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6L XNODE CUSTOMERS
NOW BENEFIT FROM THE
RESULTS OF OUR RESEARCH

As suppliers to major chlor-alkali

producers here and abroad, it is part of

our responsibility to employ the most

modern research and development techniques
in the constant improvement

of GLC anode quality.

Our customers are now reaping the rewards of past
explorations in terms of economical performance markedly superior
to the standards of yesteryear.

Electrolytic cell operators, from their own experience, are
becoming increasingly aware of the superior performance of GLC
custom made anodes—a superiority that becomes even more
marked at high current densities.

Our special anode production and research facilities have
as their goal still better quality and higher performance
characteristics for the GLC anodes of the future. In this way
we hope to merit an increasingly important role in our
partnership in your progress.
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One of a series

New Light on a Compound Semiconductor

Pictured is a new and unusual transistor . . . made from a compound
semiconductor. Its electronic properties are greatly affected by light. It is
a field-effect transistor having input impedances up to 100 megohms
(versus 1,000 ohms for junction transistors). Its unique combination

of properties has enabled it to perform some novel circuit functions

not possible with other transistors.

Still in the early experimental stage, this phototransistor is a

tangible result of the General Motors Research Laboratories’ program on
semiconductors — particularly the group II-VI compound,

cadmium sulfide. Behind its development lies the steady accumulation
of (1) know-how in crystal growing, doping, and contact

preparation and (2) information about CdS’s intriguing solid state
properties (red or green luminescence, high photoconductivity,

short relaxation times, etc.).

For the researcher, this three-terminal device is adding a new dimension
to the fundamental understanding of semiconductors. For instance:

GM Research scientists have uncovered the important role of
photo-generated holes in modulating the conductance of this intrinsic
semiconductor and have determined the hole drift mobility

through a new theoretical analysis.

These semiconductor investigations illustrate the dual aim of GM
Research: contributions to the science, advances in the technology of
important new subject areas. Such research is the initial step in
General Motors’ continuing quest for “more and better things

for more people.”

General Motors Research Laboratories
Warren, Michigan
Typical Output Characteristics

Gate Voltage=0

diffused oate
copper p-type
junction

source

n-type CdS
single crystal

Drain Cuirent—Microamperes

20 4
Drain Voltage
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Structural uniformity?

Judged by Cell Maintenance Costs Alone,

the highly stable impregnants used in Stackpole
GraphAnode reduce diaphragm clogging to a
bare minimum. The graphite is consumed
slowly and evenly. Because GraphAnode anodes
present uniform, low-porosity surfaces to the
electrolyte, the graphite does not slough off to
clog the diaphragm or to contaminate the cell.

Cell Voltage?

Pounds consumed per ton of
chlorine produced?

Stability of treatments?

Judged by Anode Cost and Performance,

Stackpole GraphAnode proves second to none
whether you figure in terms of anode life, or in
tons of chlorine produced per pound of graphite
consumed. You get maximum anode life. . .
and with the added advantage of low cell volt-
ages. Stackpole engineers stand ready to offer
a convincing demonstration on your equipment.

Stackpole Carbon Company, St. Marys, Pa.

CATHODIC PROTECTION ANODES e FLUXING & DE-GASSING TUBES e SALT BATH
RECTIFICATION RODS e ROCKET NOZZLES e RISER RODS ¢ GRAPHITE BEARINGS
& SEAL RINGS e ELECTRODES & HEATING ELEMENTS e WELDING CARBONS e
VOLTAGE REGULATOR DISCS o ""CERAMAGNET''® CERAMIC MAGNETS o ELECTRICAL
CONTACTS o BRUSHES for all rotating electrical equipment ® and many other carbon,

graphite and electronic components.
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Fditorial

Federal Aid for School Construction

F OR several years, the National Congress has debated the advisabil-
ity of appropriating funds to aid in the construction of new schools. Before the July
recess, a bill came close to adoption. After Congress reconvened, there was so much
unfinished business that the school bill has probably been laid aside until 1961.

The debate has been spurred by the unprecedented number of children and the
presumed inability of local communities to finance enough new schools. Everyone
agrees that the nation as a whole is wealthy enough to provide excellent education
for all its children. In fact, in these days of international competition and threats, it
is almost imperative that all young people receive as much schooling as possible, and
that the most capable ones continue with higher education with a view to enter-
ing professional careers. The Federal Government is already supporting higher edu-
cation in various ways. Should it now collect taxes and feed them back to the States
to aid the elementary and secondary school system, or can the States and local com-
munities do better without such paternal aide?

One editor says: Adequate money for new schools . . . can only come from Wash-
ington. Someone else estimates: There is now a nation-wide shortage of 140,000 class-
rooms. On the other hand, an official of the U. S. Chamber of Commerce says:
Throughout the 1950’s, classrooms have been built almost twice as fast as enrollment
has increased; during the 1960’s enrollment will drop. Evidently, there is much dis-
agreement as to actual needs. We all know cases of inadequate, over-age, dilapi-
dated schools, over-crowded classes, double sessions. Is this because of a real short-
age of ability and wealth in the community, or is it because the officials, and the tax-
payers, are reluctant and unwilling?

Let us cite the case of one rapidly growing community. During the last 20 years,
taxes (in dollars) have been increased as much as 650% on residential properties
(which received only normal maintenance). Much of the increase has been for
schools; in fact 11 tax points out of 15 are, at present, for the school budget. The com-
munity still does not have its own high school. and must build, equip, and staff one
soon. Should Federal funds be made available, for the construction at least ?—Actually,
the residents are well able to find the necessary funds themselves; true, a few more
elderly people may be forced out of the homes where they have spent most of their
lives. There are, no doubt, many communities in much less favorable positions.

Many people would favor federal financing of new schools and even of teachers’
salaries, if they could be assured that this would be no entering wedge for Federal
control or enforced standardization in any form. On the other hand, the Govern-
ment has been accused of far too lax control in handing out funds for worthy pur-
poses, recently and notably in the present long-range highway construction program.

If Government must become entangled in the financing of the public school sys-
tem, it would seem more realistic to undertake a much less ambitious program of
making small grants and low-interest loans to needy communities, after careful in-
vestigation by a committee of truly high standards, such as the Conant Committee.

—CVK
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Sylvania CR-407 phosphor, a totally new phosphor,
offers outstanding characteristics in adherence, con-
tamination, and ion burn resistance, and brightness
that promise to put a new glitter in your TV picture
tube quality.

One long-sought-after characteristic, superior adher-
ence during the rewetting cycle, has been developed
into this new phosphor. Sylvania CR-407 phosphor
offers up to 20% better adherence than any phosphor
now commercially available.

Another reason: Sylvania CR-407 phosphor provides

LVANIA
CR-407
PHOSPHOR

to brighten the face of

TV

greater contamination resistance than phosphors avail-
able in production quantities.

Advances like these are common at Sylvania. The
Chemical & Metallurgical Division is fully equipped
to provide extensive engineering research in a wide
variety of technological areas. We are continually
secking new and better materials to help you make a
better, more stable and salable product. For addi-
tional information on Sylvania CR-407 phosphor, write
Chemical & Metallurgical Division, Sylvania Electric
Products Inc., Towanda, Pennsylvania.

SYLVANIA

Sussidry of GENERAL TELEPHONE & ELECTRONICS &)
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The SARGENT Model XV
RECORDING POLAROGRAPH °

S ARGENT T

offers you—

® FULL 10 INCH
CHART

® 1/10% ACCURACY
OF
MEASUREMENT

® TEN STANDARDIZED
POLARIZING RANGES

This new Sargent Polarograph gives you a Current Ranges: 19, from .003 to 1.0 uA/m}'n.

large 250 mm (10 inches) chart and the highest Current Sensitivity:  standard specifications, 10 p,A/.mm. ) .

accuracy and current sensitivity at the lowest P’J"I’;:_"" Ranges, 8 ttg :;’ :; ttg :f’ ;f t[g :? L tg tg; 4—;—1"—5'5;0—?%

price of any pen writing polarographic instru- lul:n:i.ng Speed: standarci, 10 seconcfs; 1 second ‘or 4 seconds c‘thional.‘ )

ment on the market. Bridge Drive: synchrﬁ)nous, continuous repeating, reversible; rotation
. : . time minutes.

It offers you optimum sp ec}ﬁc.atlon§ based on Chart Scale: current axis, 250 mm; voltage axis, 10 inches equals one

over twenty years of leadership in design, manu- bridge revolution.

facture and service in this specialized field of Current Accuracy: 1/109,

analysis. Voltage Accuracy: %%

"Phé:polarographiic methed is capable of repro- Chart Drive: ?;:f:;:fous' 1 inch per minute standard; other speeds

ducibility to 1/10% and analytical accuracy to Writing Plate: 10% x 12% inches; angle of slope, 30°.

%%. To make use of this facility, the instru- Standardization: manual against internal cadmium sulfate standard cell

ment must be accurate to 1/10%, and chart for both current and voltage.

space must be provided for recording large Damping: RC, four stage. .

steps to achieve measuring precision. We strongly :"" . ball %gmlt; Leroy type °f;t‘°nal' 1 461

advise against the purchase of any polarographic b o :fd?ﬁci‘;;‘cta?g'g:%é):v“:;cc:l‘; y cell powered, 6 times

Instrument using miniature (5 inch) charts and Potentiometric Range: 2.5 millivolts, usable as general potentiometric recorder.

low gain balancing systems in the 1%, order of Finish: case, enameled steel; panels, anodized aluminum; writing

precision. plate, polished stainless steel; knobs and dials, chromium

This Model XV is adaptable to 10° M deter-  pimensions: petet

minations with the $-29315 Micro Range Net Weight: 65 pounds.

Extender. Catalog number $-29310 with accessories and supplies. . . .$1585.00

SRegluered Trads Mark (Pat. No. 2,931,964) For complete information write for Sargent Bulletin P

_ S‘ \I ‘ G E N I SCIENTIFIC LABORATORY INSTRUMENTS © APPARATUS o SUPPLIES © CHEMICALS

E.H. SARGENT & CO., 4647 W. FOSTER, CHICAGO 30, ILLINOIS
DETROIT 4, MICH.s DALLAS 35, TEXAS » BIRMINGHAM 4,ALA.+ SPRINGFIELD, N.J,
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FUTURE MEETINGS OF
The Electrochemical Society

®

Houston, Texas, October 9, 10, 11, 12, and 13, 1960

Headquarters at the Shamrock Hilton Hotel
Sessions will be held on
Batteries, Corrosion, Electrodeposition,
Electrodeposition—Electrothermics & Metallurgy
Joint Symposium on Vapor Deposited Coatings,
Electronics (Semiconductors),
and Electrothermics and Metallurgy

* Kk X

Indianapolis, Ind., April 30, May 1, 2, 3, and 4, 1961
Headquarters at the Claypool Hotel
Sessions probably will be scheduled on
Electric Insulation, Electronics (including Lumi and
Semiconductors), Electrothermics and Metallurgy,
Industrial Electrolytics, and Theoretical
Electrochemistry

* * %

Detroit, Mich., October 1, 2, 3, 4, and 5, 1961
Headquarters at the Statler Hotel

* * *

Los Angeles, Calif., May 6, 7, 8, 9, and 10, 1962
Headquarters at the Statler Hilton Hotel

* Kk X

Boston, Mass., September 16, 17, 18, 19, and 20, 1962
Headquarters at the Statler Hilton Hotel

Papers are now being solicited for the meeting to be held in Indianapolis, Ind., April 30-May
4, 1961. Triplicate copies of each abstract (not exceeding 75 words in length) are due at Society
Headquarters, 1860 Broadway, New York 23, N. Y., not later than January 2, 1961 in order to be
included in the program. Please indicate on abstract for which Division’s symposium the paper is to
be scheduled, and underline the name of the author who will present the paper. Complete manu-
scriEts should be sent in triplicate to the Managing Editor of the JourNAL at 1860 Broadway, New
York 23, N. Y.

Presentation of a paper at a technical meeting of the Society does not guarantee publication in
the JourNaL. However, all papers so presented become the property of The Electrochemical Society,
and may not be published elsewhere, either in whole or in part, unless permission for release is re-
quested of and granted by the Editor. Papers already publis]?ed elsewhere, or submitted for publica-
tion elsewhere, are not acceptable for oral presentation except on invitation by a Divisional program
Chairman.
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in a new form '

ANACONDA

“PLUS-4”

phosphorized copper anodes

B
N S
m‘v
A T T T T T T S
| S At

CURVED ANODES

for plating cylinders faster and more uniformly

To make anode surfaces parallel the rotogravure

cylinder being plated, and to fit the curve of the current-

carrying slings, Anaconda “Plus-4” phosphorized copper

anodes are now extruded to precisely curved shapes.
Conventional ‘Plus-4"

rectangular phosphorized copper
copper anodes curved anodes

=

This design offers possible cost savings and improved
cylinder quality.

. Itis reported that very uniform deposits are obtained
from these specially shaped anodes, thus helping to
cut finishing costs. The solution of the anode is also
more uniform, thereby reducing the scrap.

238C

For more information, write: Anaconda American Brass
Company, Waterbury 20, Conn. In Canada: Anaconda
American Brass Ltd., New Toronto, Ont. 60108

NO EXTRA DIE COST l‘—lx_:;nl’lws

Simply specify inside '(
radius of anode. 1\/

“Plus-4"® phosphorized copper anodes

ANACONDA

Anaconda American Brass Company



Separation of the Defect Concentration and Diffusion Coefficient

in lefusmn Limited Sculmg Reactlons

Arthur J. Rosenburg

Lincoln Laboratory, Massachusetts Institute of Technology, Lexington, Massachusetts

ABSTRACT

st

quantity DC,, where D and C, are the diffusion coefficient and the solubility
of the defect whose motion through the growing scale is essential to continued |

reaction. In order to separate D and C,, recourse is usually made to an inde-

/ In diffusion-limited scaling reactions the rate constant is proportional to the {

pendent measurement of one or the other, which is a difficult and frequently
unreliable procedure. A new technique is proposed which permits the accurate
and simultaneous determination of D and C, from reaction rates alone. The

method is based on the controlled interruption of a scaling reaction and

possesses a rigorous internal check. It is applicable in principle to any such

reactio

and the necessary mathematical formulation is presented in a con-

venient analytical form. Conventional experimental techniques can be used

when C, >> 10" ecm™. The treatment is illustrated for the oxidation of InSh.

In diffusion-limited scaling reactions, of which
the oxidation of metals provides the most familiar
examples, direct contact of the reactants is pre-
vented by the formation of a protective scale at the
reaction interface. Once such a scale is formed,
continued reaction is made possible by the motion
of atomic defects through it. Thus, in the oxidation
of a metal surface

[1]

the formation of a nonporous film of M,0. on the
surface prevents direct access of the oxygen to the
underlying metal, but the diffusion of metal or
oxygen defects, interstitial atoms or lattice vacan-
cies, charged or uncharged, through the film lets
the reaction proceed. One such defect predominates
in a given oxide, and the rate at which the film
continues to grow is given by (1, 2)

dX/dt =k X™* kZQD(CO—Cl) [2]

where C, is the equilibrium concentration of the
defect at the interface where it originates, and C,
is the equilibrium concentration at the interface
where the reaction is completed. D is the diffusion
coefficient of the defect and is assumed to be inde-
pendent of concentration. X is the film thickness,
and Q is the increase in the volume of the film
which occurs when one defect completes its reac-
tion® Equation [2] assumes that space-charge
effects at the boundaries of the oxide can be neg-
lected. This is always the case for uncharged de-
fects, and holds for charged defects when X >>
(x kT/8me’C,)'* where « is the dielectric constant of
the oxide (usually =~ 10), e is the electronic charge,
and the other symbols have their usual meanings.

uM + ;;og — M,0.

1The work reported in this paper was performed at Lincoln
Laboratory, a center for research ts Insti-
tute of Technology with the joint support of the U. S. Army, Navy,
and Air Force.

2Present address: Materials Research Division, TYCO Incorpo-
rated, Waltham, Mass.

3 If, for instance, the defect is a metal atom, @ is 1/y times the
volume of an M,O: molecule,

795

|
|

Upon integration Eq. [2] gives the familiar para-
bolic growth law

X* = 2kt [31
It applies in principle to all reactions which are
controlled by the diffusion of defects through a
scale which deposits at the interface between the
reactants. The reactants may be solids, liquids, or
gases, and the scale may be solid or liquid, but
solid scales -at gas-solid, gas-liquid, liquid-solid, or
liquid-liquid interfaces are most frequently en-
countered.

Since C, is generally much larger than C, and Q
is usually known, measurements of the parabolic
rate constant k give the product DC, directly. By
itself, however, this quantity is of little theoretical
value. In order to separate D and C, which have
fundamental significance, independent measure-
ments of D or C, are required. These measurements
are not only very difficult to make but are inconclu-
sive unless differences in sample structure and
purity are demonstrably negligible.

It is the purpose of this article to discuss a simple
experimental method for simultaneously determin-
ing the quantities D and C.. The method uses reac-
tion rate measurements only and is applicable in
principle to any scaling reaction described by Eq.

[21.

Theory of Interrupted Kinetics of Diffusion-
Controlled Scale Formation
We shall consider the generalized reaction

aA+bB=S [4]

where the product S forms a flat, nonporous scale
which separates the reservoirs containing A and B.
It is assumed that a defect enters the A/S interface
(x = 0) and diffuses to the S/B interface (x = X)
where it completes the reaction with B causing an
increase, Q, in the volume of the scale. Since the
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(a) INTERSTITIAL A ATOMS OR B ATOM VACANCIES

C(x) DURING INTERRUPTION
o

x= x=X

Fig. 1. Concentration of defects in a scale (S) interposed be-
tween A and B during the reaction aA |- bB =S. In each case
it is assumed that the supply of B can be interrupted while that
of A is held constant,

diffusion of the defect controls the over-all rate,
the reaction at each surface goes to equilibrium.
The equilibrium concentration of the defect at x =
0 is C, while that at x = X is C, (Fig. 1a). At inter-
mediate positions in the scale the concentration is
C(x); if the diffusion coefficient of the defects is
independent of C(x), the latter is a linear function
of x as shown in Fig. la.

Assume that the film has reached a thickness, X,
and that its rate of growth is given by Eq. [2]. Let
the concentration of B in its reservoir be reduced
to a concentration which puts reaction [4] at equi-
librium. (In a metal oxidation this weuld corre-
spond to reducing the oxygen pressure to the dis-
sociation pressure of the oxide.) The defects
continue to enter the film at * = 0 but are no
longer removed at x = X. Their concentration ap-
proaches C, throughout the film, and the reaction
stops (Fig. 1a).

If the concentration of B is now suddenly raised
to its value prior to the interruption, the flow of
defects is resumed and the original concentration
distribution is re-established. If C.X is large enough,
the restoration of the concentration gradient should
resolve itself as a relatively fast initial uptake of B
followed by a gradual return to the rate observed
prior to the interruption.

Mathematically, the rate after the interruption
can be treated as follows. In addition to requiring
that D is independent of C(x) and that the surface
is flat, it is assumed that X >> @ C, (so the in-
crease of X during this phase of reaction is negligi-
ble), and that defects can be created or destroyed
only at x = 0 and x = X. Then at a given tempera-
ture,

iC(x) _ | #C(x)
at ax*

[5]

with the boundary conditions that
C(x) =C, for all x

C(x) =Ciatx=0
and when t > 0 [6]
C(x) =Ciatx=X

when t =0

October 1960

where t is measured from the readmission of B to
the system. The equation is readily solved by stand-
ard techniques (3) giving

Co—C)z 2 N Cicosnm—C
) = DO 2 30 G oosme— G
X T 1 n
. 'mrxe "y 4C, in(2m + 1)
sin o sin
T o 2m+1
x
— e-D'em+n?t T
X [7]

where D' = D»*/X°.

By taking the derivative of C(x) with respect to
x, evaluating it at x = X, and integrating from t =
0 to t = t, one obtains an expression for A, the
number of defects crossing unit area at x = X in
time t. U

t
aC D(C,—C,)t
aep [ () s DGz
o 0x / ox X

-2 Sra-ac s [2]

> 1

o (2m+1)*

[e>n'n9¢ — 1] + 4C:X [e-n'wmm"’: = 1]

[8]
For most practical purposes C, >> C, and Eq. [8]
reduces to
0

oA =212 (—;ﬂl)"_‘lz 1

XC o (2m+1)®

-1
—Dt+2 2 (n, )" gt

1
4 - e-Gmat [91
* 2 2m+1)* =
Equation [9] has been solved numerically with
the results given in Table I. The equation has two
simple limiting forms. At the beginning of the re-
action

A= Bt” (t<<X/D) [10]
where
B =1.12D"C, [10a]
Later in the reaction
A=Q + Rt (t>X°/2D) [11]
where
Q = XC,/3 [11a]
and
R=DC/X [11b]

Therefore, while direct rate measurements can at
best give the product DC,/X (Eq. [2] or [11b]) the
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Table 1. Numerical solution for the diffusion equation of
interrupted kinetics, Eq. [9]

0

0
t—n"+iz 1 . Dt _izl—”"e_"zp,zg/xn
mo e Tamin: X g0 n?

0
4
R E . e-(nmn)?n:’t/xﬂ

w2 (2m+1)2
0

XCo

©
A 22

e
1

Dt/X? (Dt/X2) V2 A/XCo
0.02026 0.1422 0.159
0.03040 0.1744 0.195
0.04053 0.2011 0.226
0.05066 0.2250 0.253
0.06079 0.2466 0.276
0.07092 0.2664 0.299
0.08115 0.2845 0.320
0.09118 0.3020 0.339
0.1013 0.3183 0.357
0.1114 0.3338 0.375
0.1216 0.3485 0.392
0.1317 0.3629 0.408
0.1418 0.3765 0.423
0.1621 0.4026 0.453
0.1824 0.4272 0.480
0.2026 0.4501 0.507
0.2229 0.4720 0.532
0.2432 0.4930 0.556
0.2837 0.5325 0.603
0.3242 0.5694 0.647
0.3647 0.6038 0.691
0.4053 0.6366 0.733
0.5066 0.7117 0.837
0.6079 0.7795 0.939
0.7092 0.8422 1.041
0.8105 0.9002 1.142
0.9118 0.9549 1.243
1.0132 1.0065 1.344

interrupted rate measurements give additional ex-
pressions for DY*C, (Eq. [10a]) and XC, (Eq.
[11a]). A separation of D and C, is thus effected;
in terms of the parameters in Eq. [10] and [11]
one obtains

0.8 B
Co=z = [12]
Co=3Q/X [13]
RX \?
D =125 (B—) [14]

It is clear from Eq. [12] and [13] that the parent
Eq. [9] is overdetermined, since three independ-
ently measurable experimental quantities, B, Q,
and R, must be quantitatively described with only
two adjustable parameters, D/X* and XC,. The en-
tire formalism thus possesses the rare and won-
drous quality of a rigorous internal check.

Experimental Procedure

The use of interruption kinetics depends on the
feasibility (i) of reducing the concentration of B
to its equilibrium value, and (ii) of measuring the
arrival of defects at the S/B interface. Both are
quite easily accomplished.

(i) The supply of B to the B reservoir can sim-
ply be cut off. The reaction then automatically pro-
ceeds to equilibrium, the scale acting as a sink for
the residual B. If the reservoir is large, it may be
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evacuated or flushed with inert gas or liquid (de-
pending on the system) and then closed off. The
scale then acts as a source of B (by partial decom-
position) and the concentration again adjusts to the
equilibrium value. In most cases the latter is small
enough so that the required decomposition is negli-
gible.

(ii) When a defect reaches the outer interface it
immediately reacts with a stoichiometric number of
B atoms. The two kinds of atomic defects which can
originate at * = 0 are interstitial A atoms or B
atom vacancies. When the former reach x = X they

b
will combine with — atoms (cf. Eq. [4]) while the
a

latter will combine with one B atom. In either case
the depletion of B atoms from the freshly filled B
reservoir gives a direct measure of the arrival of
defects at * = X. Ag, the total depletion of B atoms
from the B reservoir after time, t, thus gives a
direct measure of A, the quantity in Eq. [9]-[11].
It should be noted that one may determine A by
measuring the increase in X, but this will generally
be very difficult.

The question naturally arises as to what pro-
cedure should be used to measure A if the defects
originate at the S/B surface, but, as before, the B
concentration is the only quantity which can be
varied and measured. The defects which can arise
at the S/B interface are B interstitial atoms or A
atom vacancies. Their concentration distribution
before and after the interruption of the supply of
B is compared in Fig. 1 with the case where the de-
fects originate at the A/S interface. The obvious
difference lies in the relative magnitudes of C, and
C.

It turns out, however, that Eq. [9] is completely
symmetrical and, with suitable changes in sign,
describes each of the four cases equally well. Pro-
cedures (i) and (ii) are thus applicable regardless
of the defect type, and the measurement of Ay again
gives a direct measure of A. In order to make the
treatment entirely general we shall redefine C, in
Eq. [9]-[13] to mean the equilibrium concentration
of the mobile defect at the interface where it origi-
nates when the reaction is proceeding normally.
This may or may not correspond to the concentra-
tion during the interruption.

Since A is the quantity which is actually meas-
ured, it is convenient to use it directly. If As is sub-
stituted for A in Eq. [9], [10], and [11], then, in-
stead of obtaining C, from Eq. [12] and [13], one
obtains C,* whose relation to C, is summarized in
Table II. The value of D is entirely independent of
the units of A.

Use of Eq. [9]1-[14]

The most convenient way to use Eq. [9]-[14] will
be illustrated with recent data obtained on the oxi-
dation of the intermetallic compound InSb where a
thin protective scale of In,O; is formed (4). A
monocrystalline specimen exposing 4.0 cm® of flat
surfaces was oxidized at 342°C and 0.3 mm oxygen
until the total oxygen uptake was 5.76 x 10" atoms
em™ The sample enclosure was evacuated and
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Table I1. Relation between C, and C.® in the reaction aA -+ bB

Defects originating at A/S interface

1. Interstitial A atoms Co = iCu"
9
2. B atom vacancies Cy=CS
Defects originating at S/B interface
3. Interstitial B atoms Co=C"
a
4. A atom vacancies Co= —b-Co“

closed off for 15 hr without changing the tempera-
ture. Oxygen was then readmitted and the uptake
measured by following the small pressure change
at constant volume with a thermistor manometer.
The results are plotted vs. t/* and t in Fig. 2a and
2b.

As expected Fig. 2a is linear at small times, while
Fig. 2b becomes linear at the longer times, and the
rate approaches the value observed just prior to the
interruption. The intercept of Fig. 2a is not zero.
The value of the intercept, designated Z, can be
treated as an additive constant for which a correc-
tion must be made in any expression containing As.
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e LS
‘e
x
o
5
S /
P
= -
g2 " 7
I Q+2) %
z ///
i -
e
8
& o3
° 100 200 300

MINUTES

A,,0XYGEN ATOMS /cm?x 10™®

+/(minutes)

Fig. 2a (top), Fig. 2b (bottom). Interrupted oxidation of InSb.
The uptake of oxygen was measured after a 15-hr interruption
of the reaction at 342°C, p,, = 0.3 mm, and X ~1.24 x
10 cm. The time is measured from readmission of oxygen.
The solid curves represent the solution of Eq. [9], modified by
the inclusion of the additive constant, Z (see text).
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From Fig. 2a and 2b one finds B, the slope of Fig.
2a to be 8.60 x 10" oxygen atoms cm™ min™*; R,
the slope of Fig. 2b to be 4.92 x 10* oxygen atoms
cm™ min™', and Q, the intercept of Fig. 2b minus Z,
to be 4.04 x 10" oxygen atoms cm™. From Eq. [14]
one obtains D/X* = 4.09 x 10° min™. From Eq. [13]
one obtains XC,* = 1.212 x 10" oxygen atoms cm™.
From Eq. [12] one obtains XC,* = 1.202 x 10" oxy-
gen atoms cm™. The close agreement of the two
independent values of XC,® provides the most im-
portant confirmation of the diffusion mechanism,
and presages an excellent over-all description of
the data by Eq. [9].

Substituting the value of D/X* and the average
value of XC,® into the column headings of Table I,
one obtains values of Ay vs. t and t* for the entire
range of t. Adding Z to these values of A, plotting
the results, and drawing a smooth curve through
the points, gives the solid curves in Fig. 2a and 2b.
The applicability of Eq. [9] is clearly verified in
this case.

Values of D/X* and XC,® are thus obtained with-
out reference to the chemistry or the thickness of
the scale. Knowing X, one can obtain D directly. In
order to determine C, however, one must know
both X and the identity of the defect. The quantity
X may be determined independently, or by using
the total oxygen uptake combined with the stoi-
chiometry of the scale and its molecular volume.
For In,O, the uptake of 5.8 x 10" oxygen atoms cm™
corresponds-accordingly to ca. 1.24 x 10~ cm.*

For reasons which are described elsewhere (4) it
is believed that the mobile defects are interstitial
In** cations arising at the InSb/In.O, interface. Thus

2
i = £y C,%. One obtains, accordingly’ D = 1.04 x

10™ cm® sec™, C.° = 1.22 x 10" oxygen atoms cm™,
C, = 8.1 x 10° In* ions cm™.

Practical Considerations

(i) The length of time for which the reaction is
interrupted must exceed X°/D if the equilibrium
concentration is to be attained throughout the film.

(ii) The quantity Q® = XC,*/3 must be con-
siderably larger than the sensitivity limit of the
analytical technique. For gaseous reactions the
sensitivity of microgravimetric methods is usually
about 10® atoms, while standard low-pressure
manometric techniques (thermistor or Pirani gauge)
permit measurements of 10* atoms. For practical
film thicknesses (< 10 p) and surface areas (< 10
em?), C,® must exceed ca. 10" em™. The use of larger
areas, thicker films, or very low-pressure tech-
niques, although less convenient, would extend the
practical limit of C,* to substantially lower values.
For practical reasons it is also evident that DCo’tmin
must be smaller than XC,°/3 where t... is the
minimum time before which a measurement can be
made after the readmission of B to the system.

(iii) When XC,*/3 is less than 10 atoms cm®,

4+ The geometric surface area to which the data is normalized is a
factor, F, (“roughness factor”) less than the true area. If F ~ 1.3
zs is believed to be the case for chemically polished InSb, the
corrected values of X, D, CoB, and Co are 9.5 X 10-¢ cm, 6.15 X
10-15 cm? sec-1, 1,57 x 102! cm-3, and 1.05 X 102 cm-3, respectively.



Vol. 107, No. 10

one may encounter spurious effects due to chemi-
sorption. Since chemisorption usually proceeds
much more rapidly than the diffusion reaction de-
scribed by Eq. [9], it will contribute an additive
constant to As in a manner analogous to that ob-
served in Fig. 2a.°

31In the case of InSb the effect is not thought to be associated
with simple chemisorption of oxygen (4).

Manuscript received Feb. 26, 1960.

The Electrical Properties of Some Natural Waxes
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Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1961 JOURNAL.
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— ABSTRACT

The dielectric constants and dielectric loss factors of Carnauba, Ouricuri,
and American Montan wax determined over a temperature range of —60° to
90°C and at frequencies of 0.1, 1, 10, and 100 ke, indicate that the component
omega-hydroxy acid esters rotate in the solid state in the temperature region
25°-70°. Furthermore, from dipole measurements, the molecules were found to

possess a trans-trans configuration. (

Recent advances in dielectric spectroscopy (1)
suggested that this might prove a valuable tool in
the determination of the nature of waxes. By di-
electric spectroscopy is meant the elucidation of
certain properties of materials in terms of their
molecular and atomic constituents through an
analysis of their dielectric constants and'dielectric
losses over a broad temperature (—100° to 200°C)
and broad frequency (dc to 10 cps) range. From
the discipline as it now stands, it is possible to
establish the presence and magnitude of permanent
electric moments in the component molecules and
to determine whether association exists. Certain
peaks and troughs in the loss spectra may also be
related directly to the molecular structure.

Using this technique, it has been found possible
to establish the essential molecular structure of
such naturally occurring waxes as Carnauba, Ouri-
curi, and Montan wax and to suggest why they be-
have the way they do in certain circumstances. In
each case, the dielectric constant and dielectric loss
factor were determined at frequencies between 100
and 100,000 cps at temperatures in the range —60°
to 98°C, and the dipole moments of each were cal-
culated from measurements made on benzene solu-
tions of the waxes.

Materials

The Carnauba wax used in these tests was de-
rived from a genus of palm known as Copernicia
Cerifera Martius. The wax was obtained from ma-
ture leaves and bears the commercial designation
“North Country No. 3” and the provincial name
“Gordierosa.” The solid was a hard, brown material
which melted abruptly at 79°C. It has a specific
gravity at 25°C of 0.9988. Chemically, Carnauba
wax is a mixture of alkyl esters (85%) and uncom-
bined acids, alcohols, lactides, and hydrocarbons.

Approximately 409 of the wax consists of omega-
hydroxy acid esters having the formula:

HO—C,H..C(0)O C.H.n+1

where n and m may be 18, 20, 22, or 28, (2). No
effort was made to separate the components of
Carnauba wax as it was the purpose of the work to
study the material as a mixture.

Ouricuri wax is derived from the undersurface of
the leaves of the palm tree known as Attalea
Excelsa Martisu. It is a hard, dark brown solid,
having a specific gravity at 25°C of 1.06661 and
melts at 69°C. The wax is considered to have the
following composition: alkyl esters (myricyl cero-
tate) and hydroxy esters total 61%, free wax acids
119, resin acids 4%, resinols 15%, hydrocarbons
7%, and residue 2% (2).

Montan wax is a brown-black solid extracted
from a California lignite. It has a specific gravity
of 1.020 at 25°C and melts at 77°C. It is considered
to be composed of esters of wax acids (53%) in-
cluding hydroxy acids. It resembles, therefore, the
Carnauba and Ouricuri waxes, (2).

Some of the properties of these waxes are tabu-
lated in Table I.

Experimental Methods

Each wax was melted and poured into an Elliott
cell (3) previously heated in an air oven to 100°C.
In actual practice the cell was modified by drilling
holes in the base so that dry nitrogen gas could be
passed around the electrodes and sample during
measurement, This effectively eliminated interfer-
ence by moisture condensation in the 0°C region.
The filled cell was removed from the

oven fa: llowad to cool to ture. Di-
electtic ﬁ‘d&&m ;‘?'ﬁzgqeﬂﬁt'}'(}q?,‘t’ijej‘tgrgir‘lfcy rom

LTSRN ’
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Table 1. Select properties of waxes

Chemistry Montan Ouricuri Carnauba

(A) Alkyl esters, % 53 61 85
(1) Hydroxy acid 12-14 P 55

esters, %

(B) Hydrocarbons, % 3 i 3
Specific gravity 1.020 1.0661 0.9988
Penetration, 150 g/ 0.06 0.10 0.08

5 sec/25°C
Melting point, °C " 69 79
Acid value 50-55 21-24 3

measurements on the General Radio 1610-A capaci-
tance bridge network. Measurements were made as
the samples slowly cooled from 95° to 25°C and as
they warmed from —60° to 25°C.

The resistance of each wax sample was measured
in the Elliott cell on a General Radio Type 544-B
megohm bridge in the temperature range of 25°-
95°C. Results are expressed in terms of the volume
resistivity of the sample in order to correct for the
resistance in the cell itself.

Dipole moments were calculated from measure-
ments on dilute benzene solutions of the waxes.
The density of each solution was measured on a
Seederer-Kohlbusch density balance and the re-
fractive index measured on a Spencer Refractom-
eter at 24°C. The dielectric constant was measured
in a two terminal Balsbaugh cell with a volume of
75 cc, at 24°C and 10,000 cps frequency. This fre-
quency is believed to be above the range of ionic
vibrations in the molecules, and the polarization
calculated is a result of induced and orientation
polarizations. The molar polarization and refraction
were calculated according to the Clausius-Mosotti
(4) and Debye (5) equations. This method involves
use of the relationships

_ ¢ —1 MN,+M.N,
=B d
=n*~1 M,N,+M.N.
and R = i s
n*+2 d

where P is the molar polarization, ¢ the dielectric
constant, d the density, M and N refer to the mo-
lecular weights and mole fractions of solute and
solvent, R is the molar refraction, and n is the re-
fractive index.

By linear extrapolation of the molar polarization
to infinite dilution the dipole moment of the mole-
cules is calculated from the relationship M = 0.0128
V/(P—R) T, where T is expressed in absolute de-
grees.

Dielectric Properties of Carnauba Wax

The dielectric constants ¢ and dielectric loss fac-
tors ¢ of Carnauba wax are listed in Table II and
are shown graphically in Fig. 1. At very low tem-
perature, the dielectric constant of Carnauba wax
is low (2.16-2.29) and differs only slightly at differ-
ent frequencies. As the temperature rises the di-
electric constant increases at first slowly (0.006/
degree) and then more rapidly (0.02/degree) until
a temperature is reached at which the dielectric
constant passes through a maximum and decreases
with further increases in temperature. Concomitant
with these changes in dielectric constant, there are
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TEMPERATURE °C

Fig. 1. Variation of dielectric constant ¢’ and dielectric loss
factor ¢” of Carnauba wax with temperature at 100, 1,000,
10,000, and 100,000 cps.

Table II. Carnauba wax

Frequency

1000 10,000 100,000
e & @ € ’ €

€

—58  2.17 0.000 2.16 0.000 2.19 0.000 2.19 0.000
—50  2.18 0.000 2.18 0.000 2.20 0.000 2.20 0.000
—20  2.30 0.000 2.29 0.000 2.28 0.000 2.28 0.000
—5 234 0.010 2.29 0.000 2.33 0.000 2.33 0.000
18 2,59 0.066 2.48 0.004 2.46 0.016 2.44 0.016
21  2.69 0.060 2.57 0.061 2.52 0.023 2.49 0.019
31 2.84 0.050 2.72 0.080 2.64 0.040 2.55 0.020
40 294 0.060 2.85 0.081 2.72 0.070 2.58 0.040
48  2.98 0.080 2.91 0.080 2.79 0.105 2.62 0.060
60 3.07 0.120 3.00 0.055 2.94 0.060 2.76 0.100
79  3.26 0.435 3.16 0.080 3.13 0.060 3.10 0.030
95 313 1.90 3.04 0.217 3.03 0.029 3.02 0.014

changes in dielectric loss factor. All pass through
a maximum at different temperatures depending on
the frequency.

At higher temperatures the dielectric loss factors
show runaway tendencies at low frequencies reach-
ing values greater than the maxima obtained at
lower temperatures.

Dielectric Properties of Ouricuri Wax

The dielectric constant ¢ and dielectric loss factor
¢” of Ouricuri wax as a function of frequency and
temperature is shown graphically in Fig. 2 based on
the data listed in Table III. At low temperatures
and all frequencies the dielectric constants and di-
electric loss factors are again low.

As was observed above the temperature coeffi-
cient of change in dielectric constant changes mark-
edly at about 25°C from 0.003/degree to 0.02/
degree. It then passes through a maximum in the
vicinity of the melting point of the wax, when de-
termined at frequencies higher than 1 ke. Runaway
characteristics are observed above 50°C, but below
this temperature the dielectric loss factor curves
pass through a maximum at a characteristic tem-
perature for each frequency.
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Fig. 2. Variation of dielectric constant ¢’ and dielectric loss
factor €” of Ouricuri wax with temperature at 100, 1,000,
10,000, and 100,000 cps.

Table 111. Ouricuri wax

Frequency
(cps), 100 1000 10,000 100,000
temp, °C & € € € € € € "
—60 247 0.000 2.40 0.000 2.38 0.000 2.39 0.000
—50  2.54 0.000 2.43 0.000 2.40 0.000 2.40 0.000
—5 2.68 0.000 2.56 0.000 2.52 0.000 2.52 0.000
18 2.84 0.036 2.71 0.046 2.66 0.030 2.64 0.000
22 290 0.044 2.76 0.053 2.70 0.040 2.68 0.008
42 337 0.043 3.19 0.060 3.05 0.089 2.95 0.080
48 344 0.040 3.28 0.056 3.14 0.093 3.00 0.100
68 454 1.70 3.63 0.290 3.55 0.067 3.36 0.120
75 515 7.30 3.96 1.17 3.74 0.180 3.62 0.112

80 543 11.50 3.92 140 3.74 0.209 3.63 0.108
93 6.58 19.48 3.88 2.11 3.69 0.274 3.58 0.110

Dielectric Properties of Montan Wax
The dielectric constant ¢ and dielectric loss factor

¢” of American Montan wax are listed in Table IV
and are shown graphically in Fig. 3. The dielectric
constant remains low and increases only slowly
(0.008/°C) on passing from —60° to 25°C. Above
this temperature there is a rapid increase resulting
in an apparent dielectric constant of 16 at 98°C;
this is accompanied by and attributable to very
high losses. These losses are so high that they swamp
the usual maxima in the dielectric constant at the
melting point; the only suggestion of it existing
comes from the definite plateau which occurs at
100,000 cps. Again, however, each loss curve passes
through a maximum at a definite temperature,

Comparison of Electrical Properties

For the sake of comparison and to interpret the
dielectric loss spectra the volume resistivity of each
wax as a function of temperature is shown in Fig. 4.
In each case the resistance remains constant until
the wax begins to melt. At this point the resistance
decreases rapidly and levels out again in the liquid.
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Fig. 3. Variation of the dielectric constant ¢’ and dielectric
loss factor ¢” of American Montan wax with temperature at
100, 1,000, 10,000, and 100,000 cps.

Table V. American No. 16 Montan wax

Frequency 0
, 1000 | 10,000

100,000
temp, °C € € € € € € € €

—60  2.44 0.000 2.42 0.000 2.43 0.000 2.43 0.000
—40  2.44 0.000 2.43 0.000 2.45 0.000 2.43 0.000
—10 244 0.052 2.43 0.000 2.43 0.000 2.43 0.000
0 244 0.080 243 0.006 2.43 0.000 2.43 0.000
5 244 0.092 243 0.010 2.43 0.000 2.43 0.000
18 2.66 0.122 2.57 0.027 2.55 0.009 2.55 0.000
24 290 0.134 2.80 0.036 2.67 0.025 2.79 0.000
35 3.20 0.144 3.04 0.070 2.77 0.050 2.86 0.024
42  3.40 0.148 3.20 0.088 3.10 0.068 3.00 0.048
50 3.62 0.17 3.44 0.080 3.28 0.100 3.15 0.080
60 423 1.15 3.68 0.18 354 0.13 3.37 0.12
70 558 6.10 4.12 0.82 3.84 0.23 3.66 0.17
80 — — 436 232 399 038 3.75 0.17
90 — — 442 370 3.96 052 3.72 0.18

As expected from this data since Carnauba shows
the lowest conductivity in the liquid form it also
has the lowest dielectric losses. In the same manner
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Fig. 4. Volume resistivity vs. temperature of the waxes
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Table V. Dipole moments of the waxes

Extrapo-
lated Dipole
polari- moment,
Mole €, at zation, Molar esu-cm,
Wax fraction 10,000 cps P,cc refraction X10-18
Carnauba 5x 10° 22768 2040 1568 4.8
M = 920 1x10° 22772
5x10° 22780
Ouricuri 4 x 10° 22811 4200 3037 7.5
M =848 9x10° 22803
4 x 10°  2.2839
9 x 10° 22855
Montan 1x10° 22763 885 472 45
M =834 2x10° 22780
1x 10*  2.2800
2 x 10" 2.2833

Ouricuri shows less conductivity than Montan and
lower dielectric losses. In the solid waxes, however,
the order of increasing conductivity is Carnauba,
Montan, Ouricuri, but Ouricuri generally shows the
lowest losses. Correlation in this region is difficult,
however, due to the presence of maxima in the loss
curves.

Because of the temperature and frequency de-
pendence of the dielectric constants of the waxes,
relatively high dipole moments are indicated. The
results of these measurements are shown in Table
V. Montan and Carnauba have essentially the same
dipole moments, but that of Ouricuri is considerably
higher. As was shown above Ouricuri also has the
highest dielectric constant at 24°C followed by
Montan and Carnauba. Calculation of the theoretical
dipole moment for various configurations of a planar
omega-hydroxy acid ester such as is present in the
waxes leads to the conclusion that these esters must
be arranged predominately in a trans-trans config-
uration. This arrangement is shown in Fig. 5 and
predicts a moment of 4. 3D on the basis of known
bond moments and angles (6a). The opposite con-
figuration, the cis-cis form”in which the hydroxyl
hydrogen and the alkyl group of the esters are on
the same side of the chain as the carbonyl predicts
a moment of only 0.25D. Combination of the cis and
trans forms lead to theoretical moments of 2.65D.

The dielectric properties of the waxes at 25°C are
reproduced graphically in Fig. 6. The Ouricuri wax

(CHz)n CH3

Fig. 5. Vectoral
hydroxy acid ester.

representation of trans-trans omega-
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Fig. 6. Comparison of the dielectric constants ¢’ of the waxes

shows the highest ¢ throughout the frequency range
with Montan wax and Carnauba wax placing second
and third in that order.

All three natural waxes were found to possess
dielectric constants which were highly dependent
on temperature and two discrete regions where the
temperature coefficient of dielectric constant dif-
fered. Both Fitzgerald (7) and Stempel (8) have
shown that the waxes remain crystalline to within
six degrees of their respective melting points.

Conclusions

In view of the fact that the change in the tem-
perature coefficient of the dielectric constant being
discussed occurs well below the melting points of
the waxes, a mechanism analogous to that observed
on abrupt melting of organic crystals does not ap-
ply. This leaves us with the explanation of molecu-
lar rotation similar to that found in water and some
organic crystals.

Molecular rotation has been also reported to oc-
cur in a humber of long-chain compounds such as
primary alcohols. These compounds are known to
exist in alpha and beta forms, and rotation takes
place about the axis of the chain in the alpha or
high-temperature form (9). That this mechanism
also applies to the three waxes under consideration
is confirmed by the similarity of their dielectric
behavior to that observed in 1-docosanol, a material
previously shown to exhibit molecular rotation
(6b). In this case the dielectric constant is strongly
temperature dependent and shows a fivefold increase
in the temperature coefficient of change in dielectric
constant at about 26°C, a temperature well below
its melting point.

Since the three waxes are composed largely of
omega-hydroxy acid esters, the mechanisms of the ef-
fects determined dielectrically are interpreted to be
as shown in Fig. 7. The molecules tend to align them-
selves in an orderly fashion. At very low tempera-
tures there is high cohesion between parallel chains
and strong head-to-head attraction between hy-
droxyl groups. As the temperature rises the hydro-
gen bonding between hydroxyl groups is reduced so
that the molecules can rotate around the molecular

0
H 0 20
v ¢
—_— * H
@ o] o B
H 0 -
é /' / ¢
o° 0 H
0 o]
2,0 4.0
o‘c 0 H

Fig. 7. Molecular arrangement of omega-hydroxy acid esters
in wax crystals.
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axis but remain in an orderly bundle. At elevated
temperatures the cohesion between chains is re-
duced and the material melts. The noted differences
between the three waxes are believed to be caused
by differences in the relative amounts of esters and
other materials present.

Manuscript received Feb. 15, 1960. This paper was
prepared for delivery before the Philadelphia Meeting,
May 3-7, 1959.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1961 JOURNAL.
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Factors Influencing the Luminescent Emission
States of the Rare Earths

L. G. Van Uitert

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey

ABSTRACT

/ The number of electronic states from which luminescent emission by rare
earth ions can be observed is dependent on the extent to which the host lattice
perturbs their f-orbital electroxls;Among others, perturbing influences may
stem from the following sources: (a) coulombic affinities of the ions or mole-
cules surrounding the rare earth ions for the electrons they share with the
latter; (b) concentration effects, i.e., exchange coupling; (c) thermal effects,
i.e,, vibronic interactions.

[:Results obtained on metal organic complexes, hydrates, fluorides, and
tungstates are compared. The effects on emissiory.qf the rar$7e_arth ion con-
centration in the tungstates are compared for europium, terbium, dysprositin,
and erbiti at room temperatlg.re, and the influences of thermally excited inter-
actions on the emission of erbitifit are demonstrated. ‘&

LIST

In principle, emission should be observable from
all of the excited states of the rare earth ions when
they are not influenced by their surroundings. Of
course, this condition cannot be fully realized in the
solid state. However, different environments have
markedly different influences on the rare earths. In
the case of europium, for example, the number of
states from which emission is observed varies from
one in its chelate compounds to four in its oxides
(1-3). Even in a given structure, the number of
states from which emission is observed can be quite
dependent on the rare earth concentration (4,5)
and thermal effects (6). In this paper, the influences
of a number of environments on the luminescent
emission of several of the rare earths are compared,
and the factors which appear to be responsible for
the relationships observed are discussed.

Materials

Members of the series Ca,..Na,RE.WO, where
RE = europium with x = 3 x 10~%, 10, 5 x 10™, 107,
107, and 0.50; RE = terbium with x = 10, 107, 107,
5 x 107 0.2, and 0.5; RE = dysprosium with x =
5 x 10 10 107 5 x 10 107 107, 0.25, and 0.50;
and RE = erbium with x = 107, 3 x 10°, 10°, 10,

10% 3 x 10% 107 0.25, and 0.50, were pre-
pared by crystallization from a Na,W.O, flux, as
praviously described (7). The crystals obtained by
this method are nearly perfect in structure com-
pared to those obtained by sintering techniques and
therefore are suitable for making emission intensity
comparisons., Emission from samples of a given
composition grown at various rates, and hence of
quite different crystallite size, compares in intensity
to within a few per cent of one another under the
measuring conditions employed.

Measurements

Measurements were made employing a Gaertner
high dispersion spectrometer with an AMINCO
photomultiplier microphotometer which employed a
1P22 photomultiplier tube. The system was cali-
brated against a tungsten lamp to give relative
values of brightness of the emitting surface in units
of power per unit wave-length range. Emission was
excited by illuminating a sample 1 in. long by % in.
wide by % in. deep with a 3660A rich H4 spotlight
through a Corning 5874 filter. All of the intensity
measurements are relative to 100 for the 5450A
peak of a comparable sample of Na,;Tb,;WO..
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Table |
Ionization
Process P 1, ev
La—- La* 5.61 (10) p. 137
La*— La* 114 (10) p. 138
La* - La* 19.2 (10) p. 139
H,0 -» H.0* 12.6 (11) p. 265
Organic-O - Organic-O* >10 (11) p. 265
Table 11
Process Electron affinity, ev Reference
F- F- 4.27 (12) p. 161
0- 0 3.1 (11) p. 40
0- 0O° —17.28 (12) p. 161
Discussion

The number of electronic states from which lumi-
nescent emission by rare earth ions can be observed
may be expected to depend on the extent to which
the host lattice perturbs their electron envelopes.
The number of emitting states observed does not
appear to be as critically dependent on geometric
considerations as the crystal field splitting or the
relative strengths of the emission lines. Among
others, the perturbing influences may stem from the
following sources: (a) the coulombic affinities of the
ions or molecules surrounding the rare earth ions
for the electrons they share with the latter; (b)
concentration effects, i.e.,, exchange coupling; (c)
thermal effects, i.e., vibronic interactions.

Coulombic Affinities

There is considerable evidence that bond strength,
which may be expected to bear directly on perturb-
ing influences, increases with an increase in the affin-
ity of one or both of the bonded atoms for the
electrons shared (8, 9). As a first approximation
one may consider the electron affinities or ionization
potentials of the ions or molecules surrounding the
rare earth ions in the several host lattices to pro-
vide a measure of the extent to which these sur-
roundings may perturb the f-orbital electrons of the
rare earths. A comparison of the values given in
Tables I and II shows that the third ionization
potential of lanthanum, which may be considered to
be representative of the rare earths, is larger than
the ionization potentials of H,O or organic oxygen
and is much larger than the electron affinities of
fluorine or oxygen. Hence, one cannot ascribe full
possession of the electrons about these molecules
and ions to themselves when they are bonded to
trivalent rare earth ions. Electron diffraction work
carried out on beryl (Be;AlLSiO,) by Bragg and
West (13) has shown that in the silicates the silicon
and oxygen atoms are closer to the Si* and O~ ionic
states than to the Si** and O* states. Hence, one may
expect the ionization potential of oxygen to depend
on the central cation when it is part of an anionic
group such as WO,

In a similar manner, the electron affinity of an
organic oxygen atom is dependent on the nature of
the molecule of which it is part. Coulson (14) has
shown that for carbon-carbon bonding one may ex-
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pect an increase in the electron affinities of the car-
bon entities as the s-character of their o bonds in-
creases in the order sp® (single bonding), sp* (double
bonding), and sp (triple bonding). This is a con-
sequence of the fact that the s-orbital lies lower ener-
getically than do the p-orbitals. It may be expected
that a similar increase in the multiple bond charac-
ter of isoelectronic oxygen would result in its having
an increased electron affinity. Hence, one may expect
a stronger bonding of ketonic oxygen (double
bonded to carbon) to the rare earth ions than occurs
with ethers or alcohols. Further, one might expect
an additional increase in bonding strength to the
rare earths through the oxygen atoms of chelating
agents such as acetylacetone by the development of
resonance structures and a reduction in entropy.

The above considerations, in conjunction with the
observations given below, suggest that the follow-
ing environments diminish in perturbing influence
in the order: O—O chelates, ketones and hydrates,
fluorides, high central charge anionic groups
(WOy%), less covalent oxides. In the case of euro-
pium, one emission state (17,300 cm™) is active in
the chelate (1, 15), and an additional state (19,000
cm™) is observed in the hydrate (1); a third (21,500
cm™) is apparent in the fluoride (3), and a fourth
(24,200 cm™) in the tungstate (5) and calcium oxide
(16). In a like manner, one emission state (20,700
cm™) is observed for terbium in the chelate, hy-
drate (1), and fluoride (3); a second is found in
the tungstate (4); and there are possibly three or
more when terbium is combined with aluminum
oxide (4, 17). Erbium does not luminesce in the
chelate or hydrate but exhibits two main emission
states (15,300 and 18,400 cm™) in the fluoride (3)
and a third (24,500 cm™) in the tungstates (6) and
calcium oxide (16). Parallel patterns are observed
for a number of the other rare earths.

Concentration Effects

Increasing the rare earth concentration can pro-
duce effects quite comparable to those found on
changing the host environments. This is readily
observed by comparing members of the series
Ca,.,Na,RE,WO,. Figure 1 shows the dependencies
of the intensities of emission from the 26,500 and
20,700 cm™ states of terbium on the concentration
of terbium in the above tungstates and of the
20,700 cm™ state of terbium when it is substituted
totally or in part for yttrium in yttrium hexa-anti-
pyrene tri-iodide (4). These values are represented
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Fig. 1. Relative emission vs. the concentration of terbium
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by the intensities measured for the emission peaks
at 4360 and 5450A in the tungstates and 5480A in
the antipyrene complexes, respectively. The metal
ions are separated by 14A in the antipyrene com-
plexes; hence, they can be considered to be isolated
from each other. Therefore, it is reasonable to em-
ploy the curve for the antipyrene complexes as a
reference for the dependence of emission intensity
on concentration for strongly bonded terbium ions.

In the dilute materials, the emission from the
tungstates is much weaker than that from the anti-
pyrene complexes. However, at high terbium con-
centrations, the tungstates compare favorably to
terbium hexa-antipyrene tri-iodide and take on
the emission characteristics of its yttrium substitu-
tion series in its intensity dependence on concentra-
tion and number of emission states. This is equiva-
lent to a change from a relatively ionic to a more
covalent or stronger bonding environment and ap-
pears to be related to the development of exchange
coupling between the paramagnetic rare earth ions.

Figure 2 shows the dependencies of the intensities
of emission from the 24,200, 21,500, 19,000, and
17,000 cm™ states of trivalent europium (repre-
sented by the values measured for the peaks at 4312,
5105, 5545, and 6140A, respectively) on europium
concentration. The relationships shown suggest that
the emission from 24,200 cm™ is quenched by the
pairing of europium ions (they occur in neighbor-
ing calcium sites) and emission from 21,500 and
19,000 ecm™ is quenched by the association of three
or more europium ions (5).

In contrast to the behavior exhibited by euro-
pium, the intensities of emission from 24,500,
18,400, and 15,300 cm™ exhibited by erbium vary
uniformly (as shown in Fig. 3 which is discussed
below) instead of quenching sequentially with in-
creasing concentration. This provides supporting
evidence that the quenching observed for terbium
and europium is not due to an emission and re-
absorption process.

The spectrum of dysprosium in calcium tungstate
which is observed in the visible range is due to emis-
sion from an electronic state (2, 3) at 21,000 cm™.
The dependence of the intensity of emission from
this state (represented by the values measured for
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the strongest peak which is at 5750A) on dyspro-
sium content is shown as part of Fig. 4. Dysprosium
luminesces a bright yellow at a 19 concentration
but is completely quenched in Na,Dy,sWO.. The
quenching observed in this case also appears to be
due to exchange coupling.

Thermal Effects

Thermal effects play an important role in the
emission spectra of erbium in the scheelite struc-
ture. Besides the three main emission states at
15,300, 18,400, and 24,500 cm™, erbium shows strong
emission from thermally excited levels at 18,830,
19,080, and 19,200 cm™ at room temperature (6). In
Na,Er,;WO,, emission from the above states is
quenched at room temperature, thus allowing emis-
sion from states that are probably just below those
at 18,400 and 19,200 cm™ to be seen. At 77°K emis-
sion from the thermally excited states is no longer
observed, but emission from the high erbium con-
tent samples is again very bright (6). Figure 3
shows the dependencies of the intensities of emis-
sion from the 18,400, 24,500, 18,830, and 19,200 cm™
levels of erbium (represented by the values meas-
ured for the peaks at 5520, 4138, 5310, and 52004,
respectively) on erbium concentration at room
temperature. It also shows the comparable data for
levels which are presumed to lie just below those
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at 18,400 and 19,200 cm™ (represented by the val-
ues measured for the peaks at 5570 and 4142A, re-
spectively). The comparable data for the peak at
5520A at 77°K are also given.

The relationships observed show that emission
from the thermally excited states of erbium is
quenched by increasing the concentration of erbium
as well as by lowering the temperature. However,
while the emission from the principal excited states
is also quenched by increasing the concentration of
erbium at room temperature, lowering the tem-
perature reduces the effectiveness of this quenching
mechanism and bright emission is obtained from
these levels. The effects noted are quite probably
due to vibronic interactions and their dependence
on temperature. Since the peaks at 5570 and 4142A
do not show the same concentration or thermal de-
pendencies as their close neighbors, they may
originate from levels which, while only a few wave
numbers below the dominant levels, do not couple
thermally to the lattice in the same way.

Comparisons

Figure 4 presents a comparison of the depend-
encies of emission at room temperature on rare
earth concentration for the dominant excited states
of the several rare earth ions discussed. The curve
for the emission measured for the 6140A peak of
europium appears to be a reliable reference for the
following reasons: (A) The dilute materials show
an almost linear dependence of emission on euro-
pium concentration. The deviation observed at high
concentration is consistent with the change in en-
vironmental conditions discussed in the case of ter-
bium. (B) The aggregate emission from the excited
states, other than that at 17,000 cm™, is never more
than a few per cent of the latter. Thus, possible
emission enhancement due to energy transfer from
higher levels as a result of changing environmental
conditions would not be significant. (C) Emission
from the 17,000 cm™ level of europium does not
appear to be quenched by concentration or thermal
effects in these compositions.

The curve for dysprosium shows the same linear
dependence as the one for europium at low concen-
trations. The rapid decrease in emission as the dys-
prosium concentration increased above 10~ provides
an excellent example of concentration quenching.
This effect, as well as the quenching of emission
from the higher energy states of terbium and euro-
pium, is not altered by reducing the temperature to
77°K.

Concentration quenching of emission from the
higher of two energy states can occur so as to per-
mit energy transfer to the lower, thus enhancing
emission from it. The data for terbium provide an
example of such a transfer. Figure 1 shows that at
low terbium concentrations the emission from 26,500
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cm™ (as indicated by the data for the peak at 4360A)
is about three times as bright as that from 20,700
cm™ (represented by the data for the peak at 5450A).
As the terbium concentration is increased from 10~
to 5 x 10, both curves deviate from linearity, the
curve for the peak at 4360A in a direction which
indicates a relative loss in brightness and the curve
for the peak at 5450A in a direction which indicates
a relative gain in brightness. The latter curve is
readily compared to the curve for the 6140A peak
of europium in Fig. 4. The arithmetic sum of the
two terbium emission curves provides a resultant
curve that is symmetrical with that for the 6140A
peak of europium,

The curve in Fig. 4 for the emission at room tem-
perature for the erbium peak at 5520A shows the
effects of a quenching process which has a strong
thermal dependence. This curve deviates strongly
from linearity at concentrations of erbium as low
as 10, in addition to showing strong quenching
effects above 10~ as do the curves for dysprosium
and the higher emitting states of terbium and euro-
pium.
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Electroluminescence—A Disorder Phenomenon

D. W. G. Ballentyne

Harlow Research Laboratories, Associated Electrical Industries Limited, Harlow, Essex, England

ABSTRACT

In general, electroluminescence is considered to occur at a junction be-
ween a semiconducting crystal and a metal or electron rich material. The-

Je-/present—work indicates that electroluminescence only occurs in zinc sulfide Z s S

powders containing both sphalerite and wurtzite. This observation suggests
that electroluminescence is a disorder phenomenon associated with stacking

faults in the crystal. \

Two types of electroluminescence have been ob-
served. Certain substances (e.g., SiC, GaP, etc.) (1)
emit light when subjected to a direct electric field
applied between electrodes in contact with the sur-
face of the crystal. This emission, carrier injection
electroluminescence, is simply explained by the re-
combination of injected carriers at p-n junctions.
The second type of electroluminescence, intrinsic
electroluminescence (2), gives rise to the sustained
emission of light on the application of an alternating
field to the phosphor suspended in a dielectric. In
this case, carrier injection is not possible, and the
effect has been explained by the acceleration of
carriers in an exhaustion barrier in the phosphor,
say zinc sulfide activated with copper, at an inter-
face with an electron rich layer of copper sulfide.
Such a mechanism does not explain fully certain
observations. Many workers have observed that
light can be emitted internally from a crystal (2, 3).
Steward, et al. (4) showed that the electrolumines-
cent emission from a ZnS platelet occurred in bands
parallel to birefringent-colorless bands denoting
regions of wurtzite and sphalerite. Ultraviolet emis-
sion occurred throughout the crystal, and it was
concluded that the emission in this case was as-
sociated with stacking faults in the c-direction.
McKeag and Steward (5) reported a new method of
preparing a zinc sulfide phosphor, which consisted
of prefiring ZnS at 1200°C, activating with copper
at 700°C. The material was electroluminescent
throughout the body of the crystal. The copper
necessary for the activation entered the crystal most
effectively at the refiring stage which was the tem-
perature where the transformation from the hexa-
gonal to cubic zinc sulfide occurred most readily.
There existed a correlation between electrolumines-
cence and disorder.

In the present work (6) it is intended to show
that in all cases investigated electroluminescent
phosphors consist of mixtures of sphalerite and
wurtzite. This structure is associated with a redis-
tribution of trapping levels with the removal of the
deep traps. An electroluminescent phosphor has
been prepared without the addition of a substance
capable of forming an electron rich layer. This
phosphor also has a disordered structure.

LIST

Experimental Results

Two types of general electroluminescent phos-
phors were prepared. One type of phosphor was
prepared according to the Froelich (7) method at
1100°C, while the other group was prepared ac-
cording to the Butler (8) method at 800°C. Various
activators, copper, silver, and manganese, and vari-
ous coactivators, aluminum, gallium, indium, and
thallium, were added. The crystal structure of the
phosphors was determined using a 9 cm Unican
Powder camera in conjunction with a Raymax 60
x-ray set.

In Fig. 1 the diffraction photographs of a series
of phosphors fired at 1100°C in wet H,S are given.
The phosphors A, B, and C containing less than 10™*
g Cu/1 g ZnS are totally hexagonal in structure and
are not electroluminescent. Phosphors D and E con-
taining copper in excess of 10® g Cu/l g ZnS con-
tain both cubic and hexagonal zinc sulfide. These
phosphors are electroluminescent. In the actual case

E

Fig. 1. X-ray powder photograph of a series of phosphors
fired at 1100°C in wet HS. A, 1 g ZnS 1 x 10° g Cu
1x10*gAl;B,1gZnS1x10°gCulx10*gAlC,
1gZnS1x10*gCulx10*gAl;D,1gZnS1 x10°gCu
1x10*gALLE 1gZnS1x102gCulx10*gAl

807
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Fig. 2. X-ray powder photograph of a series of phosphors
fired at 1100°C inwet H.S. A, 1gZnS2x 10*gCu 1l x 10™*
gAl;B,1gZnS4x10*gCulx10*gAl;C,1gZnS 6 x
10*gCulx10*gAl;D,1gZnS8x10*gCulx10*g
ALLE, 1gZnS1x10°gCulx10*gAl

D

Fig. 3. X-ray powder photograph of a series of phosphors

fired at 1100°C in wet H:S. A, 1 g ZnS 1 x 10° g Ag 1 x

10*gAl;B,1gZnS1x10*gAg1x10*gAl;C, 1gZnS

1x10°gAg1x10*gAl; D,1gZnS1x102gAg 1 x
10 g Al

given the concentration of aluminum coactivator
was 10™ g Al/1 g ZnS. The same result is obtained
for aluminum concentrations varying between 10~
g Al to 10 g Al/1 g ZnS. The replacement of alu-
minum by gallium or indium gives similar results.
In Fig. 2 the diffraction photographs for a series of
phosphors with copper concentrations between C
and D in Fig. 1 are given. Up to a concentration of
6 x 10™ g Cu/l g ZnS the material is hexagonal,
above this concentration it consists of a mixture of
two phases and only in these cases are the phos-
phors electroluminescent. It was thought that the
correlation between electroluminescence and crys-
tal structure might be fortuitous as copper sulfide
precipitation onto the crystallites occurs at approxi-
mately the same concentrations. A study of silver
phosphors indicates that this is not the case. The
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Fig. 4. X-ray powder diffraction photograph of a series of
phosphors fired in argon at 800°C. A, 1 g ZnS 1 x 10® g
Culx10®gKCl; B,1gZnS1x10%gCul x10%g
NHCI; C, 1gZnS1x10°gCul x10°gNHCI 1 x 10
g Pb.

body color of a series of phosphors whose diffraction
patterns are shown in Fig. 3 indicates that silver
precipitation occurs at 10™ g Ag/1 g ZnS. The mixed
phases only occur in the phosphor containing 10 g
Ag/1 g ZnS, and only this phosphor is electrolumi-
nescent. There was a further possibility that electro-
luminescence was a property of cubic zinc sulfide,
and that it was the appearance of this phase rather
than the formation of a mixture which caused the
emission in the cases considered above.

Figure 4 shows the diffraction photographs of
three typical so-called cubic zinc sulfide electro-
luminescent phosphors prepared below the transi-
tion point (1024°C). The best of these phosphors is
C, and inspection shows that this phosphor has the
most clearly defined hexagonal phase. It may be
concluded, therefore, that in the so-called cubic
electroluminescent zinc sulfide phosphors two phases
are necessary for the emission, and the addition of
the various substances during the preparation facil-
itates the growth of the hexagonal phase in the
sphalerite temperature range.

Thermoluminescence experiments show that the
appearance of electroluminescence and disorder in
zinc sulfide is accompanied by a major change in
the trapping states in the phosphor. Figure 5A gives
the glow curves for the phosphors whose diffraction
patterns are given in Fig. 1. It can be seen that the
nonelectroluminescent phosphors containing less
than 10™ g Cu/1 g ZnS have trapping levels which
cause a maximum in the glow curve at —100°C and
a “tail” which extends to room temperature. The
electroluminescent phosphors, on the other hand,
have much shallower traps and the deeper traps
have disappeared or no longer give rise to radiative
transitions. This trend is shown more clearly in Fig.
5B for phosphors containing the same copper con-
centration (10 g-10" g) but with 10® g Al instead
of 10™* g Al/1 g ZnS. In this case the photolumines-
cent phosphors have a glow curve consisting of two
peaks, one at —100°C, and one nearer room tem-
perature at approximately —40°C. The electrolumi-
nescent phosphors again have a much narrower
glow curve peak with a maximum between —120°C
and —140°C.

Similar results have been obtained for all the
other phosphors investigated, although the position
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Fig. 5. Thermoluminescence curves of phosphors contain-
ing between 10~ and 10 g Cu (DA and H—>E) with 10
and 107 g Al, respectively.

of the glow curve maximum does not appear to be
so important as the absence of traps which extend
the glow curve to room temperature.

These results appear to indicate, therefore, that
electroluminescence occurs in crystals in which
there are regions of both wurtzite and sphalerite.
It may, therefore, be a property of the disordered
region between the two types of crystal. If this is
the case, then it should be possible to prepare an
electroluminescent phosphor by disordering zinc
sulfide by some other means than adding excess
copper sulfide. Such a phosphor is described below.

During investigations into thallium-activated
phosphors 109, TICl was added to zinc sulfide and
the phosphor was fired at 800°C in a stream of wet
H.S. The resulting phosphors were shown by spec-
troscopic means to contain no thallium ion; at the

temperature of the experiment it had all sublimed. .

This phosphor was brilliantly photoluminescent
and moderately electroluminescent in the green due
presumably to vacancies. Exhaustive analysis did
not indicate the presence of copper or thallium. The
body color, off-white, also showed that an excess of
electron-rich material which hitherto had been
thought to be necessary for electroluminescence was
not present., Figure 6 shows that the crystals of
phosphor consisted of a mixture of hexagonal and
cubic zinc sulfide. That this phosphor is electro-
luminescent is shown by the brightness against
voltage and frequency curves. The brightness varia-
tion may be expressed by the usual relation

B = A,\/Fexp (—b/\/v)

Discussion

Conventional electroluminescent phosphors have
been shown to consist in all cases of the two phases of
zinc sulfide, wurtzite, and sphalerite. It would ap-
pear possible that electroluminescence can occur
without the addition to the phosphor of a material
that could act as an electron source.

Fig. 6. X-ray powder photograph of: A, hexagonal zinc sul-
fide; B, 0.9 g ZnS 0.1 g TICI fired at 800°C in HsS; C,
cubic zinc sulfide.

It is difficult to see, however, where the field for
the acceleration of the electrons sufficient to ionize
the luminescent centers can arise in such a system.
The band gap energy between the two forms of zinc
sulfide is small (0.01 ev), but Merz considers that
the impurities may cause the band gap to widen to
0.1 ev. The observation of high photovoltages in zinc
sulfide single crystals (9) shows experimentally
that high fields must exist in these crystals, although
the mechanism is obscure. In view, however, of
these results, it may not be amiss to suggest the pos-
sibility that electroluminescence is a recombination
effect at what is essentially a p-n junction. The
original objections to this approach, the low thresh-
old and the minority carrier being a hole, is not
now important. The threshold of electroluminescence
has been shown to depend on the method of detec-
tion of the light emitted, and Destriau has been able
to go down to levels 0.01 of that visible to the dark
adapted eye and still detect light. Wood’s (10) ob-
servation of p-type conduction in cadmium sulfide
doped with copper shows that p-type conduction in
the II-VI compounds is not so unlikely as has been
hitherto thought.

However, it must be admitted that no explanation
of the biphase effect in electroluminescence is satis-
factory, and at present the experimental results only
are reported.
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On the Mechanism of Chemically Etching
Germanium and Silicon

D. R. Turner

&

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey

ABSTRACT _

/ The electrode potential of gemf;gium or salxxgn in a chemical etching solu-
tion is a function of solution pH, rate of etching, physical condition of the sur-
face, conductivity type, and resistivity. The results suggest that excess holes
and electrons are produced at the surface of the semiconductor during chemical
etching. Holes are injected at cathode sites, but only a portion of these holes
are consumed at anode sites since the anode reaction involves current multi-

plication. !

Semiconductors such as Ge or Si are chemically
etched in aqueous solutions containing an oxidizing
agent such as nitric acid and an anion such as F-
which is capable of forming water-soluble com-
plexes with the semiconductor. The etching process
is actually electrochemical in its action, that is,
there are anode and cathode sites on the surface of
the semiconductor with local cell currents flowing
between them. Semiconductor material goes into
solution at the anodic sites while the oxidizing
agent is reduced at the cathodic areas. The rate of
chemical etching is determined by the magnitude of
the corrosion current. If the etching process is non-
preferential and material is removed uniformly, any
given area on the surface of the semiconductor must
continually alternate between being anode and cath-
ode. When one spot is anodic much more than it is
cathodic, an etch pit will form at that point. Experi-
ence has shown that this is most likely to occur at
grain boundaries and dislocations at the surface of
the single crystal. Conversely, hillocks are formed
on areas that are cathodic more than they are
anodic.

The average current density between local anode
and cathode areas during chemical etching can be
estimated from the rate of etching. Assuming that
the surface while etching is half anode and half
cathode and that Ge or Si goes into solution with a
valence of 4, the average corrosion current density
in amp/cm’ is given by:

i = 2Aed [1]

where A is the etch rate in cm/sec, ¢ is the electro-
chemical equivalent in coulombs/g, and d is the
density of the semiconductor in g/cm®. The rate of
chemically etching n-type Si in HF-HNO, mixtures
has been determined by Robbins and Schwartz (1).

A plot of some of their data along with the equiva-
lent corrosion current density derived from Eq. [1]
is shown in Fig. 1. Similar results should be obtained
for p-type Si specimens. The etch rate can be con-
verted into inches per minute by multiplying by the
factor 2.36 x 10™°. The maximum rate of etching oc-
curs when the ratio of HNO, to HF in the solution is
1 to 4.5. Klein (2) has studied the rate of chemically
etching silicon in HNO,-HF mixtures under care-
fully controlled conditions of temperature and stir-
ring. He also found that maximum etching rate
occurred when the HNO,/HF mole ratio was about
1 to 4.5. The significance of this ratio will be dis-
cussed later, The maximum Si etch rate is about 28
u/sec which corresponds to about 190 amp/cm®
average corrosion c.d. This is a tremendous current
density, but even more amazing is the fact that an
n-type silicon electrode biased anodically in a suit-
able electroetching solution will pass just a few pa/
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Fig. 1. Rate of chemical etching Si and equivalent corrosion
C.D. vs. solution composition, HF + HNO; mixtures. Etch rate
vs. solution composition data from Robbins and Schwartz (1).
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cm’. This means the maximum chemical etch rate is
higher by a factor of 10° than the maximum electro-
lytic etch rate. In order to obtain a better under-
standing of this phenomenon, potential measure-
ments were made on Ge and Si electrodes in etching
and nonetching solutions.

Potential measurements always require two elec-
trodes. If the second electrode is a standard refer-
ence electrode, i.e., its potential is known and is
ccnstant during the experiment, then the single
electrode potential of a semiconductor can be de-
termined from the measured cell voltage. Semicon-
ductor electrodes differ from metal electrodes in that
an appreciable part of the single electrode potential
may be located inside the semiconductor. In analyz-
ing the potential measurements made on Ge and Si
it will be necessary to consider the potential within
the semiconductor as well as that at the semicon-
ductor-solution interface.

Experimental Studies on Electrode Potentials

Bars of n- and p-type Ge and Si were used as
electrodes. The size, geometry, and surface orienta-
tion of the electrodes did not affect the measured
potentials within the limit of experimental repro-
ducibility—about =+ 0.005 v. Ohmic contacts were
made to the Ge by abrading one end, tinning and soft
soldering it to a Cu wire. The Si electrodes were
abraded at one end and then coated with nickel by
the “electroless process” (3) before soldering to
the Cu wire. Prior to the potential measurement,
each electrode was bright etched in C.P.-4 etching
solution (for Si the bromine is omitted), rinsed in
deionized water, and blotted dry with filter paper.
The electrodes were held vertically during a meas-
urement so that only the tip end of the semiconduc-
tor was immersed. Unless otherwise indicated, the
solutions were unstirred and initially at room tem-
perature. All potential measurements were made
against a saturated KCI calomel reference electrode,
hereafter referred to as S.C.E.

Since many of the electrolytes used contained HF
or strong alkali, polyethylene containers were used
instead of glass. The electrolyte was separated from
the saturated KCl1 solution and the reference elec-
trode by a polyethylene syphon fitted with a filter
paper plug. Electrode potential measurements were
made with either a Millivac Type MV-17C d-c volt-
meter, a L&N X-Y recorder, or a Sanborn Type 151
recorder depending on the experiment and the kind
of data desired.

Single electrode potential measurements were
made in a variety of solutions, some etching and
others nonetching. The results of potential meas-
urements in some of the solutions are shown in Fig.
2. The solutions listed are arranged in their ap-
proximate order of increasing pH from left to right:
(A) conc. (16N) HNO,, (B) CP-4 without Br, (C)
329 conc. HNO, + 68% (489%) HF, (D) Landgren’s
etch (4) — 3% KMnO, + 979% conc. HNO,,' (E)
489, HF, (F) sat. KCl, and (G) 1N KOH. All per
cent compositions in this paper are weight per cent
values. The potentials of n- and p-type Ge elec-

1 Solution rapidly etches p-type portions of a silicon single crys-
tal containing p- and n-regions with little effect on n-type regions.
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Fig. 2. Electrode potentials of n- and p-type Ge and Si in
various etching and non-etching solutions. Unstirred at room
temperature.

trodes are indicated by the small letters while the
capital letters are for Si electrodes. These are aver-
age values of measurements made on 3 to 5 differ-
ent electrodes. The spread of the data is indicated
where it is more than +0.02 v. Whenever the elec-
trode potential was photosensitive, the cell was
shielded from room light.

Figure 2 shows three things: (a) increasing pH
shifts the electrode potential in the negative direc-
tion; (b) an appreciable potential difference is ob-
served between n and p-type Ge and Si when the
solutian rapidly corrodes the semiconductor; and (c)
p-type Ge or Si is always positive in potential with
respect to n-type when a potential difference does
exist. The effect of pH on the electrode potential of
Ge has been observed many times before (5, 6).
Cretella and Gatos (7) have observed n-type Ge to
be positive in potential with respect to p-type Ge in
nitric acid solutions more dilute than 6N. This effect
cannot always be duplicated. The surface pretreat-
ment appears to be more of a factor than the nitric
acid solution. In rapidly etching solutions, however,
the results are reproducible and p-type Ge is positive
relative to n-type Ge. In etching solutions where
the rate of corrosion is controlled by the mass
transfer of one of the reacting species to or from the
surface stirring increases the etch rate and it also
may shift the electrode potential. The effect of stir-
ring on the electrode potentials of Ge and Si are
discussed later. If the solution does not attack the
semiconductor at an appreciable rate, there is no
potential difference between n- and p-type elec-
trodes of either Ge or Si. Electrolytes B, C, and D
in Fig. 2 visibly attack both Ge and Si, as evidenced
by gas evolution and rapid electrode dissolution.
The potential difference between n- and p-type Si in
489, HF is attributed to a slow corrosion process
which is made possible by dissolved oxygen. Solu-
tion G (1N KOH) also attacks Si but only slowly
at room temperature. When the electrolyte corrodes
the semiconductor at a sufficiently rapid rate, light
has no effect on the measured electrode potentials.
The potential of Ge and Si in etching solutions is
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Fig. 3. Effect of etch rate on the electrode potentials of n-
and p-type Ge and Si in HF-HNO; mixtures. Rate of etching
increased by adding HF to HNO;. ,

also a function of the equilibrium hole density in
the semiconductor, as is shown later.

A fresh solution of concentrated HNO; does not
chemically etch Ge or Si at an appreciable rate. The
etch rates increase rapidly with additions of HF as
shown by Cretella and Gatos (7) for Ge and Robbins
and Schwartz’ for Si (see Fig. 1). It is of interest to
observe the change in the single electrode potential
of a semiconductor when the electrolyte changes
from an essentially nonetching solution to an etching
one. This experiment was carried out by measuring
the electrode potentials of 0.8 ohm c¢cm n- and 3.5
ohm cm p-type Ge and 0.7 ohm c¢m n- and 1.2 ohm
cm p-type Si first in concentrated HNO, and then
with various additions of HF. In concentrated HNO,
alone the electrode potentials are extremely light-
sensitive. For this reason, all light was excluded
from the cell. Instead of plotting electrode potential
against the amount of HF added, it is more mean-
ingful to show the relation between the electrode
potential and the rate of etching as given in Fig. 3.
The etch rate for a solution composition 1% (49%)
HF + 99% concentrated HNO; is indicated for both
Ge and Si. The etch rate for Ge in conc. HNO; solu-
tions containing from 0 to 109 (49%) HF was de-
termined experimentally from weight loss measure-
ments with four specimens, two n-type and two p-
type. Robbins and Schwartz’s' data, Fig. 1, was used
for Si. Note that Si etches about ten times faster
than Ge in comparable HF-HNO, mixtures. One
drop (~ 0.04 cc) of 499 HF produces a large shift
in the potential of n- and p-type Si and n-type Ge
toward the negative direction. p-Type Ge changes
slightly in the positive direction. As the etch rate
increases with more HF, the electrode potentials of
n-type Ge and Si rise and then decrease again while
the potentials of p-type Ge and Si increase. The
electrode potentials of all the electrodes reach rela-
tively stable values in solutions containing about
10% HF + 909 HNO,, where the etch rate is 63 x
10~ cm/sec on Si and 6.7 x 10 cm/sec on Ge. At
this rate of etching the photovoltaic effect is com-
pletely absent.

Another interesting experiment was to abrade the
surface of semiconductor electrodes and record the
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change in potential with time as the damaged sur-
face layer was chemically etched away. This was
done with 1.3 ohm ¢m n- and 1.2 ohm em p-type
Si electrodes. The surfaces were abraded by lapping
on a glass plate with No. 600 silicon carbide and
water. Typical electrode potential-time curves after
immersion in 109% (49%) HF + 909 concentrated
HNO, are shown in Fig. 4. Initially the electrode
potentials of abraded n- and p-type Si are about
the same. As the damaged surface layer is etched
away, the potentials drift apart. The largest poten-
tial change occurs with the n-type Si electrode. p-
Type Si reaches a stable potential in about 30 sec
while the potential of n-type Si becomes stable
after 6 min. A potential measurement of this kind
may be useful in determining when all the abraded
surface material has been removed by etching.

Single electrode potentials of n- and p-type Ge
and Si in HNO; + HF acid mixtures were also
measured as a function of material resistivity. To
get reproducible results it was necessary to use
freshly prepared solutions. The electrode potentials
against the resistivity, p, and the equilibrium bulk
hole density, p, at 300°K, are shown on a semilog
plot in Fig. 5 and 6. The p values were determined
from the resistivities using the relation:

1
7 = QpaTt + QP
where q is the charge on the electron, u, is the elec-

tron mobility, n is the equilibrium bulk electron
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density, and p, is the hole mobility. Electron and
hole mobilities were obtained from Prince’s (8)
data and n was derived from the relations: np =
6.25 x 10**/cm® at 300°K for Ge and np = 4.6 x 10%/
cm® at 300°K for Si.

Electrode potentials of Ge were measured in 90%
HNO, + 10% HF, 809 HNO, + 20% HF, and 70%
HNO, + 30% HF. The measured potentials were
fairly stable in freshly prepared 90% HNO, + 10%
HF, but in the other solutions, where the rate of
etching was more rapid, the potentials fluctuated
probably because of the stirring effect produced by
a greater rate of gas evolution. Most of the data
show a linear relation between the electrode poten-
tial and the logarithm of the equilibrium hole dens-
ity with a slope of 0.04 up to about p ~ 10 holes/
cm®. Above 10® holes/cm’ the electrode potential
becomes almost constant. The reason for this limit-
ing potential effect is discussed later. Although
there is some difficulty in obtaining a reasonably
accurate potential measurement at the higher etch-
ing rates, it is clear that at a given equilibrium hole
density the electrode potential increases with the
etching rate. The difference is most apparent in the
region where the potential levels off.

The variation of the electrode potential of Si
with p in 90% HNO, + 10% HF is different from
the Ge results in some respects, as can be seen in
Fig. 6. The data obtained with p-type Si electrodes
have the same form as p-type Ge except that the
slope of the best straight line through the points is
about 0.03 instead of 0.04. The results with n-type
Si are quite different from those of n-type Ge. The
points are widely scattered and there does not ap-
pear to be a consistent relation between Es and p.
It was thought at first that perhaps minority carrier
lifetime was an important factor. Several uncom-
pensated Si specimens were obtained with reason-
ably good lifetimes for the resistivity. These results
are the triangular points in Fig. 6 and are also
widely scattered. An extrapolation of the line from
the p-side to the n-side shows the extent of devia-
tion and that there are a few points near the line.
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Discussion

An interpretation of the electrode potential meas-
urements on Ge and Si in etching and nonetching
solutions should aid in elaborating the mechanism
of chemical etching Ge and Si. It will be convenient
to discuss the three parts of the measured electrode
potentials: (a) the contact potential between the
copper wire attached to the semiconductor by
means of an ohmic contact and the semiconductor
bulk (E;), (the contact potential is defined as the
potential difference in the work functions of the
metal and the semiconductor), (b) the potential
drop across the space-charge layer between the
semiconductor bulk and the surface (Ey) (this is
called the surface potential, ¥, by physicists), and
(c) the potential across the semiconductor-electro-
lyte interface (Euu).

The contact potential E; between the copper and
the semiconductor varies with the position of the
Fermi level in the semiconductor bulk; that is, the
nature of the doping. The contact potential can be
considered to be constant in the electrode potential
measurements on a given semiconductor specimen
at room temperature. In nonetching solutions, that
is, when there is essentially no charge transfer
across the semiconductor-electrolyte interface and
the semiconductor is at equilibrium, E; + Ey is also
a constant regardless of the conductivity type and
semiconductor resistivity. This is due to the fact
that the Fermi level at the surface of a semicon-
ductor in solutions is determined not by the bulk
charge carrier density but by the charge density at
the surface. This is illustrated in Fig. 7. The Fermi
level at the surface is at a fixed position relative to
the valence and conduction bands, that is, ®s is in-
dependent of the bulk properties of the semicon-
ductor (9, 10). This means that the potential dif-
ference AE,, between n- and p-type material is
exactly equal but opposite in sign to the contact
potential difference AE,. In nonetching solutions,
therefore, changes in the measured electrode poten-
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tial can be due only to changes in the interfacial
potential (Eu).

Potential differences between n- and p-type Ge
or n- and p-type Si are observed when the elec-
trodes immersed in a nonetching electrolyte are il-
luminated with light or when they are immersed
in a chemical etching solution without light. Under
these conditions the surface region of the semi-
conductor is not at equilibrium. The photovoltaic
effect of semiconductor electrodes in solutions has
been observed many times (11, 12). It is attributed
to hole-electron pairs produced by light energy in
the surface region. These extra hole-electron pairs
change the Fermi level at the surface of the semi-
conductor with respect to that of the bulk, that is,
E,, changes. The measured electrode potential of
semiconductors changes when illuminated with
light (11, 13). The sign and magnitude of the po-
tential differences between n- and p-type electrodes
in etching solutions as shown in Fig. 5 and 6 are
essentially the same as those obtained in the photo-
voltaic effect. This suggests that holes and electrons
are produced at the surface of the semiconductor
during chemical etching. Several other observations
tend to support this interpretation: (a) the photo-
voltaic effect disappears even at moderate rates of
chemical etching; (b) the rectifying characteristic
of a broad-area p-n junction is completely elim-
inated if either side of the junction is exposed to an
etching solution; (¢) a Ge or Si diode, with masked
leads, generates a considerable amount of power
(~ 0.3 milliwatt/cm of exposed junction length)
when immersed in C.P.-4 solution; and (d) the
saturation current density of n-type Ge or Si made
anodic in a chemical etching solution increases in
proportion to the rate of etching (14). These effects
can be explained satisfactorily only by assuming
that large numbers of holes and electrons are pro-
duced at the surface of semiconductors during
chemical etching.

The mechanism of chemically etching Ge and Si
must include a source of excess holes and electrons.
As stated earlier, chemical etching of semiconduc-
tors is an electrochemical process with local anode
and cathode areas. Semiconductor dissolution takes
place at the anode sites, while the oxidizing agent is
reduced at the cathode areas. It has been well
established that the anodic dissolution reaction at
Ge and Si electrodes consumes holes (11). Brattain
and Garrett (11) also found that when they ano-
dically biased an n-type Ge electrode to the satura-
tion current region and then injected holes with
light, the total dissolution current increased be-
tween 1.4 to 1.8 times the current due to hole
injection. Turner (15) has suggested that the mech-
anism for the anodic dissolution of Ge involves the
diffusion of two holes to the surface with a return
flow of two electrons for each atom dissolving. This
would give a current multiplication factor of 2. Beck
and Gerischer (9), however, have found that the
current multiplication factor is near 2 only when
holes are consumed as fast as they arrive at the
anode surface. If holes can diffuse to the surface or
holes are injected into the surface region faster
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than they are consumed in the anode reaction, then
the current multiplication factor may be less than 2.
If a semiconductor such as Si is chemically etched
in a HNO,-HF acid mixture, the reaction at the
anode sites is the dissolution of silicon as follows:

Si +2H,O + ne' - SiO, + 4H" 4+ (4—n) e

| 6HF ,
H.SiF, + 2H.0 [2]

where e” represents a hole and n is the average
number of holes required to dissolve 1 Si atom; n
may range from 2 to 4 depending on the current
multiplication factor. A Si dissolution valence of
four is assumed for the process which is probably
correct for HNO;-rich solutions. In HF-rich solu-
tions, there is evidence that Si dissolution is diva-
lent (12, 16, 17). It is also assumed that Si dissolves
by first forming an oxide which then reacts with HF
to form the water-soluble silicofluoride complex.

The main function of the oxidizing agent in the
chemical etching solution is not to oxidize the semi-
conductor as is sometimes proposed (1) (Ge and Si
are readily oxidized in most oxygen-containing
systems) but to provide an easily reduced material
for the cathode reaction. In the absence of an oxi-
dizing agent (including oxygen) and metal ions
more noble than the semiconductor, the only cath-
ode reaction possible is the discharge of hydrogen
ions. The hydrogen discharge reaction can only
proceed at a very slow rate, however, because of
hydrogen overvoltage. This limits the chemical
etching rate to a negligible value.

Oxidizing agents do more than provide an easily
reduced material at semiconductor electrodes. They
modify the distribution of mobile charge carriers
in the surface region so that the Fermi level at the
surface is nearer the valence band than it is the
conduction band. This is illustrated in Fig. 7. The
electron transfer process in the reduction of the
oxidizing agent involves the transfer of an electron
from the valence band to the ion being reduced. It
is equivalent to hole injection. This concept was
formulated independently by Gerischer and Beck
(9, 18) and Dewald (10). Both have obtained ex-
perimental evidence in support of this mechanism.
Pleskov (19), using a novel technique of working
both sides of a Ge electrode electrochemically, has
confirmed their observations.

The reduction of HNO, is a complicated reaction
involving several steps (20, 21). Cretella and Gatos
(7) have shown that the mechanism proposed by
Vetter (20) for the cathodic reduction of HNO, on
a Pt electrode also applies to Ge. The over-all re-
action can be written as follows:

HNO, + 2H' -» HNO. + H.O + 2e* [3]

Holes injected into the semiconductor by the catho-
dic reduction of the oxidizing agent supply the
holes required for the anodic dissolution part of the
chemical etching process. Combining Eq. [2] with
two times Eq. [3] (for charge balance) gives the
following over-all reaction for chemically etching
silicon in HNO,-HF mixtures:
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Si + 2HNO, + 6HF - H.SiF, + 2HNO, + 2H.O +
(4—n)e" + (4—n)e [4]

Each atom of Si dissolving uses up to 2 molecules
of HNO, and six of HF. The activation energy
(~ 4 kcal/mole) (2, 22) for the over-all reaction
indicates that the kinetics of the process is diffusion-
controlled. Therefore, if the rates of diffusion and
convection of HNO, and HF from the solution bulk
to the Si surface are approximately equal, the max-
imum etching rate should occur when the mole
ratio of HNO, to HF is 1/3 [solution composition:
429 by wt (70%) HNO, + 58% by wt (49%)HF].
Schmid and Spahn (21, 23) found that HNO, re-
duces beyond nitrous acid, HNO,, to nitric oxide,
NO, when copper is chemically etched in HNO,. For
this mechanism, the over-all cathodic reduction of

nitric acid is
HNO, + 3H' - NO + 2H.O + 3e* [5]

Robbins and Schwartz (1, 24) have assumed that
HNO, reduces to NO as in Eq. [5] when Si is chemi-
caily etched in HNO,-HF mixtures. However, they
also propose that the anode reaction product is SiF..
As a result, their over-all anode-cathode reaction
for etching silicon in HNO,-HF mixtures gives a
1/3 mole ratio as in Eq. [4] which is only fair in
agreement with the results shown in Fig. 1. An ex-
cellent agreement is obtained, however, if H,SiF, is
assumed to be the anode reaction product instead
of SiF,. The over-all etching reaction obtained by
combining Eq. [2] and [5] (Eq. [2] is multiplied
by 3 and Eq. [5] by 4 for the necessary charge bal-
ance) is as follows:

3Si +4HNO, + 18HF - 3H.SiF, + 4NO +
8H.O + 3(4—n)e’ + 3(4—mn)e  [6]

The mole ratio of HNO, to HF for this reaction is
4/18 or 1/4.5. This agrees very well with the HNO,-
HF composition which gives the maximum rate of
etching shown in Fig. 1 [33% by wt (70% )HNO, +
67% by wt (49% )HF]. Klein (2) obtained a maxi-
mum etching rate on Si at about the same solution
composition. Robbins and Schwartz (1) have prop-
erly concluded that to the left of the maximum,
where the HF concentration is relatively low, the
rate of etching is controlled by the diffusion and
convection of HF to the Si surface. The arrival of
HNO, at the Si surface becomes rate determining
in solutions with compositions to the right side of
the maximum in Fig. 1.

The number of excess holes and electrons pro-
duced in chemically etching Si, as shown in Eq. [4]
and [6], depends on the rate of etching and the

4
current multiplication factor(a = —) in the anode
n

reaction. If n is 2, then « = 2; but if 4 holes are
consumed in dissolving 1 Si atom, then « = 1 and
no excess holes and electrons are produced. Poten-
tial measurements on Ge and Si electrodes in chem-
ical etching solutions indicate that « > 1, since the
potential is a function of the conductivity type and
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resistivity as shown in Fig. 5 and 6. The measured
electrode potential, except for n-type Si, is shown
to be a logarithmic function of the equilibrium hole
density. At present, the author does not have a
satisfactory interpretation of the results obtained
with n-type Si. The material lifetime or the total
impurity density were found not to be a factor.
Dewald (10) has shown that holes are the poten-
tial-determining carriers at semiconductor elec-
trodes in etching solutions. The hole density just
inside the space-charge layer (p.) is large on n-
type as well as p-type electrodes. For very strongly
p-type samples (equilibrium hole densities p > ~
10" holes ecm™), p, is not appreciably different from
the equilibrium hole density and the measured
electrode potential becomes almost constant. The
limiting potential effect should occur at higher p
values if the rate of hole generation at the surface
increases. This is confirmed by the results shown in
Fig. 5 since the etch rate increases with larger
amounts of HF.

The potential (Ei) at the semiconductor-elec-
trolyte interface can best be illustrated with typi-
cal anode and cathode potential-current curves as
shown in Fig. 8. In order to simplify the diagram,
the IR drops in the local corrosion circuits were not
included. In HNO,-HF mixtures the cathode reac-
tion is the reduction of HNO, according to Eq. [5],
while the anode reaction is the dissolution of the
semiconductor, Eq. [2]. The case illustrated in Fig.
8 is the condition where the etching rate is deter-
mined by the mass transfer of HF to the surface.
The intersection of the anode and cathode curves
determines the etching or corrosion current, and
the measured potential of the electrode. In concen-
trated HNO, without HF, the corrosion current is
essentially zero and the measured potential is the
open-circuit potential of the cathode reaction—the
reduction of nitric acid on the semiconductor. When
HF is added, the anode reaction proceeds at a much
higher rate before polarization sets in, curve A..
The etching rate on Ge or Si increases markedly
and the measured electrode potential changes in
the negative direction. When the measured elec-
trode potential is appreciably far from the open-
circuit anode or cathode potential it is often called
a mixed corrosion potential. The large initial poten-

m

UNSTIRRED

oo

ELECTRODE POTENTIAL
n

0 TOTAL CORROSION CURRENT =3

Fig. 8. Typical electrochemical polarization curves for local
anodes and cathodes on Ge or Si in HNO: with and without
HF additions.
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tial change in Fig. 3 which occurred when a small
amount of HF was added to HNO; is attributed to
a large change in the mixed interfacial potential.
Subsequent changes in the electrode potential at
higher etch rates with more HF as shown in Fig. 3
are complicated by changes in E; (inside the semi-
conductor) due to the excess holes and electrons
produced. Stirring increases the supply of the rate-
determining material to the surface of the semi-
conductor. This increases the corrosion current and
shifts the electrode potential, as shown in Fig. 8.
The potential change with stirring is easily demon-
strated by simply jiggling the electrode. When HF
is the rate-determining material the potentials of
both n- and p-type Ge (or Si) always shift in the
negative direction and when HNO, is the control-
ling factor, the potentials become more positive
with stirring. Current I, and potential E, represent
the values obtained when the mass transfer of
HNO, and HF are equally rate determining. As
previously mentioned, this occurs on Si at the max-
imum rate of etching when the HNO,/HF ratio is
about 1-4.5.

Summary and Conclusions

The chemical etching of semiconductors is really
an electrochemical process. Semiconductor dissolu-
tion takes place at local anode sites while the oxi-
dizing agent is reduced at local cathode areas. The
total anodic current always equals the total cathodic
current. The average anode and cathode current
density calculated from rates of etching data is in
the order of amperes per square centimeter. The
rate of etching is controlled by the mass transfer
of an ionic or molecular species in the electrolyte
to the surface of the semiconductor. It is not limited
by the supply of holes or electrons in the semicon-
ductor surface. In fact an excess of holes and elec-
trons are produced at the surface. The large number
of holes required to maintain the semiconductor
dissolution reaction rate at amperes per square cen-
timeter are supplied by hole injection at nearby
cathodic areas. Due to a current multiplication ef-
fect in the anode reaction, an equal number of
excess holes and electrons are produced at the
semiconductor surface. These excess holes and
electrons modify that part of the measured elec-
trode potential which is just inside the surface of
the semiconductor.
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Preparation of Boron by Fused Salt Electrolysis

Nelson P. Nies

U. S. Borax Research Corporation, Anaheim, California

ABSTRACT

The preparation of elemental béron by fused salt electrolysis was investi-
gated using various ele%o es composed of B.O; dissolved in mixtures of
alkali metal and megnesw.é chlorides, fluorides and oxides, with a graphite
crucible anode and a steel cathode at about 850°C. The best product purity,
97.5%, was obtained with a bath containing KCl, KF, and B.O,, treated with
HCI gas. [This electrolyte has the advantage that it is not as volatile as pre-
viously used baths containing KBF.. Lower purities were obtained with baths

11ST

containing sodium or magnesium salts. n approximate phase equilibrium
diagram is given of the liquid system KCl Kl}LBEOLK

Elemental boron has been prepared by (a) ther-
mal reduction of boric oxide with metals (1, 2), (b)
thermal reduction of boron halides or fluoborates
with metals or hydrogen (2-5), (c¢) thermal disso-
ciation of boron halides or hydrides (5-8), and (d)
fused salt electrolysis. In the first of these methods
the highest purity has been obtained by the use of
magnesium powder (Moissan process); most com-
mercial boron has been produced by this means.
However, the purity of Moissan boron (without
further treatment) is usually less than 929%, and
this method is limited economically by the cost of
the magnesium and the excess B,O; used. Methods
(b) and (c) are capable of producing higher purity
boron but also have been limited economically by
the cost of raw materials. The electrolytic method
is not so limited by raw material costs and was be-
lieved worthy of further investigation.

Early work on the electrolysis of alkali borates,
reviewed by Andrieux (9), resulted in impure
products and low yields. Kahlenberg (10) electro-
lyzed fused KBF, and stated that operation was
satisfactory except for contamination of the prod-
uct with copper from oxidation of the cathode. He
also attempted the electrolysis of a KF-B;O; bath
but was unsuccessful because of attack on his con-
tainers. He reported a product analyzing 1009 B
from a nonfluoride bath containing KCl, K,O, and
B.O,, but, as will be shown, this result could not be
confirmed in the present work.

Andrieux (11) reported that in the electrolysis
of borates, the product of highest purity, about 85%
B, was obtained when the cation present was mag-
nesium. Cooper (12) reported a maximum purity
of 96.7% B by electrolysis of a KF-KBF,-B.0, bath
and 99.5% B with KCI-KBF, and KCI1-KBF,-B,0,
baths. Cooper’s electrolytes containing B,O, are
analogous to those used in aluminum production.
Andrieux and Deiss (13), Ellis (14), Miller (15),
Murphy, Tinsley, and Meenaghan (16), Fullam
(17), and Stern and McKenna (18) have also elec-
trolyzed baths containing KBF,. These investigators
also obtained their maximum purity by using KBF.,.
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In most cases they did not reach the maximum
purity reported by Cooper.

The use of KBF, leads to appreciable loss of
boron and fluoride by volatilization, because of its
tendency to decompose on heating [v.p. 182 mm at
800°C(19)]. The purpose of the present work was
to find, if possible, a bath which would be more
stable than those containing fluoborates and which
would produce a comparable product.

Experimental

A graphite crucible, of inside diameter 254 mm,
inside depth 380 mm, with walls 76 mm thick and
with a close-fitting shell of 6.4 mm (% in.) Inconel
was used as a bath container and as the anode. This
was enclosed in a brick furnace heated with a gas
burner. The cathodes used were either cylindrical
or flat. The flat cathodes were made by welding 5
mm x 127 mm or 152 mm Armco iron plates to-
gether with 3 in. spacers between them, to form a
hollow cathode which could be cooled by blowing
compressed air into it. The cylindrical cathodes
were made from mild steel pipe closed at the bot-
tom, with a tube inside the cathode extending al-
most to the bottom for cooling with compressed air
at the end of a run. It was found helpful in pre-
venting attack on the cathodes to have tubes for
air cooling welded to the cathode above the bath
level. A layer of frozen electrolyte was put on the
upper part of the cathode, above the bath level, by
momentarily dipping the cathode in the bath before
bolting it in place for the electrolysis, and this layer
was maintained during electrolysis by passing a
current of air through these tubes. To start a run,
the crucible was filled with about 35 kg of the
mixed ingredients (technical grade) and heated
until fused and the desired temperature was
reached. The cathode was then bolted to a water-
cooled copper cathode holder and lowered into the
bath. The bath was not covered and no protective
atmosphere was used. The current was supplied by
Edison batteries. In some experiments the potential
was applied to the cathode before placing it in the
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bath; this procedure usually resulted in a layer of
electrolyte between the black deposit and the cath-
ode. In most experiments, therefore, the current
was not turned on until a few minutes after lower-
ing the cathode into the bath, in order to permit’
melting of the layer of frozen salt which formed at
first on the surface of the cathode. Any black scum
on the surface of the bath was removed by skim-
ming at frequent intervals. It was found desirable
at the end of a run to decrease the current to about
25-40 amp and cool the cathode by passing com-
pressed air through it for a few minutes before
raising the cathode from the bath, in order to in-
crease adherence of the deposit to the cathode.
The product generally formed on the surface of the
cathode as a smooth black deposit (occasionally
rough in places) containing about 25% elemental
boron and 759% electrolyte. The deposit often
showed a tendency to ignite in spots just after re-
moval of the cathode from the bath. If this occurred
it was quickly extinguished by covering with
granular sodium chloride. On soaking the cathode
in water the deposit disintegrated and was easily
removed from the cathode. In some cases, the de-
posit was removed by hammer and chisel, in order
to separate the smooth parts of the deposit from the
rough. Any parts which appeared different, such as
the deposits on the edges and sides of a flat cathode,
were separated also. These portions of the crude
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deposit were extracted with boiling water, digested
overnight with hot concentrated HCl, washed and
dried at 110°C. The products were practically
amorphous to x-rays.

For analysis, a freshly dried 0.2-g sample, was
either fused with 10 g of sodium carbonate (20)
or dissolved in mixed acids (21); B.O, was deter-
mined by titration by the usual method, using
mannite.

Data on selected runs with various electrolytes
are given in Table 1.

Discussion

One of the first bath compositions investigated
(Run 1) was the KCI-K,0-B,O, bath, which had
been stated by Kahlenberg (10) to give pure boron.
In this nonfluoride bath some alkalinity is necessary
to dissolve the B.O,. Only a very low yield of 659
boron could be obtained with this bath.

Replacement of KCl partially (Run 2) or com-
pletely (Run 3) by KF in these alkaline baths gave
a somewhat better but still unsatisfactory purity,
78-799% B. If the alkalinity was increased to 32.5%
(Run 4), no deposit at all was obtained. These poor
results with alkaline baths may have been due to
oxidation of the deposit by carbonate, which was
present in alkaline baths in higher concentrations
than in nonalkaline baths (Runs 3, 4, 6).

Better results were obtained with electrolytes
not containing added alkalinity. Electrolytes com-

Table I."Summary of experiments on the electrolytic production of elemental boron

Bath components, wt %

Average
cathodic Current

current effi- Product
Run PH of 0.33% Avg density, ciency, purity,
No. KC1 KF K>0 B20s solution Hr temp, °C Volts Amp amp-dm-2 % % B
1 59 0 21 20 — 2 882 4.3-5.4 560-780 87 1 65.0
2 23.5 31.5 21.5 23.5 — 3 857 4.2-53 570-800 98 31 79.3
3¢ 0 50 20 30 — 3 849 4.5-5.5 495-775 96 55 78.0
4 0 43 32.5 24.5 — 3 882 3.5-4.6 500-775 81 0 —
5° 56 36 8 — 1.3 810 5.3-5.7 580-605 135 34 80.4
6 11.5 73.5 15 —_ 2.0 850 3.8-4.7 600-740 99 81 87.8
7 71 21.5 7.5 — 1.5 845 3.9-4.7 505-650 81 40 83.5
8 44 33 23 7.6 15 860 3.6-3.8 255-300 74 67 87.0
9° 43.5 32 24.5 4.7-4.9 1.5 860 3.5-3.7 280-300 79 58 93.3
107 91 7.2 1.8 3.4 1.5 840 4.0-4.2 285-310 82 62 90.4
11° 46.5 30.0 23.5 4.9 1.5 871 3.6-3.8 290-300 79 47 96.0
12¢ 44 41 15 7.1-7.2 2.0 812 3.1-3.2 310-370 87 57 94.7
13 0 92.5 7.5 — 3.0 896 34-4.1 595-940 107 58 84.0
14 0 69.5 30.5 — 3.0 802 4.9-5.6 515-710 92 67 86.5
157 0 85 15 5.6-5.7 2.5 877 2.6-3.2 310-355 87 28 90.7
KBFy
16* 70 22 8 3.8 2.0 827 3.5-3.7 295-360 84 79 95.0
NaCl NaF
17¢ 20.5 32 27.5 20 8.1 2.0 909 2.7-3.4 295-340 84 56 85.9
18¢ 0 39 36 25 7.7-7.9 1.0 836 3.7-3.9 340-370 93 27 79.4
MgF: KF
19* 11 79 10 4 906 2.5-3.2 315-360 48 18 84.3

@ Run 3: Analysis of electrolyte for CO2: before run, 0.42%; after run, 0.19% COx.
» Run 4: Analysis of electrolyte for COz: before run, 0.43%; after run, 0.23% CO..

¢ Run 5: KCI-KF eutectic (m.p. 605°C) + B20s.
¢ Run 6: CO. content of electrolyte at start of run, 0.012%.

¢ Runs 9-12; 17 and 18: Electrolyte acidified with gaseous HCI before electrolysis.
f Run 10: HCl was passed into this bath for 2% hr, causing a second liquid of composition 21% KCl, 31% KF and 48% B:0s to form at

the bottom of the crucible.
¢ Run 15: Gaseous HF passed into bath before electrolysis.
k Run 16: Cooper (12) electrolyte.
i Run 19: Product contained 2.3% Mg.

Note: Cathode dimensions: Runs 1-4, 6, 7, 13, 14, 19: fat, 12 x 2 cm, immersed 23 cm; Run 5: cylindrical, 9 cm diameter, immersed

12 em; Runs 8-12, 15-18: cylindrical, 6 cm diameter, immersced 23-24 cm.
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posed of KCl, KF, and B,O, (runs 5-8) gave prod-
ucts ranging up to a maximum of 91.69% boron in
the coarser fraction of Run 8. In these experiments
the + 100 mesh fraction of the product was usually
of higher purity than the finer fractions. When a
flat- cathode was used, the deposit at the edges,
where the current density was greater, generally
gave a somewhat higher purity than that on the
flat sides. This bath composition gave poor results
under some conditions such as low temperatures
and low KF or B,O, concentrations. A KF/KCI ratio
equal to that of the eutectic in the system KF-KCl
also gave poor results (Run 5).

It is known that fused halides exposed to the
atmosphere will gradually become alkaline. Since
the above experiments indicated that an increase
in electrolyte alkalinity gave a poorer quality prod-
uct, neutralization with HCl was attempted. It was
found that the alkalinity could be eliminated by
bubbling HC1 gas into the fused salt bath through
a graphite tube. A convenient means of controlling
the addition of the gas was to determine the pH of
a 0.33% solution of the electrolyte. By electrolysis
of these acid-treated baths (Runs 9-12) it was pos-
sible to produce boron of markedly increased pur-
ity. The highest over-all product purity reached
was 96% B in Run 11. Coarser fractions of the
products were again of higher purity than the finer
fractions and reached 97.3-97.59% B in several runs.
Boron of good purity was obtained with electrolytes
of which the pH of the 0.33% solution ranged from
4.8 to 7.2, and the KCIl:KF:B.O, proportions by
weight were 47:30:23, 57:30:13, 42:38:20, and
45:40:15. '

Figure 1 is a phase equilibrium diagram of the
liquid system KC1-KF-B.O,. The numbers shown
are examples of the product purity obtained with
acid-treated baths of various proportions of these
components. In Run 10, the HCl was passed into
the fused bath for 21% hr, which apparently caused
a loss of HF from the bath and resulted in separa-
tion of the bath into two liquids, represented by the
ends of the tie line in Fig. 1.

B203

TWO
LiQuios

90.7

NN NN\

KCl

Fig. 1. Phase diagram for the liquid system KCI-KF-B:Os at
approximately 800°-900°C (wt %), showing the per cent
boron in the product obtained by HCI treatment and elec-
trolysis of various electrolyte compositions. Squares represent
products in which the +100 mesh fraction consisted of
97.3-97.5% boron.
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For reasons not fully understood, lower purities
and “blistering” of the deposits were sometimes
observed. A cause of this may be the partial burn-
ing of the deposit which sometimes occurred in
spots just after removal of the cathode from the
bath,

Other electrolyte compositions were investigated.
Electrolytes of B,O, dissolved in KF were tried
over a range of B,O, concentration up to the com-
position B.,O,:2KF suggested by Kahlenberg (10).
An attempt was made to acidify these baths by
passing in gaseous HF. The HF was absorbed, but
less readily than HCL The maximum product purity
obtained with this acidified bath was 90.7% (Run
15) compared with 86.5% without addition of acid
(Run 14).

Cooper’s (12) electrolyte KCI-KBF,-B.O; gave
typically 93.5-95.5% purity under our conditions.
An example is Run 16.

Electrolytes containing sodium salts were tried,
HCl being passed in as before (Runs 17, 18).
Sodium salts did not absorb either HCI1 or HF well
enough to become acidic. These experiments gave
lower product purities than the potassium salts and
thus confirm Cooper’s (12) statement that sodium
salts are detrimental. Metallic sodium was observed
in the deposit and on the surface of the bath in
some cases, especially where the operating tem-
perature was below the boiling point of sodium,
880°C.

Also, electrolytes composed of KF, MgF,, and B,O,
were tried (Run 19) but the purities were only 82-
849, B and the products contained appreciable
amounts of magnesium,
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Rhodmw-\l’c:Tladium;Hydrogen Ciqtrhiodes in Acid Solution

Catalytic Activity and Electronic Structure of

James P. Hoare*
Scientific Laboratory, Ford Motor Company, Dearborn, Michigan

ABSTRACT ve // /‘ fol
Hydrogen overvoltage measurements were made on a series of rhodium=
palladium alloy cathode beads. Two phases, « and g similar to those in the
Pdt}H system, are considered in t RhLszH system. Mechanisms for the hy— ,L'
drogen. producing reactions on Sditim, i ",‘ and rhedium-palladium / /
alloy cathodes are discussed. From low current density measurements the cata-
lytic activity of the cathode surface for the hydfgen reaction was determined.
1t appears that vacancies in the d-band of ahe catalyst metal are necessary for
strong bonds between the absorbed hydregen and the surface but it is the den-
sity of states at the Fermi level that determines how strong the chemisorbed
bonds are. The catalytic activity is directly related to the heat of absorption

and so to the d-band structure. {

In recent years much interest has been generated
in establishing relationships between the surface
properties of metallic catalysts and the electronic
structure of the bulk metal (1). It has been sug-
gested that on a metal such as palladium, contain-
ing vacancies in the d-band, hydrogen is adsorbed
with a greater heat of adsorption than on an alloy
of palladium and gold in which the number of d-
band vacancies has been reduced (2).

Hydrogen overvoltage measurements were car-
ried out on a series of Pd-Au (3) and Pd-Ni (4)
alloys. The results of these investigations indicated
that the surface catalytic activity of the electrode
is directly associated with the number of vacancies
in the d-band of the bulk metal through the heat
of adsorption of hydrogen on the metal as pointed
out by Conway and Bockris (5). It was, therefore,
indicated (2, 3, 5, 6) that for metals on which the
slow discharge step or Volmer mechanism (7) is
rate determining ‘the catalytic activity should in-
crease (2, 3) as the number of holes is increased.
However, for those metals on which an H-atom de-
sorption step is rate controlling, such as the slow
combination or Tafel mechanism (8) and the so-
called electrochemical or Horiuti mechanism (9),
the reverse should be true.

In order to test this theory further and possibly
to determine whether the catalytic activity is re-
lated to the number of holes or to the density of
states in the d-band it was desired to find a series
of alloys in which the number of holes could be

1 Present address: Research Labs., General Motors Corp., War-
ren, Mich,

increased. An obvious system is that of Rh-Pd. Al-
though the phase diagram of this system is not
available, still the two metals have very similar
atomic dimensions and both form face-centered
cubic crystals (10). Therefore, it is not unlikely
that they are completely miscible in one another.
Since Rh has one less electron than Pd, additions
of Rh to Pd should form a series of alloys with an
increasing number of vacancies in the alloy d-band.
It is with this system that the present investigation
is concerned.

Experimental Methods

A series of Rh-Pd alloys of the following compo-
sitions were made by melting the required amount
of Pd, 99.79% pure, with that of Rh, 99.8% pure, in
an induction furnace under a hydrogen atmosphere.
These compositions are:1, 2, 5, 10, 15, 20, 50, and 90
atomic per cent (a/o) rhodium. A portion of the
alloy, welded to a Pt wire which served as the elec-
trical contact, was melted to form a small bead. The
alloy bead and the Pt lead were imbedded in poly-
ethylene in such a manner that only a hemisphere
of the alloy bead was exposed. The exposed appar-
ent surface area of the beads, measured geometri-
cally, ranged between 0.09 and 0.04 cm®.

The cylindrical cell, shown in Fig. 1, was made of
Teflon and was designed to hold about 25 ml of
solution. A large piece of Pt gauze lined three
quarters of the inner wall and served as the anode,
while a rather small piece of Pt gauze served as the
reference electrode. The cell top was fitted with a
Teflon tube which provided the hydrogen inlet, a
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Fig. 1. Teflon cell

short tube for the hydrogen outlet, the polyethylene
covered cathode bead and platinum lead, and a hole
through which the pre-electrolysis electrode (a Pt
wire) could be placed.

The water was triply distilled from an all-quartz
still, and all purification techniques were the same
as those described before (11, 4). Overvoltage
measurements on the alloy beads were carried out
with an electronic current interrupter in electro-
lytically purified 2N sulfuric acid solution vigor-
ously stirred with purified hydrogen in the same way
as was done in the case of the bright Pd bead (11).
Potential measurements were recorded only when
the pulse from the current interrupter indicated
clean surface (12) conditions (high pseudo-capaci-
tance) (13). The temperature was 25° = 1°C, and
individual points could be reproduced within =+
2.5 mv. The potential 5 (positive in the direction of
anodic polarization) is an electrode potential or over-
potential measured by reference to a reversible Pt/
H. electrode in the same solution.

Results and Discussion

Two series of experiments were carried out on
the Rh-Pd alloy beads.

The «-Rh-Pd-H System.—In the first series of
experiments, the Rh-Pd alloy cathode was anodized
at a relatively high current density (0.3 amp/cm®)
for about 30 min. The circuit was broken and the
open-circuit potential of the bead vs. a Pt/H. elec-
trode in the same solution was followed as a func-
tion of time. When the ternary system, Rh-Pd-H,
had reached a steady state and the potential had
been constant for at least 12 hr, this steady-state
value was recorded. Then by means of a constant
current source and a high-value series resistor (20
to 60 megohm), the alloy bead was first slightly
cathodized stepwise and the time independent (con-
stant for at least 10 min) values of the potential 5
were recorded for each step. Afterwards, the cath-
odic current was reduced stepwise to zero and was
continued in like manner in the anodic direction.
The points on the curves in Fig. 2 are the average
values for at least three cycles of increasing and
then decreasing the current over the complete cur-
rent range shown in Fig. 2. These points were re-
producible within * 0.5 mv.

The potential n observed at zero current may be
interpreted as a mixed potential derived from two
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Fig. 2. Apparent current density i vs. electrode potential
or overpotential n referred to a Pt/H, electrode in the same
solution (2N H.SO.). Anodic currents to the right, anodic
polarizations upward. Linear current density range for Rh-Pd
alloys. Atomic per cent Rh indicated on graph together with
open-circuit potentials. The slope dn/di is given for each
alloy in ohm em? (25°+1°C).

phases existing in the Rh-Pd-H system analogous
to the o« and B phases found in the Pd-H system
(14). If, in this region, the mixed potential is de-
termined by the a-phase analogue of the Rh-Pd-H
system (hereafter designated as a-Rh-Pd-H), then
this steady-state potential is, for practical purposes,
identical to the equilibrium potential (15) for the
saturated a-phase. Since it has been shown (16)
that in the Pd-H system a bead-type of electrode
similar to that used in this investigation exhibits
the potential of a Pd cathode in the a-phase of
maximum composition for periods of time greater
than a week, these electrodes are good approxima-
tions to a pure a-phase electrode. There may or may
not be small amounts of the B-phase also present,
but the electrochemical properties are determined
by the dominant a-phase.

In the low current density region where a linear
relationship between the current density i and elec-
trode potential or overpotential » exists, the slope
of the i vs.  curve may be taken as a measure of the
rate of the hydrogen reaction k occurring at the
electrode (17), i.e, k will be defined as equal to
di/dn. A plot of the rates of reaction obtained from
the reciprocal of the slopes of the curves in Fig. 2
for the hydrogen reaction proceeding on the «-Rh-
Pd-H cathodes is shown by the triangles in Fig. 3.
These experiments were also repeated for a pure
Pd bead on which k was observed to be 0.20 mho
cm™ in agreement with the value of 0.13 mho em™
found earlier for «-Pd (18).

The B-Rh-Pd-H System.—In the second series of
experiments, the Rh-Pd beads, after strong anodi-
zation, were cathodized at current densities of the
order of 300 ma cm™ for about 90 min. This treat-
ment converted the cathodes completely to the g-
Rh-Pd-H phase. Cathodic overvoltage measure-
ments were taken as before (11). Results are shown
in Fig. 4. Overvoltage measurements were also
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Fig. 3. Rate k (mhos/cm?® of the hydrogen reaction at
a-Rh-Pd-H (A) and g-Rh-Pd-H (O) alloy electrodes as a func-
tion of atomic per cent Rh in the Rh-Pd alloy. Steady « open-
circuit potentials (@) referred to Pt/H: in the same electrolyte
(2N H.SO,). For g open-circuit potentials, see Table I.

made on a pure Pd and pure Rh bead; these results
are included in Fig. 4 and are similar to those found
in the literature (11, 19).

In general, it is seen that these data may be
placed in two groups. In the first group are the data
for high Pd-content cathodes up to 15 a/o Rh. The
curves are composed of three sections: the low cur-
rent or non-Tafel region, a Tafel region in which b
is about 0.04 v, and a second Tafel region in which
b is about 0.12 v. The high Rh content alloys, from
50 to 100 a/o Rh, form the second group. These
curves have only one Tafel region whose b-slope is
0.12 v in addition to the non-Tafel region. Parsons
(20) has discussed the mechanisms of electrochemi-
cal kinetics in terms of Tafel b-slopes. A slope of
0.04 v found on the high Pd-content alloys as well
as on pure Pd (11) is consistent with the electro-
chemical mechanism on a sparsely covered surface.
Although a unique mechanism for a slope of 0.12 v
is not available (20), it is felt that the data for high
Rh-content cathodes are more easily interpreted in
terms of the slow discharge mechanism for the same
reasons offered in the case of Pd-Ni alloys (4).

A mixed mechanism is exhibited by the data
taken on the 20 a/o Rh cathode shown in Fig. 4.
These data seem to correspond to a transition state
between the high Rh-content and high Pd-content
cathodes. Here a Tafel region with a b-value of
0.075 v is observed which could be explained by a
mechanism in which both the slow discharge and
the electrochemical steps are equally slow and are
equally rate determining.

From a plot of 5 vs. i at low current densities, the
rate k for the hydrogen reaction proceeding on a
B-Rh-Pd-H cathode was determined in the same
way as for the a-Rh-Pd-H cathode electrodes above.
These linear plots did not pass through zero poten-
tial for the high-Pd content cathodes at zero current
density. This same behavior was noted in the Pd-H
(11), Au-Pd (3), and Ni-Pd-H (4) systems and
may be interpreted similarly (11) as due to the
partial pressure of the dissolved hydrogen. The

October 1960
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Fig. 4. Log i vs. m for cathodic polarization of g-Rh-Pd-H
systems. The atomic per cent Rh in the Rh-Pd alloy is indicated
on each curve; 25°+1°C.

curves for the high Rh-content alloys all pass
through zero at zero current density. These curves
are not shown, but the values for k and for the zero
current intercepts 7, are given in Table I along with
the Tafel b-slopes of the high current density
regions (Fig. 4).

A plot of k for 8-Rh-Pd-H as a function of atomic
% Rh is shown by the circles in Fig. 3. In the case of
the high Pd-content cathodes, the rate is considerably
higher for the B than for the «-analogue. However,
the rate is approximately the same in the two cases
for the high Rh-content cathodes which is to be ex-
pected if these alloys dissolve negligible quantities
of hydrogen. The smooth curve drawn through
these points would indicate, then, that the hydrogen
solubility limit occurs at about 30 a/o Rh. Both
curves exhibit a pronounced maximum at about 5
a/o Rh.,

Catalytic activity and electronic structure.—The
magnetic susceptibility and the low-temperature
specific heat of Pd-Rh alloys have been measured
(21). A maximum is found in the susceptibility-
composition curve at about 5 a/o Rh. This is inter-
esting since one obtains an alloy with a magnetic
susceptibility greater than that of either pure sub-
stance. From the specific heat data, the electronic
heat coefficient y was determined, and a plot of y as
a function of the alloy composition also exhibits a
maximum at about 5 a/o Rh. The fact that both
quantities have a maximum value for the same

Table I. Cathodic polarization data for the S-Rh-Pd-H system
in 2N H.SO; at 25°C

Alloy Zero current
composition k, intercept,

a/o Rh mhos/cm? 7o, MV by, v bz, v

0 3.03 7.1 0.040 —
1 1.59 17.8 0.040 0.117
2 3.24 19.9 0.041 0.122
5 4.00 19.5 0.042 0.119
10 2.26 15.4 0.040 0.122
15 1.67 16.2 0.042 0.119
20 1.23 15.4 0.075 0.116
50 0.093 0 — 0.118
75 0.080 0 — 0.120
90 0.083 0 — 0.122
100 0.095 0 — 0.120
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alloy composition suggests that the density of states
at the Fermi level for the alloy is at a maximum
value.

It has been assumed that the electrode mechanism
on the high Pd-content cathodes is electrochemi-
cally controlled and, therefore, that a H-atom de-
sorption step is rate determining. As the number of
holes in the d-band is increased by additions of Rh
to Pd, the heat of adsorption of hydrogen should
increase and the rate of reaction k should decrease
(2). This is observed. The reaction rates are higher
for all 8-Rh-Pd-H cathodes where all holes in the
d-band have been filled with electrons from dis-
solved hydrogen than for the corresponding «-Rh-
Pd-H cathodes where all the holes have not been
filled as shown in Fig. 3. Apparently this is not the
complete picture since each curve in Fig. 3 shows
a maximum at an alloy concentration of 5 a/o Rh,
suggesting that the rate of the hydrogen reaction
on Rh-Pd-H alloy cathodes is also a function of the
density of states at the Fermi-level energy of the
hydrogen-free Rh-Pd alloys.

Such an interpretation of the data requires that
a direct relationship exist between the activation
energy and the heat of adsorption of hydrogen,
which is not self-evident. By a theoretical analysis
of the shape of the energy surfaces involved and by
an inspection of the pertinent experimental data,
Riletschi and Delahay (22) were able to show a
linear relationship between the hydrogen reaction
occurring at Ni, Ag, and Hg cathodes and the heat
of adsorption on these metals. However, this gives
an expression opposite in sign to that found for Pd-
H alloys (2). The rate-determining step on Ni, Ag,
and Hg is found to be the slow discharge of a hy-
drogen ion from the double layer (23). In this case,
as the number of holes in the d-band are decreased
and, consequently, the heat of adsorption of hydro-
gen decreased, the rate of reaction should decrease
(2) as found by Oikawa (24) for a series of Ni-Cu
alloy cathodes. This was observed by Riietschi and
Delahay as shown in Fig. 2 of ref. (22).

Recently, from theoretical considerations, Parsons
(25) and Gerischer (26) have come to the similar
conclusions that the plot of the logarithm of the
rate of the hydrogen reaction at equilibrium condi-
tions, (when the overvoltage 7 is zero) i.e., the ex-
change current density i, as a function of the
energy of adsorption of hydrogen, gives a similar
type of curve no matter which step is rate deter-
mining. This indicates that the reaction mechanism
cannot be determined alone by the sign of the re-
lationship between changes in the rate with changes
in the energy of adsorption. This is not held by
Conway and Bockris (5). It is to be remembered,
though, that Parsons considers a noble metal cath-
ode surface to be highly covered with atomic hydro-
gen and assumes that the shape of the Morse curve
is rigid and does not change as the energy of ad-
sorption changes. Shuldiner and Hoare (3, 4, 11, 27)
consider such surfaces to be sparsely covered with
atomic hydrogen.

It should also be noted that Parsons, Bockris, and
Delahay consider the changes in reaction rate with
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changes in heat of adsorption obtained from studies
of overvoltage on a series of different metal cath-
odes, while Schuldiner and Hoare (2) observe these
changes on continuous series of alloy cathodes. In
these latter cases, abrupt changes or even discon-
tinuities in the properties of the cathode surface are
less likely.

It is interesting to note that the influence of the
density of states on the rate of reaction is such that
the activation energy decreases as the density of
states in the hydrogen-free Rh-Pd alloys increases.
It is not unreasonable to consider that changes in
the density of states in the bulk material would
change the energy of the surface states which in
turn would cause changes in the activation energy
of the reaction occurring at the surface.

It is suggested, then, that the presence of holes
in the d-band of the Rh-Pd alloy cathodes makes
possible the formation of strong chemical bonds
between the chemisorbed hydrogen atoms and the
metallic atoms of the cathode surface (5); that
there is a direct correspondence between the heat
of adsorption of hydrogen and the activation energy
of the hydrogen reaction; and that, once a strong
bond is formed, how strong the bond is or how
much energy resides in the bond is a function of
density of states at the Fermi-level energy in the
bulk hydrogen-free alloy in such a manner that, as
the density of states increases, the bond becomes
less strong.

For the alloys above about 30 a/o Rh there is not
any essential difference between the two curves
since these alloys do not dissolve significant quanti-
ties of hydrogen and, hence, do not form «- and B-
type phases but only one single solid Rh-Pd phase.
As suggested above, the slow discharge mechanism
is rate controlling on these cathodes. As Rh is added
and the number of holes increases, the rate on the
high Rh-content cathodes should increase since now
the slow discharge mechanism is rate determining.
The data in column 2 of Table I does show a trend
in that direction. Even though this slight increase
may be within the limits of experimental error, the
amount of the increase for the high-Rh-content
cathodes may actually be very small and difficult to
detect because of experimental difficulties. This is
true since Rh with about two holes in the d-band
per atom is in such great excess in this range of
alloy composition (50 a/o Rh) that the percentage
of change in the number of holes in the alloy d-
band with additions and subtractions of Pd having
only 0.6 hole per atom would be very small.

Finally, the initial drop in the rate curves in Fig.
3 from the value for pure Pd is surprising and un-
expected. The rate for the 19, Rh cathode was
checked twice with new beads, and the value shown
was reproduced each time. Although a quantitative
explanation for this is not available at this time, a
qualitative one may be found in Parsons’ work (25).

He shows on theoretical grounds that i, is propor-

tional to 1/p", where p is the partial pressure of
molecular hydrogen and n has a value between 0
and 1. If the magnitude of the intercept 5, (Table
I) is proportional to the excess partial pressure of
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dissolved hydrogen above the equilibrium partial
pressure, then it is seen that this partial pressure
increases in going from pure Pd to 1 a/o Rh in Pd.
Therefore, the rate should drop, since p > 1. For
higher Rh-content alloys there is little or no change
in 7., and this effect is not observed.
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Fused Salt Polarography Using a Dropping Bismuth Cathode

Raymond J. Heus and James J. Egan

Brookhaven National Laboratory, Upton, New York

ABSTRACT

/ An apparatus is described which is sujtable to study fused chlorides by

the polarograp}}L ic, technique. Dropping

A . s
blsfgu{h is used in a way analogous to

dropping . Polarographic waves are shown for PbCl, ZnCl., and
CdCl; in a LiCngCl eutectic melt at 450°C. The method serves as an analytical

tool at high t

peratures, besides yielding physicochemical information such

as diffusion coefficients by application of the Ilkovic equatioi_j

Many studies have been made on fused salts using
the polarographic technique (1-8). In general solid
wire microelectrodes have been used to measure
concentrations which were found to be proportional
to the limiting current. The dipping platinum micro-
electrode has been used by Flengas (9), and Chov-
nyk used derivative polarography at wire micro-
electrodes (10). Nachtrieb and Steinberg used a
dropping mercury electrode to study low melting
nitrate melts (11).

The dropping mercury electrode has not been
employed at temperatures greater than 220°C, due

to the high vapor pressure of mercury. Aside from
gallium (12), no metal other than mercury has been
employed as a dropping electrode, but dropping
electrodes should prove useful since they have been
so successful in lower temperature studies.

In order to expand the range of temperatures at
which dropping electrodes can be used, the follow-
ing work was undertaken using molten bismuth at
450°C as the electrode material. Bismuth is an ade-
quate metal for this purpose since its chloride is not
too stable, the element is liquid over a large tem-
perature range with a low vapor pressure, and it
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Fig. 1. Dropping bismuth polarographic cell with four fused
salt cups.

has a melting point of 271°C. Other metals however
can probably be used instead of bismuth depending
on the experimental conditions.

Finally, the advantages of the dropping electrode
include a constantly renewed surface which is im-
portant when ions are being reduced to metals at
the electrode, and a shape which enables a mathe-
matical treatment of the mass transport at this elec-
trode (Ilkovic equation). When proper care is taken,
the dropping electrode seems to obey these equa-
tions better than other electrodes, probably because
of the thin diffusion layer which exists at dropping
electrodes (13a).

Experimental Details

The apparatus used for obtaining polarograms is
shown in Fig. 1. Since it was imperative to exclude
oxygen from both the bismuth (the formation of an
oxide causes plugging of the capillary) and the
fused salt, the capillary and salt cup were contained
in a vacuum-tight Vycor tube 70 cm long and 64
mm in diameter. Ground glass ball joints connected
the container and the space above the capillary to
separate sources of both helium and high vacuum.
This arrangement allows one to regulate the pres-
sure difference across the capillary to any value
between 0 and 1 atmosphere.

The capillaries were made by drawing Pyrex
tubing to a small bore, care being taken to obtain
a thick wall so the end could be cut off at 90° to
the bore. The particular capillary to be used was
then selected by examination using a microscope.
Capillaries with a 0.075-mm bore and a 10-cm
length were found best suited for experiments. One
could produce a slow drop time with this size, and
the bore was large enough not to plug easily. Before
the bismuth entered the capillary it was filtered
through a coarse Pyrex frit located above the capil-
lary.

The fused salt was held in four Pyrex cups which
also contained bismuth pool anodes. A tungsten
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wire was sealed into the bottom of each cup and
cleaned electrolytically to insure good electrical
contact. The tungsten wires also served to hold the
salt cups on a stand which could be raised and
lowered to the desired height by a moveable shaft
seal. This shaft seal was constructed from “tru-
bore tubing” which was lubricated with a high
vacuum grease to keep the container tight to a vac-
uum better than 10®° mm Hg. Electrical contact to
the dropping bismuth cathode was made by sealing
a tungsten wire through the inner Pyrex tube as
shown. To assure a good electrical contact with the
bismuth pool, a tantalum ribbon was spot welded
to the tungsten wire.

In an attempt to make the capillary section of
use in more than one experiment, a tantalum foil
“pillow” was added to this compartment. When the
bismuth solidified upon cooling, the pillow would
collapse and the glass would not break. Unfortun-
ately, bismuth remaining in the capillary itself
would more often than not break the capillary upon
expansion.

A wire wound nichrome resistance furnace sur-
rounding the outer Vycor container was used to
heat the contents to approximately 450°C. The tem-
perature was measured with a chromel-alumel
thermocouple attached to the outside of the Vycor
container and was controlled with a recording
potentiometer. A sight port through the cylindrical
furnace enabled one to view the dropping electrode
and the salt cups for manipulation at high tempera-
ture.

The current through the cell was measured by
recording the voltage drop across a standard resis-
tor (200 or 250 ohm) in series with the cell. A
Brown automatic recorder with 25 mv full scale
and a pen speed of 3.5 sec full scale was used. The
potential applied across the cell varied linearly
with time at the rate of 0.3 v/min. This was ac-
complished by driving a Helipot with a synchronous
motor and a Graham variable speed transmission,
the source of voltage being a 2-v storage battery.

After each run the entire salt content of the cell
was weighed, dissolved, and analyzed for Pb, Cd,
or Zn using aqueous polarographic techniques.

The LiCl-KCI eutectic (41 mole % KCIl) used as
solvent was prepared as follows. The powdered
materials, in a weight ratio to form the eutectic
mixture, were put above a fine Pyrex frit and at-
tached to a source of high vacuum and purified
helium. The contents were heated under vacuum
just below the melting point for approximately 24
hr then melted under vacuum for another hour and
forced through the frit into capsules by applying
an atmosphere of helium pressure over the molten
salt. The capsules were then evacuated and sealed
off for later use in experiments.

The solute salts were prepared independently.
The PbCl; was used as obtained from the manu-
facturer. The CdCl, powder was desiccated for one
day under vacuum. The ZnCl, powder was heated
under dry HCI, then melted, and finally evacuated
and sealed off in a capsule until used. The bismuth
metal was also pretreated before it was loaded into
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Fig. 2. Fused salt cup using a Ag|AgCl reference electrode

the apparatus by melting and filtering it through a
coarse glass frit.

In order to use the half cell Ag|AgCl in LiCl-KCl
(eutectic), as a working anode instead of the bis-
muth pool, the cup shown in Fig. 2 was constructed
and replaced the cups shown in Fig. 1. Here a small
tube containing a fine Pyrex frit was sealed into
one of the ordinary salt cups. A 2 wt % solution of
AgCl in KCI-LiCl (eutectic) was added to this tube
along with a Ag wire. The remainder of the cup
was filled with the solution to be examined. The
tungsten wire merely served to hold the .cup on its
platform and the Ag wire was the anode. Unfor-
tunately, the fine frit would sometimes allow ap-
preciable amounts of AgCl to diffuse through it.
The silver chloride would then react with the bis-
muth pool collected at the bottom of the larger
compartment to produce bismuth trichloride. This
bismuth trichloride would then be reduced at the
dropping electrode and interfere with the shape of
the polarograms under investigation. For this rea-
son the bismuth pool anode was used in most ex-
periments.

Experimental Results

Polarograms obtained with the apparatus are
shown in Fig. 3, 4, and 5 and Fig. 8. Figure 3 is a
polarogram taken on the solvent salt alone giving a
background current of 9 pa. This current decreases

H
T

i (pa)

E (VOLTS)

Fig. 3. Polarogram of LiCI-KCl eutectic (blank) using a
drop time of 2.7 sec. Potential negative to bismuth pool anode
here and in Figs. 4, 5, 8.
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Fig. 4. Polarogram of a 1.8 millimole/liter PbCl. solution
in LiCI-KClI eutectic at a drop time of 4 sec.
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Fig. 5. Polarogram of a 3.4 millimole/liter CdCl. solution
in LiCI-KCl eutectic at a drop time of 3.1 sec.

slightly at larger drop times. An estimate of the
reducible impurity content of this salt from the
polarogram puts it at about 0.5 millimoles/liter.
Figure 4 is a polarogram of PbCl, whereas Fig. 5
shows a polarogram of CdCl, in the eutectic mix-
ture. In all of these curves it can be seen that the
solvent salt starts to be reduced at around —0.8 v
with respect to the bismuth pool.

In the polarogram of PbCl, there is a small nega-
tive current which arises before a voltage is ap-
plied to the cell. This is probably due to a mixed
potential arising from the reaction

2Bi (dropping electrode) + 3PbCl,(LiCl1-KCl) =
2BiCl;(LiCl-KCl) + 3Pb(Bi)

which takes place to a small extent when the fresh
bismuth solution comes in contact with the salt
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Fig. 6. Concentration dependence of the diffusion current
for PbCl. at a drop time of 4 sec.

solution, Since CdCl, is more stable than PbCl,
(14), this effect is negligible in the CdCl. polaro-
gram.

The concentration dependence of the diffusion
current is shown in Fig. 6 and 7 for PbCl, and CdCl.
where a correction has been made for the current
from the solvent alone. The diffusion current was
taken at the maximum current of each drop. Con-
centrations were calculated using the density data
of Van Artsdalen and Yaffe (15). A straight line is
obtained within 59, for concentrations from 0.5 to
5 millimolar. This precision can probably be im-
proved by further purification of the solvent salt
and the use of more advanced electrical circuitry
techniques.

Figure 8 shows a polarogram of PbCl, and ZnClL
in the eutectic mixture with a very fast drop time.
Here the limiting current is not diffusion controlled
(note the large currents obtained in comparison to
those using large drop times), the Ilkovic equation
fails and one readily obtains maxima as evidence
with the Zn"* wave. It was found however that the
limiting current was proportional to the concentra-
tion even at these fast drop times.

Discussion

The Ilkovic equation for bismuth drops at 450°C

is

i, = 880 n DV*C m**t"*

where i, is the diffusion current in microamperes,
measured at the maximum current of each drop, t
the drop time in seconds, m the mass of the flowing
bismuth in mg/sec, D the diffusion coefficient in
cm?/sec, and C the concentration in millimoles/
liter. This equation is derived using the density of
liquid bismuth at 450°C which is 9.8 g/em® (16).
Since the diffusion current i, is inversely propor-
tional to the two-thirds power of the density of the
flowing metal (13b), the above equation is obtained
from the corresponding equation for mercury by
multiplication of the mercury constant 706 by the
two-thirds power of the density ratio of mercury to
bismuth (13.69/9.8)**.

Diffusion coefficients were calculated from this
equation by measuring m and t. Knowing the values
of i, and C as shown in Fig. 6 and 7, the values of
D were found to be 1.7 X 10 cm*/sec and 1.8 X 10°°
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Fig. 7. Concentration dependence of the diffusion current
for CdCl. at a drop time of 3.1 sec.
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Fig. 8. Polarogram of a solution containing 3.6 milli-

moles/liter PbCl, and 8.5 millimoles/liter ZnCl, in the eutectic
mixture at a drop time of 0.8 sec.

cm?/sec for PbCl, and CdCl,, respectively, at 450°C.
Since Laitinen and co-workers (17,18) have ob-
tained the diffusion coefficients for PbCl, and CdCl,
in this eutectic mixture from chronopotentiometric
measurements, a check was available to see that
the Ilkovic equation was applicable. These workers
obtain values for D of 2.0 X 10™® cm?*/sec and 1.7 X
10~ cm®/sec for PbCl, and CdCl, respectively. The
agreement is considered satisfactory and within the
limits expected in light of the assumptions made in
obtaining the Ilkovic equation and the experimental
accuracy of the measurements reported here.
Other elements may also be examined using
dropping bismuth electrodes. Although the LiCl
starts to be reduced at —0.8 v with respect to the
bismuth pool due to its low activity coefficient in'
bismuth (19) and its high concentration in the salt
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mixture, it is estimated that all chlorides less stable
than manganese and more stable than gallium (14)
can be investigated with pure dropping bismuth
electrodes. Use of alloy electrodes might extend the
range of elements which can be studied.

In these experiments it was found that when the
concentration of reducible ion exceeds 7 or 8 milli-
moles/liter, polarographic maxima would interfere
with the measurements. As expected the maxima
occurred more readily at faster drop times. No at-
tempt was made to find a maximum suppressor for
these systems.
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The classic application of thermodynamics to a

Irreversible Thermodynamics in Electrochemistry

Andre J. deBethune

Chemistry Department, Boston College, Chestnut Hill, Massachusetts

ABSTRACT

The Onsager thermodynamics of irreversible processes provides a unified
approach to the study of electrolytic systems out of equilibrium, such as con-
centration cells with transference, the initial and final emf’s of thermal cells,
and thermal diffusion (Soret effect) of ions. For concentration cells, the method
justifies the classical results obtained by Nernst from equilibrium considera-
tions. |For nonisothermal systems, the product S*dT is the thermodynamic
driving force of a process, where S* is the entropy transported reversibly from
the “hot” to the “cold” heat reservoir (in the limiting case of equal tempera-
tures) by the occurrence of a reversible process in the system. The emf of a
concentration cell, the initial emf of a thermal cell, and the Soret coefficient,
all properties of systems out of equilibrium, are determined, according to the
Onsager relations, by the ratios of the reversible fluxes of matter to electricity,
of entropy to electricity, and of entropy to matter, respectively, as they occur
in systems completely at equilibrium.

The transport entropy S* can become, according to circumstances, the en-
tropy S*: of electrical transport, or the entropy S*» of diffusion transport.
S*; in turn involves the entropies S*r of electrochemical transport (for the
electrode reactions) and S*» of migration transport (for the thermal liquid
junction). The contribution of an ion (or electron) to S*r and to S*x gives
rise to the ionic entropies of electrochemical transport S*:: and of migration
transport S*u:, respectively. The latter contributes also to S*,. The sum

Si = S*s + S*u: is known as the entropy of the moving ion and is measurable
for a single ionic species. The initial thermal emf involves the transport en-
tropy S*;, the Soret coefficient involves S*p, while the final thermal emf in-
volves S*; + t,S*, where t, is the transference number of the ion to which the
electrodes are not reversible.

For the hydrogen ion, S*°s (H*) = — 4.48 cal/deg, if S*x is taken as zero in a
saturated potassium chloride salt bridge. For other ions, S*°s = S° — 2 4.48,
and the mass action dependence is normal. For most ions, S*»: appears to be
small, i.e., about 0-3 cal/deg, and the mass action dependence is abnormal and
low. In dilute solutions, S*»: shows a Debye dependence on concentration.
These facts are consistent with the electrostatic interpretation of S*x: as the
entropy of depolarization of the solvent dielectric when the ion moves away. For
ions transferred by a chain mechanism (H* and OH-), S*u. is significantly
larger. The transport of ions across biological membranes plays an important
role in life processes. Since living systems are not necessarily uniform in tem-
perature, ionic transport entropies may have a role to play in the function of
the biological cell.

cell out of equilibrium is Nernst’s (1) well-known
law for the emf of an isothermal concentration cell
with transference, derivable from chemical poten-
tials (free energies), and expressible in terms of
ionic transference numbers t; and ionic concentra-
tions ¢, (in ideal solutions) or ionic activities a.
Another example of a cell out of equilibrium is a
thermal cell (electrochemical thermocouple) con-
sisting of two identical electrode-electrolyte sys-
tems maintained at two different temperatures. A
thermal cell develops a measurable emf, usually
several tenths of a millivolt per degree, directly
proportional to the applied temperature differential
over not too wide temperature ranges. Thermal
cells have been investigated experimentally, since
the pioneering work of Bouty (2), by Richards (3),
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Kolthoff (4), Sorensen (5), and Lange (6), among
others. The subject has been reviewed by Lange
(7) and by deBethune, Licht, and Swendeman (8,
hereinafter referred to as deBLS). Under usual ex-
perimental conditions, the emf developed, known
as the initial thermal emf, has been found stable
whenever free convection maintains constancy of
the electrolyte concentration across the temperature
gradient.

Thermal cells may be subject to thermal diffusion
in the electrolyte (Soret effect) (9). This tends to
concentrate strong electrolytes, usually in the cold
region (10), by several tenths of one per cent per
degree (11). The development of these concentra-
tion gradients, if not prevented by convection,
further affects the emf, which gradually shifts to
a new stationary value, the final thermal emf. Such
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emf shifts were demonstrated experimentally by
Agar and Breck (12) in a cell whose electrolyte
was wholly contained within the pores of a sintered
Pyrex disk, to prevent convective remixing of the
thermally diffused solute. The emf shift, of the
order of hundredths of a millivolt per degree, fol-
lowed a first order law with a half-life of about 10
min in their cell, and was essentially complete in
1-2 hr.

The thermodynamic theory of the initial emf of
a thermal cell has been given by Eastman (13a)
and by Wagner (13b) from Carnot’s theorem, in
terms of certain transport entropies designated by
deBLS (8) as the ionic entropy of electrochemical
transport S*;, and the ionic entropy of migration
transport S*,..' These ionic entropies are not sepa-
rately determinable (without assumptions) for a
single ionic species.

Temkin and Khoroshin (14) combined Eastman’s
theory (13a) of the Soret effect with Nernst’s con-
centration cell equation to obtain an expression for
the final emf of a thermal cell. While the initial
thermal emf depends not only on the ion 7 to which
the electrodes are reversible, but also on the ge-
genion g, Temkin and Khoroshin proved that the
final thermal emf is independent of the gegenion,
[a fact which was experimentally verified by Agar
and Breck (12)]. They further proved that the sum
S*si + S*u, which they denote as the entropy of
the moving ion (Entropiya dvizhushchikhsya Iona)

S., is an experimentally determinable quantity for a
single ionic species, provided a value can be as-

signed to'S for the electrons.

The thermodynamic relations governing electro-
lytic systems out of equilibrium, such as concentra-
tion cells, thermal cells, and thermal diffusion, can
be derived in an elegant manner by the methods
of irreversible thermodynamics and the Onsager
reciprocal relations (15). Treatments along such
lines have already been given by Prigogine (16),
deGroot (17a), Holtan (17b), Kirkwood (18), van
Rysselberghe (19a), Haase (19b), Harned and
Owen (20), and Agar (21).

In the present paper, we shall apply the Onsager
thermodynamics from a particularly simple point
of view, namely, from a consideration of those
fluxes that are macroscopically measurable, the flux
I of electricity, J of entropy, and K of solute. These
fluxes are measurable, I by an ammeter, J by a
calorimeter, and K by chemical analysis. The con-
jugate driving forces are also measurable, so that
the method is a powerful one for expressing theo-
retical relationships between measurable entities
under certain nonequilibrium conditions.

General Description of Thermodynamic System
Consider an electrolyte containing a single binary
solute, one molecule of which dissociates into » =
v, + v_ ions of valence 2z, and z. (with sign). Elec-
troneutrality demands that ».z, + v.z. = 0, while
the magnitude of the »z; product for either ion will
be denoted by B. The molality of the solute is m, its
1In Eastman’s terminology, the absolute ionic entropy, and the

entropy of transfer, respectively. See Appendices I and II for no-
menclature of transport entropies.

October 1960
thermodynamic mean ion activity a , and its chemi-

cal potential u(salt) = v, p, + v.p. = p° + vRT In
a, =p° +vRT In v my._.

The cell can be represented schematically by
Cu(T,, V) /Electrode (T,)/Electrolyte (T, a)/
Electrolyte (T, a + da)/Electrode (T.)/
(Cu(T.)/Cu(T,, V + dV) [1]

where T, and T, denote the temperatures of two
large separate heat reservoirs No. 1 and 2 in con-
tact with different portions of the system, and T. =
T, + dT and dT = 0. The electrical potentials are
V and V + dV in the left and right terminals, re-
spectively. The two ionic species will be denoted by
the indeces i and j in general, the ion to which the
electrodes are reversible by r, the gegenion of r by
g. Let the current I be positive when it flows
through the cell from left to right. The entropy flux
J (in calories-deg™ sec™) will be taken positive
from the hot (T.) to the cold (T,) heat reservoir.
The ionic fluxes K, (in gram ions-'sec™), and the
solute flux K (in moles'sec™), defined as 3K,/v, will
be taken positive through the liquid junction from
right to left. The current I at the liquid junction
can be expressed by F(K.—K,) for 1,1-salts and
by —F3z:K: in general.

The irreversible rate of production of Clausius’
uncompensated entropy (22, 23) from all these
fluxes can be expressed by

S=IX,+JX, +3K X, =0 21

where the driving forces are X, = —dV/T, X, =
dT/T, X, = du,/T = Rd In a.. The two ionic terms
are conveniently coalesced to

KX, +KX =(K.+K)Rdlna = KX, [3]

where Xy = dp(salt)/T = vRd In a_. Equation [2]
then becomes

S=IX,+JX,+ KXx=0 [4]

The three fluxes may be expressed by phenomeno-
logical equations

I=LuX; + LuX, + LixXx [5]
J =L;,X, + Lu,X, + LixXx [6]
K = LKIXI + LK,IX.I + LKKXI\' [7]

where the L’s are generalized admittances (recip-
rocal resistances). By the Onsager reciprocal rela-
tions, the conjugate cross-admittances are equal,
i.e., Lyy = Ly, Lix = Lg, and Ljx = Lg,.

Apply Eq. [5] to the cell when the temperature
and concentration are both uniform (X, and Xy =
0). A current I flowing is then the resultant only of
an externally applied emf —dV = TX,, and Ohm’s
law shows that L, = T/r where r is the total re-
sistance of the circuit, including any ‘“polarization
resistances” of the electrodes. In general, however,
Eq. [5] shows the current I as the resultant of
three emf’s: an externally applied emf dE.., = — dV
= L,X,r = TX,; a thermally induced emf dE,, =
L,X,r = TL,X,/L,; and a concentration emf dE.,,.
= L;xXyr = TLxXx/Ly.
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At the potentiometric balance point, I = 0, and

—TX; = TLyX,/Ly 4+ TLixXx/Li [8a]
or

— dEy: = dV = dEw + dEcon. [8b]

i.e., we have the ordinary condition for potentiome-
tric balance, in which the observed potential differ-
ence dV between the two terminals is a measure of
the combined electromotive forces intrinsic to the
system. These emf’s are to be considered positive,
following the Lewis-Stockholm convention (24),
whenever they tend to drive positive electricity
through the cell from left to right.

Isothermal Concentration Cells
Take cell [1] at uniform temperature (X, = 0).
From Eq. [8],

—TX,=dV = dE.s. = TLxXx/Ln [9]

By the Onsager relations, this becomes,

dE.o. = (Lxi/Lu)vRT d1na . [10]
Suppose now that the cell is brought to a state of
uniform concentration (Xx=0), and a small ex-
ternal emf applied (dV negative). The current
flowing is I = L;X, = BF/r if r is the time required
for the passage of B faradays of positive electricity
through the cell from left to right. The simultane-
ous flux of solute through the cell from right to left
is K = LuX; = (K. 4+ K,)/v. The ionic fluxes from
right to left are K, = B(1 —t,)/z.r for the ion to
which the electrodes are reversible, and K, = —
Bt,/z,m for the gegenion, where the t’s are Hittorf
transference numbers. Since t, + t, = 1, the solute
flux becomes

K = (Bt,/w) (1/z,— 1/z,) [11]

Since vz, = *= B8 (for 2z, = %), 1/z, —1/2, is equal
to = (v, + v,)/B for z, = =%, so that

K==t/r (ifz, = %) [12]

The ratio Lgx/Ly = (K/I)xsxx- = = t,/BF. Equa-
tion [10] then yields Nernst’s expression for the
emf of a concentration cell with transference

Ecome = = t,(WRT/FF) dIna_ (if 2, = =)

[13]

This equation is derived here as a consequence of
the Onsager relations. The emf of an isothermal
concentration cell is expressible in terms of the
measurable quantities t, and a, and is a fully sig-
nificant thermodynamic quantity, as discussed by
Guggenheim (25).

It is of theoretical interest to decompose the con-
centration emf [13] into the sum of (a) the differ-
ence of the electrode potentials dE.;; plus (b) the
liquid junction potential dE,,. Neither of these two
terms is exactly measurable, and neither is unam-
biguously calculable from fully significant quanti-
ties. Yet both are approximately measurable, e.g.,
by the use of two saturated potassium chloride
calomel electrodes (SCE) immersed in the two
electrolyte compartments of the cell, and both can
be calculated from any arbitrarily selected defini-
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tion of single ion activities, such as that implicit in
the Debye theory (26).

To clarify the point at issue, postulate an ideal
reference electrode (IRE), which can be defined
conceptually as an unpolarizable electrode having
zero thermal temperature coefficient (8) and zero
liquid potential at the junction of its salt bridge
with any electrolyte. Two such IRE’s are immersed
in the two electrolyte compartments of cell [1], and
connected by two leads of the same kind of metal
to the isothermal potentiometric slide wire to which
the two terminals of cell [1] are already connected.
The potentials in the two IRE leads are V' and V' +
dV’, respectively. Then at potentiometric balance
for all four electrodes, dE,; = dV’, while dE,, =
[(V+dV) — (V' +dV)] — [V—V'] =dV — dV".

It is convenient to consider the current I and the
two ionic fluxes K, and K,

I=L,X,+ L.,X, + L,X, [14]
K,=L.X;+ L..X, + L., X, [15]
Ky = LvIXI 5o LurXr + LanXa [16]

At the balance point, I = 0, and
—TX,=dV =dE = TX,(L;/Lu) + TX,(L;,/Ly)

[17]
By the Onsager relations, this becomes
dE = TX,(L./Ly) 4+ TX,(Ly/Ly) =
TX, (K./D)x,-x520 + TX, (K;/I)x,2x,-0 [18]

Consider now a cell at uniform concentration (X, =
X, =0). The current I is gF/r, as before. The two
electrode reactions together yield the ionic fluxes
K, = B/z,r and K, = 0. This gives for the difference
of the electrode potentials

dE, = TX./zF = (RT/zF)dIna,  [19]

At the liquid junction, the two ionic fluxes are K; =
— t8/z:r so that the junction potential becomes

dE,; =T 2(—t./2F)X, = (—RT/F).
3 (ti/z:) d1lnag [20]

In contrast to Eq. [13], neither [19] nor [20] are
fully thermodynamically significant since they in-
volve nonfully significant single ion activities. They
can be made approximately significant by adopting
a rule for the definition of single ion activities,
either (a) Scatchard’s practical rule (27) “We will
define single ion activities as those measured with
the use of a saturated potassium chloride bridge” as
in pH or pCl measurements (28, 29) or (b) a theo-
retical rule, consistent with the Debye theory
whereby a. = vimy, and y, = y, V% =y """, Where
this latter rule is adopted, [19] becomes
dE,, = (RT/z.F)dIlnm[1 + (v,/v.) .
(dlny /dInm)] [197]

and [20] becomes
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dE,; = (— RT/F)2(t/z;) dlnm,

[1+ (v/vi)(dIny /dInm)] [207]

where j = g, r when i = 7, g. The right hand sides
of both [19’] and [20’] now involve only fully sig-
nificant quantities.

Equations [13], [19], and [20] are identical
with the classical expressions derived from chemi-
cal potentials by the application of the reversible
thermodynamics of isothermal processes to concen-
tration cells with transference, in spite of the fact
that these cells are not at equilibrium. The Onsager
relations show why the application of reversible re-
lations to a nonequilibrium situation nevertheless
yields correct results. The coefficients of the chemi-
cal potential gradients TXx, or TX, and TX,, in the
emf equations [10], [17] and [18], become, by the
Onsager relations, flux ratios of matter to electricity
of the form K/I. However, these flux ratios are to
be taken, in each case, in a cell that is completely
at equilibrium (X, and X's all equal to zero). The
flux I is therefore a reversible flux of electricity in
the strict thermodynamic sense, and the K’s are the
conjugate reversible fluxes of matter. It is the ratio
of the reversible fluxes K/I in an equilibrium cell
(whose emf is zero) which determines, together
with the actual chemical potential gradients, the
observable emf of the actual nonequilibrium con-
centration cell.

Initial EMF of Thermal Cells

Take cell [1] at uniform concentration (Xx = 0).
From Eq. [8],

— TX, = dV = dE,, = TL,X,/Ly [21]
By the Onsager relations, this becomes
dE,, = (LJI/LII) dT [22]

Suppose now that the cell is brought to uniform
temperature (dT = 0) and a small external emf
applied (dV negative). The current flowing is I =
L, X, = BF/r, as before. At the same time, the en-
tropy flux is J = L,X; = S*;/7 if S*; is the entropy
transported from the right heat reservoir (No. 2)
to the left heat reservoir (No. 1), when B faradays
of positive electricity are transferred through the
cell from left to right. S*; may be termed the en-
tropy of electrical transport. The ratio L,/L,=

(J/I)xs=xg = S*;,/BF. From [22], one obtains
therefore for the initial thermal emf
dE., = (S*/BF) dT [23]

The ratio J/I is, once again, the ratio of two re-
versible fluxes occurring in an equilibrium cell
(whose emf is zero). This ratio determines, together
with the actual temperature gradient, the observa-
ble emf of the actual nonequilibrium thermal cell.
As defined here, the thermal emf is positive when-
ever the hot electrode is the (+4) terminal of cell
[1].

The entropy S*; is the entropy transported iso-
thermally and reversibly from one heat reservoir
to the other by a reversible flow of electricity, in
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the absence of a temperature gradient. The trans-
port of entropy occurs by a threefold mechanism.
(i) The reaction at the right electrode absorbs a
quantity of heat @*; from its heat reservoir (No. 2)
while the equal and opposite reaction at the left
electrode evolves an equal quantity of heat to its
heat reservoir (No. 1). The entropy transported is
S*; = @*z/T and is denoted as the entropy of elec-
trochemical transport. (ii) The migration of ions
through the electrolyte is accompanied by the ab-
sorption of a quantity of heat @*, (Eastman’s “heat
of transfer”) from the electrolyte in the right com-
partment, and the evolution of an equal quantity
of heat to the electrolyte in the left compartment.
An equal amount of heat then enters the right elec-
trolyte from the right heat reservoir (No. 2) and
leaves the left electrolyte to the left heat reservoir
(No. 1), to keep the température constant. The en-
tropy transported is S*y = Q*,/T and is denoted as
the entropy of migration transport. (iii) The mi-
gration of 8 moles of electrons from the T, zone to
the T. zone of the right-hand Cu terminal of cell
[1] transfers heat from the No. 1 to the No. 2 heat
reservoir. Dividing this heat by T, one obtains the
entropy transported from No. 2 to No. 1 as — BS*y
(E" in Cu). Thus
S* = S*; 4+ 8§*y — BS*4(E"in Cu) [23a]
For the passage of 8 faradays of positive electric-
ity through the cell from left to right, the reaction
at the right electrode may be written as 8 times

SoiAx + (1/2,)A, + E(Cu, T.) =0 [24]

where A, is the ion to which the electrode is re-
versible, and the A, denote neutral substances
whose stoichiometric coefficients . may be positive
or negative. Thus for Ag/Ag' electrodes, reaction
[24] is: Ag' — Ag + E- = 0; for Pb/PbSO, elec-
trodes: %PbSO, — %Pb — %SO, + E- = 0. The
corresponding entropy of electrochemical transport
S*; is, for B faradays,

S*y = B{ — SwuSi — (1/2,) 8%, — S*:(E" in Cu)}
[25]

where S, is the partial molal third law of entropy
of the neutral species A;, and S*;. is the partial
molal entropy of electrochemical transport of the
ion r. S*;(E- in Cu) is the electrochemical trans-
port entropy of the electrons in Cu, or in general,
in the nonisothermal metallic terminal arm of the
cell.

The entropy of migration transport can be ex-
pressed by

S*y = 3(— tiB/2)S*u: [26]

where S*y, is the entropy of migration transport of
the ion i (also known as its “entropy of transfer,”
see Appendix II). The total entropy transported by
the current becomes

S* = — BwuSk — (B/2,)S*s, — 3(tiB/2)S*ui —

BS(E- in Cu) [27]
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where —E, the entropy of the moving electrons (14),
has been written for the sum S*; + S*, for the
electrons in Cu. The only electronic term appearing

in the thermal emf is the entropy S of the moving
electrons in the nonisothermal metallic terminal
arm of the cell. In Richard’s (3) study of the calo-
mel electrode, this was Hg; in Agar and Breck’s
(12) work, Pt; in the bulk of thermal cell studies,
it has been Cu.

Now remove the two electrolyte compartments
from cell [1], and allow the two electrodes to touch.
Cell [1] becomes the thermocouple: Cu-Electrode.
The equivalent value of S*; becomes S*;(E- in
Electrode) — S*;(E- in Cu) for 1 Faraday. The
equivalent of S*, becomes S*,(E- in Electrode).
Therefore, for the whole thermocouple, Eq.[23] and
[23a] yield®

F(dE/AT) oo = F(dV/dT) = S*, = S(E- in
Electrode) — S(E- in Cu) [28]

A comparison of Eq. [27] and [28] shows that
the emf of a thermal cell does not contain a thermo-
couple emf as such, contrary to earlier statements
(3, 8) that it does. But it does contain the entropy

S of the moving electrons in the nonisothermal
metallic arm of the cell. No electronic term of the
electrode metal itself appears, and the thermoelec-
tric power of the terminal metal relative to the
electrode metal makes no direct contribution to the
thermal cell emf.

When thermal cells are measured with Cu ter-
minals, and a “thermocouple correction” applied to
the data [as in Carr and Bonilla’s (30a) study of
the Ni electrode], the net effect of the correction,
by Eq. [28], is to transform the electronic term in
[27] from that of Cu to that of the electrode metal
itself. There seems to be no particular advantage
to such a procedure, however. The better practice,
experimentally and theoretically, would seem to be
to standardize on one metal for the nonisothermal
metallic arm of all thermal cells. In practice, this
metal might as well be chosen as Cu.

Equation [28] gives a method for evaluating the

entropy S of moving electrons in different metals,
relative to that in a standard metal, usually chosen
to be Pb. From the magnitude of thermocouple
emf’s (microvolts per degree), such entropies
amount to microvolt-faradays per degree, i.e., hun-
dredths or tenths of a calorie per degree. Temkin
and Khoroshin (14) evaluated the “absolute” value

of S. (E7) in Cu and Pt from the third-law integral
S(E) =—F [T odT/T [29]

2 Comparison of [28] with classical expressions for the thermo-
electric power shows that S*; = Fr/T, where 7 is the Peltier heat,
i.e., the heat absorbed by the thermocoup]e when the unit of posi-
tlve electricity crosses the junction from “Electrode” to Cu. The
temperature derivative of the thermoelectric power yields d’V/dTﬂ =

dS*;/FdT = C*;/FT = [C(E— in Electrode) — C(E- in Cuw) 1/FT =
— [o(Electrode) — ¢(Cu)l/T, where C*r is the heat capacity of

electrical transport, (:J the heat capacity of the moving electrons,
and g the Thomson coefficient. Thus C(E- in Cu) = — Fg(Cu).
Over wide ranges of temperature, thermocouple emf’s satisfy the
empirical equation V = at + !bt2 S*; is then equal to F(a + bt)

and C*; = FTb. Constancy of b implies that C/'I' is a constant.
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where o is the “absolute” Thomson coefficient of the
metal, i.e., the heat capacity of the unit of positive
electricity in the metal (30b). Their results are, in
microvolt-faradays per degree,

(E"in Cu) = — 1.95 — 0.005 (T — 300)

(T > 240°K)
S(E- in Pt) = 4.54 + 0.044(T — 300) (T > 220°K)

Thus, at 298°K, S(E- in Cu) = —1.94 uvF/deg =
—0.045 cal/deg. The electronic term could then be
eliminated completely in [27] by adopting for the
nonisothermal terminal arm a metal whase Thom-
son coefficient is virtually zero, e.g., Pb(30c). In
practice, it is more convenient to use copper experi-
mentally. The third-law value for the electrons in
Cu is so small that it could, without significant
error, be set equal to zero. This we shall do, and we
shall thereby adopt a slightly different electronic
standard from that of Temkin and Khoroshin. We

shall arbitrarily set S(E- in Cu) equal to zero at all
temperatures. The electronic term in [27] may then
be omitted, provided the thermal cell is measured
with nonisothermal terminal arms of copper.

Thus for a thermal Ag/AgNO; cell (B = 1)
F(dE./dT) = S*; = S(Ag) — S*»(Ag") +
t. §*(NO%) — t, S*u(Ag") [30]
and for a thermal Al/AL(SO,); cell (8 = 6)
6F (dE,/dT) = S*; = 2S(Al) — 25*;(Al"®)
+ 3t. $*4(SO5) — 2t, S*,(Al®) [31]

The initial thermal emf depends on the ion to which
the electrodes are reversible, and also on the
gegenion. The migration terms in [30] and [31]
determine the thermal liquid junction potential
(tljp), the other terms the effect of temperature on
the electrode potentials. Neither of these quantities
is separately measurable, without assumptions.
Both are conceptually measurable by the use of two
IRE’s, as defined above.

The two transport entropies S*; and S*,, for an
ion do not coincide with one another, and neither
do they coincide with its conventional partial molal
ionic entropy S: (based on the standard S°(H*) =
0 at all temperatures). S*; is the entropy trans-
ported between heat reservoirs by an ion when it
sheds its hydration sheath in being consumed at one
electrode and picks up a new hydration sheath in
being produced at the other electrode. S*,; is the
entropy transported by the ion when it drags its
hydration sheath with it across the cell. Neither of
these entropies is separately determinable for a
single ionic species (without assumptions). Neutral
combinations are determinable, and also the sum

S, = S*; + S*,, for a single ion (see below).
The standard entropy of electrochemical trans-
port of the hydrogen ion was shown by deBLS
(8) to be S*°5(H*) = —4.48 = 0.5 cal/deg at 25°C,
from the thermal temperature coefficient of the
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standard hydrogen electrode which is + 0.871 milli-
volts per degree when measured with a saturated
potassium chloride bridge (8, 31). This result is
based on the assumption that S*, can be set equal
to zero in such a bridge (“saturated KCIl bridge
rule”).

The standard entropy of electrochemical trans-
port S*°; of any other ion should then be

S*°p = 8° + 2z (— 4.48 cal/deg) [32]

Concentration effects on thermal emf’s (8) indicate
that the ionic entropy S*z has substantially the
same mass-action dependence as the ordinary en-
tropy S, i.e,

S*y =S*ps —Rlna, — RT(d In al/dT) [33]

Ionic entropies of migration transport S*,, are
discussed in greater detail below. For many ions,
the values appear to be quite small, about 0-3 cal/
deg. For H* and OH", they are significantly larger,
about 10 cal/deg. For many salts, the tljp’s should
not exceed a few hundredths of a millivolt per de-
gree and should make only small contributions to
total cell emf’s of several tenths of a millivolt per
degree (see below). In strong acids and bases, the
tljp’s appear to be large, about — 0.35 and + 0.5
mv/deg, respectively, referred to KCl as zero (8).
These two values are qualitatively consistent with
the Soret effect (below) in that the cold end of the
thermal liquid junction dipole takes on the charge
of the faster ion (H' or OH").

Thermal Diffusion (Soret Effect)

Take cell [1] and remove both electrodes. This
effectively makes X; = 0. In the steady state of
thermal diffusion, K = 0, and

Xx = _(LK.I/LKK)XJ [34]
By the Onsager relations, this becomes
XK/X.I = - LJK/LKK S _(J/K)ll:x.rzo [35]

Now bring the cell to uniform temperature (X, =
0), and let there be a small chemical potential
gradient (Xjx positive), such that the solute flux
K =1/r, if r is the time required for 1 mole of
solute to diffuse across the liquid boundary from
right to left, under the impulsion of Xk, in a cell
(without convection) so large that this amount of
diffusion does not significantly alter the chemical
potential gradient. The concurrent flux of entropy
is J = 8*p/1 = (v.8*y, + v.S*y.)/r, where S*p, the
entropy of diffusion transport, is the entropy trans-
ported from the right heat reservoir No. 2 to the
left heat reservoir No. 1 by the passage of 1 mole
of solute through the liquid boundary from right to
left. Equation [35] then transforms to

Xx/X, = vRT(d In @ /dT) = —(J/K)xixiee =
[36]

The Soret coefficient can be defined as the relative
change in solute activity (or concentration) per
degree change in temperature, i.e., either

— S*,/1 mole
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d In a/dT = —S*,/vRT [37a]

or
d In m/dT = —S*,/{vRT[1 +(dIny /dInm).]}
[37b]

If the entropy of diffusion transport S*, is positive,
the Soret coefficient is negative, i.e., strong electro-
lytes concentrate in the cold region. This is the
situation normally observed. Soret coefficients usu-
ally amount to minus a few tenths of one per cent
per degree, the corresponding values of S*, are
then a few calories per degree per mole. Values for
S*, for a number of salts are listed in Table I.
Consider two thermal cells identical in every
respect, except in the nature of the gegenion g.
Then from Eq. [23] and [27], it can be shown that
the difference between the initial thermal emf’s of
the two cells, containing the two electrolytes 1 and

2, is

F(dE/dT)w,» — F(AE/AT) w2 = tr. S*u./2, +
tye S*upe/2p — tr S*ur/2, — to S*up/zpn =
* th S*DI/BI F te S*pz/ﬁz (ifz = &) [38]

Equation [38] provides a convenient method of
evaluating the entropy S*, of one salt relative to
that of another salt with which it has a common
ion, from observations of initial thermal emf’s. The
vanishing of electrode terms from Eq. [38] implies

Table I. Entropies of diffusion transport S*» (cal/deg.mole) at 25°C

KCI: 0.0025 m, 2.21%; 0.005 m, 1.88¢; 0.01 m, 1.72¢, 1.68,
3.15(34.7°)“; 0.02 m, 1.58% 0.05 m, 0.91%; 1 m, 0.37°,

1.20(35°)% 2.02(45°)*; 2 m, 0.86°, 0.087(15°)°,
1.63(35°)°, 2.31(45°)’; 3 m, 1.26° 0.52(15°)°,
1.97(35°)°, 2.61(45°)"; 4 m, 1.70°, 1.06(15°)°,

2.28(35°)", 2.86(45°)".

KBr: 0.0025 m, 2.15% 0.005 m, 1.98%; 0.01 m, 1.87%, 1.85%,
3.15(34.7°)%; 0.02 m, 1.68% 0.05 m, 1.05%

KI: 0.0025 m, 0.27¢ 0.005 m, 0.10% 0.01 m, —0.09%,
1.27(34.7°)%; 0.02 m, —0.27%; 0.05 m, —0.65°.

NaCl: 0.0025 m, 3.12¢%; 0.005 m, 2.62¢; 0.01 m, 2.60°, 2.58¢,
3.80(34.7°)%; 0.02 m, 2.08% 0.05 m, 1.81°

NaBr: 0.0025 m, 3.09%; 0.005 m, 2.82¢%; 0.01 m, 2.74°, 2.70%;
0.02 m, 2.42%; 0.05 m, 1.94°

AgNO;: 0.01 m, 4.20%, 4.16%, 5.33(34.7°) ¢ 0.014 m, 3.92%;
0.1 m, 2.90°, 4.95(45°)®; 0.2 m, 2.81°%, 4.24(45°)%; 0.5 m,
2.79%, 3.99(45°)°; 1 m, 3.14°, 3.86(45°)°.

1%CdSO;: 0.01m, 3.85°; 0.033 m, 3.08° 0.09 m, 2.35%
0.1 m, 2.43°, 2.41%, 3.36(45°)%; 0.18 m, 2.08°, 2.94(45°)?;
0.34 m, 1.76°; 0.37 m, 1.69°, 2.45(45°)% 1 m, 1.22°,
1.86(45°)°; 1.04 m, 1.32°; 2.1 m, 1.14°.

TIC1O:: 0.005 m, 2.55% 0.01 m, 2.35¢%; 0.02 m, 2.18%; 0.05 m,
2.85°, 1.98% 0.1 m, 1.73°; 0.15 m, 2.18° 0.2 m, 1.58°;
0.26 m, 1.54°.

1% TLSO,: 0.04 m, 5.22¢%; 0.1 m, 4.03.

0.1 m solutions®: TINOs;: 1.69; TIOCOCH.: 6.17;
%TLCO;: 4.27; %Cd(Cl0s).: 1.1; %CA(NO,).: 0.77;
1%, CdCl: 0.70.

0.01 m solutions®: KF: 4.56; NaF: 5.48, 6.72(34.7°);
Nal, 0.77, 2.05(34.7°); LiF: 2.83, 4.13(34.7°); LiCl:
—0.067; LiBr: 0.047, 1.10(34.7°); Lil: —1.94,
—0.23(34.7°); RbCl: 2.75; CsCl: 2.78; (C.H;).NCI:
10.36; KNO;: 1.66(34.7°); NaNO,: 1.64; %K.SO,; 4.6,
5.9(34.7°).

e Agar, conductimetric (21); ?® Longsworth, optical (11); ¢ Agar
and Breck, initial and final thermal emf (12); ¢ Agar and Turner,
conductimetric (51).
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Table 1. Differences of thermal liquid junction potentials (mv/deg) and entropies of
diffusion transport S*» (cal/deg. mole) computed from them by Eq. [38]. 0.01 molal or normal
electrolytes, except where noted. Reference values in parentheses.

Electrolyte Atljp S*p Electrolyte Atljp S*p
KCl1 +0.011 =+ 0.003** —_ 1% CdCl. +0.03* 0.4
KCI(1M) +0.024 =+ 0.003* — Et.NCl° —0.114°* 11.6
KCl1 (0.000)* (L.72)1 KBr (+40.0039) “™ (1.87)1
KCI(1M) (0.000)° (0.37)° LiBr +0.0367™" 0.18
HCl1 —0.340* 10.5 NaBr —0.0058™ 2.69
HCl(1m) —0.344* 9.7 NH.Br +0.0336™" 0.27
LiCl +0.04° —0.24 MeNBr° —0.072% 7.32
LiCl(1M) +0.046*/ —3.0° Et,NBr® —0.0985™" 11.9
NaCl —0.007¢ 2.56 n-Pr,NBr* —0.1024™ 16.6
NaCl (1m) —0.033* 2.54° n-Bu.NBr® —0.1019" 19.5
NH.C1 +0.01 1.25 n-Am,NBr° —0.1011™ 22.8
NH.C1(1m) +0.026* —0.86° KI (—0.0405) ™ (—0.12)'
RbCl —0.016* 2.42 Lil +-0.0275°* —2.12
RbCl(1m) —0.088* 4.42°¢ Nal —0.0165°* 0.83
CsC1 —0.0265* 2.90 KOH +0.445°"¢ 15.17
CsCl(1m) —0.078* 3.96° LiOH +0.0901% 12.57
1% CaCl:(1N) —0.08* 5.87 NaOH +0.0440" 15.46
1, SrCl. —0.01¢ 2.5 Me,NOH* +0.0252 20.2
1%SrCIL:(1N) —0.08°! 5.8 Et.NOH* +-0.0342%" 26.8
12BaCl, —0.02¢ 3.0 n-Pr.NOH’ +0.0644" 29.7
1,BaCl.(1N) —0.08°* 5.3° n-Bu,NOH"* 40.0748 33.6
1, MgCl, +0.02¢ 0.9 n-Am,NOH* +0.0813*" 36.3
1%ZnCl. +0.01¢ 15 KNO; (—0.0219)*" (0.76)"
1%ZnClL.(1N) +0.02¢ —0.8° AgNO, —0.123°%¢ 5.85

aa Referred to ‘‘saturated KCl,” i.e., observed thermal emf's of calomel and silver chloride cells in 1M and 0.01M KCl, Richards (3),
Kolthoff and Tekelenburg (4), Bernhardt and Crockford (41), Salvi (42) Young (43), Goyan (43), and Levin and Bonilla (47) minus cal-
culated thermal emf’s of deBLS (8), based on “saturated KCl bridge rule.”

o Referred to KCI of the same concentration.

® Referred to KBr of the same concentration.

o Referred to KI of the same concentration.

4 Referred to KOH of the same concentration.

¢ Me, methyl; Et, ethyl; Pr, propyl; Bu, butyl; Am, amyl.

i Reference values of S*p for 0.01m electmlytes from Agar (21), cf. Tables I and III(b).
¢ Referred to Longsworth’s (11) §*p = 0.37 cal/deg for 1 m KCI (Table I).

* Bernhardt and Crockford (41).

« Khoroshin and Temkin (14).

J Salvi (42).

k¥ Goyan, Young, and Preston (43).

! Richards (3).

m Computed from reference values of S*p via Eq. [38].
» Goodrich, et al. (44

» Burian (45) Khoroshin and Temkin (14), Lange and Hesse (46).
KOH and AgNOg electrolytes, minus calculated thermal emf’s of deBLS (8), based on
and corrected to KCl of the same concentration by means of 9¢ values above.

¢ Observed thermal emf's in
bridge rule,”

that the activity of the ion r is the same in the two
electrolytes. Clearly, this assumption is valid only
for dilute solutions of the two salts, at the same
concentration of the ion 7, and at the same ionic
strength. Under this assumption, the difference of
the initial thermal emf’s given by [38] is simply the
difference of the thermal liquid junction potentials
(tljp’s) of the two salts.

In Table II are listed such differences of tljp’s
between the electrolytes listed and certain refer-
ence electrolytes chosen to be KCl, KBr, KI, and
KOH, as determined from observed values of initial
thermal emf’s (except for values in parentheses
which are computed from the reference S*, values
via Eq. [38]). A positive sign means that the hot
end of the thermal liquid junction dipole is more
positively charged than that of the reference elec-
trolyte.

The transference numbers utilized in Eq. [38]
have been taken, or estimated, from MacInnes (48),
Harned and Owen (20), or from the sources of the
thermal emf data. The S*, values listed in Table II
have then been computed from observed Atljp’s and
from certain reference S*, values (in parentheses)
taken from Tables I and III(b).

“saturated KCl

While the accuracy of the method is limited, as
discussed by Tyrrell, et al. (49), e.g., an uncertainty
of = 0.01 mv/deg in the Atljp yields uncertainties
in S*, ranging from = 0.5 cal/deg when the rele-
vant transference number is 1%, up to *= 2 cal/deg
when the transference number drops to 1/10th,
nevertheless, the results are in fair agreement with
those of other methods [Tables I and III(a) (b)],
and are of interest since they yield a number of
new values of S*, for electrolytes not previously
determined.

In dilute solutions, the entropy S*, of diffusion
transport behaves as an additive ionic property
(21). This permits the evaluation of the entropy of
migration transport of an ion, relative to that of
some standard ion. Such conventional single ion
values of S*y, are given in Table III, relative to
S*4x(CI') = 0 at all concentrations. Column (a)
gives Eastman’s estimates of 1928, intended by him
as absolute values. Column (b) is taken from
Agar’s work. Columns (c¢) and (d) are based on
the values of S*, deduced from the Atljp’s in Table
II, except for the reference values in parentheses,
and for certain values based on Table IV as noted.

The concentration dependence of S*, has been
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Table 111. Conventional single ion entropies of migration transport S*x: (cal/deg) at 25°C
based on $*x(CI") = 0.

Ion S*ui Ion S*ui
(a) (b) (c) (d) (a) (b) (c) (d)

H* 9.3 10.4 10.5 9.7 OH- — — 13.5 —
Li* 0.1 —0.084 —0.3 —3.0 F- —_ 2.92 — —
Na* 0.9 2.61 2.55 2.54 Cl- 0.0 0) 0) 0)
K+ 1.0 1.72 (1.72) (0.37) Br- — 0.134 (0.15) —
Rb* 1.1 2.79 2.4 4.4 - — —1.84 (—1.84) —
Cs* — 2.82 29 4.0 NO,~ — —0.96 (—0.96) —
Ag* — 5.16 6.8 — %SO~ — 2.925 2.1 0.0"
NH.* 0.0 — 0.7 —0.9 ClO« — — 1.0 —3.0"
%LMgH — — 0.9 — CH.COO- — — 3.3(0.1m)"
KLCa* — — — 5.8 %COs” — — 1.5(0.1m)’
% Sr+ — — 2.5 5.8 TI1* — — 3.1(0.1m)’
1,Ba* — — 3.0 5.3 1L Cd+ — — 1.357 1.057
»Zn* — —_ 1.5 —0.8
1% Cd* — 0.935 0.4 —
Me.N** —_ 6.71 7.0 —
Et.N** — 10.44 11.7 —
n-Pr.N* — — 16.3 —
n-Bu.N** — — 19.7 —
n-Am,N** — — 22.7 —

(a) Eastman (32) for 0.02N.
(b) Agar (12, 21) for 0.01m.

(c) This study, estimated from Table II for 0.01m. Reference values in parentheses.
(d) This study, estimated from Table II for 1 M. Reference values in parentheses.

e Me, methyl; Et ethyl; Pr, propyl; Bu, butyl; Am, amyl.

IInterpolated or extrapolated from data of Table IV; sing)e ion values based on ‘“‘saturated KCl bridge rule,” instead of chloride ion

standard.

discussed by Agar (21). It decreases with increas-
ing concentration (Table I) in dilute solutions, but
much less rapidly than a normal mass-action de-
pendent entropy would, and it seems to attain a
finite limiting value at infinite dilution. In concen-
trated solutions of KCl and AgNO, S*, increases
with increasing concentration! The derivative dS*,/d
In a_ is very close to — R in CdSO, and to — %R in
TICIO,, instead of the mass-action value — 2R for
salts with » = 2.

In very dilute solutions (m < 0.02), S*, decreases
as a linear function of the square root of the molal-
ity. The derivative dS*,/d\/m has values, in cal/
deg. (unit of molality)™, of —6.0 to —6.5 in dilute
KCl, NaCl, KBr, NaBr, and KI; and of —26 in
CdSO.. These values are discussed again below in
connection with the electrostatic interpretation of
the ionic entropy of migration.

Final EMF of Thermal Cells
Restore the two electrodes to cell [1], and allow
a Soret steady state to be established. This makes
K = 0 while Xz # 0. At potentiometric balance, I
= 0. Equations [5], [6], and [7] can then be solved,
with elimination of Xk, to yield
(— XI/XJ)ﬂnlI = dV/dT = dEfln/dT

= [Lu/Lu = (sz/Lu) (LKJ/LKK) ]/
[1 —(Lix/Lx) (Lxi/Lxx) 1 [39]

This expression involves four distinct admittance
ratios, three of which have already been evaluated.
The fourth admittance ratio is Lx;/Lxx. This can be
equated to Lix/Lgx = (I/K)xi-1-, ie, it is equal
to the ratio of the flux of electricity to the flux of
matter in the liquid boundary, in the absence of any
applied emf (no electrodes) and of a temperature
gradient. However, the flux of matter under such

conditions occurs by diffusion of electroneutral
groups of ions and does not give rise to an electric
current at all. Therefore I/K = 0 in the boundary,
and this fourth admittance ratio is zero. Equation
[39] simplifies to

(—X;/X,,)Hn = Lu/Lu = (LIK/LH) (LKJ/LKK)[40]
The validity of Eq. [40] can be confirmed by noting
that the admittance ratios can be replaced by driv-
ing force ratios, e.g., La/Lic = —(Xo/X1)a-xc=0, SO
that

(_XI/XI)Hn = (_XI/XJ)I:XK:«: + (_Xl/Xx)lzx.l:u

(Xx/X))E=2120 [41]
The latter expression is obviously equivalent to
(dV/dT)ﬂn = (6V/3T)Mnn=o
+(0V/RTdIna)ur- - (RTd1n a/0T)uy-o [42]
i.e,, the final thermal emf is equal to the initial
thermal emf L,/L; plus a term which is exactly
the isothermal emf of the concentration cell that
the Soret effect has created.
We have already established that L,/L, = S*/
BF; Lix/Ly==*t,/BF (if z., = %); and Lg,/Lgx =
S*5/1 mole. Therefore Eq. [40] transforms to

dE,/dT = S*;/BF = t,5*,/BF
(if z, = %)
By introducing values for S*;
Eq. [43] further transforms to
dE./dT = (1/8F) {— BSwuSi — (B/2.)S*s,
— BS(E" in Cu) — t.(8/2.)5*x
— t,(B/2,)S*uy = tove S*ur £ Ly, S*uy }
(if z, = x). [44]

Since & v, = — B/z, and = v, = + B/z, for z, =
=+, the terms involving the migration transport

[43]
(Eq. [27]) and S*,,



Vol. 107, No. 10

entropy of the gegenion g vanish, while the two
corresponding terms for the ion r coalesce to
—(B/z,) S*x,. The final emf therefore reduces to

dE.a/dT = (1/6F) {— BiwS: — BS(E" in Cu)

— (B/2)8.)

All properties of the gegenion have vanished from
Eq. [44] and [45], while the ion r contributes the

sum S*;, + S*i, = S,, denoted by Temkin and
Khoroshin (14) as the “entropy of the moving ion.”
This sum thus becomes a measurable thermody-
namic property of a single ion, provided a value
can be assigned to the electronic term, as discussed
above.

For example, for a thermal Ag/Ag"* cell, the final
emf, with the electronic term neglected is given by

dE../dT = (1/F) [S(Ag) — S (Ag)]. For a
thermal Hg/Hg,SO/AL(SO,), cell, it is dEea/dT =

(1/6F)[6S(Hg) — 3S(Hg.SO,) + 3S(SO,)1.

A comparison of Eq. [43] and [23] show that the
final minus the initial thermal emf of a cell is
equal to = t,S*,/BF (if z, = =). This provides an
electrochemical method of measuring the entropy
S*, of diffusion transport, and the associated Soret
coefficient (12).

It is of theoretical interest to decompose the
measurable final thermal cell emf [45] into formal
expressions for the electrode potential difference
and the liquid junction potential, since these two
quantities are at least conceptually measurable by
the use of two IRE’s, as defined above. The liquid
junction potential in the final state of the thermal
cell can be formally expressed by evaluating Eq.
[40] for the liquid boundary processes only. In the

[45]

boundary L;/Ly = Ly/Ly = (J/I)x;-x28-0 = — 3t
(B/2)S*ui/BF = (tv-S*y. — tw.S*y,)/BF; and Lix/
Ly = Lx/Ly = (K/I)x5-25-0 = — ti(B/2:)/vBF =

(twv. — tv,)/vBF, provided K is taken as (K, + K.) /v;
while Lx,/Lgx as evaluated above is already a
boundary quantity equal to S*,/1 mole = (v.S*x.
+ ».S*,.)/1 mole. The substitution of these expres-
sions into Eq. [40] gives, for the final thermal
liquid junction potential,

dE,, 1n/dT = vv_(S*y-— S*4.)/vBF  [46a]

For example, in sodium chloride electrolyte, this
becomes (1/2F)[S*x(Cl") — S*y(Na')], and in
aluminum sulfate (3-2/5:6F)[S*.,(SO5) — S*x
(AI*)].

By subtracting [46a] from [45], neglecting the
electronic term, one obtains the difference of the
electrode potentials for the final state of the thermal
cell in the form

dErl, n/dT = S*E/BF — S*p/ve,F [46b]

The first term in [46b] gives the effect of tempera-
ture on the electrode potentials, without liquid
junction potential and without thermal diffusion.
The second term gives the further effect of the
thermal diffusion concentration gradient on the
electrode potentials. This second term takes the
form, in a thermal Ag/AgCl1/NaCl cell, (1/2F)[S*,
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Table IV. Transport entropies of TI* and Cd** ions and gegenions
(cal/mole.deg) from the data of Agar and Breck (12)

S°(Tl+) = 30.4; S°(Cd+) = —14.6(33)

Electrolyte S, pas S*s: S*my  S*u-
TICIO,, 0.05m 35.8 1.403 323 35 —06
TIC1O,, 0.1m 33.9 1.132 311 28 -—11
TICI1O,, 0.15m 340 0.982 304 36 —14
TICIO,, 0.20m 333 0.879 299 34 -—18
TICIO,, 0.26m 32,5  0.800 296 29 —14
TINO;, 0.1m 34.0 1.151 312 28 -—11
TIOCOCH,, 0.1m 340 1131 311 29 3.3
TLCO;, 0.06m 339 1138 311 28 3.0
TLSO,, 0.05m 34.0 1.138 311 29 2.3
CdSO,, 0.005m —8.96 2602 —11.7 2.7 5.0
CdSO,, 0.017m —1099 2248 —133 23 39
CdsO,, 0.05m —12.47 1973 —146 2.1 2.8
CdsO,, 0.17m —13.93 1684 —159 20 1.6
CdSO,, 0.52m —14.78 1.458 —16.9 2.1 0.6
CdsO,, 1.05m —14.64 1327 —175 29 —06
Cd(Cl0,), 0.05m  —12.27 1.835 —152 29 —04
Cd(NOs),, 0.05m —11.87 1.842 —152 34 —09
CdCl,, 0.05m —10.07 2406 —126 25 —0.5

(Na') 4+ S*»(CI")]; in a thermal Al/AL(SO.); cell,
— (1/5-3F)[28*x (A1) + 3S*4(SO.)].

Values of the lonic Transport Entropies

Values of the entropy S. of the moving ion have
been obtained for Cd** and T1* by Agar and Breck
(12) from measured final thermal emf’s, and are
listed in Table IV. The corresponding entropies S*,
of diffusion transport, from the difference of final
and initial thermal emf’s, are given in Table I. In -
Table IV, pa, = —log a, where a, = vymy,, vy, is
calculated by the rule y, = y, *+*, and y, is inter-
polated from Latimer (33). The entropy of
electrochemical transport S*s, is computed from
entropy data (33) via the “saturated KCl bridge
rule” of deBLS (8), Eq. [32] and [33], neglecting
the third term in d In a,/dT. The entropies of mi-
gration transport for the two ions are then com-

puted from S, and S*;, (Table 1IV), and S*, (Table
I).
For both Cd* and TI' ions, the mass-action de-

pendence of i parallels that of S*z,, so that S*,, is
apparently independent of concentration: S*,(TI")
= 3.1 = 0.3 cal/deg; S*»(Cd*) = 2.5 %= 0.4 cal/deg.
The migration transport entropies of the anions do
vary with concentration, and can be expressed
within the range of concentrations studied by the
approximate relations: S*,(ClO,) = —-3.7 +
(%R’)pa(ClO,); S*4(SO7) = — 6.6 + R'pa(SOy),
where R’ = 2.303 R and pa; = — log a;. The mass-
action dependence for sulfate is normal, while that
for perchlorate contains the surprising coefficient
1R’ instead of R’. Thus the concentration effect on
S*y4: ranges from apparently no dependence for TI1*
and Cd*, to half mass-action dependence for ClO,",
to full mass-action dependence for SO,. Values of
S*,_for other anions are as follows: 0.1 m NO;", — 1.1,
—0.9; 0.1 m CHCOO, 3.3; 0.05 m COy 3.0;
0.1 m CI" (in CdCl)), —0.5. The several anion
values, calculated above from the KCI bridge rule,
show reasonable agreement between the T1* and
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Table V. Transport entropies of various ions (cal/deg) from
the data of Khoroshin and Temkin (14)

+ Ion S S*°g S*°xi
H* 5.2 —4.48 9.7
Li* —1.4 —1.1 —0.3
Na* 10.8 .7 3.1
K+ 20.0 20.0 0.0
NH.* 21.4 22.49 —1.1
Ag* 20.8 13.19 76 -
Mg —18.15 —18.6 0.45
Y%Ca* —T7.75 —11.1 3.35
16 Sr+ —4.95 —9.2 4.25
1»Ba** —0.15 -3 2.85
1eZn* —15.95 —17.20 1.25
F- 7.8 2.2 5.6
Cl- 19.5 17.7 1.8
Br- 23.4 23.77 —0.4
NO,~ 42.0 39.5 2.5
ClO~ 46.8 47.7 —0.9
%SO~ 3.2 6.53 —3.3

the Cd** series and are not inconsistent with the
conventional values of Table III (referred to chlor-
ide as zero).

Values of the moving ion entropies S; have also
been deduced by Khoroshin and Temkin (14) from
the ingenious suggestion that initial thermal emf’s
measured in aqueous LiCl should be virtually the
same as final thermal emf’s, since S*, for dilute
LiCl is virtually zero (Table III). This led them to

a value of 19.5 cal/deg for §° (CI'). From this, they
deduced values for other ions from the relation

31,8 = InS. + TSt [47]

where S, is the conventional ionic entropy. Equa-
tion [47] is valid for any neutral ion combination
for which 3».S; = 2»,8*z. The final summation in
[47] is, of course, S*, for a neutral electrolyte. By
taking S; and S*, data from various sources, Khor-

oshin and Temkin obtained the values of S°, given
in Table V. Standard entropies of electrochemical
transport S*°;, have been computed from conven-
tional entropy data (33) by means of the “saturated
KCIl bridge rule,” Eq. [32]. The migration transport
entropy S*°y, is then obtained by difference. The
values given in Table V are only approximate, but,
on the whole, they are fairly consistent with data
given in Tables I through IV.

lonic Transport Entropies

To distinguish between the ionic entropies of
electrochemical transport S*; and of migration
transport S*y, it is necessary to consider the inter-
action between an ion and its environment. East-
man (34) divides the vicinity of an ion “into three
concentric regions of gradually differing properties.
First, there is the ‘ion-cavity,” within which there
are no solvent molecules.” The thickness of the ion-
cavity has been estimated (35) as 0.10A for anions
and 0.85A for cations, in addition to the crystal-
lographic ionic radius. Next comes the hydration
(solvation) layer, described by Eastman in these
words: “immediately outside of the ion cavity the
(polar) molecules of solvent are strongly attracted
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and oriented. The inner layers of solvent molecules
in this second region, and those extending out from
it to varying distances in different cases, are held
so strongly by the central ion as to form a complex
with it, acting in processes of diffusion, as a single
molecule. The third region comprises all the rest
of the outer space. In this [third] sphere the solvent
molecules are still subject to forces of compression
and orientation, diminishing with distance from the
center of the complex, and not sufficiently strong to
bind these molecules to the ion.”

Let one mole of the ion i be associated with n.
moles of bound solvent (in Eastman’s second re-
gion) and m, moles comprising the remainder of the
(unbound) solvent (Eastman’s third region). Let
S: and S; be the partial molal entropies of the sol-
vent in these second and third regions, and S, the
molal entropy of the solvent in the absence of any
ions. The compression and orientation of solvent
molecules by electrostatic attraction between the
ion and the dipoles of the solvent result in S, being
significantly less, and S, somewhat less, than S..

When one mole of an ion is transferred from the
right to the left electrolyte compartment by the
agency of the two electrode reactions, the entropy
transported from the right (No. 2) to the left (No.
1) heat reservoir includes the quantity (n, + n5)S,
— n,8; — n,S,, i.e., the gain in entropy of the solvent
upon its release from the ordering influence of the
electric field of the ion, corresponding to the ab-
sorption of heat in the breaking of ion-solvent
bonds in the second region and in the relaxation of
compression and orientation forces in the third re-
gion. The entropy of transport for one molal unit of
the electrode reaction might therefore be expressed
as §*s = S(M) — Si. (M) + (m + M)S: — MS:
— n,S,, where S,,(M*) is the partial molal entropy of
the ion-cavities of M*. The entropy of electrochemi-
cal transport of the ion M' becomes S*;(M*) =
Sie(M*) + n.(S. — S1) + ns(Ss — S1), i.e., it includes
entropy terms pertaining to the binding of solvent
molecules in the second region and to the orienta-
tion and compression of the solvent in the third
region.

When one mole of an ion is transferred from the
right to the left electrolyte compartment by migra-
tion, “the aggregate comprising the first and second
regions above remains mostly intact and takes part
in no . . . entropy changes. But as the ion moves it
leaves behind material which had been under its
influence in the third sphere, and brings under its
influence solvent molecules not previously so
strongly affected. A relaxation occurs, therefore, in
the region from which it goes, with an attendant
increase of entropy and absorption of heat. The re-
verse effects appear in the region into which it
moves, It is, therefore, these changes in the third
sphere that give rise” (Eastman, 34) to the ionic
entropy of migration transport S*,(M*') which may
be equated to n:S: — n.S,, i.e., to the gain in entropy
of the solvent in the third region upon its release
from the electric field of the ion. On this model,

the entropy of the moving ion E(M*) becomes
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Si.(M*) + n.(S. — Sy), i.e., it includes the solvent
entropy terms of the second region only, the region
that moves with the ion.

The total entropy of the solvent n,S; in the third
region in the presence of the ion, relative to its
entropy m.S, in the absence of the ion, can be cal-
culated at infinite dilution from a simple electro-
static model, on the assumption that the solvent in
the third region can be treated as a continuous
medium of dielectric constant e. Consider a charge
q located in a dielectric ¢ and a concentric sphere
of radius r so chosen that the surface of the
sphere lies well into the dielectric region. The total
electrostatic potential energy of the electric field
outside the sphere is q°/2¢ k,r where k, is a constant
equal to 1 esu or 10°/8.988 amp.sec.volt™.m™ (36).
This energy may be equated to the electrostatic free
enthalpy G of the polarized dielectric outside the
sphere, whose entropy therefore becomes —dG/dT
= —(q°/2k.,r)d(1/€)/dT. The latter may be taken
equal to ns(S; — S,) and therefore to — S*,.. Gur-
ney (37) suggests that the dielectric constant may
be represented by the empirical formula ¢ = eexp
(—T/6) where ¢ = 305.7 and § = 219°K for water.
The derivative d(1/e)/dT = 1/¢§ = 5.83 X 10°
deg™ for water at 25°C. Upon substitution of ap-
propriate numerical values, the ionic entropy of mi-
gration is calculated as

S*ui = +(9.68 27/, ) cal/deg.mole  [48]

at infinite dilution. Taking the crystal radius (38)
of K* at 1.33A, plus 0.85A for the ion cavity, plus
2.80A as the approximate diameter of one water
molecule, a total radius of 5.0A is estimated for the
sphere “bounding” the second from the third re-
gions. S*,; can then be calculated as 1.94 cal/deg
for K* ion at infinite dilution, a value which is of
the right order as compared with the conventional
single ion value of Table III. However, Eq. [48]
cannot be used for any accurate calculation of S*,.
since the appropriate third region radius, and the
short range dielectric constant, are uncertain. Agar
(21) has shown that little correlation exists be-
tween conventional values of S*,; and ionic crystal
radii.

At finite concentration, the potential surrounding
an ion is reduced by multiplication by the Debye-
Hiickel factor, exp(—«7), and Eq. [48] should be
multiplied by the same factor. The derivative
dS*y./dx becomes — 9.68 z,exp(—«r) cal.A/deg.
For 1, 1-salts in water at 25°C, and very dilute
solutions where exp(—«7) =~ 1, the derivative
dS*,,./d\/H, in cal/deg. (unit of molality)"?, =
—3.18. For both ions of the salt, dS*,/dy/m is twice
this or — 6.36 in satisfactory agreement with ob-
served values of —6.0 to —6.5 reported above for
several 1, l-salts. For CdSO,, the limiting slope
should be 2°-2 or 8 times this, about —51. The ob-
served slope in the most dilute solutions for which
there are data, —26, appears to be rapidly ap-
proaching this limiting value.

Thus Eastman’s interpretation of the entropy of
migration S*,, as being primarily the entropy of
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relaxation of the polarized dielectric of the solvent
in the third region, when the ion departs, appears
to be well founded. On this basis, the migration
transport entropy of an ion should always be posi-
tive, and, according to Eq. [48], multiplied if neces-
sary by the Debye-Hiickel factor to take care of
interionic attractions, it should always be small,
around 1 to 3 cal/deg for univalent ions.

However, electrostatics does not tell the whole
story. Agar (21) points out that where an ion
breaks up the structure of the water, its presence
may actually increase the entropy of the solvent in
the third region, and this would lead to negative
migration entropies as reported above for several
ions (Tables III to V).

To quote Eastman once more: “The conception of
solvated ions . . . takes into account only the elec-
trical effects . . . . Several factors . . . neglected . . .
may be of importance in certain cases. Any sort of
chemical bonding in the ion aggregate may greatly
affect the spheres of influence about the central
charge, and so alter the heat [entropy] effects at-
tending its diffusion. This kind of thing may differ-
entiate, for example, between positive and negative
ions in their orienting and bonding effects on water
molecules. The hydrogen nuclei of the solvent may
form a sort of hydrogen bond (39) with electrons
of the outer shell of negative ions, a type which is
not possible between oxygen atoms and most posi-
tive ions. The effect of such bonds, if extensively
formed, would be to increase region two at the ex-
pense of three, with consequent lessening of the
heat of transfer [and of the entropy of migration].
The possibility that either ion of the solvent [H* or
OH"] may be transferred, in effect, by a chain
mechanism, must also be considered in solutions of
acids and bases. For if this occurs, not only the
energy represented in the third sphere above, but
that of the second as well, a very much larger
quantity, would be involved in the heat of trans-
fer.” There is evidence that S*,; for H* and OH" is
considerably larger (about 10 cal/deg) than for
other ions, as discussed above.

The large values obtained for the conventional
entropy of migration S*y; of the tetraalkylammo-
nium ions (Table III) appear surprising at first,
since Eastman’s students (44) had speculatively ex-
pected values close to zero, and had even used this
hypothesis as a basis for evaluating a set of S*
values, which proved inconsistent with known val-
ues of S*, from the Soret effect (Table I). The large
values actually obtained point to another mecha-
nism than just the electrostatic one discussed above.
The hydrocarbon chains must exert some ordering
influence on the neighboring water structure, per-
haps by the formation of “icebergs” (44). The re-
moval of the alkyl chains by migration of the ions
then allows a disordering of the water structure left
behind, i.e., a “melting of the icebergs” (44), with
a consequent absorption of heat and a positive en-
tropy of migration. The increment in S*y; for every
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four CH, groups added to the ion appears to be
around 4 cal/deg, in going from methyl to amyl,
i.e., about 1 cal/deg/CH, group added. This entropy
effect is still small as compared with the intrinsic
molal entropies of the materials involved, i.e., about
8.1 cal/deg for CH, (from the entropy difference
between ethanol and methanol) and 16.7 cal/deg
for H,O. Thus Eastman’s students speculations re-
garding the smallness of the entropy of migration
of the tetraalkylammonium ions may still be justi-
fied as regards an individual linkage within the ion,
even though it is not justified for the huge ion as a
whole.

If one attributes the same value of 1 cal/deg to
the migration of the methyl (CH,) group, as well as
to CH,, a residual conventional value of about 3
cal/deg is obtained for the migration entropy of
the N* core of the R,N* ions, i.e,, a value which is
quite consistent with that of other simple ions such
as Na', K*, Rb*, and with the electrostatic values,
Eq. [48], as well.

The values for divalent ions (Tables III to V)
are considerably smaller than what one would ex-
pect from the electrostatic relation [48] alone. Un-
doubtedly, the Debye-Hiickel drop-off at finite
concentration is already much more significant in
this case, as may be the structure-breaking prop-
erties of the ion on the solvent, which would tend
to lead to negative values of the migration trans-
port entropy.

Summary

Theé application of the Onsager thermodynamics
to electrochemical systems out of equilibrium per-
mits a unified approach to the problems of concen-
tration cells with transference, thermal diffusion in
electrolytes, initial and final emf’s of thermal cells.
For isothermal concentration cells, the method
confirms the classical results of Nernst derived from
equilibrium considerations of free energy. For non-
isothermal systems, the method brings out the
entropy S* transported from hot to cold heat
reservoirs (in the limit of equal temperatures),
multiplied by the applied temperature differential
dT, as the characteristic thermodynamic driving
force of a process. For an ion, the entropy trans-
ported is different when the ion is transported by
electrode reactions and when it is transported by
migration. This gives rise to the ionic entropies of
electrochemical transport S*;, and of migration
transport S¥.., respectively. Values of the ionic
transport entropies can be estimated from data on
initial and final thermal emf’s and Soret coefficients.
For an ion, the standard value of S*°; = S°,
—2.(4.48 cal/deg) while the nonstandard values of
S*z: show a normal mass action dependence on con-
centration. For many ions, except H* and OH-, S*y,
appears to be small and positive, i.e., about 0-3 cal/
deg. Such values are in semi-quantitative agree-
ment with calculations based on Eastman’s model
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of the ionic entropy of migration as the electrostatic
entropy of depolarization of the solvent dielectric
when the ion moves out. The concentration depend-
ence of S*, does not follow the law of mass action,
but it appears to follow the Debye-Hiickel relations
in dilute solutions. The establishment of better
values for the ionic transport entropies remains a
challenging task.

Ionic transport across biological membranes is
an important process in the release of energy by
living systems (18, 40). Holtan (17b) has shown
by qualitative experiments that large thermal emf’s
(of the order of 10~ volts per degree) can be devel-
oped in colloidal mixtures and in nerve fibers. He
has suggested that such thermal emf’s may con-
tribute to the initiation of nerve impulses. The role
of ionic transports arising from possible local ther-
mal gradients resulting from metabolic energy
release in living systems, needs to be explored, and
may be hoped to shed some light on the mechanism
of the living cell as a thermodynamic engine.
“Where is the way to the dwelling of light?” (Job
38: 19).
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APPENDIX I
Glossary of Transport Entropies Used in This Paper

S*: the entropy of transport, the entropy transported
reversibly from the right heat reservoir No. 2 (nor-
mally the hot one) to the left heat reservoir No. 1
(normally the cold one) by the occurrence of some
reversible process in the cell (system), in the limiting
case of a vanishing temperature difference between
the heat reservoirs.

S*;: the entropy of electrical transport, i.e., the en-
tropy transported between heat reservoirs, as above,
by the flow of a positive current through the cell from
left to right.

S*z: the entropy of electrochemical transport, i.e.,
the contribution to S*: of the two equal and opposite
electrode reactions.

S*u: the entropy of migration transport, i.e., the con-
tribution to S*; of the current transported by ionic
migration through the solution.

S*p: the entropy of diffusion transport, i.e., the en-
tropy transported between heat reservoirs, as above,
by the flow of solute across the liquid junction from
right to left.

S*s:: the ionic entropy of electrochemical transport,
i.e., the contribution of an ion (or electron) to S*:.

S*u.: the ionic entropy of migration transport, i.e.,
the contribution of migration (or diffusion) of an ion
(or electron) to S*x or to S*».

?s: the entropy of the moving ion, i.e., the sum
S*ee + S*ue.

Ionic index ,: the ion to which the electrodes are re-
versible; ,: the gegenion of ,.
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APPENDIX II _
Comparative Nomenclature for the Three Ionic Transport Entropies Appearing in the Equation Si = S*z + S*u

=

Author St S*gi,1 S*ui
This paper Entropy of moving ion Ionic entropy of electro- Ionic entropy of migration
:S-: chemical transport S*g transport S*u«
]
Eastman (13a) — Absolute partial molal Ionic entropy of transfer S*:
ionic entropy S. (= heat of transfer @*:/T)
Temkin and Khoro- Entropy of moving ion Entropy of a single ion S Ionic entropy of transfer S*:
shin (14) S= (= heat of transfer @*:/T)
4

(Entropiya dvizhush-
chikhsya iona)

Agar (12,21) T Partial molal ionic en- Ionic entropy of transport S*,
Transported entropy S tropy S: (= heat of transport @*:/T)
deGroot (17a)? Entropy of transfer S*: Ionic entropy S: Reduced heat of transfer
Qt‘ JT
Haase (19b) Uberfithrungsentropie Partielle molare Entropie Uberfithrungswéirme Q*./T
S*. der solvatisierten ion-
enart S
Domenicali (50)* Transport entropy per — —_
particle S*
18*pt = St + zi1(—4.48 cal/deg) where Si is the conventional partial molal ionic entropy, Latimer (33), and 2z; is the ionic charge

(with sign) . =
2de Groot defines a “heat of transfer” @*;, and Domenicali a “transport heat” @*;, where @*: = TS: + ui.
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Entropy of the Moving Cuprous lon in Molten

\)\S‘Y

Cuprous Chloride from Thermogalvamc Potentials

Ambrose R. Nichols, Jr.! and Cecil T. Langford

Scientific Re_séarch Laboratory, Convair Division of General Dynamics Corporation, San Diego, California

ABSTRACT

]\Potentlometncc‘rﬂeasurements hm—been made on a, ther;nogalvamc cell
_consisting of eappér electrodes immersed in molten euprous_chloride in which
there was a temperature gradient. [The difference in temperature AT between
the electrodes was varied from 30° 1070°C and the average temperature of the

- cell T,y was varied from 462° to 588°C. Over these ranges the emf was propor-

terminal of the cell. From this value, the entropy of the moving cuprous ion

tional to AT, and AE/AT = — 0.436 m‘f/\C the hot electrode being the (—)

in the melt was calculated for three different temperatures{

Thermogalvanic potentials in aqueous solutions
have been studied rather extensively beginning
with the work of Richards (1) who measured the
temperature coefficient of the calomel electrode. It
was not until about 1930 that studies were initiated
in the electrochemistry of fused salts, but very
little work was done in the field for the next twenty
years. In the early 1950’s there was a resurgence of
interest, and as is evident from a recent bibliography
compiled by Janz (2), an enormous amount of work
has been done during the past eight years on the
electrochemistry of fused salts. As is also evident
from this same bibliography, practically all of the
investigations in this field have been made with
systems at uniform temperature throughout.

Much of the recent work with fused salts has
been concerned with the development of reference
electrodes constructed in such a manner that liquid
junction potentials are practically eliminated.
Senderoff and Brenner (3) used a coarse asbestos
plug in the tube connecting the two half-cells, but
apparently sufficient diffusion took place to intro-
duce an unknown boundary potential into their
measurements. Others, including Delimarskii (4),
and Bockris, et al. (5), have used thin diaphragms
of soda glass or Pyrex, but these are not suitable
for use at high temperatures and, except in the case

1 Professor of Chemistry, San Diego State College, San Diego,
California.

of concentration cells, do not lend themselves to
exact thermodynamic analysis. Some very precise
recent work in this field is described in a series of
papers by Flengas and Ingraham (6) who devel-
oped a reversible silver-silver chloride reference
electrode for use at high temperatures. The side-
arm tube of the silica half-cell contains a single
asbestos fiber (as opposed to a coarse plug) care-
fully sealed into the tube in a specified manner
(6a). By using the same solvent (an equimolar
mixture of NaCl-KCl) in the two half-cells with
very low concentrations of the solutes (AgCl in the
standard, and MCI, in the other half-cell) the
measured emf is, for all practical purposes, free
from any liquid junction potential. In their most
recent paper (6f) these authors give an emf series
for several metals with corresponding standard
electrode potentials referred to their standard Ag-
AgCl electrode. Throughout their work they have
determined the effect of temperature on the emf of
each cell studied. The emf measurements, however,
are made under isothermal conditions. It would be
possible to calculate reaction entropies from their
results but impossible to determine entropies of
transport.

Many investigators have studied thermogalvanic
potentials in aqueous solutions, but the most com-
prehensive treatment of the subject is given in a
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recent paper by deBethune, Licht, and Swendeman
(7) who give references to 28 earlier contributions,
clarify the concepts of isothermal and thermal
temperature coefficients of standard electrode po-
tentials, and compute values for both of these, at
25°C, for nearly 300 electrodes. Their treatment of
the thermodynamics of thermocells is applicable to
fused electrolytes and we shall utilize their nota-
tions later in discussing our own results.

Reinhold (8) has measured the emf of a large
number of thermocells with solid electrolytes.
Among them was a cell analogous to ours and we
shall compare his results with those obtained in
this study. He also found (8c) that the temperature
coefficient of the emf of an isothermal cell could be
calculated from the thermal coefficients of related
thermocells. Holtan (9), who reinvestigated and
extended some of Reinhold’s work, found a theo-
retical basis for the correspondence between ther-
mocells and isothermal cells observed by Reinhold.

The present investigation involved measurements
of the emf of a thermogalvanic cell consisting of
copper electrodes immersed in molten cuprous chlor-
ide in which there was a temperature gradient. It
was observed experimentally that the hotter elec-
trode was the negative (—) terminal. The cell may
be represented diagramatically as

(+)Cu(s) | CuCl(1) | Cu(s) (—) [1]

T, T,

where T, > T.. Following the customary convention
in thermocells, where a positive emf means that
the hot electrode is the (+4) terminal (7-9, 12, 14,
15), the sign of the emf of cell [1] is negative. It will
be noted that this sign convention agrees with that
of the L.UP.A.C. (10) when the thermocell is dia-
grammed with the hot electrode on the right. When
the outside circuit is closed and the cell operates
spontaneously, the electrode reactions are

at the hot electrode: Cu(s,T.) = Cu'(T.) + e (T.),
[2]
at the cold electrode: e (T,) + Cu'(T,) = Cu(s,T,).
[31]

If the temperature difference is neglected there is
no net over-all chemical reaction but, physically,
cuprous ions are transported from the hot electrode
to the cooler one inside the cell, and electrons are
transported from the hot to the cooler electrode in
the outside circuit. Such a cell is analogous to a
metallic thermocouple in that the molten electro-
lyte may be regarded as having replaced one of the
dissimilar metals. For this reason some investi-
gators have referred to cells of this type as galvanic
thermocouples.
Experimental

A cell, made of Vycor glass, was placed inside a
stainless steel container that fitted snugly in an
electrically heated muffle furnace from which the
door had been removed. The arrangement is shown
in Fig. 1; Fig 2 is a sketch of the thermogalvanic
cell. The container protruded 12.7 cm beyond the
front of the furnace, and a temperature gradient

=
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TUBE CARRYING INSULATED € mf LEADS
2 TUBES CARRYING INSULATED THERMOCOUPLE WIRES
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Fig. 1. Thermogalvanic cell assembly
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Fig. 2. Thermogalvanic cell made of Vycor glass. Hotter
compartment on the right. '

was maintained inside it by passing cooling water
through coils that surrounded the front parts of the
vessel. The tube connecting the two cell compart-
ments was placed at a slight angle to the horizontal
to minimize convection currents in the molten salt
when the right hand compartment was made the
hotter one by placing it toward the rear of the fur-
nace. Powdered cuprous chloride was added to the
cell until the connecting tube was full and each of
the electrode compartments was about half full.
The cuprous chloride was Baker and Adamson’s
Reagent, A.C.S. grade, dried to constant weight at
110°C without further purification. Preliminary ex-
periments in which vacuum dried, freshly precipi-

. tated, cuprous chloride was used gave identical

results with those reported here.” Electrodes were
made from 5-cm lengths of 0.635-cm copper rod. A
0.318-cm hole was drilled from one end of the rod
to within 0.16-cm of the other end, giving an open
cylinder into which an insulated Pt-Pt + 10% Rh
thermocouple was inserted. The junction rested on
a single “fish-spine” insulator at the bottom of the
cylinder. The cell compartments were covered with
crucible lids. A copper electrode for each compart-
ment was inserted through a hole in the center of
the lid. When the bottom of the electrode rested
on the bottom of the cell compartment the electrode
protruded above the lid about 1.3 ecm.

The thermocouple wires passed from the elec-
trode through the face-plate of the container and
protruded for a distance of 5 cm beyond it. Plati-
num and platinum + 10% rhodium lead wires ex-

2 Apparently any Cu++ present in the Reagent grade CuCl is re-

duced by the metallic Cu electrodes, as reported by Flengas and
Ingraham (6f).
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tended from the front of the face-plate to a near-by
Dewar flask where junctions between them and
copper lead wires were maintained at the tempera-
ture of melting ice. The noble metal lead wires were
connected to the corresponding thermocouple wires
by means of a compression connector fabricated
from a block of micarta that was attached to the
outside of the face-plate. Insulated external copper
leads passed from the potentiometer through the
face-plate for a distance of about 5 cm. These were
joined with copper connectors to short lengths of
copper wire that were attached to the electrodes.
Because of the continuous copper leads from the
copper electrodes to the binding posts of the poten-
tiometer, the observed emf was free from any me-
tallic thermocouple voltage. Three double-pole,
double-throw switches permitted the three circuits
from inside the furnace to be passed either to a
6-point Brown recording potentiometer or to a
L & N Type K-2 potentiometer. During a run, air
was excluded from the heated cell by passing a
stream of oxygen-free argon continuously through
the stainless steel container. Argon from a com-
mercial cylinder was passed over copper turnings
heated to 350°C in a combustion tube furnace, be-
fore it was admitted to the furnace.

At the start of a run, a temperature controller in
the heating circuit of the muffle furnace was set to
bring the cell to a temperature considerably above
the melting point of cuprous chloride. When the
first “temperature plateau” was reached, two or
three sets of voltages were measured at 10-min
intervals, by means of the L & N Type K-2 potenti-
ometer., The Type K-2 readings to the nearest
microvolt were recorded and used in the calcula-
tions. The controller was then set for the next de-
sired temperature plateau which would be attained
in about 30 min. A particular set of voltages was
obtained quite rapidly by manipulating the three
double-pole, double-throw switches so that the cir-
cuit from the thermocouple in the hotter electrode,
that from the cooler electrode, and the circuit from
the thermogalvanic cell were switched, in turn,
from the recording potentiometer to the Type K-2

instrument. Prior to the switching operation each of -

the three voltages was being printed on the strip
chart at intervals of 27 sec and the values could be
estimated to 0.01 mv. It was possible, therefore, to
preset the Type K-2 potentiometer to a value quite
near the actual voltage so that the final balancing
required only a few seconds. Indeed, the three volt-
ages could be determined on the Type K-2 in less
than 2 min.

It will be observed from Table 1 that the tem-
perature of the electrodes did not remain entirely
constant during the two or three sets of readings
that were taken at each so-called temperature
plateau. During the ascending part of the tempera-
ture cycle the furnace cooled slightly at a plateau,
while the reverse was true during the descending
part of the cycle. It was not deemed necessary to
obtain closer temperature control since, for a given
set of readings, the actual temperatures of the elec-
trodes and the corresponding emf of the thermo-
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Table I. Thermogalvanic potentials for the Cell Cu | CuCI(/) | Cu
Tl Tﬂ
in run No. 1. Hotter electrode (T.) observed to be the
negative (—) terminal

Temp, Avg
Plateau t=(t2+t1)/2, AE/At,
No. At, °C ' mv/*C

1 29.5 509.1 —0.436
1 30.0 507.6 —0.431
1 29.5 506.7 —0.440
2 31.5 528.9 —0.443
2 31.6 528.4 —0.441
3 33.8 551.8 —0.431
3 34.1 551.6 —0.428
3 33.6 550.7 —0.435
4 35.4 581.9 —0.427
4 34.9 581.6 —0.434
5 36.4 550.9 —0.434
5 36.4 551.4 —0.434
6 37.8 523.8 —0.428
6 38.2 524.4 —0.423
7 36.9 495.5 —0.443
7 371 495.7 —0.441
Average —0.434

Standard deviation of the set 0.006

galvanic cell were measured essentially simultane-
ously.
Results and Discussion

If an aqueous solution of a substance is placed in
a temperature gradient, a gradual change in con-
centration will, in general, take place because of
thermal diffusion of the solute. This phenomenon
is known as the Soret (11) effect, and the steady
state finally attained is the so-called Soret equilib-
rium. When a solution of an ionic material consti-
tutes the electrolyte of a thermogalvanic cell the
emf will, in general, vary from an initial value E;
before the composition of the solution has had time
to alter appreciably, to a final value E, correspond-
ing to the Soret equilibrium or steady state, as
shown experimentally by Agar and Breck (12). In
a series of papers, Eastman (13) suggested that
the emf of such a cell is related to certain entropy
changes that occur when it operates, and he intro-
duced the concepts of entropy of transfer S* and
heat of transfer @* for those species that move be-
tween the electrodes. He proposed the following
equation (13c) for the initial emf,

—F(dE./dT) = ASk + AS*, [4]

where AS: is the entropy gained by the electrode
system at the higher temperature in the electrode
reaction caused by one Faraday of positive electric-
ity passing reversibly from the electrode to the
electrolyte, and AS* is the net entropy of transfer
of the ions. AS* = t.S*. — t.S*,, where t. and t, are
the transport numbers for the cation and anion, re-
spectively.

More recently Temkin and Khoroshin (14), in a
theoretical study of thermogalvanic cells, have de-
veloped an equation for the steady-state emf E..
They show that, in so far as the ions are concerned,
the heat of transfer of the potential-determining
ion only is involved and the effects of the other ions
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contained in the solution may be neglected. Their
equation [24], with minor changes in symbols, is,
for electrodes reversible to positive ions of valence
n
—nF (dE,/dT) = AS: + Q*/T + nQ* /T

[5]
Q*, is the heat of transfer of 1 mole of the positive
ion with respect to which the electrode is reversi-
ble, and @*.- is the heat of transfer of one equiva-
lent of electrons from the electrode. AS: is the
change in entropy during the transfer of the ion
from the electrode into the solution and is identical
with Eastman’s AS; in Eq. [4], i.e., it is the increase
in entropy for the chemical reaction that occurs
reversibly at the hotter electrode when n Faradays
of positive electricity pass from electrode to elec-
trolyte. Thus, for reaction [2], the above authors
would write

AS: ='S(Cu*) — §(Cu) [6]

where, in the general case, S is the partial molal
entropy of the positive ion in the solution to which
the electrode is reversible. As pointed out by de-
Bethune, et al. (7) the ionic entropy involved in
this reaction is also an entropy of transport, and is
not equal to the conventional S for a single ion.
They suggest that it be called the ionic entropy of
electrochemical transport and be designated by the
symbol S*g. Also, they suggest that the entropy
AS, absorbed by the reaction at the hot electrode
be referred to as the entropy of electrochemical
transport and designated S*;. For the entropy
transported through the cell by electrolytic migra-
tion, i.e., the net entropy of transfer AS*, they pro-
pose the term entropy of migration transport repre-
sented by S*,.

In terms of the latter concepts, we write for re-
action [2]

¥z = S*z(Cu’) —S(Cu) [7]

an expression which is equivalent to AS: in Eq. [4]
and [5]. Also, S*, is identical with Eastman’s AS*
in Eq. [4] and S*y is the same as Temkin and
Khoroshin’s @*,/T in Eq. [5].

Temkin and Khoroshin (14) introduced a quan-

tity §, which they called the entropy of the moving
ion, and defined it by the equation

S=F+s8* [8]
where S* = Q*/T. In terms of the newer concepts
and nomenclature discussed above, S should be re-
placed by S*i, and S* by S*, hence for the ionic
processes occurring in cell [1] (electrochemical
transport and migration transport) Eq. [8] should
be written,

S(Cu*) = §*:(Cu’) + S*(Cu’) [91
According to Khoroshin and Temkin (15), when
the Soret effect is zero E, = E,. In cell [1] the
molten electrolyte consists of only one component,
hence no concentration gradient can develop. The
measured thermal emf, therefore, is an initial one

which is also indefinitely stable, and should be
given by both the Eastman Eq. [4], and by the
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Temkin-Khoroshin Eq. [5]. If we rewrite Eq. [4]
in terms of the newer concepts as discussed above,
and add a term for the entropy of the moving elec-
tron, which Eastman (13c) neglected, we have,
—F(dE/dT) = S*; + % + Svwo  [10]

or
—F(dE/dT) = §*:(Cu’) —S(Cu) +
to S*u(Cu*) — t. S*4(CI) + S,-iom [11]

Similarly, for Temkin and Khoroshin’s Eq. [5], for
the passage of one faraday, we have

—F(dE,/dT) = §*z(Cu*) — S(Cu) +

S*4(CU) + So-ccm [12]

For copper electrodes in molten cuprous chloride
t. = 0 and t, = 1, hence Eq. [11] reduces to Eq.
[12] and either may be used with the temperature
coefficient of the thermopotential of cell [1]. Upon
combining Eq. [9] with Eq. [12] and rearranging,
the following equation for the entropy of the mov-
ing cuprous ion is obtained

S:(Cu‘) =— F(dE./dT;) + S(Cu) ‘—E—mu) [13]

Table I gives detailed results for run number 1,
and Table II summarizes the results of three sepa-
rate runs comprising 56 measurements of electrode
temperatures and corresponding cell potentials, It
was thought the AE/AT might vary with the aver-
age temperature of the cell or with the magnitude
of AT, or with both, but no such variations were ob-
served. In a particular run, AT was changed only
slightly but the temperature of the furnace was
raised through 40°-80°C and then lowered through
80°-120°C during which cycle the values for AE/AT
fluctuated around the average shown in the last
column with no detectable trend. In run No. 3 the
temperature difference between the electrodes was
deliberately increased by placing the cell farther
toward the front of the furnace where the tempera-
ture gradient was greater. Although AT was about
doubled, AE/AT remained constant over the tem-
perature cycle shown. The average value for AE/
AT, for all 56 measurements, is — 0.436 mv/deg C
and may be used for dE,/dT giving a value of 10.05
cal/deg for the first term on the right of Eq. [13].

The average temperature of the melt varied from
about 462° to 588°C (15° below 477° in run No. 2,

Table I1. Summary of thermogalvanic potentials for the cell
Cu | CuCI(l) | Cu for three runs. Hotter electrode (T-)
T T:
observed to be the negative (—) terminal

Stand-

No. No.of Temp cycle Vari- ardrt‘l?e-

temp meas- for hotter ationin  Average viation

Run pla- ure- electrode At=ts—t1, AE/AT, (set),
No. teaus ments ta, °C °c mv/°C mv/°C
1 7 16  522-600-514 30-38 —0.434 0.006
2 7 18  555-596-477 30-33 —0.437 0.006
3 7 22  530-618-519 63-70 —0.437 0.005

Average AE/AT for 56 observations = —0.436 mv/°C
Standard deviation of the set = 0.006 mv/°C
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Table 111, Effect of temperature on the entropy of the moving
cuprous ion as calculated by Eq. [13]

formp FE/AT)m,  S(Cw, So—ccw, S(cuy,

of cell, cal/deg cal/deg cal/deg cal/deg
°K mole Cu+ g-atom equiv mole Cu+
735 —10.05 13.50 —0.095 23.65

798 —10.05 14.04 —0.102 24.19

861 —10.05 14.55 —0.109 2471

to 30° below 618° in run No. 3) and the average of
these values is 525°C. The last two terms on the
right of Eq. [13] are evaluated from the literature
for a temperature of the melt of 525°C. Temkin and
Khoroshin (14) give the following equation for the
entropy of the moving electrons in copper:

Se-«w = — [1.95 + 0.005 (T-300) ] microvolt-

faradays/degree-equiv, T = 240°K. [14]
This yields S.-c» = — 0.102 cal/deg at 798°K. Giau-
que and Meads (16) have determined the molal
entropy of copper and give the value S(Cu, 298.1°)
= 7.961 cal/deg. Kelley (17) gives the following
equation for the molal heat capacity of copper from
298° to 1357°K,

C, = 5.41 + 1.50 X 10° T cal/deg [15]

from which we calculate S(Cu, 798)—S(Cu, 298) =
6.08 cal/deg. This gives S(Cu, 798) = 14.04 cal/deg.

If the above values are substituted in Eq. [13]
we have, at 525°C,

(Cu*, 798°K) = 10.05 + 14.04 +

0.10 = 24.19 cal/deg [16]

Similar calculations for the lowest (462°C) and the
highest (588°C) average temperatures of the melt
have been made. These results and the above are
summarized in Table III.

The following thermocell with solid electrolyte
was studied by Reinhold (8c):

(+)Cu(s) | CuCl(s) | Cu(s) (=) [17]
Ty Ty

T, was kept constant at 400°C and T, was varied
from 113° to 400°C. From his equation for dE/dT
as a function of AT we calculate, for AT = 30°C,
dE/dT = — 0.846 mv/deg. From theoretical con-
siderations applicable only to solid electrolytes,
Holtan (9) calculates, for the same cell with T,
between 300° and 400°C, AE/AT = — 0.82 mv/deg.
These values are about double our value of — 0.436
mv/deg obtained for cell [1] with molten CuCl. In
this connection it is interesting to note that Holtan
(9) obtained similar results for the cell,

(+)AglAgC1|TAg(—) [18]

1 2

thermopotentials for which he measured with both

solid and molten AgCl. His observed temperature

coefficient of the thermopotential for molten AgCl

was approximately half that for the solid electrolyte.
It is possible, by the relationship observed by
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Reinhold (8c) and confirmed theoretically by Hol-
tan (9), to calculate the temperature coefficient of
the thermopotential of the cell,

(+)CI=(E)TI CuCl(1) TICIz(g) =) [19]

which we may designate as (AE,/AT) . The meas-
ured coefficient of cell [1], (AE,/AT).» = — 0.436
mv/deg, and the temperature coefficient of the emf
of the isothermal cell

(=) Cu(s)|CuCl(1) |Cl:(g) (+) [20]

can be derived from results of Hamer, Malmberg,
and Rubin (18), who calculated the emf of cell [20]
at several temperatures up to 1500°C. From a plot
of their values of E vs. T we have obtained, by
graphical methods, the slope of the curve at T =
525°C and find (AE./AT) m = — 0.220 mv/deg at
525°C. By Reinhold’s rule, which has been demon-
strated by deBethune, et al. (7) and by Holtan and
Krogh-Moe (19), these coefficients are related as
follows

(AEm/AT) isoth — (AEn/AT) [ S (AEx/AT) ™ [21]

Upon substituting in Eq. [21] the measured value
for cell [1] and the derived value for cell [20] we
find,

(AE,/AT) » = — 0.656 mv/deg at 525°C  [22]

The result obtained in Eq. [22] is probably only
approximate since it depends not only on the ac-
curacy of our measurements for cell [1], and the
reliability of the thermodynamic data used by
Hamer, et al. in calculating emf’s for cell [20], but
also on the errors inherent in the graphical differen-
tiation of their results.

Manuscript received Dec. 15, 1959.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1961 JOURNAL.
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Cathodic Processes on Passive Zirconium

Robert E. Meyer

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

b

ABSTRACT

L Measurements were,made of the rates of reductic}g}mot\ (yarious oxidizing

gents on passive zireonium. in acid solutions of

tures ranging fr
ments were

ate at tempera-

25° to g,s“C. The oxidizing agents included i th)ese experi-
, h en ion, and cupric ion and hydmg%f‘p‘éroxide in

ydr
the presence of siglgen The kinetic orders of reduction were determined from
potentiostatic experiments in which the current was determined as a function

_ of concentration.

nit and fractional orders were observed with oxygen re-

duction, and fractional orders from about 0.5 to 0.65 were observed for Cu** and
H:0..| Possible mechanisms are suggested in which charge transfer through the
film is assumed to play a predominant role.

The study of electrochemical reduction on the
surface of film-covered electrodes has received
comparatively little attention. The usual goal in
studies of reduction processes is to measure rates
on bare metals, and therefore care is taken to re-
move any films that may be present. It is clear,
however, that the presence of a film can markedly in-
fluence the reduction processes at the surface by
affecting the energetics of the reaction at the double
layer, or by imposing a barrier to charge transfer
through the film, or both. The study of reduction
processes on film-covered electrodes is important to
the field of corrosion for the corrosion of metals that
form surface films over the entire surface of the
metal must necessarily involve the reduction of the
oxidizing agent on the surface of the film.

Zirconium is known to form a film, presumably of
ZrO., when in contact with O, in aqueous solution.
The standard potential (1) for the half-reaction
Zr + 2H,0 = ZrO, + 4H' + 4e” is —1.43 v. It is
evident from this potential that ZrO, is thermo-
dynamically stable under potentials at which such
oxidizing agents as O,, H,0,, and H' are easily re-
duced. Furthermore, measurements made in O.-
saturated 0.1M Na,SO, (pH ~ 4) showed that the
rate of formation of ZrO, at potentials in the vicin-
ity of SCE falls off to values on the order of 10~ to
10® amp/cm® after a few days (2). Therefore it
should be possible to study reduction processes on
film-covered zirconium without significant inter-
ference from the film-forming reactions. It is found,
in practice, that determinations of reduction rates
are reasonably reproducible on a given sample, and
therefore it is safe to conclude that the effect of re-
duction experiments on the surface of the electrode
is slight.

1 QOperated by Union Carbide Corporation for the U. S. Atomic
Energy Commission.

In the experiments described here, attention was
centered on the reduction of H*, O.,, and Cu* and
H,0, in the presence of O.. It was found that reason-
able steady states could not be achieved with Cu**
and H:O, if attempts were made to remove O.. All
measurements were made on electrodes after the
corrosion reaction had decayed to a negligible rate.

Theory

For the present purposes the following equation
will be assumed as representing the reduction cur-
rent at an electrode:

) K a EXPr——————= 1
: ‘ RT

where i, is the reduction current density, = (a,”) is
the product of the activities of the reactants raised
to the appropriate orders p:, a.z. is the product of
the transfer coefficient and the charge number, and
E is the potential of the electrode measured with
respect to the reference electrode. The value of K
will depend on the particular reference electrode
chosen. From experimental data, one can determine
K, the orders, and the product «.z., and therefore
determine information of mechanistic significance.
The product «,z. is determined from the slope of
the log-current density vs. potential plot and is cal-
culated from the derivative:
d log i. —aZ F
e 2]
oE 2.303 RT

The orders are determined in experiments in which
the electrode is held at constant potential and the
activity of a reactant is increased by progressive
additions of concentrated solutions. The orders are
calculated from the derivative (3):
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3108 (ie—ics)

3
2 log 0 P [3]

where i,, is the initial current density before addi-
tions of the reactant. Actually all of the desired in-
formation can be obtained either from a series of
galvanostatic (constant i) experiments at various
activities or by a series of potentiostatic experi-
ments at various potentials. However, if the elec-
trodes vary somewhat in their properties from day
to day, it is better to do both types of experiments
since az factors can be obtained more accurately
from galvanostatic experiments and orders can be
determined more precisely from potentiostatic ex-
periments.
Experimental

Preliminary experiments showed that great pre-
cautions had to be taken in order to obtain repro-
ducible data. In particular, the electrodes had to
be prepared carefully and the solution and cells
thoroughly freed from impurities.

The electrodes were cylinders machined from %3
in. crystal-bar zirconium and had an area of 2.2 cm®.
Before use they were cleaned, chemically polished
in H,O-HNO,-HF solution, rinsed in boiling triply
distilled water, and vacuum annealed for several
hours at 750°-800°C. Immediately before use they
were removed from vacuum, mounted on Teflon
holders, and placed in the cell. Such a procedure
involved a few minutes’ exposure to air, and there-
fore the electrodes undoubtedly had a thin oxide
film on their surface before being introduced into
the cell.

All solutions were made from triply distilled
water, one distillation of which was made from
alkaline permanganate. The sodium sulfate used
was doubly recrystallized and the sulfuric acid was
prepared by dilution of the C.P. grade. Solutions
were pre-electrolyzed for at least 24 hr before use
between platinum electrodes with a current of 5-10
ma. The potential of the platinum cathode was well
below the lowest potential used on the zirconium
electrodes.

The cells were made from Pyrex and Teflon and
no greases, waxes, or other sources of surface-active
impurities were used in the cell. The cells were
thoroughly cleaned before use, and in most of the
experiments the final rinse water and the water
used for the solutions was distilled directly into the
cell.

Potentials were measured by a L&N model 7664
pH and emf meter coupled to a 10-mv Brown re-
corder. This apparatus was calibrated periodically
with a potentiometer and had an accuracy of = 1
mv on a 1000-mv scale and = 0.5 mv on a 100-mv
scale. Currents were measured by this same unit by
measuring the potential drop across precision re-
sistors. In the constant-potential determinations of
the orders, an electronic potentiostat developed at
this laboratory was used.

Results
Oxygen reduction.—All measurements of oxygen
reduction were made in 0.1M Na,SO, of varying pH
at temperatures in the interval 25°-88°C. Measure-
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Fig. 1. Oxygen reduction on passive zirconium

ments at the lower temperatures were sluggish, and
therefore most of the galvanostatic work was done
at 75° and 85°C (Fig. 1). In all cases steady-state
values only were used in calculating Tafel slopes.
In general, points were taken after the potential
showed no drift (< 1 mv) in a period of 5-20 min,
depending on the current densities. Slow drifting
occurred occasionally but was usually eliminated if
the solution were changed and freshly pre-electro-
lyzed solution admitted. In preliminary experi-
ments, almost all of the samples gave values of az
between 0.18 and 0.35 with 0.25 being an approxi-
mate average. In order to obtain a better estimate
of a.z., three electrodes were prepared under care-
fully reproduced conditions. These samples showed
a.2, values of 0.28, 0.32, and 0.33 one day after ini-
tial immersion at 75°. There was evidence that at
very low current densities, i.e., below ~ 10 amp/
cm’, the Tafel slope changed to give a somewhat
higher «.z.. The exact value could not be deter-
mined precisely because the potentials at these cur-
rent densities were too close to the rest potential.

The determination of the reaction order at high
concentration of O, was carried out potentiostati-
cally by passing pure He, mixtures of He and O,,
and pure O through the cell. At low concentrations
of O,, varying quantities of O, were introduced into
the cell by anodic evolution on Pt with a closed cell
(using an external cathode). Constant current den-
sity was used so that the total amount of oxygen
present was proportional to the total charge passed.
Some of the results are shown in Fig. 2 and 3. In

T T T T T

Potential = -400 mv vs S.C.E. .1
pH = 3,98
T=75°C

3,
o

TTIIT]'

CHARGE, coulombs

T

y 4l 1 ol 1 [
1078 107 5x107
CURRENT, amperes

Fig. 2. Determination of order of oxygen reduction
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Fig. 3. Determination of order of reduction of oxygen

Fig. 2, current density is obtained by dividing by
2.2 cm’, the electrode area. All of the results taken
together showed that, for a given electrode under
constant conditions, fractional orders of from 0.7 to
0.8 were obtained at high current densities and unit
orders were observed at low current densities. For
an electrode at 75°, the order slopes changed from
unity to fractional in the region 2-5 x 107 amp/cm®.

The effect of changing the pH at low current
densities was to increase the potential by approxi-
mately RT/F for every pH unit decrease in the pH
range 2-5. At higher current densities the change
was complicated by drifting, but the change seemed
to be less than RT/F. The application of Eq. [3] did
not give reproducible orders.

An attempt was made to determine the limiting
current due to diffusion with a sample that was
unusually stable. By limiting polarization at high
current densities to a few minutes, it was possible
to estimate roughly the limiting current density as
150 wa/cm* for O, saturated solutions at 75° (con-
centration ~ 5 x 10™M and pH = 2.75).

In order to check for any possible IR drop during
polarization, current decay measurements were
made with an oscilloscope (Tektronix 536). Using a
sensitivity of 1 mv/cm and a current density of
about 5 x 107 amp/cm, no detectable IR drop was
observed when the current was interrupted.

Hydrogen ion reduction.—The reduction of hy-
drogen ions was carried out in hydrogen-saturated
solutions on electrodes treated in various ways as
described below. Unless otherwise mentioned all
experiments were carried out at 25°C in H,-satur-
ated 0.1N H,SO,. Most of the electrodes were intro-
duced directly into H.-filled solution-free cells and
solution was added only after H; was passed through
the cell for several hours.” When H,-saturated solu-
tion was admitted to the cell, the initial potentials
of the zirconium electrode were well below the
reversible H, potential because of the corrosion re-
action Zr + 2H.O - ZrO, + 2H.. However, the rate
of this reaction decreased rapidly with time and,
after an hour, polarization measurements were be-

2 The H; was purified with an all Pyrex train containing Drierite,

Hopcalite (for CO removal), Ascarite, liquid nitrogen traps, and
hot catalyst (either Pd or Cu).

Fig. 4. H* reduction on zirconium

gun. Usually linear Tafel plots were obtainable with
electrodes treated this way and two examples are
shown as curve No. 1 and 2 in Fig. 4. In general,
the slopes were such as to give a2 factors of 0.4-0.5,
which is frequently observed in hydrogen-evolution
experiments on other metals.

If oxygen were admitted to the cell, the potential
would rise rapidly before leveling off. After several
days the O, was removed and Tafel plots such as is
shown as No. 3 of Fig. 4 were obtained. A similar
effect was produced by anodizing in the absence of
0. as shown by curve No. 4. Both of these curves
show linear Tafel plots but low a.z, factors (0.35
and 0.28, respectively).

The effect of pH was investigated by preparing
an alkaline 0.1M Na,SO, solution and decreas-
ing the pH by the progressive addition of small
quantities of H,-saturated 2N H,SO,. The tem-
perature was 25°C and the electrodes were exposed
only to H.-saturated solution before the effect of
pH was investigated. The electrode therefore had
only that small amount of film that would be formed
by reaction with hydrogen ions. Results are shown
in Fig. 5. In alkaline solution there was no change
in current at constant potential with change in pH
and in acid solution a change of about 60 mv/pH
unit was observed at constant current. The pH was
measured by forcing out several milliliters of solu-

TR |

[ CONDITIONS :

CURRENT DENSITY, A/cm?2
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ygTLL L | 1
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Fig. 5. pH Dependence of H* reduction on zirconium
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tion through a Teflon valve into an O,-free con-
tainer and using a glass electrode with a Beckman
Model G pH meter. Results are consistent with dis-
charge from H,0O in basic solution and discharge
from hydrogen ions in acid solution.

Reduction of Copper II and H,0.—As mentioned
above, the Cu'* and H,O, reduction experiments
were carried out in the presence of O, Because of
the decomposition of H,O. at 66°C, the oxygen could
not be removed completely in the H,O, experiments.
Temperatures had to be maintained at 66°C or
higher because at lower temperatures the rates
were too slow to measure accurately. The concen-
trations were changed by precisely measuring out
small quantities of concentrated stock solutions of
known concentration. Electrodes were prepared in
the manner described above, and the corrosion re-
action was allowed to decay for several days before
measurements were made. All experiments were
carried out at constant ionic strength (0.1M Na,
SO,).

Results are shown in Fig. 6 and 7. The order of
reduction of Cu" as determined from the slope
9 log (i—i,)/d log a varied from 0.66 to 0.61. The
orders with respect to H,O. reduction were also
fractional, but the slopes varied from about 0.40 to
0.66 as shown in Fig. 7. A possible explanation for
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Fig. 6. Reduction of copper(ll) on passive zirconium
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Fig. 7. Reduction of H.0- on passive zirconium
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these unusual orders is presented below. Tafel slopes
could not be measured directly in this case since
reasonable steady states were not attained in the
absence of oxygen. Potential-current curves taken
in the presence of oxygen represent the reduction
of both O, and Cu™ (or H,0,) and there may be
interaction between them. The Tafel slope can be
estimated roughly by taking current-potential points
from lines of constant concentration in Fig. 6 and 7.
Using this method the slope for copper reduction
varied from somewhat greater than RT/F (a.2, =~
1) at low current densities to almost 3RT/F (a.2. =~
1/3) at high current densities and for H,O. the slope
was about 4RT/F.

Discussion

In the discussion of these results, it is important
to keep in mind that the results described here may
be valid only for films prepared as described above.
Films which are prepared by higher temperature
gaseous oxidation or by anodizing to high voltages
are not necessarily similar in kinetic properties to
those described here.

The films formed in these experiments are not as-
sumed to be uniform, since the various inhomo-
geneities at the surface should cause local variations
in the nature and amount of the film. This lack of
uniformity may cause large variations in current
density across the surface of the electrode® but it
does not invalidate the use of Eq. [1]. This point
has been discussed in detail by Posey (3).

Pores or cracks are sometimes suggested as being
present in films of this sort. However, at the poten-
tials of these experiments any exposure of bare
metal through defects of this type is unlikely. It
must be remembered that these potentials are al-
most 2 v above the equilibrium potential of the re-
action Zr + 2H,0 -» ZrO, 4+ 4H' + 4e  and that
zirconium is an extremely reactive metal. The argu-
ments against the existence of pores in passive films
on iron have been given by Vetter (4) and similar
arguments apply to zirconium. Further, the limiting
current measurements show that the effective area
of the electrode is not significantly smaller than the
apparent area. Thus, the experimental figure of 150
pa/cm’ should be compared to values of from 80
pa/cm® to 4 x 10° pa/cm’ calculated from the well-
known equation, i, = zFDC/l where D is the diffu-
sion coefficient, C is the concentration in moles/cm’,
and ! is the thickness of the diffusion layer. Values
of D=2 x 10™ cm*/sec, z = 4, C = 5 x 10”7 moles/
cm®, and | varying from 0.05 to 10 cm were taken.
Since the experimental measurement was taken
under conditions of slight stirring (a slow stream of
gas bubbles at the side of the cell), it is clear that
the effective area is of the same order of magnitude
as the apparent area. This observation is difficult to
reconcile with any hypothesis which suggests that
only a few pores or singularities are responsible for
charge transfer through the film.

Any mechanism of reduction must however take
into account the fact that the presence of this film
may cause charge transfer through the film to affect

8 This may also be a cause of the difference observed in different

i ible to icate the surface of

specimens since it is clearly
a given specimen.
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the over-all kinetics. For very thick films of high
resistivity, the film barrier can simply be regarded
as IR drop, but for the thin films considered here
(20-100A) such an explanation cannot be used. For
the reasons described below, it seems better to in-
terpret the data given here on the basis of a poten-
tial barrier within the film such that the current,
which is assumed to be electron current, is given by
the exponential expression, I ~ exp —aV/kT.

According to the original Mott-Cabrera (5) theory
of thin film formation on metals, an electric field is
formed across the film by electrons which leave the
metal surface and find their way to O, adsorbed on
the surface. The rate-determining step is assumed
to be the movement of metal ions through the metal-
oxide interface under the influence of the field.
However, as Cabrera points out later (6) the trans-
port of electrons through film will also be under the
influence of this field, and for all but the thinnest
films, the transport of the electrons should also
affect the rate.

In the case of zirconium it was shown by the
author (2) that a rate law in reasonable agreement
with experiment can be derived under the assump-
tion that both ion transport (an anodic process)
and the reduction of oxygen were rate-determining.
The assumption was made that the reduction cur-
rent was proportional to exp (—a.z. V,/kT) where V,
is the potential across the film. The resulting rate-
time expression is roughly hyperbolic in rate and
time but does not permit a simple exact analytical
expression. The important point here is that a fit of
the data is obtained if the reduction process is con-
sidered a function of the potential across the film
and that it too is rate-determining.

Because of the above considerations it is felt that
a reduction process on these zirconium electrodes
involves charge transfer through the film as well as
the usual charge transfer process at the interface.
Furthermore, the fractional orders and the unusually
low oz factors obtained from the reduction experi-
ments can be best explained from the above as-
sumptions. Before this can be explained the formal
mathematics must be stated.

For the purpose of describing these kinetics two
cases of a dual-barrier model are used. Case I as-
sumes that, if a reduction process is occurring at a
steady-state, two potential-dependent reactions oc-
cur at equal rates, the one corresponding to the film
reaction and the other to the surface double layer
reaction. The rates of the individual reactions can
be represented by the two equations:*

i= K, m (a0 ) exp (—az, V,/KT)  [4]

i=K,m (a,.,"*) exp (—a.2, V./KT) [5]

where V, and V, are the separate potential drops
affecting the two different barriers. The activities
for the solution reaction are to be taken as the ordi-
nary solution activities. Depending on the nature of

4 One might justifiably object to the use of this rate equation
for the film reaction. In this derivation, it is to be regarded purely
as a formal equation giving the current as a iunction of the activi-
ties and the potential for a film at
Ky and ar are not necessarily analogous in their theoretical inter-
pretation to K; and as in the rate repr the
reaction.
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the film reaction, the activities in Eq. [4] may rep-
resent the effective concentration of electrons, holes,
etc., or in some cases may represent the concentra-
tion of adsorbed species on the surface of the elec-
trode. Thus, if the film reaction were the transfer
of an electron over the potential barrier to adsorbed
oxygen, the reaction rate would depend on the num-
ber of electrons striking the barrier, the number of
O. molecules adsorbed, and the probability of elec-
tron transport across the barrier.

The over-all measured potential E will be equal
to V; + V. + V. where V, is the constant sum of all
of the other potential drops occurring in the meas-
uring circuit. Combining this relation with Eq. [4]
and [5] by eliminating V, and V, one obtains:

asZs

i =Ky [m, (@, 0r) arzt + asza ]

arzt

- . —al E
a(a '."I.: arzt + aszs | exp ——— 6
[ (ay ) Jexp %T [6]1
where
0202,
Ry = ———————
a2 touz,
and
QsZs arzt
K, — ( - 20,2, Vi ) K, +arzt g auz o+ arzt
(ar2;+a.2,) kT
Therefore
dlni —a,2.0,2, 1
_ ( 121 ) Tl 7]
JoE aZita,2, kT
and
dlogi P, 102,
= [8]
dloga,, arZi+a,2,
and
dlogi W02
g _ Py, sr2y [8a]
dloga,, aZs+a.z,

Equation [6] predicts that the apparent orders as
measured by dlog i/d log a will be the true order p
multiplied by a fraction. This will be true only if
all activities are completely independent of each
other so that the activity in question can be varied
without affecting the values of the activities at either
of the barriers. If an activity affecting one barrier is
a function of the activity of a reactant of the other,
ie, if a, = f(a,), then

(alogi) .
dlog a, -
[9]

If a, is proportional to a,, the derivative dloga./
dlog a; will be unity and, if both p’s are unity, the
over-all order will be unity.

Although the order determinations were carried
out at constant over-all potential, it is still possible
that V, and V, may have varied, subject to the con-
dition that their sum is constant. If the solution
concentration of the oxidizing agent is increased,

Pz,

o2 ta.2,

Diar2; ( dlog a, )
' aZitauz, \s log a,
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this will cause an increase in current at the double
layer (or through the film if it is adsorbed and af-
fects the film barrier). In order that a steady state
be maintained, the potentials V, and V, must re-
adjust. The effect of this is described mathemati-
cally by Eq. [8], in which it is shown that the ap-
parent order will be p multiplied by a fraction.

Using Eq. [8a], it is possible to predict that low-
ering «,2, will lower the apparent order. Since it
was observed experimentally that the thicker the
film the lower the «:z, coefficient for H* and O, re-
duction, it was assumed that this was due to a de-
crease of «,z,. Therefore a specimen was anodized
to a light blue color (16 v) and reduction of Cu**
was carried out with this electrode. The log a vs.
log (i—i,) slope was not linear, but in no portion of
the curve was the slope greater than 0.3, as would
be predicted qualitatively from Eq. [8a].

Alternatively the fractional orders may be ex-
plained by the assumption of an adsorption isotherm
such that the activity at the surface is not directly
proportional to the activity in the bulk of the solu-
tion. This however seems somewhat more arbitrary
than the explanation involving the dual barrier.
Also, one would have to assume that the same ad-
sorption isotherm holds for H.O. and Cu** since they
both give about the same order.

Equation [7] also predicts that the observed .z,
will generally be smaller than either «,2, or az;.
The unusually low transfer coefficients observed in
these experiments may be explained on this basis.
Thus, if ¢z, = &,2, = 0.5, a;2, will be 0.25. For O,
reduction, it is possible to calculate that «,2, = 1.2
and «2, = 0.4, using the fact that the observed
order, 0.75, = a,2./(a.2,+a;2;) and the observed
aizy, 0.31, = (a.2,2/2;)/ (2s2+,2,). Here it is arbi-
trarily assumed that oxygen affects the film barrier.
The experimental determinations of the apparent
order and the apparent Tafel slope are, however,
not considered precise enough to warrant accurate
calculations of /2, and ,z,.

The second case that might occur in this system
is that which occurs when one of the reactions is
essentially at equilibrium. In this case a Nernst-
like expression may be used for the potential of the
barrier at equilibrium and the normal rate equation
for the other. A steady potential across the barrier
at equilibrium will be achieved if the activities af-
fecting this barrier remain constant. For the barrier
at equilibrium, we may write

RT T8 5
Vi= V:,o +—In
nF 7.

[10]

The standard rate equation, e.g., Eq. [4] or [5],
along with the relation V, + V, = V, gives:

+ az Vi, —az V,
X ]
P P T

[11]

The following derivatives are obtained from Eg.

[11]:

< - a"l.ox =
i = K, (m0.") ( = ) "ex

T Qg rea
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dlogi
=P [12]
d log a,
dlogi
RO P [13]
dlog a, 0« n
and
dlni __ ﬁ [14]
V., kT

Thus it is possible to obtain either unit or fractional
orders in this case depending on whether the added
constituent affects the barrier at equilibrium or not.
It must be emphasized that the added constituent
cannot affect any of the other activities; otherwise
Eq. [12] and [13] are not valid.

It is therefore possible for the models proposed
here to account for the fractional orders and low
values of az without resorting to unusual adsorption
isotherms. Furthermore, the postulate of two bar-
riers seems quite reasonable on film-covered elec-
trodes of this type. There is not enough experimen-
tal evidence, however, to say fairly conclusively
that these models are valid, or further to give ex-
plicit mechanisms for the reduction of the various
oxidizing agents. The primary purpose of the pres-
entation was to show that it is possible to obtain
these effects from the two-barrier model.

It should be pointed out that two of the effects
that do not seem to conform to Case I can be ex-
plained by assuming that Case II applies at low cur-
rent densities. Thus, the fact that unit order is ob-
served with oxygen reduction at low current densi-
ties can be explained by assuming that oxygen is
adsorbed at the interface and that the rate-deter-
mining step is the transfer of electrons through the
film barrier to the O, at the surface with the ultimate
formation of a negatively charged oxygen-contain-
ing species, perhaps OH". Charge transfer through
the surface is effected by a slight perturbation of
the equilibrium OH- (ads.) 4+ H,O* 2 2H.O. The
amount of OH~ adsorbed would probably be rela-
tively constant since most of the oxide ions exposed
to solution would probably react to form OH-~, At
high current densities this equilibrium would be
polarized and Case I would apply. This equilibrium
also agrees with the observed pH dependence.

Similarly the change of the Tafel slope of Cu'*
reduction may indicate a change from Case I to Case
II with the difference that Cu'* (aq.) may not be
adsorbed but may affect only the outer barrier. In
both of these cases there is not enough experimental
evidence to propose specific mechanisms.

The precise mechanism of charge transfer through
the film is open to speculation since little is known
concerning the structure and semiconducting prop-
erties of these films. For the reasons described
above, cracks or pores were rejected as a mechan-
ism for charge transfer. Tunnel effect should be ex-
tremely dependent on thickness and its effects are
probably slight for the stable films present after a
day’s exposure to O,. The data on H, evolution, how-
ever, show large changes in current at constant
potential. It is suggested, therefore, that the initial
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film present on the samples used in the H., over-
voltage work is relatively transparent to electrons
because of the tunnel effect. The growth of the
oxide on the surface then causes a sharp reduction
in the rate of tunneling.

In order for electrons to be transferred through
the stable films formed by anodizing or exposure to
0., electrons must surmount the barrier imposed by
the field in the film. This of course results in very
low rates at room temperature and even at 88°C
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st

The tin-activated alkaline-earth pyrophosphates Table | (Continued)
ha}ve been §tudied by three groups of workers (}-3) 15 2.439 2.435 291
with the discovery of several phosphors. Calcium, 12 2.403 2.400 29229
strontium, and barium pyrophosphate occur in poly- 6 2.344 2.346 223
morphic modifications and Ranby and co-workers lg gg% gg% 3 g 0
(1) showed that a-modifications were orthorhombic <9 2.995 2999 ; 0 g
and probably isomorphous. It was also suggested 12 2.186 2.188 310
h i 2 = 7 iso-
that B-Ca,P;O; and B-Sr.,P.0, were p.robably iso 2% 2,161 2.162 304
morphous although no crystallographic data were 2.155 312
given. Recent work (3) has shown that there is a 2.155 2009
relationship between the emission and perhaps the 8 2.110 2115 313
excitation spectra of the three tin-activated o- ’ 2105 226
modifications as well as a marked similarity be- 25
tween the excitation and emission spectra of B- 2.083 gggg g ii
Ca,P,0,:Sn and B-Sr.P,O::Sn. h
In a recent publication, Corbridge (4) working 23 2.016 %gli g g 10
with single crystals of g-Ca,P;O. showed that it was 2'0%3 29 ,?
tetrahedral with space group P4, and cell dimen- ’
sions: a = 6.66A and ¢ = 23.86A. Assuming a simi- 8 ) 1.937 iggz g } (1)‘0
lar tetrahedral unit cell for 8-Sr.P.0O,, it turned out 1,933 307
to be a straightforward task to index its Debye-
Scherrer pattern resulting in a = 6.920A and ¢ = 12 { }gi‘é }g%g % g g
24.79A. Table I lists the observed intensities and the ’ ’
8 1.901 1.903 1112
1.897 322
Table 1. X-ray powder data for g-Sr.P,0: 1 1.894 1833 334
{ 1.829 229
I d (obs) a (cale.) hkl 1.822 2111
10 1.791 1.790 325
4.86 4.89 110
= 480 111 1788 318
5 454 455 112 10 1.743 1.741 326
9 4.20 4.21 113 11 :
8 3.544 3.548 106 LR %g;g : % (1’
32 3.460 3.460 200
44 3.427 3.427 201 12 1.667 1.666 404
60 3.333 3.333 202
5 1.634 1.634 405
25 3.193 3.192 203 1.632 3938
an B.1%8 e 1 6 1.594 1.596 406
6 1.557 1.555 416
3. ] 8
108 L gggg g (1) 0 1.554 407
45 3.076 3.071 211 B 1521 1521 423
35 { gggg ggg% g ‘1’ g slightly refined d-spacings, (omitting a very weak
b d line at d = 3.30 which has been found to be in
25 2.902 2.898 213 error), from a recent publication (5). It is evident
ig gggg gggg ; é Z) that the calculated d-spacings based on the pro-
11 2772 2769 914 posed unit cell account very well for the pattern.
11 2.652 2.653 206 The sample of B-Sr,P,O; had been prepared by
15 2.626 2.625 215 heating SrHPO, for several hours at 650°C giving a
10 2.475 2.477 216 material whose analysis agreed generally with the
{ 2.475 207 theoretical composition of Sr,P,O; (5). Assuming, as

854



Vol. 107, No. 10

with B-Ca,P,0, 8 Sr,P,O; groups per unit cell a
theoretical density of 3.91 g/cm® results, in good
agreement with the experimental value of 3.86 g/
cm® (5). In view of the marked similarities between
the B-Ca,P;O; and B-Sr.P,O, powder patterns, it is
likely that the compounds have the same space group,
namely P4, although single crystal work would be
required to definitely establish the space group of
B-Sr,P,0,.
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- The Structure and Relaxation of Dielectrics
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It is the aim of thisjg;’ﬁer ter examine the reasons
for the behavior of simple dielectric materials at
high frequencies, in particular, in relation to their
structurei.jlt is a well-known fact that the dielec-
tric constant and loss of a simple dielectric material
depends on its polarizability. For molecular mate-
rials, nonpolar molecules give low dielectric con-
stant and zero loss, and molecules with permanent
dipole moments give dielectric constants to liquids
which are larger, the larger their moments, and the
greater their number per unit volume. The loss,
which normally occurs only in a certain frequency
region, depends on the same quantities, as well as
on the frequency. In the region of loss, the dielec-
tric constant falls off rapidly with increasing fre-
quency. This behavior has been described and ex-
plained by the familiar Debye theory (1).

In order that these simple relationships may hold,
the molecules must have freedom to orient in the
alternating electric field used to measure the dielec-
tric constant and loss. It is for this reason that most
molecular solids have low dielectric constants and
zero losses. However, many crystalline solids com-
posed of symmetrical molecules have been found
(2) to behave much like liquids for some distance
below the melting point in a so-called “rotator
state,” and the orientational freedom of the polar
segments of large molecules and polymers may re-
sult in similar behavior.

The static or low-frequency dielectric constant is
observed when the dielectric material is in equilib-
rium with the applied field. Under the influence of
the field, the polar molecules or segments rotate to-
ward an equilibrium distribution of molecular ori-
entation with a resultant polarization of the dielec-
tric. When the polar molecules are very large, or the

viscosity of the material is very great, or the fre-
quency of the alternating field is very high, the rotary
motion of the molecules is not sufficiently rapid for
the attainment of equilibrium with the field. The dis-
placement current then acquires a conductance
component in phase with the field, and dielectric
loss occurs. The lag in the attainment of the equi-
librium is termed dielectric relaxation, which may
be defined as the exponential decay with time of the
polarization when the applied field is removed. The
phenomenon may be treated in terms of a relaxa-
tion time, defined as the time in which polarization
is reduced to 1/e times its value at the instant the
field was removed, e being the natural logarithmic
base. This definition leads to the relationship that
the relaxation time is the reciprocal of the critical
angular frequency at which the loss is a maximum.
The lag of the molecular dipoles behind the field
increases with increasing frequency until the di-
electric constant has decreased to a value which
receives no contribution from dipole orientation.
The formal relationships between dielectric con-
stant, loss, relaxation time, and frequency of field
are largely independent of the mechanism of re-
laxation. The dielectric relaxation time is obtained
by various methods from the measured values of
dielectric constant and loss (1), If the dielectric is
a dilute solution of polar molecules in a nonpolar
solvent, the macroscopic relaxation time thus ob-
tained may be regarded as the molecular relaxation
time. If, however, each polar molecule is surrounded
immediately by other polar molecules, the change
in local internal field caused by the turning of one
molecule requires the neighboring molecules to as-
sume new orientations, with consequent longer re-
laxation time for the dielectric as a whole, the
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macroscopic relaxation time. No generally satis-
factory relationship between the two relaxation
times has as yet been obtained, but an approximate
relationship derived independently by O’'Dwyer and
Sack (3) and by Powles (4) requires the ratio of
the macroscopic to the molecular relaxation time
to lie between 1 and 1.5. Experiment has shown (5)
that the ratio lies within this range for a large num-
ber of molecules, while an extension of the range
to 0.9-2.0 would include most of the molecules
which have been examined. For approximate con-
sideration of the magnitudes of the relaxation times,
the difference between the macroscopic and the
molecular values can evidently be neglected in most
cases, but, in detailed consideration of structural
effects, account should be taken as far as possible of
the difference. In his early treatment (1) Debye
derived a much used and abused equation for the
relaxation time r on the assumption that the orient-
ing dipole was in a spherical molecule of radius a
moving in a continuous viscous fluid of internal
friction coefficient »:

4@’
kT

where k is the gas constant per molecule and T is

the absolute temperature.

When, in early work, several observed values of
the relaxation time and the macroscopic viscosity
were substituted in this equation, molecular radius
values of the right order of magnitude were ob-
tained, the apparent agreement being facilitated by
the cube root relationship involved. The develop-
ment of the equation by Perrin (6) and others in
more elaborate form to make it applicable to ellips-
oidal molecules gave good agreement with meas-
urements on aqueous solutions of proteins (7). It is
to be noted that, in these solutions, the solvent
molecules are so small in comparison with the sol-
ute as to give an approximation to the continuous
viscous fluid assumed by Debye. The full signifi-
cance of these results for protein solutions is, how-
ever, uncertain because it has been shown (8) that
proton fluctuations, rather than molecular orienta-
tion may be at least partially responsible for the
observed behavior (7). When the relaxation times
of small, nearly spherical molecules of known
radius were measured and used to calculate the co-
efficient of internal friction or microscopic viscosity,
the values found for the latter were only 0.008-0.06
of the macroscopic viscosity, and little parallelism
was observed between the internal friction coeffi-
cient and the macroscopic viscosity (9). The ex-
treme departure from predicted behavior was ob-
served for t-butyl chloride and dibromodichloro-
ethane in the “rotator” crystalline state, in which
the apparent coefficient of internal friction was
lower than that of the substance in the liquid state
(10). In these cases, the orienting polar molecules
are surrounded by molecules of the same or nearly
the same size and not by the continuous fluid postu-
lated by Debye.

This behavior may be further illustrated by some
recent measurements and calculations (11) on solu-

T=
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tions of several polar molecules, which, for the
present purpose, may be regarded as rigid. The re-
laxation times were calculated from the molecular
dimensions and the macroscopic viscosity by Fis-
cher’s (12) modification of the Perrin equation (6).
The calculated value for t-butyl chloride in heptane
solution is 25 times the observed at 20°, while, for
the solution in Nujol, which has a macroscopic vis-
cosity 257 times that of heptane, the calculated
value is 3870 times the observed. For the slightly
larger camphor molecule, the ratio is 10.5 in hep-
tane and 2110 in Nujol solution while, for the large
and somewhat flat molecule of 1-chloronaphthalene
the ratio is 4.4 in heptane and 188 in Nujol solution.
The macroscopic viscosity is almost without signi-
ficance when the polar molecule is spherical and
can rotate without displacement of its neighbors,
but increase in molecular asymmetry and size in-
creases the exteht to which the polar molecule must
displace its neighbors in order to rotate and so in-
creases the dependence on viscosity. The long mole-
cule of 4-bromobiphenyl, which has the dipole in its
long axis, has a relaxation time in Nujol solution so
long that, when measured at a wave length of 1.2
cm, the loss is very small and the dielectric constant
is close to the optical dielectric constant, which re-
ceives no contributions from the permanent mo-
lecular moment. For the Nujol solutions of this
molecule, the calculated relaxation time is 19.5
times the observed while, for those in heptane, the
ratio is down to 2.1. For all these solutions, the de-
parture of the calculated from the observed relaxa-
tion times is less wide, the lower the viscosity and
the higher the temperature, which causes the vis-
cosity to be lower. These results indicate that the
larger the solute molecules and the smaller the sol-
vent, the better the agreement between the calcu-
lated and the observed relaxation times.

Meakins (13) has recently concluded from a num-
ber of measurements that, when the polar solute mol-
ecule is at least three times as large as the solvent
molecule, the solutions give good agreement with
the unmodified Debye theory. Measurements (14)
on benzene solutions of a large disk-shaped por-
phyrazine molecule having about 10 times the vol-
ume of the solute molecule give fair agreement with
the unmodified Debye theory, but a shift of the
molecular dipole from the plane of the disk to a
direction perpendicular to it increases the relaxa-
tion time to 2.5 times the value, an increase not
predicted by the unmodified Debye relation. It ap-
pears, therefore, that the relaxation times of mole-
cules at least three times as large as the molecules
surrounding them may be roughly proportional to
the macroscopic viscosity, but dipole direction with-
in the molecule and molecular shape must be taken
into account (5, 14). The use of mutual viscosity
instead of macroscopic viscosity gives much worse
agreement for these solutions of large molecules,
although it has been found to lessen the discrepan-
cies between theoretical and observed behavior for
some solutions of smaller molecules (15).

Although dielectric loss is proportional to the
square of the permanent dipole moment of the
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molecule (1), the dipole moment does not occur in
the simple Debye equation for the relaxation time.
However, the dipole moment affects the relaxation
time indirectly through its effect on the intermo-
lecular forces which influence the viscosity. Atomic
and molecular polarizability exert somewhat simi-
lar effects upon the viscosity and, hence, upon the
relaxation time. The Debye equation requires pro-
portionality of the relaxation time to the molecular
volume, and a very rough proportionality has been
observed (16). The actual effect of change in mo-
lecular volume may be large because of its effect
on viscosity, in addition to its direct effect on the
relaxation time. In spite of the extreme departures
of relaxation times of solutions from proportionality
to viscosity which have been pointed out, a very
definite tendency of the relaxation times of pure
liquids to increase with viscosity has been observed
(17, 18), so much so that it is frequent practice in
comparing relaxation times to use a so-called re-
duced relaxation time, 7/, the ratio of the relaxa-
tion time to the viscosity.

The specific effects of molecular structure and
shape may be illustrated by examples (18). As
shown by the Stuart-Briegleb atomic models, fluoro-
benzene and pyridine depart only a little from the
form of the symmetrical benzene molecule, fluoro-
benzene showing a slight protusion at the fluorine
atom and pyridine a slight indentation at the nitro-
gen atom. The relaxation times of these molecules
are nearly the same, although the measured viscos-
ity of pyridine is 479% larger than that of fluoro-
benzene. Attachment of a methyl group to benzene
lowers the viscosity slightly from 0.65 to 0.59 centi-
poise, while a similar substitution in the 4-position
of pyridine lowers the viscosity still less. The pro-
trusion of the methyl group raises the molecular
relaxation time of 4-methylpyridine 839 above
that of pyridine. It is higher than that of the sim-
ilarly shaped toluene molecule by 56%, as compared
to a difference of 59% in the viscosities. The sub-
stitution of methyl groups on the pyridine molecule
in the 2- and 6- and in the 2-, 4-, and 6-positions
alters the viscosity only slightly but raises the re-
laxation time greatly, so that 2,4,6~trimethylpyri-
dine has a molecular relaxation time about 6 times
that of pyridine. Substitution on the side chain of
the toluene molecule raises the viscosity by 15%
and doubles the relaxation time, but substitution of
a second methyl group in the ortho position of tolu-
ene raises the viscosity by 37% and the relaxation
time by 59%. The viscosity of i-propylbenzene is
16% higher than that of ethylbenzene, while the
relaxation time is 429, higher.

In the monohalogenated benzenes, increasing size
of the halogen and consequent increase in its polar-
izability and in the intermolecular forces increase
both the viscosity and the molecular relaxation
time. Benzonitrile and nitrobenzene, when com-
pared to the monohalogenated benzenes, show
somewhat longer relaxation times than would be
expected on the basis of their viscosities and mo-
lecular volumes. Their larger dipole moments, 4.39
x 10™ for benzonitrile and 4.21 x 10™ for nitro-
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benzene, may account for this through increased
intermolecular action not adequately taken into ac-
count in the calculation of the molecular relaxation
time. In dilute solution in benzene, relaxation times
(10™ sec.) have been found as follows: chloroben-
zene, 0.75; bromobenzene, 1.02; nitrobenzene, 1.15.
The comparatively small differences between these
values and between them and the value for toluene
show the importance of the liquid viscosities and
the dipole-dipole interactions in causing the much
larger differences between the pure liquids which
are observed (19).

It is natural to expect that a nonspherical mole-
cule should have different relaxation times around
different axes of rotation. Perrin (6) has calculated
that, for an ellipsoidal molecule with its permanent
moment along one axis, the dispersion is the same
as if the molecule were spherical, although the value
of the relaxation time is different, while, for an
elongated ellipsoid of revolution having a moment
perpendicular to the axis of revolution, the single
relaxation time is almost the same as that for a
sphere of the same volume. If, however, the perma-
nent moment does not lie in an axis of symmetry,
more than one relaxation time results. The loss
peaks associated with the different relaxation times
are normally so close together that a single some-
what broadened and flattened loss maximum is ob-
served. It has been common practice to represent
the dependence of the dielectric loss on the fre-
quency by an equation giving a distribution of re-
laxation times around a most probable value (1).
In the equation of Cole (20) and Cole the extent of
the distribution is represented by an empirical con-
stant, which is 0 when there is but a single relaxa-
tion time and 1 when the number of different re-
laxation times approaches infinity. For nearly
spherical molecules, the constant is zero or close to
it. Variation in the environment of the polar mole-
cules may result in some distribution of relaxation
times. However, in the mixed solvent, Nujol, the
roughly ellipsoidal molecule of 4-bromobiphenyl
shows (11) but one relaxation time, in conformity
with the Perrin theory, which is frequently not
obeyed so well.

It is usually impossible to distinguish experi-
mentally between the different distribution func-
tions. The dielectric losses of the pure alkyl bro-
mides were satisfactorily analyzed in terms of a
Cole-Cole distribution (20) of relaxation times
around a most probable value for each liquid (21).
Recently, however, Professor K. Higasi in the
writer’s laboratory has carried out an analysis in
terms of a distribution of relaxation times between
two limiting values (22), one corresponding to the
rotation of the terminal CH,Br group around its
C-C bond and the other to the end-over-end rota-
tion of the entire molecule in its extended form.
The intermediate relaxation times correspond to
orientation by twisting of segments around the other
C-C bonds of the molecular chain. This method of
analysis is an equally good representation of the
experimental results and, for these molecules, is
much more logical from the point of view of struc-
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ture than the Cole-Cole distribution. Dipole orien-
tation in polymers may occur by mechanisms re-
sembling those just discussed for the alkyl bro-
mides, but the much greater sizes of the molecules
provide a greater variety of possible segmental
orientation with consequent distribution of relaxa-
tion times, so that the loss-frequency curves com-
monly extend over very wide frequency ranges and
have extremely flat maxima.

The presence of movable polar groups, such as
CH;0, CH.C], and NH, in otherwise rigid molecules
provides a possibility of dipole orientation by a
single intramolecular rotation as well as by molecu-
lar rotation. The relaxation times observed for such
substances are normally the result of two overlap-
ping absorption regions, which can be clearly dis-
tinguished only by measurements at several fre-
quencies extending into the region of millimeter
waves. Measurements at 3 mm have been combined
with those at longer wave lengths to show the ex-
istence of only one dielectric absorption region for
rigid polar molecules, such as methylquinolines,
while alcohols show additional absorption regions
(23). Water shows but a single value of the relaxa-
tion time in this region with no distribution, but
the high value, 6.0, of the apparent optical dielectric
constant proves the presence of further considera-
ble absorption at shorter wave-lengths, a conclusion
at least qualitatively consistent with the infrared
absorption spectrum.

From the practical point of view, it is evident
that the dielectric loss of a material, like the dielec-
tric constant, is greater, the greater the number of
polar molecules per unit volume and the larger
their polarities, provided that the molecules are
free to orient in an applied electric field. The fre-
quency region within which the loss is considerable
lies within a hundredfold range of frequency or two
logarithmic decades when the material has a single
relaxation time. When there is a distribution of re-
laxation times, the frequency region of loss is ex-
tended and the maximum loss is lowered. The
location of the region of loss is moved to higher
frequency, the higher the temperature, the smaller
the molecules, and the lower the resistance to mo-
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lecular or polar group rotation. For large molecules
surrounded by small, the measured macroscopic
viscosity may give a fair measure of this resistance
to orientation, but, for small molecules, the resist-
ance is much lower than indicated by the viscosity,
which, in such cases, frequently has little signifi-
cance. Loss then occurs at higher frequencies than
those predicted from the viscosity.

Manuscript received March 2, 1960

. Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1961 JOURNAL.
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June 1961 Discussion Section

A Discussion Section, covering papers published in the July-December 1960 JOURNALS, is scheduled for pub-
lication in the June 1961 issue. Any discussion which did not reach the Editor in time for inclusion in the De-
cember 1960 Discussion Section will be included in the June 1961 issue.

Those who plan to contribute remarks for this Discussion Section should submit their comments or ques-
tions in triplicate to the Managing Editor of the JoUrNAL, 1860 Broadway, New York 23, N. Y., not later than
March 1, 1960. All discussion will be forwarded to the author(s) for reply before being printed in the JoURNAL.




George W. Heise Honored by Cleveland Section
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The George W. Heise Medal of the Cleveland Section of The Electrochemical

Society.

The Cleveland Section has estab-
lished a George W. Heise Medal, the
awarding of which expresses respect
and appreciation to those members
of the Section who in the past have
contributed conspicuously to its con-
tinued progress, or may do so in the
future. A Medal Committee, which
began its function in the spring of
1959 under the Chairmanship of Dr.
H. P. Coats, is deeply indebted to
Mrs. George W. Heise for her skill
as sculptress. At the request of the
Committee, she executed in plaster
the Heise head in bas-relief. Her art
work was reproduced in the three-

inch natural-finish bronze medal by
the Medallic Art Company, makers
of the Society’s Acheson and Palla-
dium Medals.

The obverse of the medal bears
the name and likeness of George W.
Heise, and a tribute to his services to
the Section and the Society. The re-
verse, engraved with the name of the
recipient, is inscribed: “For Meri-
torious Service to Cleveland Section
Electrochemical Society.”

The Section has felt the need, on
a local basis, for a tangible expres-
sion of thanks to those founders, offi-
cers, and others who have contrib-

uted to its success over the years.
In addition, there was a desire to
honor George W. Heise, a Co-
Founder of the Cleveland Section,
whose contributions have extended
far beyond local bounds. These sen-
timents came to fruition on May 20,
1960, with the first presentations of
the George W. Heise Medal.

The ceremony was held in con-
junction with the Ladies’ Night
dinner of the Section in downtown
Cleveland. Mr. Heise received the
first medal from the hands of H. P.
Coats. J. R. Brown and J. D. Ceader,
two of the earliest members whom
the Section had not seen for several
years, were present to receive their
medals from Mr, Heise himself, as
were A. C. Zachlin and H. P. Coats.
Other early members receiving the
medal were L. R. Westbrook, R. S.
Mackie, and C. E. Heil. Further
awards were made to R. W. Erwin,
A. G. Gray, M. Janes, H. R. Schoen-
feldt, M. E. Sibert, and W. H. Stoll.
The Cleveland Section plans to hold
an annual Heise Night for future
presentations.

Mr. Heise also has the distinction
of being selected by Cleveland’s
Fenn College as one of four men to
whom were given honorary doctor-
ates on June 12, 1960. His degree of
Doctor of Science was in recognition
of his contributions in the field of
electrochemistry.

D. M. Smyth to Receive Battery Division
Research Award for 1958-1959

The Battery Division has selected
Dr. Donald M. Smyth of the Sprague
Electric Co. as the recipient of its
Research Award for the period
1958-1959. The basis of Dr. Smyth’s
selection was his paper entitled
“Silver / Silver Chloride / Chlorine
Solid Electrolyte Cell” which ap-
peared in the August 1959 issue of
this JOurNAL, pp. 635-639. It is ex-
pected that the award will be pre-
sented to Dr. Smyth at the Battery

Division Luncheon to be held on
Tuesday, October 11, 1960, during
the Fall Meeting of the Society in
Houston, Texas.

Dr. Smyth was born in Bangor,
Maine, in 1930; received his B.S.
degree in chemistry from the Uni-
versity of Maine in 1951 and his
Ph.D. degree in inorganic chemistry
from the Massachusetts Institute of
Technology in 1954. Since that time,
he has been employed at the Sprague
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Electric Co. at North Adams, Mass.
He is, at present, a section head in
the Research and Engineering Divi-
sion. During this time, he has pub-
lished several papers which have
appeared in the Journal of the
American Chemical Society and this
JouRNAL, and has been granted two
patents in the battery field. He is a
member of The Electrochemical
Society and the American Chemical
Society.
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He is married to the former Elisa-
beth Luce of Hermon, Maine, and
is the father of two daughters,
Carolyn, five years old, and Joanne,
one year old.

The Research Award of the Bat-
tery Division was first established
in 1958 for the purpose of stimulat-
ing battery research and encouraging
the preparation of high-quality
papers for the JourNAL of The Elec-
trochemical Society. It is expected
that a selection will be made every
two years of an author, or authors,
of a recent paper relating to elec-
trochemical cells or batteries which
has been published in the JOURNAL.
The paper is selected primarily on
the basis of scientific merit and im-
portance. This includes originality
of concept and experimental ap-
proach, the thoroughness of experi-
ments, and the logic of conclusions.

JOURNAL OF THE ELECTROCHEMICAL SOCIETY

D. M. Smyth

Clarity of presentation also is con-
sidered to be an important aspect.
The Research Award consists of an
engraved scroll to each author of the
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chosen paper, along with a prepaid
membership in the Society and sub-
scription to the JOURNAL as follows:
single author—life membership and
subscription; two authors—ten years’
prepaid membership and subscrip-
tion to each; three authors—seven
years’ prepaid membership and sub-
scription to each.

A Research Award winner is
chosen by a committee of five ap-
pointed by the Battery Division
Chairman. The selection is approved
by the Battery Division Executive
Committee and the recommendation
is submitted to the Society’s Board
of Directors for final approval. The
Award Committee for this second
selection for the Battery Division
Research Award consisted of N. C.
Cahoon, Chairman, W. S. Herbert,
J. J. Lander, E. B. Yeager, and W. J.
Hamer.

Section News

News from India

Indian Aluminium’s Expansion
Project.—The Indian Aluminium Co.
will carry out a substantial expan-
sion of its bauxite, alumina, alumi-
num ingot, rolling mill, and extru-
sion facilities. The plans will cost
about $17,000,000. The largest seg-
ment of the project is the addition
of 12,000 tons of primary ingot ca-
pacity, doubling to 22,400 tons the
present capacity of the company’s
Hirakud smelter. Established in 1938,
the company has since become a
fully integrated enterprise with
smelters in Orissa and Kerala States,
and fabricating facilities in Calcutta,
Bombay, and Kerala. Aluminium
Ltd. of Canada has a majority inter-
est in the concern. The rolling mill
at Belur, West Bengal, will be ex-
panded from 10,000 tons of rolled
products to 18,500 tons a year. There
are also proposals to install an addi-
tional modern extrusion press at
Alupuram, Kerala, with a ram pres-
sure of 3300 tons.

Seminar in Electrochemistry at
Karaikudi.—The Central Electro-
chemical Research Institute, Karai-
kudi, held a Seminar in Electro-
chemistry from April 23 to 25, 1960.
Sixty-seven papers were presented
in six sections: electrode kinetics
and polarography, metal finishing
and growth of electrodeposits, elec-
trolytic equilibria, corrosion, elec-
trolvtic preparations, experimental
techniques, and miscellaneous. Sci-
entists from Belgium, Ceylon, East
Germany, England, Poland, and the
U.S.S.R. participated in the Seminar.
Abstracts of the papers presented

have been published as a booklet by
the CECRI.

Corrosion and the ISI.—Popular-
ization of the use of cold-formed
light-gauge sections in structures is
an important item of the Steel Econ-
omy Programme which the Indian
Standards Institution (ISI) has un-
dertaken on the recommendation of
the Planning Commission and at the
request of the Government of India.

In recent years, the use of light-
gauge steel, both strip and sheet, as
a structural material has developed
considerably in the UK, U.S.A,, and
the countries of Western Europe.

In structural engineering, hot-
rolled steel sections used are usually
of thicknesses of more than 3/16 in.
The use of thinner material is spe-
cifically prohibited in many specifi-
cations and codes due to the possi-
bility of corrosion. The progressive
and rapid development, in other
countries, of the use of thin sections
in structures has been possible only
through a corresponding improve-
ment in the standards for the cor-
rosion protection and maintenance
of the structures. In -India also, the
use of cold-formed light-gauge sec-
tions as a structural material could
be popularized if suitable corrosion
protection schemes can be developed
to suit Indian conditions.

With this object in view, the
Structural Steel Research Subcom-
mittee set up a Panel in 1956 for in-
vestigations relating to Corrosion
Protection of Light-Gauge Steel
Sections. Later, in August 1957, the
work was transferred to the Panel
for Corrosion Research of Light-
Gauge Steel Structures, SMDC 1/P3,
under the Metal Standards Sectional

Committee, SMDC 1, of the Struc-
tural and Metals Division Council. A
brief description of the scope of
work of this Panel follows: (a)
Investigations and research for for-
mulation of standard specifications
for corrosion protection of light-
gauge steel structures; (b) Investiga-
tions and research for formulation
of standard specifications for per-
formance tests for protective
schemes used in corrosion protection
of light-gauge steel; and (c¢) Inves-
tigations and research relating to
corrosion protection of steel trans-
mission towers and steel work in
foundation.

At present, the work on the fol-
lowing items is in progress: (a)
Classification of areas in India on
the basis of intensity qf corrosive-
ness; (b) Procedure with regard to
preparation of test specimens, sur-
face preparation, and exposure tests;
(c) Details with regard to protective
schemes to be tried; and (d) Devel-
opment of accelerated tests to as-
sess the corrosiveness of various
environments and testing character-
istics of corrosion protection schemes
established now or hereafter. Ex-
posure tests for this purpose are
being conducted at certain selected
sites, viz, Mandapam Camp, Ma-
dras, Karaikudi, Calcutta, Bombay,
Jodhpur, Hyderabad, Kanpur, Co-
chin, and Pandu.

New Patrons, India Section.—The
following industries have become
Patrons of the India Section: (a)
Atoz Private Ltd., Bombay, and (b)
Hind Cycles Ltd., Bombay.

T. L. Rama Char,
India Correspondent
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Division News

Electro-Organic Division
Business Meeting in Houston

A business meeting of the Electro-
Organic Division will be held during
the Society’s Houston Convention,
October 9-13. The time and place of
the meeting will be on display by the
registration desk at the Shamrock-
Hilton Hotel.

G. W. Thiessen, Chairman

Battery Division

The Nominating Committee for the
Battery Division fall meeting has
completed its selection of candidates
for officers to serve during the next
two years (1960-1962). All candi-
dates have agreed to serve if elected.
The Nominating Committee consisted
of W. C. Vosburgh of Duke University
Samuel Eidensohn of the Electric
Storage Battery Co., and R. C. Kirk
of the Dow Metal Products Co. as
Chairman. The election will take
place during the annual meeting of
the Battery Division in Houston this
month.

The list of candidates is as follows:

Chairman—E. J. Ritchie, Eagle-

Picher Co., Joplin, Mo.
Vice-Chairman—Arthur Fleischer,
McGraw-Edison Co., West
Orange, N. J.

W. S. Herbert, Electric Storage
Battery Co., Yardley, Pa.

C. K. Morehouse, Radio Corp. of
America, Somerville, N. J.

Secretary-Treasurer—C. H. Clark,
U. S. Army Signal R & D Labs,,
Fort Monmouth, N. J.

Members-at-Large (two to be elec-
ted—Jeanne B. Burbank, U. S.
Naval Research Lab., Washing-

Electronics Division Enlarged
Abstracts

Copies of past issues of the
Electronics Division Enlarged
Abstracts booklets are avail-
able as follows: :
1956—Vol. 5, No. 1, at $2.50
1959—Vol. 8, No. 1, at $3.00
1960—Vol. 9, No. 1, at $3.50

Please send order and check
directly to:
Austin E. Hardy
Secretary-Treasurer
Electronics Division
Electrochemical Society
c/o RCA
Lancaster, Pa.

CURRENT AFFAIRS

ton, D. C.; T. P. Dirkse, Calvin
College, Grand Rapids, Mich.;
D. T. Ferrell, Electric Storage
Battery Co., Raleigh, N. C.; P. L.
Howard, Yardney Electric Corp.,
New York, N. Y.; Ernest Yeager,
Western Reserve University,
Cleveland, Ohio.

R. C. Kirk, Chairman

Nominating Committee, 1960

Personals

J. Balachandra has been appointed
research officer, Metallurgy Div.,
Atomic Energy Establishment, Bom-
bay, India.

Bruce E. Deal, research chemist
in the field of surface chemistry of
metals, formerly with Kaiser Alu-
minum & Chemical Corp., Spokane,
Wash., has joined Rheem Semicon-
ductor Corp., Mountain View, Calif.,
as a member of the technical staff.
Dr. Deal will continue to study the
kinetics of surface reactions, with
particular emphasis on the surfaces
of semiconductor materials. In ad-
dition, he will develop techniques
and processes to aid in improving
the performance and reliability of
semiconductor diodes and transis-
tors.

K. S. G. Doss, S. Krishnamurthy,
and S. Panchapakesan have been
nominated as members of the Expert
Committee for the Effluent Treat-
ment Plant, Heavy Electricals Ltd.,

Bhopal, India.

Andrew Gemant, widely known
research scientist and staff physicist
for the Detroit Edison Co.s engi-
neering research department, De-
troit, Mich., retired on August 1
after 20 years of service with the
company. Dr. Gemant has won dis-
tinction in the engineering research
field as well as the electric power
industry for his basic research
activities concerning the physical
chemistry of insulating materials.

Before coming to the TUnited
States in 1938 to accept a post as re-
search associate at the University of
Wisconsin in Madison, he was a phys-
icist for the Siemens-Schuckert
Cable Co., Berlin, Germany, a lec-
turer at the Technical University of
Berlin, and a research associate at
Oxford University, Oxford, England.

Dr. Gemant was retained by De-
troit Edison as a consultant in 1939
and joined the company the follow-
ing year as staff physicist for the en-
gineering research department.
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In addition to The Electrochemical
Society, he is a member of the Ger-
man Physical Society and the Na-
tional Research Council, and a
Fellow of the American Physical
Society and the American Associa-
tion for the Advancement of Sci-
ence.

Julian Glasser and William E.
F.w, formerly associated as con-
sultants, Chattanooga, Tenn., in
chemical and metallurgical activ-
ities, are now associated as president
and vice-president, respectively, in
a new corporation, Chemical and
Metallurgical Research, Inc., with
offices located in the Volunteer
Bldg., Chattanooga. This organiza-
tion was set up to own and operate
facilities for chemical and metal-
lurgical research, particularly in
the field of material sciences, includ-
ing laboratory, pilot plant, and other
types of activities incident to the
operation of progressive research
organization.

Ralph J. Hovey has been ap-
pointed plant superintendent of the
Packaged Electronics Div. of Am-
phenol-Borg Electronics Corp,,
Broadview, Ill. Mr. Hovey joined
Amphenol-Borg in August 1959 as
staff engineer in material research
at the Broadview plant. Prior to
that time, he had been associated
with Fansteel Metallurgical Corp.

Byung J. Kim, formerly of Brook-
lyn, N. Y., has moved to Los An-
geles, Calif., to take a position as
metallurgist with the Michael-Rand
Plating Co., Van Nuys.

H. A. Liebhafsky, H. G. Pfeiffer,
E. H. Winslow, and P. D. Zemany,
scientists of the General Electric
Research Lab., Schenectady, N. Y,
are authors of the new book, “X-
Ray Absorption and Emission in An-
alytical Chemistry,” published in
June by John Wiley & Sons, Inc,
New York City. This volume opens
up a vital and important scientific
field, that of x-ray spectrochemical
analysis.

Hugh L. Logan, a physicist with
the Corrosion Section of the Na-
tional Bureau of Standards, Wash-
ington, D. C., has received a U. S.
Dept. of Commerce Silver Medal
for Meritorious Service. He was
cited for “exceptional achievement
in metallurgy, particularly in re-
searches into the stress-corrosion
cracking of metals and for meritori-
ous authorship.” Mr. Logan super-
vises investigation of the mechanism
of stress-corrosion cracking and of
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high-temperature oil ash corrosion.
Prior to 1950, his research was in
stress corrosion of aluminum and
magnesium alloys and beryllium,
and the mechanical properties of
aircraft steels.

E. E. Nelson has been transferred
by his company, Socony Mobil Oil
Co. Inc., to their corrosion and
metallurgy group, Research Dept.,
Paulsboro, N. J. Since 1956, he had
worked at the Brooklyn, N. Y., lab-
oratory on various corrosion prob-
lems, principally in the field of
tanker corrosion. He will continue
with similar activities at the Pauls-
boro laboratory.

S. K. Panikkar has joined Hind
Cyecles Ltd., Bombay, as chief chem-
ist.

John K. Taylor, a chemist with
the Analytical Chemistry Section of
the National Bureau of Standards,
Washington, D. C., has received a
U. S. Dept. of Commerce Silver
Medal for Meritorious Service. The
citation was in “recognition of his
contributions to accurate electro-
chemical methods of analysis.” Dr.
Taylor’s present work is in the ap-
plication of physical methods to an-
alytical chemical research. He di-
rects a program of electroanalytical
chemistry concerned with high-pre-
cision coulometric methods of anal-
ysis. He also is in charge of a pro-
gram for providing a series of
uranium isotopic standards. This in-
volves high-precision analysis of
uranium compounds and the blend-
ing of highly purified isotopic
species for mass spectrographic
analysis.

T. J. Varkey has joined the Re-
gional Engineering College, Banga-
lore, as assistant professor in the
Dept. of Chemistry.

Book Reviews
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An important example of a heat
pumping application is a thermo-
static device which maintains a fixed
inside temperature when the am-
bient varies above or below this
temperature. In designing such a
device, it is necessary to understand
the transient behavior of the ther-
mocouples to achieve accurate con-
trol.

It is to such problems that this
publication provides partial answers.
Described as “larger in scope than
a journal article but less ambitious
than a finished book,” it is based on
an M.I.T. Electrical Engineering doc-
toral thesis. The differential equa-
tions involved in a complete analysis
were found to be too complex for
exact solution and, therefore, ap-
proximate solutions are given for
the case of small changes, either
abrupt or periodic, in the current,
temperature, or load for both heat
pumps and generators. The heat
pump results are in good agreement
with the experiments to which one
of the seven chapters is devoted.
Many of the theoretical results are
presented in useful graphical form.

This monograph will be useful
not so much for the materials sci-
entist who is concerned with finding
improved semiconductors for the in-
dividual thermoelements as for the
engineer who is concerned with the
design of controlled devices.

Raymond Wolfe

Direct Conversion of Heat to Elec-
tricity. Edited by Joseph Kaye
and John A. Welsh. Published by
John Wiley & Sons, Inc., New
York City, 1960. $8.75. ’
The direct conversion of heat into

useful electrical energy is receiving

considerable attention, and a sub-
stantial amount of work now is be-
ing done in various universities and
industries to develop static and re-
liable techniques which show prom-
ise of being employed in practical

engineering devices. The July 1959

Special Summer Program in “Direct

Conversion of Heat to Electricity”

The Dynamic Behavior of Thermo-
electric Devices, by Paul E. Gray.
Published by Technology Press,
Massachusetts Institute of Tech-
nology, Cambridge, Mass., and
John Wiley & Sons, Inc, New
York City, 1960. $3.50.

With available semiconductors, it
is possible to design practical ther-
moelectric devices, both heat pumps
which provide refrigeration for in-
dividual electronic components, and
small-scale generators which con-
vert heat directly into electricity.

Notice to Members and
Subscribers
(Re Changes of Address)

To insure receipt of each
issue of the JOURNAL, please be
sure to give us your old ad-
dress, as well as your new one,
when you move. Our records
are filed by states and cities,
not by individual names. The
Post Office does not forward
magazines.
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held at the Massachusetts Institute
of Technology treated a major as-
pect of this field.

The 23 papers presented at this
program and which make up this
volume are of high quality. They are
divided into five general sections:
A—Thermionic Engines-High Vac-
uum B—Thermionic Engines-Low
Pressure, C—Magnetohydrodynamic
Converters, D—Semiconductor De-
vices, E—Fuel Cells. The papers on
thermionic engines or converters
and the papers on thermoelectric ef-
fects in semiconductors constitute all
but three of the published papers.
As a result, Magnetohydrodynamics
and Fuel Cells are given inadequate
coverage. While this appears as a
weakness in the book, its organiza-
tion and technical material make it
of considerable value as a reference
work in this field.

The investigations and analysis in
Section A of high-vacuum thermi-
onic converters by Hatsopoulos,
Kaye, and Nottingham, et al., in-
clude fine treatments of the require-
ments of anode and cathode mate-
rials, the effects of space charge, and
the thermodynamics of the vacuum
diode. The papers in Section B ade-
quately describe some of the im-
portant work on the gaseous thermi-
onic diode. Nottingham’s paper
discusses the ionization of cesium
following the work of Langmuir
and Taylor, the effects of nonuni-
form cathode work functions, and,
in addition, presents some useful
empirical equations. The paper by
Pidd, et al., presents some results
dealing with the effects of cesium
pressure, and emitter material and
temperature on the open-circuit
voltage and short-circuit current of
an experimental cell. The paper by
Steel shows some interesting re-
sults of experiments to determine
the rate at which cesium atoms are
ionized at the cathode surface.

Section D includes a very fine sur-
vey paper on thermoelectric effects
by Jaumot which provides an excel-
lent list of references. Papers by
Fritts and Bollmeir present some
elementary design and device in-
formation concerning thermoelectric
generation. A paper by Hatsopoulos
and Keenan and one by Somers and
Swanson deal with the thermody-
namics of thermoelectric generators
and the conditions for optimizing
thermal efficiency in generators.
Several papers also are included
which describe the effects of impur-
ities on bismuth, antimony, and tel-
lurium alloys, along with methods
for measuring thermoelectric pa-
rameters.
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This book will be appreciated by
specialists and new workers in this
field of energy conversion, for the
papers are basic and significant. A
reasonable balance exists among the
papers with sufficient emphasis on
theoretical analysis, experimental
results, and engineering considera-
tions.

D. Feldman

Properties and Structure of Poly-
mers, by Arthur V. Tobolsky.
Published by John Wiley & Sons,
Inc.,, New York City, 1960. 331 +
IX pages; $14.50.

The increasing use of polymers as
structural materials during the last
two decades has led to an exuber-
ant interest in understanding how
the mechanical properties of plastics
arise from the more fundamental
properties of macromolecules. Pro-
fessor Tobolsky has been one of the
leading investigators in this field
and has developed a posture in this
area which is sometimes called the
“Princeton School.”

This book is essentially a com-
pendium of the writings of Tobolsky
and his students; in fact, in order
not to overburden the index, the au-
thor’s name has been omitted. The
book was needed to concatenate and
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distill the 125 articles which they
have published in the last 18 years.

The work is a monument to Pro-
fessor Tobolsky’s intellectual com-
mitment to understanding why poly-
mers act the way they do. He has
not used the elegant tools of nuclear
magnetic resonance, dynamic shear
equipment, nor electromagnetic spec-
troscopy. His work has been dis-
tinguished by the simplicity of his
techniques and the depth of his
conclusions. He has been particu-
larly concerned with the properties
of hydrocarbon elastomers; these in-
clude the relaxation of stress, the
generation of heat, and the bire-
fringence of light in natural and
synthetic rubbers. In his interpreta-
tions, he has espoused the visco-
elastic models of Maxwell and Voigt.

This book is not as broad in scope
as its title, “The Properties and
Structure of Polymers,” would in-
dicate, nor is it an exposition of
the physical properties of polymers.
While certain of the properties of
the polar polymers are mentioned,
the detailed studies and interpreta-
tions are based generally on the
nonpolar aliphatic and aromatic hy-
drocarbons. Because of this, many
of the subtleties of this science in-
volving electronegativity, dipole-di-

FUEL CELL
RESEARCH

We have immediate openings for physical
or electro chemists with experience in FUEL
CELLS. Work consists of laboratory research
and development on FUEL CELLS.

Recognition of achievement is readily at-
tained in our small development group of 20
men. New air-conditioned laboratories are
in the process of completion. Location is in
Minnesota, famous for its year-round beauty
and recreational opportunities.

Résumé should include educational background
and complete details of fuel cell experience.
Reply to Box A-284,
c/o The Electrochemical Society, Inc.,
1860 Broadway, New York 23, N. Y.
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pole bonding, and proton transfer
do not enter into the general tone
of the book. Perhaps it is because of
this that the relationships which
exist between the mechanical and
electrical properties of polymers re-
ceive only glancing notice.

The book consists of an introduc-
tory section on elasticity and vis-
cosity, and the contribution of mo-
lecular architecture to the properties
of polymers. This is followed by a
detailed mathematical and experi-
mental exposition of the viscoelastic
behavior of polymers, and climaxed
with a study of transformations in
cross-linked elastomers, There is an
extensive appendix where such con-
cepts as the Partition function, the
equation of state for molecular crys-
tals, and size distribution in linear
polymers are developed.

The work is presented in a series
of vignettes, each in itself an in-
teresting facet or aspect of polymer
properties, and to each are appended
the references thought to be of par-
ticular value to the reader. Tobolsky
has indicated the importance he puts
on reading the original manuscript
by listing them in full print at the
end of each section instead of as
footnotes. Many of these essays are
short and pithy such as the one en-
titled “Stress Relaxation of Amor-
Polymers” (pp. 137-143),
which consists of only 300 words of
text, six graphs, and a photegraph
of a relaxation balance.

The book is, then, a compendium
of Tobolsky’s work and as such is
a recording of the experiments of a
specialist in the field of polymers.
It is recommended to other special-
ists.

Thomas D. Callinan

News Items

1961 Palladium Medal Award, ECS

The sixth Palladium Medal of The
Electrochemical Society will be
awarded at the Fall Meeting of the
Society to be held in Detroit, Mich.,
October 1-5, 1961.

The medal was established in 1951
by the Corrosion Division for dis-
tinguished contributions to funda-
mental knowledge of theoretical
electrochemistry and of corrosion
processes. It is awarded biennially to
a candidate selected by a committee
appointed by the Society’s Board of
Directors.

Sections, Divisions, and members
of the Society are invited to send
suggestions for candidates, accom-
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panied by supporting information, to
the National Office of the Society,
1860 Broadway, New York 23, N. Y.,
attention of Robert K. Shannon, Ex-
ecutive Secretary, for forwarding to
the committee Chairman. Deadline
for submission of suggestions is
March 15, 1961.

Candidates may be citizens of any
country and need not be members
of the Society. Previous medalists
have been: Carl Wagner, Max Planck
Institut fiir Physikalische Chemie;
N. H. Furman, Princeton University;
U. R. Evans, Cambridge University;
K. F. Bonhoeffer, Max Planck Institut
fiir Physikalische Chemie (posthum-
ous award); and A. N. Frumkin,
Electrochemical Institute of the
U.S.SR.

C. L. Faust and A. K. Graham
Honored at AES Convention

The American Electroplaters’ So-
ciety, Inc., (AES) launched its
four-day 47th Annual Convention
at the Statler Hilton Hotel in Los
Angeles on July 25.

At the Grand Opening Session, the
distinguished scientist Dr. Charles
L. Faust, Battelle Memorial Insti-
tute, Columbus, Ohio, was pro-
claimed winner of this year’s AES
Scientific Achievement Award, the
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society’s highest scientific annual
honor. In consequence, he will de-
liver the annual “William Blum
Lecture” at the Society’s 48th An-
nual Convention to be held in Bos-
ton in June 1961.

The Grand Opening Session was
the morning forerunner of the
Opening Educational Session con-
ducted early in the afternoon before
a packed audience composed of the
leaders and rank and file of the elec-
troplating and metal finishing in-
dustry. The session featured the
“William Blum Lecture” delivered
on the subject of “Faraday’s Laws
Applied to Cleaning” by Dr. A. Ken-
neth Graham, 1959 AES Scientific
Achievement Award winner. Dr.
William Blum presided. After the
delivery of his address, Dr. Graham
was presented with a $500 honorar-
ium and an attendant scroll by AES
National President Wysong in be-
half of the American Electroplaters’
Society, Inc.

Patents Granted to G.E. on
Diamond-Making Process and
Apparatus

The U. S. Patent Office recently
granted patents to the General
Electric Co. on the process and ap-
paratus for making diamonds and

other high-pressure products. Based

P.R. Smith, Office 61,

ELECTROCHEMIST

Doctor’'s Degree—5 to 10 Years’ Experience

To head a newly organized group of electrochemists
and physical chemists devoted to research on fuel cells.

This is a challenging position in a new field. It re-
quires considerable theoretical background, experi-
mental skill and inventive talent.

Work is strongly supported by the Corporation and
directed at commercial exploitation. The position has
excellent potential for growth.

A new laboratory building has been erected in our
plant at East Hartford, Connecticut.

Send resume and minimum salary requirements to Mr.

PRATT & WHITNEY AIRCRAFT

Division of United Aircraft Corporation
East Hartford 8, Connecticut
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on work performed at the General
Electric Research Lab. in Schenec-
tady, N. Y., where man-made dia-
monds were first announced in Feb-
ruary 1955, the patents cover the
basic high-pressure equipment used
in making diamonds, as well as later
improvements on such equipment.
Also included are processes for
making garnet and Borazon, the
cubic form of boron nitride.

Because of a secrecy order of the
Federal Government, General Elec-
tric was unable to file patent appli-
cations in many foreign countries on
its diamond-making process until
1959 because industrial diamonds are
of strategic importance to the na-
tional defense.

General Electric diamonds have
proved to be superior in many re-
spects to natural diamonds for a va-
riety of industrial uses. Their manu-
facture and sale in commercial
quantities was announced in October
1957. These diamonds are of the
proper size for most industrial uses
—Iless than a tenth of a carat. After
more than two years of large-scale
production of man-made industrial
diamonds, the secrecy order on the
diamond process was rescinded in
the fall of 1959.

At that time, General Electric
published details of its diamond
process. The long-sought transfor-
mation of common graphite into
diamond was accomplished, the
company revealed, by the action of
a molten metal catalyst and the
simultaneous application of pres-
sures of from 1.5 to 2 million pounds
per square inch, and temperatures
ranging from 2200° to 4400°F.

The shape and color of man-made
diamonds can be controlled by
varying the temperature of forma-
tion. The best starting material was
identified as substantially pure
graphite, although other carbona-
ceous materials, such as carbon
black, sugar, charcoal, or carburiz-
ing compound may be used. The
catalyst metal may be chromium,
manganese, iron, cobalt, nickel,
ruthenium, rhodium, palladium, os-
mium, iridium, tantalum, or plati-
num.

Western Reserve University Science
Center

Western Reserve University held
a ground-breaking ceremony for its
$6,270,000 Science Center on the
University Circle campus on July
14.

Heading the program was John A.
Greene, chairman of the WRU board
of trustees. Others on the program
were WRU president John S. Millis



Vol. 107, No. 10

and Neil J. Carothers, president of
the University Circle Foundation.

The basic science building will be
named the John Schoff Millis Sci-
ence Center honoring the univers-
ity’s ninth president, according to a
resolution adopted by the board of
trustees, it was announced by
Greene. Millis became president of
Reserve in September 1949. He is
the first president of Western Re-
serve whose educational and teach-
ing background is in the field of
science.

This building represents the first
phase in the development of a new
WRU Science Center. It will pro-
vide new laboratories, a library,
auditorium, and teaching and re-
search facilities for the departments
of biology, chemistry, physics, geol-
ogy, geography, astronomy, and
mathematics.

The first part of the building,
which will be for the chemistry de-
partment, is expected to be com-
pleted by fall of 1961 with the re-
mainder ready for occupancy by the
spring of 1962.

RCA Enters Electroluminescent
Lighting Field

The Radio Corp. of America an-
nounced recently that it had entered
the electroluminescent lighting field
and was manufacturing light-emit-
ting panels for consumer, industrial,
and military uses.

The panels give off a soft glow of
light in any one of five colors and
are designed for use in decorative
lighting, and for illuminating dials,
control panels, highway signs, sig-
nals, and safety devices. They will
be merchandised under the trade
name “Panelray.”

Full-scale manufacturing of panels
at the company’s Lancaster, Pa.,
plant was slated for early fall. Pilot
production already was under way
during the summer.

Pennsalt Chemicals Completes
Modernization of Chlorine-Caustic
Facilities

Modernization of its largest chlo-
rine-caustic plant in Wpyandotte,
Mich., has been completed on sched-
ule by Pennsalt Chemicals Corp.
The largest single modernization
project undertaken by Pennsalt, it
included the replacement of some
5000 old diaphragm-type electro-
lytic cells with 200 large, modern,
30,000-amp cells.

Installation of the new cells, the
last series of which was put into
operation on June 30, was preceded
earlier this year by the installation
of modern caustic evaporating and
brine treatment facilities. The total
program cost $6,000,000.
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In addition to providing increased
output of chlorine, caustic soda, and
hydrogen, the new cells will afford
considerably greater operating econ-
omies.

Leasing Plan for Scientific
Instruments Announced by RCA
A broad-scale leasing plan, under

which educational institutions, lab-
oratories, and other users may rent
scientific instruments, has been an-
nounced by the Radio Corp. of
America.

The plan is expected to make such
RCA scientific aids as the electron
microscope available to an increased
number of organizations, regardless
of size.

“One of the plan’s more signifi-
cant benefits will be in the educa-
tional field. Schools and colleges
depending on funds available on a
year-to-year grant basis now will be
able to incorporate electron micro-
scope and x-ray diffraction equip-
ment into their research and train-
ing programs,” according to an RCA
spokesman.

Announcements
from Publishers

“Gmelins Handbuch der Anorgan-
ischen Chemie, 8th Edition.” Sys-
tems: 29—Strontium, 306 pages;
30—Barium, 572 pages; 33—Cad-
mium, 802 pages. Published by
Verlag Chemie, GmbH., Wein-
heim/Bergstrasse, West Germany,
1960.

All three of these volumes are
organized in the familiar Gmelin
fashion, and all have the extremely
useful English-German table of
contents, together with the marginal
translation of paragraph titles. Also,
the inside back covers have a para-
graph, in English, giving directions
for use of the classification system.
Even for the student, information on
any particular topic is accessible al-
most instantly.

The volume on Strontium covers
the period 1931-1949, with individual
references as late as 1953. The Bar-
ium volume covers the period 1932-
1949, with some references as late
as 1957. This volume contains a new
chapter on oxide-coated cathodes.
It starts with a review of the sub-
ject and then goes into a discussion
of forming oxide-coated cathodes,
their activation, composition, tem-
perature dependence, etc. The chap-
ter ends with an alphabetical index
of 334 patents which have been ab-
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PHYSICAL
CHEMISTS

ELECTRO-
CHEMISTS

CHEMICAL
ENGINEERS

Important research
positions are available in the
Electrochemistry Laboratory at
Lockheed Missiles and Space
Division, located 40 miles south
of San Francisco.

The laboratory is en-
gaged in the field of electro-
chemical energy conversion
such as fuel cell systems, and
requires outstanding personnel
qualified by extensive experi-
ence or academic background
in the following areas:

CHEMICAL ENGINEERS

PROCESS & EQUIPMENT
DESIGN
MASS TRANSFER
PILOT OPERATIONS

CHEMISTS

SOLID STATE CHEMISTRY
SURFACE CHEMISTRY
HETEROGENEOUS KINETICS
CATALYSIS
ELECTROCHEMISTRY
PHOTOCHEMISTRY

These positions provide
an excellent opportunity in a
young and growing new tech-
nology with an assured future.
If you are experienced in work
related to the above areas, you
are invited to write: Research
and Development Staff, Dept.
J-26, 962 W. El Camino Real,
Sunnyvale, Calif. U.S. citizen-
ship or existing Department of
Defense industrial security
clearance required.

Lockheed

MISSILES AND

SPACE DIVISION

Sunnyvale, Palo Alto,
Van Nuys, Santa Cruz,
Santa Maria, California
Cape Canaveral, Florida

Hawaii
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stracted to give the practical infor-
mation contained in the chapter. The
Cadmium volume covers the period
1925-1949, with references up to 1958
on the topic of the cadmium-nickel
battery. ECS members will be es?
pecially interested in a 127-page
section on the electrochemical be-
havior of cadmium, 18 pages of
which are on the Weston cell, 6
pages on the nickel-cadmium cell,
38 pages on electrolytic deposition
of cadmium, and 9 pages on the po-
larography of cadmium. There also
is an 80-page section on addition
compounds and complexes of cad-
mium with neutral ligands. This is
arranged systematically, according
to ligand, and is followed by a for-
mula index of the compounds
formed and an alphabetical index
of the ligands.

“Instability Constants of Complex
Compounds,” by K. B. Yatsimir-
skii and V. P. Vasil’ev. Published
by Consultants Bureau Enter-
prises, Inc.,, 227 W. 17 St, New
York 11, N. Y., 1960. Clothbound,
214 pages; $6.75.

This translation from the Russian
presents the instability constants of
1381 complex compounds, and pro-
vides complete literary references
through 1956.

“An Experimental Investigation on
the Chemistry and Interconversion
of Boron Hydrides,” R. Schaeffer,
Indiana University, for Wright
Air Development Center, U. S. Air
Force, July 1959. Report PB
161479,* 51 pages; $1.50.

“Study of Ultra High Temper-
atures,” A. V. Grosse and C. S.
Stokes, Research Institute of Tem-
ple University, for Wright Air
Development Center, U. S. Air
Force, April 1959. Report PB
161460,* 26 pages; $1.00.

* Order from Office of Technical Services,
U. S. Dept. of Commerce, Washington 25,
D. C.
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New Products

Lightweight Mirrors for Space
Telescope. New lightweight mirrors
of fused silica have been developed
for use in missile, satellite, and air-
borne telescope systems. Corning
Glass Works is producing mirror
blanks made by an unusual sand-
wich construction that reduces size
and weight of mounting and auxili-
ary equipment, vital considerations
in aerospace telescopes.

The telescope mirror blanks are
made at Corning’s Fused Silica
plant, Bradford, Pa., and are mar-
keted by the company’s Optical
Sales Dept., Corning, N. Y.

Trimmer Capacitors for Printed
Circuits. Miniature trimmer capaci-
tors, introduced this spring by
Corning Electric Components, a
department of Corning Glass Works,
Bradford, Pa., for panel mounting,
are now being made also for printed
circuit mounting; they are trade-
marked Corning Mini-Trimmers.
Fixed cavity tuning with an 0-80
nontraversing screw is smooth and
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linear; change in capacitance is 0.4
wupf per turn.

Pyroceram Cement 89. A new
glass-ceramic cement for the elec-
tronics industry has been developed
by Corning Glass Works to seal
glasses and other materials with
thermal expansions between 80 and
92 x 10" ecm/cm°C. The new cement
fires at approximately 450°C. The
resulting seal is serviceable up to
about 425°C.

Additional information can be ob-
tained from Corning’s Industrial
Bulb or Receiver Bulb Sales Depts.,
both in Corning, N. Y.

Entek CU-56, a rinse-water addi-
tive which inhibits corrosion of cop-
per and brass, has been introduced
by Enthone, Inc., of New Haven,
Conn. The product produces an in-
visible film which prevents tarnish-
ing, staining, spotting-out, green
salt formation, pit corrosion, and
finger marking of copper and its
alloys. It is designed to preserve
freshly plated or cleaned metal sur-
faces during storage.

Literature on Entek CU-56 is
available from the manufacturer.

Employment Situations:

Positions Available

Research Chemist—Research As-
sociate for American Electroplaters’
Society Research Project No. 19,
Galvanic Effects Associated with
Coating Failure. To work at the Na-
tional Bureau of Standards in Wash-
ington, D. C. Post-graduate work or
research experience required. Reply
to Fielding Ogburn, National Bureau
of Standards, Washington 25, D. C.

Research Chemists—Research and
development group seeks chemist or
chemical physicist for solid-state
work on cathodoluminescent and
electroluminescent materials, photo-
conductors, and chemicals for elec-
tronic applications. Candidates should
have Ph.D. or equivalent and be ca-
pable of independent work. Modern
and well-equipped laboratories in
Northeastern Pennsylvania. Publica-
tion of work encouraged.

Send résumé to: Dr. J. S. Smith,
Manager of Chemical Research and
Development, Chemical and Metal-
lurgical Division, Sylvania Electric
Products Inc., Towanda, Pa.

Four challenging research positions
for experienced surface chemists, in
fully-equipped laboratory devoted to

research and development on alum-
inum and copper alloys, involving:
A. Electrochemical kinetics, adsorp-
tion, and oxide film structure inves-
tigations related to finishing pro-
cesses. B. Studies of interfacial
surface reactions between polymeric
resins and metal oxide surfaces
relating to strength and permanence
of joints in the adhesive bonding of
metals. C. Mechanisms relating to
surface phenomena, associated with
liquid metal-solid metal inter-action
as applied to soldering and brazing.
D. Surface and electrochemical re-
actions effecting the kinetics of gen-
eral, localized, and stress corrosion
processes. Pleasant living, with ac-
cess to major university. Interviews
may be arranged for October ECS
meeting in Houston, Texas. Send
reply to R. H. Endriss, Personnel
Manager, Olin Mathieson Chemical
Corp., 125 Munson St., New Haven,
Conn.

Position Wanted

Chemical Engineer, B.S.—Thir-
teen years of electrolytic background
in development and production
work. Supervisory experience. De-
sires responsible position in either
process engineering or production.
Reply to Box No. 370, c/o The Elec-
trochemical Society, 1860 Broadway,
New York 23, N. Y.
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