revision
suggested by N. A. Toropov and F. Ya. Galakhov, Doklady Akad.
Nauk S.S.S.R., 78 [2], 301 (1951).

(5) A. Muan, J. Metals, 7 [9], 965 (1955).

THE ACTIVITY COEFFICIENT OF HYDRO-
CHLORIC ACID IN CADMIUM CHLORIDE
SOLUTIONS AT 5 m TOTAL IONIC
STRENGTH

By Herbert S. Harned and Robert Gary

Contribution No. 1559 from the Department of Chemistry of Yale
University, New Haven, Conn.

Received June £5, 1959

As a further contribution to the study of the
systems containing two electrolytes in water, the
activity coefficient of hydrochloric acid in cadmium
chloride solutions at 5 m total stoichiometric
ionic strength has been determined at 25° from
.measurements of the cells

H: |HCL («*)), CdCl: (m2n AQCI-Ag

Notes
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The observed electromative forces and values of
the activity coefficients are recorded in Table I.

Tabte |

The Activity Coefficient of Hydrochloric Acid in

Cadmium Chloride Solutions

T=25 Mr=mTwm=2+3m. =5
m E log¥Y
50 0.09510 0.3766
4.5 10906 .2896
4.0 12359 2001
35 .13859 1102
3.0 15390 .0224
2.5 16935 - .0600
2.0 18529 - 1574
1.5 .20253 - 2114
1.0 .22245 - 2822
0.5 .25009 - .3550

This contribution was supported in part by The
Atomic Energy Commission under Contract AT
(30-1) 1375

ELECTRON PARAMAGNETIC RESONANCE
STUDIES ON CARBON DISULFIDE—
INSOLUBLE SULFUR

By A. G. Pinkus and L. H. Piettel
Department of Chemistry, Baylor University, Waco, Texas, and Varian
Associates, Palo Alto, California

Received July 14, 1959

Recently,2 a close-packed helical structure was
uggested for crystalline polymeric carbon disulfide
—insoluble sulfur obtained from the slow cool-
ing of a purified sulfur melt in order to explain the
similarity of its X-ray diffraction pattern to that of
orthorhombic sulfur.3 A more extended helical
structure also had been suggested recently for the
fibrous constituent of stretched plastic sulfur,45
Das’s white sulfur,56 and for ‘“supersublima-
tion” sulfur.67 It was pointed out2 that stereo-
chemical considerations exclude a macrocyclic8
structure for the close-packed helical configuration
and suggested that electron paramagnetic resonance
determinations on the insoluble sulfur would dis-
tinguish between the biradical (1) or three-electron
bond (11)9structures on the one hand and the ionic
structure (I11) on the other. In their classical
paper,D Gardner and Fraenkel previously had re-

(1) Varian Associates.

(2) A. G. Pinkus, J. S. Kim, J. L. McAtee, Jr,, and C. B. Concilio,
to be published.

(3) A. G. Pinkus, J. S. Kim, J. L. McAtee, Jr., and C. B. Concilio,
J. Am. Chem. Soc., 79, 4566 (1957).

(4) L. Pauling, Proc. Nat. Acad. Sci., u. S., 35, 495 (1949); J. A.
Prins, J. Schenk and P. A. M. Hospel, Physica, 22, 770 (1956); A. Ripa-
monti and C. Vacca, Ricerca Sci., 28, 1880 (1958).

(5) S. rR. Das, Indian J. Phys.. 12, 163 (1938).

(6) J. A. Prins, J. Schenk and L. H. J. Wachters, Physica, 23, 746
(1957).

(7) Product of Stauffer Chemical Co. having the registered trade
name of “Crystex."”

(8) H. Krebs and E. F. Weber, Z. anorg. allgem. Chem., 272, 288
(1953).

(9) F. Fairbrother, G. Gee and G. T. Merrall, 3. Polymer Sci., 16,
459 (1955); G. Gee, Science Progress, No. 170, 193 (1955).

(10) D. M. Gardner and G. K. Fraenkel, 3. Am. Chem. Soc., 78,
3279 (1956).

%
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ported conclusive paramagnetic resonance evi-
dence for the existence of long-chain biradical poly-

43— (S)— S-  :SAS—(S)i_2—S~S: Q:'S—(S)—S©
| 1] m

mers in tiquid sulfur.
port our findings.

In the present paper, we re-

Results and Discussion

A determination on a carbon disulfide-insoluble
sample of “supersublimation” sulfur showed a reso-
nance signal at ¢ — 2.0044, which is close to the ¢
value of 2.0023 for a free electron.l This result
constitutes definite evidence in favor of structure I.
It should be noted that the line (Fig. 1) is asym-

metric and thus unlike most organic free radical lines.
This asymmetry is indicative of anisotropy in gxand
gn Which is a result of an appreciable amount of
spin-orbit coupling, the unpaired electron being
localized on the sulfur in a p orbit. In comparison,
the average ¢ value found by Gardner and Fraen-
kel for liquid sulfur was 2.024, a value which is
shifted ever further from the ¢ value for a free
electron. The general interpretation has been
madeD that shifts in g-valucs for molecules in non-
degenerate orbital ground states increase with the
magnitude of the spin-orbit coupling and decrease
with the separation between ground and excited
states.

The absolute concentration of unpaired electrons
was estimated to be about 1 X 10-5 mole/l. which
can be compared with the value 1.1 X 10“3found
by Gardner and FraenkelDfor liquid sulfur at 300°.
The number average chain length (p) cf the sulfur
helix polymers was calculated to be 1 X 107 using
the relation:® , = (1000/32) (p/C9, where p the
density was taken as 1.95 g./ml.12, the concentra-
tion of helix fragments (Cc) takenas5 X 10 mole/
1.,13 assuming two independent electrons per helix
fragment. The corresponding values obtained by
Gardner and FraenkelD for liquid sulfur were (5.0
+ 25) X 104 at 300° and a maximum value of
(15 + 0.7) X 106at 171°. Thus, the value ob-
tained in the present work appears to be in the right
order of magnitude.

Based on the information that the sulfur parti-
cles are spheres with an average diameter of 2 to 4
p,13 an estimate of the average number of helix
chains per sulfur particle (nay can be calculated
from the relation: wa = npbvcaz, where n =
Avogadro’s number, o = density, v = volume of

(11) J. E. Wertz, Chem. Revs., 55, 829 (1954).

(12) The Stauffer Product Report No. 819 A lists this value for

Crystex.
(13) Stauffer Product Report No. 819 A.
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the sulfur sphere, and Cg = absolute concentration
of electrons in mole/g. The calculated value is
(2 to 49 X 104 helix chains per sulfur particle,
assuming two odd electrons per helix chain. Since
X-ray diffraction patterns reveal a regular crystal-
line structure for this form of sulfur,56 it is rea-
sonable to postulate that the helix chains are ori-
ented with their central axes parallel. Thisarrange-
ment would of necessity locate the odd electron
ends of the helix chains at opposite ends of the
spherical particle and would result in the locali-
zation of the unpaired electrons which would
explain the anisotropy suggested by the asymmetry
in the absorption line noted above.
BExperinental

The measurenents were made on a_Varian Associates

Model V-4500 E-P-R Spectrometer. The ™Mvalue of the

sarr'pleél\es calibrated by pégl Ifisma" arrm_lr_l‘lqtofl)éu-;jl-
phenyl-2- in the sul rsarrple is mixture
sl'm\edasl shllf??{(lm known. o -value of 2.0036 for

Ildlphenyl- -picrylhydrazyl. The concentration of urr

paired electrons wes estimated by ing the first mo-
ment of the lire from a 500 sanple of sulfur with that
froma5 X 10-. m solution vanadyl sulfate (oontalnlng

the VO++ ion), using ore lire of the s -line spectrum of
latter. The Mmlm of ired electrons determned
inthis mannerwes 5 X 10" mole/g. o

A sanple of “ imation” sulfur.. weighing 9.82 g.
wes extracted with 200 mil. of redistilled ACS grace carton
disulfide by mears of a Soxhlet extractor. er three ex
tractions (totaling 47 hours), the anmount of insoluble me-
terial remaining after drying to constant weight in vacuo at
room tenperature wes 80.3%.5

Acknowledgment.— Helpful discussions with Pro-
fessor Charles E. Reeder of Baylor University are
gratefully acknowledged.

(14) Specifications and properties of this form of sulfur (“ Crystex")
are described in several Stauffer technical data sheets, product re-
ports and a brochure entitled, "Stauffer Sulfurs." The authors
thank the Stauffer Co. for an experimental sample.

(15) This does not necessarily represent extraction to constant
weight since there was still a small percentage of material extracted
during the third extraction. However, sinee according to the Stauffer
Technical Data Sheet No. 717 Y, “Crystex" undergoes slow reversion
to soluble sulfur (the rate increasing with increase in temperature),
it is possible that this is the reason for the inability to attain a con-
stant weight by repeated extraction.

COMPLEX FORMATION CONSTANTS OF

LEAD AND CADMIUM IONS WITH
CHLORIDE IN FUSED LITHIUM
PERCHLORATE1

By Frederick R. Duke and Walter W. Lawrence

Institute for Atomic Research and Department of Chemistry, lowa State
University, Ames, lowa

Received July 29, 1959

Complex formation constants involving lead and
cadmium ions with chloride ion have been deter-
mined in a fused KNOsNaNO3eutectic.2 It is of
interest to compare the complex formation con-
stants in a nitrate solvent with those in a perchlo-
rate. Lithium perchlorate is the only stable fused
perchlorate and it has been shown to dissolve in-
significant amounts of water at low humidity.3
Therefore the constants were determined in fused

(1) Contribution No. 780. Work was performed in the Ames
Laboratory of the U. S. Atomic Energy Commission.

(2) F. R. Duke and M. L. lverson, This Journal, 62, 417 (1958).

(3) F. R. Duke and A. Doan, lowa State College J. Set., 32, 451
(1958).
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LiC.:os. The experiments paralleled exactly those
reported in fused nitrates.2
Results and Discussion

The data are shown in Table I. The constants
calculated from the data are listed in Table I1.

Table |

Solubility of Metal Chromate in Lithium Perchlorate
Containing Sodium Chloride”

Sodium -Solubility (mg./g. solv.)-
PbCro*

chloride, PbCrOi CdCroOl
m 275° 300° 250-275°
0.0 0.09 0.10 2.3
.02 11 .14 3.1
.033 .13 17
.05 .16 21
.08 21 .30 5.6
125 .30 44 7.1
.206 51 .73
.325 .85 1.20
413 1.10 1.60
5 1.35 2.00
75 3.25

“Ks= 9.6 X 10-§M/1000 g.)2

Communication to the Editor
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Table Il

Stability Constants for Metal Halide Complex lons
in Molten Lithium Perchlorate
(Concentration unit, nolality)

.............. Stability constant—

LiClOi K-NaNoO, LiClOi K-NaNOi
Complex ° 300°
PbCl + 30+ 5 8:2 50 & 8 6: 2
PbClI. 9+ 5 3+ 1.5 10 . s 3+ 1.5
PbCI3 5+ 5 1. 4.5 + 5 1.
CdCl + 40 £ 15 22 % 4 40 + 15 24 + 4
The high solubility of CdCr04 limits the range

of chloride over which the solubility may be conven-
iently studied and results in lower precision for
the value of the constant. It was observed, how-
ever, that, within experimental error, there was no
temperature effect.

The higher constants than those found in nitrate
solvent are a reflection of the lower polarizability of
the perchlorate ion. It is interesting that the tem-
perature effect in perchlorate is in the opposite di-
rection, the constant formation being endothermic.

COMMUNICATION TO THE EDITOR

PHOTOLYSIS OF GAMMA-RAY PRODUCED
FREE RADICALS IN ETHANOL AT LOW
TEMPERATURES1

Sir:

Great interest recently has been evinced in the
nature of the various species produced in organic
solids irradiated at low temperatures.2

The absorption and Electron Paramagnetic Reso-
nance spectra, as well as the effects of bleaching with
visible and ultraviolet light, have been studied.3

The chemical consequences of bleaching the un-
stable intermediates in terms of the nature of the
stable species produced after the sample is melted
have not been studied. Such studies should pro-
vide valuable data as to the nature of these tran-
sient species. Preliminary to a general investigation
of this phenomenon the consequences of both types
of bleaching on y-irradiated ethanol glasses have
been studied. Degassed ethanol which was both
anhydrous and benzene-free was sealed in thin
Pyrex ampoules (5% transmission at 275 m/t) and
irradiated with cobalt-60 y-rays at liquid air tem-
perature. The samples were warmed up in the
dark or bleached at liquid nitrogen temperature
with either visible or ultraviolet light4before warm-
ing. Analysis of the gaseous products was made by

(1) Based on work supported in part by USAEC contract AT-
(40-1)2001.

(2) (@ M. C. R. Symons and M. Townsend, J, Chem. Phys., 25,
1299 (1956); (b) B. Smaller and M. S. Matheson, ibid., 28, 1169
(1958) ; (c) C. F. Luck and W. Gordy, J. Am. Chem. Soc., 78, 3240
(1956).

(3) (a) R. S. Alger, T. H. Anderson and L. A. Webb, J. Chem.

Phys., 30, 695 (1959); (b) H. Zeldes and R. Livingston, ibid., 30, 40
(1959) .

(4) An All-6 mercury arc with quartz envelope and a water filter
was used.

a modification of the Saunders-Taylor5 method
combined with vapor-phase chromatography for the
less volatile fraction.

Dosages are based on the Fricke Dosimeter,
using (?(Fe+3) of 15.6. A summary of experimental
results is to be found in Table I.

Table |

Yields of Gaseous Decomposition Products from

Ethanol Irradiated at

Apparent“ (?-values (100 ev. yields)
Conditions of irradiationb G(Hz) (7(Cfft) G(GO) G(CaHa) (.(GzH,)

1 1X 10ev./g., nobleach 4.71 0.28 0.01 0.29 0.32
2 1 X 10Mev./g. vsb. light 5.87 0.46 0.30 0.28 0.33
3 1X 10*9ev./g. A-H6 Arc’ 25.20 7.83 4.20 4.62 0.38
4 0.5 X 10l»ev./g. A-H6 Arc' 33.98 12.14 885 7.16 1.45
5 0.25 X 10>9ev./g. A-H6 Arc 33.15 11.10 7.32 7.52 3.53

“ Calculated on the assunption that sole source of energy
for decomposition is gama radiation. < Dose rate = 2 X
10~ ev./g./min. ' A'residual pink color abserved

A striking increase in the amount of gaseous de-
composition products is observed when ultraviolet
light is used. This agent by itself produces no sig-
nificant decomposition. The yield-determining
factor seems to be the extent to which the para-
magnetic species are decomposed by the ultra-
violet light (experiments 3, 4, 5).

It is conjectured that these increased yields are
due to the photolysis of the ethanol free radical
which under ordinary conditions would either
dimerize or recombine with hydrogen atom. Sup-
port for this postulate is to be found in the work
of V. V. Voevodsky6who reports that under ultra-
violet illumination the ethanol quintet is replaced

(5) K. W. Saunders and H. A. Taylor, J. Chem. Phys., 9, 616

(1941).
(6) V. V. Voevodsky, Abstracts, 4th International Symposium
on Free Radical Stabilization, Washington, D. C., 1959.
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by a quartet with hfs splitting similar tc that found
for the methyl radical.

h
CHCHOH — > CH.- + HCH

Bleaching of the color centers with visible light

results in slightly increased yields of CO, H2 CH4

Communication to the Editor

Florida State University
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and C02 The yields of ethane and ethylene are
unaffected. A likely reaction leading to these
enhancements is the transformation of some photo-
sensitive species to the ethanol free radical.

Chemistry Department

Russett H.Jonnsen

Tallahassee, Florida

Received September 28, 1959

ADDITIONS AND CORRECTIONS

1956, Vor. 60
Donald G. Miller. An Analytical Proof that the Ex-
tremum of the Thermodynamic ‘Iity it a Maximum

538. After eguation (13), insert “Equation (13
rm%%vmttennnresmpyas( ) = (13)

M= (-1)S
y=i

(«J ~ «01 n

Donata G. Mitter.

Donald G. Miller. On the Stokes-Robinton Hydration

Model for Solutions.

Page 1299.  Inthe parag after equation (16 ace
the three ooccurrences of - byrasdioona.d .M..(.e)r.repI

1958, Vol. 62

Richard F. Porter and Richard C. Schoonnmeker.  Gaseous
Soeaes in the Sodium Hydroxide-Potassium Hydroxide

Page 489. In Table V, in the reaction Na:(OH):(g) =
H(g), Aif* .) should “52.3" instead of

4”—R ichard ESchoonmaker4

JeanM Stokes and R. H. Stokes.  The Conductances of
Sore Hectro5lytes in Aqueous Sucrose and Mannitol Solu-
tions at 2

498.
should read: “A° = 287.
I—K3R1|r|1_|40%swrosesl*mldread
— M . Stokes.

Donald G. Miller. The Validity of Onsager’s Reciprocal
Relations in Termary Diffusion.

Page 767. In equatlon (1), "ad —be = 0”7 sl’mldread

ad — be ~ 0. the equations below equat ), there
sl*mldbespmsbeforecd o ands. nTabIeI head-
ings LHS; and RHS™ should read LIIS (1), RHS @D. In
footnote (- ), mi and Fishouldreadwm , and v,.  In footnote
(9). lire 5, the two subscript | ssl’mldbereplaoedbyls—

.. Miller.

In Table 1, the entries for HC1 in 20% sucrose
4, r = 0.674/; and those for
| “A'= 1538,r = 0.361.7

Donald

B. J Steel, Jean M. Stokes and R. H. Stokes. Indi-
\\;I\'géal lon Mobilities in Mixtures of Non-electrolytes and
.

Page 1515. The first entry in Table IV (lor H+in 20%
sucrose) should read “H+ X = 2392, r = 0.684 (see correc
tionony,. 498)— . H. stokes.

1959, Vol. 63
St OF the. Enary, et Systorh Earitrn Porchiore.
i em um Perchlorate-
Potassium Nitrate. st
Page 94. The authors state:  “A value of —135 kcal/
nole wes given for the heat of the reaction 2KNO; +
Ba(Cu) 4)2 -*m Ba(N03)2 + 2KC10. at 325°C. The corrected

value is —16.5 kcal./mole.  The entropy necessary
to meke the free energy of this reaction zero wes
given as —22.5 cal./deg./mole, wheress the corrected value

is —27.5 cal/deg/mole—sau. Gordon.

| S Eré;rg o mm Separa
ons lon ranes. |.
tion of Rare Earth Mixtures, and of 'ITlorlumRare Earth
Mixtures Using Eﬂ'lylenedlamnetetraaoetlc Acid.

Separatlmoflvmalreaj ‘ref. 2.”

Page 257. The numerator part of equation (3) should

%Mel)/ I\/Iez%'abl 1, thehead readli ift and
e i i oi

on” should read “0R and <& %o m‘loagblell the

hea:li?s reading * «", «nj, should read * “ ™

082 off, ocii” Then |nTabIeII Expt 12, last colunm,

for “1.36” read “1.86."—P. k rumnors.

Concetto R Giuliano, Newton Schwartz and W. K. Wil-

marth. The Chemistry of Inorganic Free Radicals.
Il. The Pe sulfate Induced Exchange of
Atoms r and Molecular Oxygen and Evi

Regarding the Acidity Constant of the Hydroxyl Radical.
Page 354. Equation (3) should read
k
1 In( - F) [+ (FgF.A]
Page 355. A revised Fg. 1 should be substituted:

io-3 io-2 10-3 10
(OH-), H.
Hg 1

W. K. WTimarth

Donald G. Miller. Temary Isothermmal Diffusion and the
Validity of the Onsager Reciprocity Faelations

Page 570. The author notes that: uations 5, 13, 14
and 15, and the Ly entries in Table 111 al havefhewong
sign  This does not affect conclusiors nor the absolute

nunrerical values of any tabulated quarttities.”  InTables 1
and V the romen nueral | should be ied in the headt
| ngs. InfootmteachabIeV 10~-RT d read 10-*RT.

ecualltles (23% e e o|5b7e8|ré|'o|f'laoqg&J 'Syrf‘fé‘o JntE

Mitter.

Peter J. Dunlop. Data for Diffusion in a
Solution of the System NaCI-KCMEOQ at 25°. A Test of
the Onsager Reciprocal Relation for this Composition.

Page 612 In col. 1, last lire of paragraph 3, for “ref. 17

Pege 614 I ek "n(e%)f?r Sberin oy read

n ion (s b) for ri
“ Ci&o.i-’ aglqe I, Bn mld e 8t05732 and ftx

should be003892 The values in Table IV now become:
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'
r,2
ra
T22

(LDox r T x 109

(Li10o x r T x

% ~exp

109

0.037s
0.013!
0.013!
0.005,
-3.9s
-3.6s

-7.9

Communication to the Editor

mu/(R T) 1.243s
W (RT) 0.4826
M2,/(RT) 0.4500
W (RT) 1.103s

(Ln)Ox r T x 109 13.1s
(L2ox r T x 109 18.79

615 Inaoal. -, line 19, for «<7.4% » read *—7.9%.”

In cdl. 2, line 15 from the end, for “KCl-urea-H0" read

“rafﬁrme'urea‘HO.”—P eter J D unlop.

C. Botre,
Micelle Format

V. L Orescerzi and A Mele. A Study on _ Kurt A

ion in Colloidal Electrolyte Solutions.
Page 652. Equations (1) and (2) should read:

a = ¥{Cy

nach) @

1903
“0.04%.”

Vol. 63
_ ya i 7O~ @
P. Krumholz. Spectroscopic Studies on Rare Earth
nds. Ill. The Interaction between Neodymium
mmate lors.

Page 1314. In Table I, the term“(e —e0) X 103’ inthe
table headings should read

holz.

“= —eo) X 10:."—P. K rum-

Kraus and Richard J Raridon Tenperature

of Somre Cation Exchange Equilibria in the

Range 0 to 200°.

In cal. 2 line9 belowHg. 1, for “0.7%” reed
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THE PRODUCTION OF CHEMICAL ABSTRACTS

This informative 130 page clothbound vol-
ume describes for the reader the interwork-
ingsofthe world’s largest and most successful
abstracting undertaking.

All scientists and organizations interested in
producing abstracts and/or indexes wall find
this book on the production of CHEMICAL
ABSTRACTS an invaluable aid.

« Increasingly, authors are asked to
prepare abstracts of their papers
to accompany thecomplete papers
when published in primary jour-
nals.

= Scientists must frequently index
their own books.

e Industrial organizations routinely
build collections of abstracts and
indexes with emphasis on their
own special interests.

CA Today tells how source material is gath-
ered, explains the assignment of abstracts,
and the problems of recording, editing, and
classifying abstracts. Indexing procedures
are explained, methods of printing are dis-
cussed, and research, administration, housing
and equipment, nomenclature, and records
are amply described in separate chapters.
The total concept behind the development of
successful abstracting is presented for the
first time in one reference,

v

Clothbound............ 130 pages. ... $3.50

order from
Special Issues Sales
AMERICAN CHEMICAL SOCIETY
1155 16th Street, N. W., Washington, D. C.

Announcing a new book by
arenownedinvestigator.,.

Clark’'s O XIDATION -
REDUCTION
POTENTIALS OF
ORGANIC SYSTEM S

“Although more than 100 tables are re-
quired to summarize existing data on groups
of organic oxidation-reduction systems, the
number of systems so far studied success-
fully by the methods here outlined is very
small relative to the number in the whole
field of organic chemistry. On the other
hand are two exciting facts. With the in-
creasing number of enzymes being isolated
in nearly homogeneous states, biochemists
have at hand enlarging means of bringing
about equilibrium between two oxidation-
reduction systems. If the standard poten-
tial of one of these systems is known, it and
the constant for the equilibrium may be used
to calculate the standard free energy change
for the other. Also it may happen that an
enzyme will accelerate to a state of equi-
librium a reaction between an electro-
motively inactive system and a ‘mediator’
that is electromotively active. In such a
case potentiometric measurements can,
under proper conditions, be interpreted as
applying to the inactive system.”— Preface

Contents: Pertinent thermodynamics. Con-
ventions and definitions. Electromotive force
and cell reaction. Rectification of titration
curves. Modifications of primary equations in
formation of dimers (and) intermediate free rad-
icals (“semiquinones”). Formation of coordina-
tion compounds. Junctions between dissimilar
solutions. Standard hydrogen half-cell and
standardization of oxidation-reduction po-
tentials and pH numbers. Techniques. Criteria
of reliability. Compilations of data.

By W. Mansfield Clark, Ph.D., Se.D., De-
Lamar Professor Emeritus of Physiological Chem-
istry and Research Professor of Chemistry, The
Johns Hopkins University

Ready early 1960 < Approx. 600 pp., 83 figs.,
100 tables = Probable Price: $10.00
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CHEMISTS
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Lockheed Missiles and Space Division has a number of important,
research positions for experienced chemists at its new facilities in the
Stanford Industrial Park, Palo Alto, and Sunnyvale, California. This
location, on the beautiful San Francisco Peninsula, is one of the
choicest living areas in the nation.

The Division is widely diversified in its work, with complete
capability in more than 40 areas of science and technology—from
concept to operation.

Career opportunities are available for chemists with the following

background:

physical-organic
CHEMISTRY
Ph.D. required with post-doctoral
experienceininstrumental analytical
techniques including infrared, ultra-
violet and mass spectroscopy.

Experience in gas chromatography,
X-ray and electron diffraction work
desirable.

INORGANIC CHEMISTRY
Ph.D. with 5 years’ experience in gas
solid reaction kinetics, intermetallic

compounds and electronic properties
of matter.

ANALYTICAL CHEMISTRY
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experience in the development of
microchemical techniques. Experi-
encein X-ray and electron diffraction
work desirable.

ELECTROCHEMISTRY

M.S. with background in corrosion
effects. For work in the development
of surface treatments of metals and
basic work on surface reaction kinet-
ics. Knowledge of X-ray and electron
diffraction techniques desirable.

ORGANIC CHEMISTRY

M.S. or Ph.D. with backgroundin
formulation of elastomers. Should be
thoroughly grounded in the molecu-
lar resistance of substances tovarious
environments.

ORGANIC CHEMISTRY

Ph.D. with experience in reinforced
plastic area. Should have ability to
relate physical requirements to mod-
ifications in molecular structures.

*PHOTO CHEMISTRY
Ph.D. with background in experi-
mental techniques in the field of
photo chemistry.

*PHYSICAL CHEMISTRY
M.S. or Ph.D. with strong back-
ground in the theory of catalysis and
experience in developing catalysts.
Fundamental knowledge in solid
state chemistry, physics or surface
chemistry desirable.

*ELECTROCHEMISTRY
Ph.D. required.

*For work on a high priority project in
the field of energy conversion.

FOR INFORMATION regarding these positions, please write Research and
Development Staff, Lockheed Missiles and Space Division, Dept. L-99, 962 West
El Camino Real, Sunnyvale, California. U. S. citizenship required.

L ock heed , MISSILES AND SPACE DIVISION

Sunnyvale, Palo Alto, Van Nuys, Santa Cruz, Santa Marla, California
Cape Canaveral, Florida—Alamogordo, New Mexico —Hawaii
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