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ADSORPTION AND CATALYSIS

By Paul H. Emmett

Crenistry Departrrent, The Johns Hopkins University, Baltinore, Md.

Received October 7, 1958

When Berzelius in 1836 coined the word “cataly-
sis” and used it to describe a number of observa-
tions that had already been recorded in the litera-
ture, he clearly recognized that the reacting compo-
nents in catalytic reactions were held to the surface
or adsorbed during the period in which they were
reacting. In the intervening years since Berze-
lius gave birth to this new field of science, many
studies have been reported under the general title
of “Adsorption and Catalysis.” This occasion
seems to be a suitable one for pointing out the
many ways in which adsorption has now become
related to catalytic action and to the study of cata-
lysts, and also for calling attention to the general
direction along which progress is being made toward
establishing a firm scientific explanation for the be-
havior of catalysts.

The existence of two types of adsorption of gases
on solids has been recognized for many years.1-3
One type, now commonly called physical adsorp-
tion, is non-specific and in general occurs between
all gases and all solids. It is capable of forming
monolayers and even multilayers of adsorbed gas on
solids close to the boiling point of a gaseous adsorb-
ate. The other type commonly known as chemical
adsorption or activated adsorption is specific in
nature and occurs under conditions in which the
gaseous adsorbate might be expected to combine
chemically with the surface of the solid adsorbent.
Both types of adsorption arc now considered to be
useful and important in the study of catalysts.

Physical Adsorption.—Two distinct uses for
physical adsorption in studying catalysts have
now been developed. One of them is concerned
with the measurement of the surface areas of finely
divided catalysts; the other, with the measurement
of the pore size of catalytic materials.

(1) |. Langmuir, 3. Am. Chem. soc., 38, 2221 (1916).

(2) A. F. Benton, ibid., 45, 887, 900 (1923).
(38) H.S. Taylor, ibid.. 53, 578 (19311 .

The method for measuring surface areas by the
physical adsorption of gases is now so well known as
to require little comment.4-6 Briefly, it involves
measuring the adsorption isotherms of suitable in-
ert adsorbates at temperatures close to the boiling
points of the gases and determining by appropri-
ate plots the point on the isotherms corresponding
to the volume of gas required to form a single
close-packed layer on the catalyst surface. By as-
suming a suitable cross-sectional area for the ad-
sorbate molecules, one can then calculate the ab-
solute surface area of the catalyst in square meters
per gram. By these techniques, the relative sur-
face areas of a number of catalysts or other solid
adsorbents can be determined quite accurately.
The absolute value of the surface area is, of course,
subject to the accuracy with which one can estimate
the area covered by each molecule in a close packed
layer of physically adsorbed gas. It is probably
safe to assume that the absolute surface area of
solids can now be measured within an uncertainty
of £+30% by these gas adsorption techniques, but
relative surface areas for a series of solids can prob-
ably be estimated within a few per cent. The gas
adsorption method is now universally used for spec-
ifying the surface areas of catalytic materials.

An equally or perhaps more important applica-
tion of physical adsorption in catalysis has to do
with measuring the pore size of the tiny capillaries
that are present in most catalysts. Wheeler7 was
the first to point out that by taking into account
the formation both of multilayers of adsorbed gas
and the capillary condensation of adsorbate in the
tiny capillaries one could, in principle, calculate the
size distribution of capillaries in solid adsorbents.

(4) P. H. Emmett and S. Brunauer, ibid., 59, 1553 (1937).

(5) S. Brunauer, P. H. Emmett and E. Teller, ibid., 60, 309 (1938).

(G) P. H. Emmett, “Catalysis,” Vol. I, Chap. 2, Reinhold Publ.
Corp., New York, N. Y., 1954,

(7) A. Wheeler, Gordon Research Conference, 1945 and 1946.
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Barrett, Joyner and Halenda&following this sug-
gestion, arrived at a detailed procedure that could
be used for making such calculations withbut mak-
ing any arbitrary assumptions as to the nature of
the size distribution curves for the capillaries in the
solid catalysts. Using this procedure, one can now
calculate rhe pore distributions over the range 10 to

2000 A. diameter with a fair degree of assurance
that the distribution so calculated is a good approxi-
mation to the true distribution. Confirmation of
the pore distribution so calculated has been ob-
tained on a number of solids by use of the mer-
cury porosimeter9-11 method by which the pressure
necessary to force mercury into the various capil-
laries is used in calculating pore distributions. By a
combination of the gas adsorption and mercury
porosimeter method, one can obtain a fairly relia-
ble distribution curve for the pore size of a given
solid and can obtain an even more reliable value
for the average pore size.

Wheeler12has also pioneered the development of
the theory for interpreting the influence of pore size
on many characteristics of the behavior of a cata-
lyst toward various reactants. In particular, he
has shown that pore distribution can affect the ap-
parent order of the catalytic reaction, the tempera-
ture coefficient, the fraction of the surface partici-
pating in and contributing to the catalytic reac-
tion,13 the specificity of the catalyst, and the be-
havior of the catalyst after it is exposed to various
poisons. In a word, he has shown that for a given
catalytic reaction, a particular catalyst can be
tailor made by appropriate alteration of the method
of preparation to yield a surface area and a pore dis-
tribution that will be optimum for a particular gas
reaction. This makes it possible to put catalysis
on a much more quantitative and scientific basis
than has heretofore been possible.

For a good many years, physical adsorption was
considered to involve such weak binding forces with
the solid adsorbents as not to cause any alteration or
change in the adsorbent. After five years ago,
Cook, Pack and ObladMpointed out the possibility
that even physical adsorption could distort the
atomic arrangement in the surface of the catalyst.
In 1954, YatesX¥ furnished proof of this effect by
showing that the adsorption of inert gases such as
nitrogen, krypton and argon on a sample of porous
glass¥6 caused an appreciable expansion in the por-
ous glass. This expansion was detectable even
when only a few per cent, of the surface was cov-
ered with adsorbed gas. Although these observa-
tions are still not completely explained, they leave
no doubt that physical adsorption, even at the tern-

(8) E. P. Barrett, L. G. Joyner and P. P. Halenda, J. Am. Chem.
Soc., 73, 373 (1951).

(9) L. G. Joyner, E. P. Barrett and R. E. Skold, ibid., 73, 3155
(1951).

(10) E. W. Washburn, Phys. Rev., 17, 273 (1921).

(11) H. L. Ritter and L. C. Drake, Ind. Eng. Chem., Anal. Ed., 17,
782 (1945).

(12) A. Wheeler, “Catalysis,” Vol. Il, (P. H. Emmett, ed.), Reinhoid
Publ. Corp., New York, N. Y., 1955, Chap 2.

(13) E. W. Thiele, Tnd. Eng. Chem., 31, 916 (1939).

(14) M. A. Cook. D. H. Pack and A. G. Oblad, Chem. Phys., 19,
367 (1951).

(15) D. J. C. Yates, Proc. Roy. Soc. (London), 224A, 52*1 (1954).

(16) M. E. Nordberg, J. Am. Ceramic Soc., 27, 299 (1944).

Paul H. Emmett

Vol. 63

perature of liquid nitrogen is capable of altering the
surface energy of solid adsorbents and of causing
either the expansion or contraction of the solid de-
pending upon the particular gas-solid combination
that is being used.

It is generally assumed that chemical and not
physical adsorption is a form that is directly in-
volved in catalytic reactions. Even this view may
require some modification. For example, there
are many catalytic reactions in which only one of
two or more reactants apparently has to be chemi-
sorbed as a pre-requisite to the occurrence of a
catalytic reaction. It is entirely possible that the
other components are merely physically adsorbed on
the catalyst at the time of reaction. Furthermore,
the very nice work of Becker7and EhrlichBon the
chemisorption of nitrogen on tungsten seems to in-
dicate that the nitrogen molecules are first physi-
cally adsorbed and then are transformed over to a
type of chemical adsorption. If this is generally
true, then, physical adsorption may be a forerunner
to catalytic reactions and to the chemical adsorp-
tion that is usually considered to be involved as a
basic and essential part of catalytic reactions.

Chemical Adsorption—Chemical adsorption tra-
ditionally has found two applications in the study
of catalysts. To begin with it has been found
very useful in measuring the fraction cf a catalyst
surface which consists of the catalytically active
component compared to the portion which consists
of material that either acts as a support or as a pro-
moter to the principal catalyst. For example, it
has been found possible to measure the fraction of
the surface of an iron synthetic ammonia catalyst
that consists of metallic iron,©by the study of the
low temperature chemisorption of carbon monoxide.
Similarly, if these catalysts are promoted with alka-
line oxides, one can measure the concentration of
such alkaline promoters on the surface of the cata-
lyst by determining the chemisorption of carbon
dioxide on the promoter at —78°. Properly de-
signed experiments using isotopic forms of the ad-
sorbate can even give information as to the extent
to which the surface appears to be homogeneous and
the extent to which it appears to be heterogeneous.
Such work has been done, for example, using non-
radioactive carbon monoxide and radio-active car-
bon monoxide on iron catalysts. 2821

By far the biggest application of chemisorption
is related to the part it plays in actual catalytic re-
actions. Two examples will suffice as illustrations.
For many years, the chemisorption of hydrocarbons
on standard silica-alumina cracking catalysts could
not be detected. Volumetric measurements seemed
to indicate that less than 0.1% of the surface of
these catalysts was covered by chemisorbed hy-
drocarbons during cracking reactions.2 Recently,

(17) J. A. Becker, "Advances in Catalysis,” Vol. VII, Academic
Press, New York, N. Y., 1955, p. 135.
(18) G. Ehrlich, 3. Phys. Chem. Solids, 1, 3 (1956).

(19) P. H. Emmett and S. Brunauer, J. Am. Chem. Soc., 59, 310
(1937).
(20) J. T. Rummer and P. H. Emmett, J. Chem. Phys., 19, 289

(1951).

(21) R. P. Eischens, J. Am. Chem. Soc., 74, 6167 (1952).

(22) R. C. Zabor and P. H. Emmett, ibid., 73, 5639 (1951).

(23) D. S. Maclver and I'. H. Emmett, T his Journal, 62, 935
(1958).
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by the use of radioactive techniques, it has been
possible to show that chemisorption of such hydro-
carbons as isobutane does actually occur on the
silica-alumina catalysts but is restricted to a very
small fraction (about 0.01%) of the total surface.
It now appears therefore that this catalyst as well
as all other known catalysts, function through the
chemisorption of at least one of the reactants on the
catalyst surface.

A second example, the chemisorption of nitrogen
on iron is of especial interest because of the enor-
mous amount of work that has been done upon it.
The catalytic synthesis of ammonia over iron cata-
lysts became a commercial process forty-five years
ago. Since that time a good deal of interest has
been shown in attempting to deduce the mechanism
of the synthesis of ammonia from the mixture of
hydrogen and nitrogen. Measurements of the rate
and quantity of nitrogen adsorbed by active iron
catalyst led to a conclusion many years ago that
the slow step in the synthesis of ammonia was the
chemisorption of nitrogen by the surface of the
catalyst.22 This result was generally accepted
until a few years ago when Horiutis® and his col-
leagues came to the conclusion that the slow step
could not possibly be the chemisorption of nitro-
gen on iron. Their conclusion was based on their
theory of the “stoichiometric number” of the indi-
vidual steps in a catalytic reaction. Space does not
permit a review of the theory of this stoichiometric
number in the present article. It will perhaps
suffice to point out that according to their ideas
the stoichiometric number of the adsorption of ni-
trogen on iron would have to be unity if the slow
step were to be the chemisorption of nitrogen. By
a combination of kinetic measurements of the rate
of synthesis of ammonia over iron catalysts close to
equilibrium, and the rate of isotopic exchange of N5
between gaseous nitrogen and ammonia, the Japa-
nese were able to calculate a value for this stoichio-
metric number; they reported a value of two rather
than a value of one and concluded that the slow
step in the synthesis had to be something other
than the chemisorption of nitrogen. This would pre-
sent a major disturbance in attempts to connect
chemisorption and catalysis, if it were experimen-
tally verified by other workers in the field. It so
happens, however, that repetition of the work by
Van Heerdin, ZwieteringZ and their colleagues in
Holland has led to results that contradict those ob-
tained by the Japanese. These workers find a stoi-
chiometric number of one and therefore conclude
that the slow step in the synthesis may well be the
chemisorption of nitrogen. Furthermore, by addi-
tional measurements of the rate of nitrogen adsorp-
tion during actual synthesis, they show2 that at
and above 250° excellent agreement is obtained
between the rate of nitrogen chemisorption and the
rate of synthesis that occurs over an iron catalyst.

(24) P. H. Emmett and S. Brunauer, 3. Am. 56, 35
(1934).

(25) S. Enomoto and J. Horiuti, 3. Res. Inst. Cat., Hokkaido Univ.,
2, 87 (1955), Proc. Japan Acad., 28, 499 (1955)

(26) S. Enomoto, J. Horiuti and Y. Kobayaahi, 3. Research In*t.
cat, 3, 185 (1955).

(27) C. Bokhoven, M. J. Gorgels and P. Mare, private communi-
cation.

(28) J. J. F. Scholten and P. Zwietering, private communication.
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This classic and long extended study of :he chemi-
sorption of nitrogen on iron accordingly serves as
an excellent example of the way in which chemisorp-
tion can be related to the mechanism of a catalytic
reaction.

A consideration of chemisorption would be in-
complete without recording some of the spectacu-
lar advances that are being made in obtaining de-
tailed information as to the nature of the chemisorp-
tion complex. Foremost among these new tools is
the use of infrared absorption.® Pliskin and Eis-
chens®have shown that it is possible to study by
infrared the detailed nature of the binding of mole-
cules such as carbon monoxide, acetylene, ethylene
and hexene on finely divided metals supported on a
finely divided silica. The method seems capable
of giving information that could be correlated with
the catalytic activity of the particular metals in-
volved and in some cases can apparently even be
used to obtain information as to the nature of the
intermediate that is formed in catalytic reactions.3
This spectacular development of amethod for meas-
uring the infrared absorption spectra of a few
chemisorbed molecules appears capable of giving us
an insight into the details of chemisorption that, a
few years ago, we would never have expected to be
possible.

A second important set of tools for the study of
the nature of the chemisorption of molecules on sur-
faces is the use of magnetic and conductivity meas-
urements. Selwood32-35 has shown that when
gases such as hydrogen, ethylene, acetylene and
benzene are chemisorbed on the surface of metallic
nickel, the specific magnetization of the finely di-
vided nickel is lowered in such away as to indicate a
decrease in the number of d-band vacancies in the
nickel as a result of the adsorption. Specifically,
he concludes that hydrogen on nickel appears to con-
tribute one electron per hydrogen atom to the
nickel crystal. Ethylene and ethane contribute,
respectively, about two and about four electrons
per chemisorbed molecule. Selwood, at first, sug-
gested that these magnetic results were consistent
with the observations of Suhrmann3to the effect
that the adsorbed hydrogen increased the conduc-
tivity of nickel. More recent measurements,¥
however, have indicated that the first exposure
of the fresh nickel surface to hydrogen results in a
decrease and not an increase in conductivity.
When sufficient hydrogen has been taken up, the
trend apparently reverses itself and begins to yield
an increase in conductivity. The latest conclu-
siond as to hydrogen chemisorbed on metallic sur-
faces such as nickel is that it forms primarily a co-
valent bond with the nickel. Slight polarization of

(29) W. A. Pliskin and R. P. Eischens, 3. chem. Phys., 24, 482
(1956).

(30) R. O. French, M. E. Wadsworth. M. A. Cook and I. B. Cutler,
T his Journal, 58, 805 (1954).

(31) R. P. Eischens, z. Elektrochem., 60, 782 (1956).

(32) P. W. Selwood, J. Am. chem. soc., 78, 3893 (1956).

(33) P. W. Selwood, ibid., 79, 3346 (1957).

(34) P. W. Selwood, “Advances in Catalysis,” Vol. IX, Academic-
Press, New York, N. Y., 1957, p. 93.

(35) P. w. Selwood, 3. Am. chem. soc., 79, 4637 (1957).
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Sohuit, z. Elektrochem., 60, 838 (1956).
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Lattice distance, A.

Fig. 1L.—Activity at 0° of a series of thin metallic films per
unit surface as a function of the distance between particular
pairs of atoms in the lattice.d

Fig. 2.—Plot of the per cent, of d-character of a series of
metals (by Pa iling's theory) against the logarithm of the
activity of the metals per unit area for hydrogenating
ethylene.83

the bond occurs but the adsorbed atom is considered
to be held in the surface primarily by covalent and
not by ionic bonding. This interpretation is be-
lieved® to be consistent with both the magnetic
data and the new conductivity data. There can
be no doubt but that the combination of infrared
measurements, magnetic measurements and con-
ductivity measurements for gases on metals is go-
ing to give us a much more precise idea of catalytic
action than we have been able to obtain in the past.

Chemisorption studies on semi-conductors have
also received a great deal of attention. Some3®
have suggested that the word chemisorption of re-
acting gases on semi-conductors should really be
called “ionosorption.” This reflects the idea that
on semi-conductors, most of the adsorbed particles
are either positive or negative ions. There can be
no question but that the chemisorption of gases on
semi-conductors results in marked changes in con-
ductivity. There may, however, still be consider-
able question as to whether the true reactants in
catalysis over these semi-conductors are the com-
pletely ionized species that affect the conductivities
or other types of chemisorbed gas including po-
larized molecules or molecules held by covalent
bonds.

In summary, then, one can say that the chemi-
sorption of gases on catalysts is receiving very in-
tensive study at the present moment. A combina-

(38) K. ITaufFe, “Advances in Catalysis,” VIl
Press, New York, N. Y., 1955, p. 213.
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tion of infrared, magnetic and conductivity stud-
ies appears capable of giving us as complete a
picture of the details of molecular interaction on
solids as we now have for reaction between ions,
radicals, atoms and molecules in the gas phase and
in solution.

Catalysis—For many years catalysis has been
correctly classified as an art. Only within the last
few years has evidence been developing to indi-
cate that a firm scientific basis is being laid to ex-
plain catalytic phenomena. In the past, we have
selected our catalysts by trying thousands of com-
binations of catalysts and promoters until we found
one that worked. In the future, it seems quite
probable that our job of selecting catalysts will be
made much easier and that a knowledge of the
fundamental properties of reacting gases and the
electronic properties of the solid catalysts will go
far toward narrowing our choice to a few promising
solids. Some of the newer ideas and techniques
that are helping to elucidate the mechanism of
catalytic reactions and to throw light on the basic
properties of catalysts will now be reviewed.

Dowden® has suggested that in view of the im-
portance of the electronic factor catalysts might well
be classified as conductors, semi-conductors and
insulators. Conductors can be illustrated by metal-
lic catalysts such as nickel, platinum and iron.
Semi-conductors, by well known commercial cata-
lysts such as zinc oxide, chromium oxide, molybde-
num oxide and vanadium pentoxide. Insulator
type catalysts may include such compounds as alu-
minum oxide and alumina-silica cracking catalysts.
For the sake of illustrating the new approach cata-
lytic hydrogenation over metallic catalysts wall per-
haps suffice.

During the period 1934-1948, Beeck40' 8and his
co-workers carried out their classical experiments
on the study of the catalytic hydrogenation of
ethylene over metallic films. They reached the
conclusion that the activity of these metallic films
for this reaction was apparently related to certain
inter-atomic spacings in the metal. Their results
for a number of metals, for example, were plotted
according to the scheme shown in Fig. 1.43 These
results seemed to indicate that the spacing of
atoms in rhodium was optimum for the ethylene
hydrogenation reaction. In line with this, the ac-
tivity of the rhodium per unit surface area was
found to be some three orders of magnitude greater
than that of nickel.

In the spring of 1950, Beeck43 pointed out that
these results could also be interpreted on the basis
of the per cent, d-character of the various metals as
defined by the theory of Pauling.44 A plot of the
data for the metallic films interpreted on this basis
is shown in Fig. 2. Thus, Beeck and his co-workers
suggested an electronic interpretation that suited

(39) D. A. Dowden, J. chem. Soc., 242 (1950).

(40) O. Beeck, Revs. Modern Phys., 17, 61 (1945).

(41) O. Beeck, A. E. Smith and A. Wheeler, Proc. Roy. Soc. (Lon-
don), Al77, 62 (1940).

(42) O. Beeck, “ Advances in Catalysis,” Vol. Il, Academic Press,
New York, N. Y., 1950, p. 151.

(43) O. Bee”k, Disc. Faraday Soc., 8, 118 (1950).

(44) L. Pauling, Proc. Roy. Soc. (London), A196, 343 (1949).
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their data equally as well as the geometric interpre-
tation.

About this same time Dowden and Reynoldsb
carried out a series of studies on the catalytic hy-
drogenation of styrene, benzene and a few other
gases over nickel-copper and nickel-iron alloys.
The results for styrene are illustrated in Fig. 3.
Dowden® predicted that when enough copper was
added to nickel to fill completely the d-band vacan-
cies, one would probably destroys the catalytic ac-
tivity of the nickel toward the hydrogenation of sty-
rene. His prediction was beautifully confirmed by
the experimental results illustrated in Fig. 3. The
activity of a catalyst for the hydrogenation of sty-
rene decreased steadily with an increase in the cop-
per content and reached substantially a zero value
when 38% copper was incorporated into the nickel.
The addition of iron to nickel lowered the catalytic
activity in spite of the fact that it increased the
number of d-band vacancies. This led Dowden
and Reynolds to suggest that some other electronic
properties such perhaps as the density of electronic
levels in the catalysts were also important.

Although the results of Dowden and Reynolds
for the hydrogenation of styrene seemed to suggest
a firm correlation between the electronic properties
of the metallic catalysts and the activity toward
this reaction, later experiments with other reactions
have indicated that the problem is quite compli-
cated. Specifically, Best and Russell4 reported
that catalysts containing 30-60% copper were
many times more active than nickel for the cata-
lytic hydrogenation of ethylene. The results seem to
indicate definitely that the explanation for the alloy
effect is not the same for all hydrogenation reac-
tions.

Hall47recently completed a detailed study of the
hydrogenation of ethylene and of C@H64h over a
series of nickel-copper alloy catalysts. His results
like those of Best and Russell show that the addi-
tion of copper increases rather than decreases the
activity toward the hydrogenation of ethylene until
more than 80 atom % copper has been added (Fig.
4). Furthermore, he found that hydrogen added
in the temperature range 100 to 300° acts as a pro-
moter to the copper-nickel catalysts but as an
inhibitor for pure nickel (Fig. 5). A theoretical
explanation of the results is not yet forthcoming;
it seems certain, however, that any satisfactory
theory must explain the influence of the added cop-
per and hydrogen on the proportionality factor A
in the equation

Rate = Ae~HRT

as well as on the energy of activation E.

Very recently Kokes and the writer849 have
completed a study of Raney nickel catalysts and
obtained results that throw additional light on the
question of the action of alloying constituents on the
activity of metallic catalysts. It has long been

(45) D. A. Dowden and P. W. Reynolds, pisc. Faraday Soc., 8, 172
(1950).

(4> R. J. Best and W. W. Russell, 3. Am. chem. soc.. 76, 838
(1954).

(47) (@) W. Keith Hall, Thesis, University of Pittsburg, 1956;
(b) W. Keith Hall and P. H. Emmett, T his Journal, 62, 816 (1958).

(48) R.J. Kokes and P. H. Emmett, to be published.

(49) R. 5. Kokes and P. H. Emmett, to be published.
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Fig. 3.—The variation with composition of the activity of
a series of Fe-Ni (curve A) and Ni-Cu alloys (curve B) for
the hydrogenation of styrene. The number of d-band
vacancies per atom of Ni and the coefficient of the low-tem-
perature electronic specific heat term are also shown (curves
C and D, respectively).b

10 20 30 40 50 60 70 80 90 100
Atom per cent, nickel.

Fig. 4—Catalytic activity of a series of nickel-copper alloys
at 200°K. for the hydrogenation of ethylene.4

Atom per cent, nickel.
Fig. 5.—The promoting effect of pre-adsorbed hydrogen
on the rate of hydrogenation of ethylene as a function of
catalyst composition.47
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Fig. 6—The activity of a Raney nickel catalyst for eth-
ylene hydrogenation and for the ortho -parahydrogen con-
version at —78°.48

Fig. 7.—Activity per sg. m. of surface area for the hydro-
genation of ethylene over a Raney nickel catalyst48and over
a nickel-copper alloy4at —78° as a function of the number
of electrons added by alloying components per unit cell.
Each copper atom and each hydrogen atom is assumed to
contribute one electron; each aluminum atom, three elec-
trons. For the Ni-Cu alloys, the atom per cent, copper is
0, 15.2 and 27.6%, respectively, for the three points shown
as triangles.4&/ The solid line is for the Raney nickel cata-
lyst.8

known that active Raney nickel catalysts contain
a considerable amount of dissolved hydrogen. A
few years ago Smith and his co-workers® pointed
out that the removal of this dissolved hydrogen
tended to destroy the activity of the nickel cata-
lysts. In checking up on this relation for the
ethylene hydrogenation, Ivokes and the' writer
have now obtained the data shown in Fig. 6. The
results indicate that as the dissolved hydrogen con-
tent of the original Raney catalysts is gradually re-
moved, the activity falls. However, it reaches a
minimum and again increases as a last portion of
the dissolved gas is removed from the nickel cata-
lyst. We were at first inclined to believe that the
rise of activity during the removal of the last part

(50) H. A. Smith, A. J. chadwen, Jr., and S. J. Kirslis, T nis Jour-
nat, 59, 820 (1955).
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of dissolved hydrogen might be the result of re-
moving traces of oxygen poison from the surface of
the nickel. However, a comparison with the results
obtained by Hall for the addition of copper to nickel
seems to indicate that the hydrogen is influencing
the activity of the nickel because of some electronic
factor. This isillustrated by the fact that a plot of
catalytic activity per unit surface area for the
nickel copper' catalysts against the atom per cent,
copper in the alloy as measured by Hall4yields the
three points shown as triangles on the curve in
Fig. 7. It is, of course, fully realized that when the
metallic surface of the Raney catalysts has been
measured by carbon monoxide chemisorption one
probably will find that the curve for the Raney
nickel catalyst per unit surface area of nickel will
be shifted upwards from the present curve which is
based on total surface area. Nevertheless, the
shape of the curve for the Raney nickel catalyst as a
function of hydrogen content mil still remain essen-
tially the same as the shape of the curve for the cata-
lytic activities as a function of copper content.
This suggests that, electronic factors are involved in
both instances.

The nature and amount of added hydrogen in
the copper-nickel series studied by Hall is not yet
known. However, for Raney catalysts a combina-
tion of magnetic measurements, differential thermal
analysis and density measurements (by helium) as a
function of the amount of hydrogen pumped out of
the samples seem to afford strong evidence that the
hydrogen promoter is present in the form of a sub-
stitutional solid solution with the nickel. Thus, the
number of nickel vacancies as estimated from the
density of the catalyst is very closely the number
needed to account for the hydrogen content if one
atom of hydrogen is present in each lattice vacancy.

In summary, one can say that catalytic hydro-
genation appears to be related to electronic proper-
ties of the metallic catalysts; however, we are still
far from reaching definite conclusions as to the ex-
act way in which this electronic factor enters into
the different types of catalytic hydrogenation reac-
tions.

Space does not permit a review of the very inter-
esting work that is now being carried out in the
field of semi-conductors as catalysts. It can per-
haps be summarized by saying the catalysts such
as zinc oxide, chromium oxide, nickel oxide and
cuprous oxide appear to exert their catalytic activity
by transferring electrons to the reactant gases on
the surface or accepting electrons from them.6l&2
Furthermore, both the semi-conductors and the
metallic catalysts may have a considerable portion
of their activities located in surface defects@& and
dislocations. Exact correlations are still few and
far between but as methods become more exact for
assaying the number and nature of these surface
defects and dislocations, more quantitative corre-
lations probably will follow.

One aspect of the electronic theory of catalysis

(51) W. E. Garner, “Advances in Catalysis,” Vol. I1X, Academic
Press, New York, N. Y., 1957, p. 169.

(52) “Advances in Catalysis,” ed. G. W. Frankenburg, Vol. VII,

Academic Press, New York, N. Y., 1955.

(53) A. L. G. Rees, “Chemistry of the Defect Solid State,” John
Wiley and Sons, Inc., New York, N. Y., 1954.
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merits a special mention. One might be inclined
to say that the lattice defects and dislocations
are merely specific forms of the “active points”
postulated many years ago by Taylor.54 In ameas-
ure this also could be said of the interfaces between
promoter molecules and the catalytic substances.
There is however one electronic concept that is very
different from any involved in the early active
point hypothesis. Volkenstein®has suggested that
one variety of “active point” may actually be cre-
ated on a homogeneous surface by the adsorption of
a gas molecule or a gas atom. This idea has been
utilized by Taylor and Thon% in explaining the
kinetics of adsorption of gases on surfaces. They
contend that the application of the Elovitch equa-
tion to such adsorption phenomena is an example
of the way in which active adsorption sites can be
created by the adsorption of the gaseous adsorbate
and that the slowing down of the adsorption as a
function of coverage during such an adsorption ex-
periment can be best explained by the mutual self-
destruction of these active points originally created
by the adsorption of gases on the surface. Regard-
less of whether this picture of the creation of active
sites by the adsorption of gases survives the test of
time, there can be no question but that the analo-
gous poisoning effect of various gases on surfaces
may very logically and reasonably be interpreted on
such a basis. As early as 1928, Brewer,5/for exam-
ple, pointed out that a single oxygen atom ad-
sorbed on the surface of metal could be considered
to poison the surface not by virtue of its occupying
an active point by the influence that it exerted on
the electronic properties of the metal for a number
of molecular diameters around the adsorbed oxy-
gen. Accordingly, the general idea of the impor-
tance of the electronic influence of gas molecules on
solids is an accepted idea in catalysis, even though
many are still skeptical of the evidence as to the cre-
ation of active sites by the chemisorption of gases on
solids.

Two other research tools useful in the study
of catalysts should be mentioned. The first of
these is the use of isotopes in studying catalytic
mechanisms. Many reactions are being studied
with the help of the isotopes of hydrogen, nitro-
gen, oxygen and carbon. These can be illustrated
by the extensive measurements that have been
made with the help of carbon-14 in studying the
mechanism of Fischer-Tropsch synthesis over iron
and cobalt catalysts. By the addition of suspected
intermediates in the form of radioactive compounds,
it has been possibleSB& to arrive at some fairly
definite conclusions in regard to the various steps
involved in the complicated synthesis of hydrocar-

(54) H. S. Taylor, Proc. Roy. Soc. (Lcndon), A108, 105 (1925).

(55) F. F. Volkenstein, J. Phys. Chem. U.S.S.R., 23, 917 (1949).
(56) H. A.Taylor and N. Thon, J. A n. Chem. Soc., 21,4169 (1952).
(57) A. K. Brewer, T his Journal, 32, 1006 (1928).

(58) J. T. Hummer, H. H. Podgurski, W. B. Spencer and P. H. Em-

mett, 3. Am. Chem. Soc., 73 564 (1951).
(59) J. T. Hummer, T. W. De Witt and P. H. Emmett, ibid., 70,

3632 (1948).

(60) W. Keith Hall, R. J. Kokes and P. H. Emmett, ibid., 7 2983
(1957).

(61) R. J. Kokes, W. Keith Hall and P. H. Emmett, ibid., A
2989 (1957).

(62) W. Keith Hall, R. J. Kokes and P. H. Emmett, to be published.
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bons over metallic catalysts. Up to the present
time the radioactive compounds added in small
amounts to carbon monoxide hydrogen feed-gas in
such experiments include radioactive methanol,
formaldehyde, ethyl alcohol, n-propyl alcohol, iso-
propyl alcohol, isobutyl alcohol, ethylene and car-
bon dioxide. Very recently to this list has been
added experiments involving the use of radioactive
ketene, CMHZC 0.6 These results combine to sug-
gest that the carbon monoxide-hydrogen reaction
forming higher hydrocarbons over metallic iron or
cobalt catalysts probably proceeds through the
formation of an oxygen surface complex similar to
those that can be formed by the chemisorption of
the alcohols or molecules such as ketene on the sur-
face of the catalysts.

Attention should also be called to the tremendous
importance of gas chromatography& as a new tool
in studying catalytic reactions. As an analytical
tool gas chromatography®‘ & makes possible a de-
tailed analysis of products obtained in conventional
catalyst test units with a speed and completeness
far in excess of any heretofore obtainable. One
particular type of set up emerging from this work
and known as the micro-catalytic-chromatographic
technique, perhaps should be mentioned in clos-
ing. It has now been established that if a micro-
guantity of reactant is added to a stream of carry-
ing gas and passed through a small catalyst con-
verter and directly onto a chromatographic column,
detailed information can be obtained rapidly as to
the quality and quantity of products formed by
the particular catalyst with the particular added
reactants. This technique promises to give valuable
information in regard to the behavior of catalysts
during the first fraction of a second of exposure to
gaseous reactants as well as detailed information on
the kinetics of catalytic reactions® and on the be-
havior of catalysts as judged by the use of radioac-
tive reactants.

Space does not permit a complete enumeration of
all the new tools that are being brought to bear in
an endeavor to elucidate the way in which metallic,
semi-conductor, or insulator catalysts exert their
influence on reactants brought in contact with them.
Not only the magnetic, conductivity and infrared
measurements already mentioned but in addition
nuclear magnetic resonance, contact potential, X-
ray and electron microscope measurements will in
the future be utilized or are at present being utilized
in attempting to unravel the many facets of cataly-
sis. One may venture the prediction that the next
ten years or so will witness more progress in putting
catalysis on a truly scientific basis than has been
made in all work up to the present tune.
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The conventional two dimensional definition, a mechanical (or “bound” molecule) definition, and the correct Gibbs
(surface excess) definition of physical adsorption are compared in the Henry’s law region in terms of “effective” solid-gas

molecule potentials. The differences are considerable.

Also, the Gibbs definition is put in the form of an exact “two di-

mensional” virial expansion (surface pressure expanded in powers of excess surface density) and compared with the approxi-

mate virial expansion according to the two dimensional definition.

The exact “two dimensional” treatment does not lead

to a law of corresponding states or a pair-wise additive intermolecular potential as usually assumed.

I. Introduction

The object of the present paper is to compare
three different definitions of physical adsorption
for an idealized system consisting of a classical mon-
atomic gas in contact with a solid possessing a
mathematically uniform surface (Fig. Ib), the £
y plane. The centers of the atoms of the solids are
assumed to be distributed with uniform number
density nin the region £ o. We consider the low
gas pressure region only, where the first monolayer
isjust beginning to form.

The three definitions, which we consider in detail
below, are the following.

(1) The actual interaction between a gas mole-
cule and the solid is replaced by a parabolic poten-
tial function having the correct potential energy
minimum (at £ = f0 and curvature at the mini-
mum. A molecule trapped in this parabolic poten-
tial well is “adsorbed.” The molecule carries out
simple harmonic f-motion. Treatment of the
motion in the £ r directions is simplified by assum-
ing that it is independent of or separable from the £-
motion and restricted to the plane £ = £0; thus, as
far as the £ 1 directions are concerned, the ad-
sorbed molecules are treated as a strictly two dimen-
sional gas. This is the conventional definition of
or model for mobile monolayer adsorption. We
shall refer to it as the two dimensional definition.

(2) If, at any instant, the £ contribution to the
kinetic energy, p(22m, of a given gas molecule is
less than the negative of the potential energy of in-
teraction between the molecule and the solid, then
the molecule is considered “adsorbed” (or, the f-
motion is “bound”). This is the mechanical defini-
tion of adsorption.s

(3) Finally, the number of adsorbed molecules
can be defined as a surface excess, following Gibbs.

(1) This work was supported in part by a grant from the National
Science Foundation.

(2) Presented at the San Francisco meeting of the American Chemi-

cal Society, April, 1958.
(3) T. L. Hill, 3. Chem. P hys16, 181 (1948).

In Fig. 1, we obtain the number of adsorbed mole-
cules by subtracting the number of molecules in V
in Fig. la from the numberin F in Fig. Ib. We shall
call this the Gibbs definition.

From arigid thermodynamic point of view,4 none
of the above definitions can be made both exact and
operational for a real system. However, the Gibbs
definition resembles in principle the conventional
operational definition (measurement of “dead
space” by helium adsorption). Certainly, for the
idealized system being considered and for theoret-
ical purposes, the Gibbs definition should be re-
garded as correct. Incidentally, unlike the Gibbs
definition, definitions (1) and (2), without modifi-
cation, become obviously unrealistic in multilayer
adsorption.

Il. Two Dimensional Definition of Adsorption
The canonical ensemble partition function for N
molecules can be written here as
n <?V\W2
N¥in (1)

where
A =

h/(2wmkT)'A @)
and

INo = faexp(-UvKT)(ITHK darve ()

The superscript (2) refers to the two dimensions £
and ii(E = =0 plane). Un{) is the interaction po-
tential energy between N gas molecules in the plane
£ = fo. d is the surface area. To obtain qv, we
have to discuss first ?<(£), the interaction potential
between a gas molecule and the solid. If the poten-
tial energy of interaction noth a single atom of the
solid at a distance r is taken to be

(4) E. A. Guggenheim, reviewed by T. L. Hill, Advances in Catalysis,
4, 211 (1952), pp. 251-255.
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then the interaction with the entire solid is35

un 3_mg r/VY _ j_Ir*yi 4
kf 2vskTLU) wsvf/3g @
where
VP 2-y/5 er*dm
kf 9 kf~ ®)

The minimum in eq. 4 occurs at

wKT = wWAT, s/ = U = 5"v. = 0.7647
If we expand eq. 4 about f = f0 we find
Mo M [~
KT ~kT[L - 2t 3(r-ro)’] 6)

where who(C) is the harmonic oscillator approxi-

mation to w(C). Then
a, = (r*/A)/ao W)
where
I T e-uHo/ird(f/r*) )
- Tr 2t LA
L27WS (—/KT).Jd

Whether one writes the lower limit in eg. 8 as 0 or
—m is immaterial. The well-known expression

KT
WV = e-w/KT =
hv
relates the vibrational frequency v to the parame-

ters used above.
The grand partition function is

2 = "2 gnennskT = expfeft/kr)
N >0
A
= £ ©)
0
2 = g™wW/kt/A2

where <is the two dimensional pressure, and s is an
activity defined so that 5— T = N/ft as T —0.
That is, in the Henry’'s law region (T -*m 0), the
amount of adsorption is given by
r*lgoei¥kT
r=d A3
Of course p is determined by the fugacity of the
gas in equilibrium with the adsorbed phase.
By standard methods6we find the virial expan-
sion

(10)

k'?‘ =r + S2>r2+ 332r3+ ... (i)
B = - {z~ - ftJ (12
etc. If Uii{p) is the intermolecular pair potential,
then

R2 = — xJ' [e-uiM/kT — Illpdp (13)

We will assume that «u(p) has the Lennard-Jones
form

M2Zp) = - 2e0 + @3 (14)
Equations 9-13 represent the beginnings of a two-

dimensional version of Mayer's imperfect gas the-
(5) T. L. Hill, Advances in Catalysis, 4, 211 (1952).

(6) See, for example, T. L. Hill, “ Statistical Mechanics,” McGraw-
Hill Book Co., Inc., New York, N. Y., 1956, pp. 134-136, 143-144.

Relations between Different Definitions of Physical Adsorption

457

(a)

Fig. 1.—(a) Reference system—no adsorbing surface: (b)
“real” system with adsorbing surface.

ory. At higher surface densities, approximate van
der Waals7 and Lennard-Jones-Devonshire3 theo-
ries are available. A two dimensional law of cor-
responding states is of course obeyed if Uv (2 is pair-
wise additive and un has only two parameters as in
eq. 14.

I1l.  Mechanical Definition of Adsorption
We limit ourselves in this section to the Henry’'s
law region (adsorbed molecules independent of each
other). The partition function for a single mole-
cule in the volume V (Fig. Ib) is (after integrating
over £ g p(and pv)

q-= J qv/a e-~«(n/*7dr e-pf»/2«*r dpr (15)

Now if we define3 an adsorbed molecule as one
whose (‘-motion is bound

P/2m < —«(f)

then the partition function qu for a single adsorbed
molecule is, instead of eq. 15

M = JAI e~U)/KTO\F
M 2Juirxo
X O oot
= 3JI e-u(n/*rerf vV -u ({)/kTd( (16)
If we define an effective potential wm(C) by
e_uM(n/ar = e-«(0/4Terf \V—U(/)/KT m(3) < 0
=0 u{r)>0 (17)

(7) T. L. Hill, 3. Chem. Phys., 14, 441 (1946).
(8; A, F. Devonshire, Proc. Roy. Soc. {London), 163A, 132 (1937).
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Fig. 2—Relationship between Un{p) and un*(p,T) (sche-
matic).

Fig. 3.—Comparison of actual van der Waals potential with

three “effective” potentials for Uo/kT = —2.
then
m= +« JJ7
We have
= V!
INnH=In £ ONeNn/KT = g"gn/KT
M0

A kT dInS  quep/KT  r* 7m ep/KT

a‘“ "™a a-~ al
where

Im= Jo e~PM/KTd(f/r*) (19)
Equations 18 and 19 are formally similar to eq. 10
and 8, respectively.

This treatment resembles a discussion9of cluster
formation in an imperfect gas using a “mechanical”
definition of a cluster.

IV. The Gibbs Definition of Adsorption

Various aspects of this problem already have
been discussed by Wheeler, Ono, Freeman and Hal-
sey and Hill. 0 The amount of adsorption (surface
excess) can be expressed as a power series in the gas
pressure or fugacity, etc. The new feature which

(9) Reference 6, pp. 152-164.

(10) See, for example, pp. 424-425 of reference 6.
ences are given there.

The other refer-
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Voi. 63

we wish to emphasize here is that this basically
three dimensional treatment can be recast in two
dimensional form, and can thus be compared di-
rectly with Section Il. For example, pcan be ex-
panded in powers of T with exact “two dimensional”
virial coefficients.

In the absence of a surface (Fig. la), we havel

ff=mrw=¢t MPa
» 1

1 Vbte = Zt° = V, bi° = 1
2 Pon0 = Zic - V*

(20)

AP = e-un/KT dri dr2

z = ep/kTj

etc. The average number of molecules in the sys-
tem is
AO= £ Vfbjz’
i>1
In the presence of a surface (Fig. Ib)

pv  sa _ ~q

Kf + K —|I’H=,(;|.th
1 Vbt = zi

2 Vbt = z * -

(21)

(22)

zvV

2\ —Jy e “(fi)Ardn
Zn = J* e-[* ([{d+(f2)+Mii(ri2)}/i2dridr2

etc. The average number of molecules in the sys-
tem is

A = £ Vjbz> (23)

We subtract eq. 20 from 22 and 21 from 23 to find

- nHis) = £ Vb, - o (24)
i>i
V- m=£ Vjbj- (25)
1
As z—»0
—~ W 0 (26)
A - A»-—=F(, - 1z 27)
or
$— > TkT wherer = (A - AQ/ft
In the Henry’s law region
r= V{h - 1)z _ r*laep/KT 28)
a
where
70 = fj (e-p/KT _ Dd(f/r*)
If we define an effective potential mg(D by
¢~uG(G)/kT = e—u(G)/kT — 1 (29)
then
h = e-uG/KTd"/r*) (30)

Equations 28 and 30 are analogs of eq. 10 and 8,

and of 18 and 19, respectively. When u > 0,
e-uG/kT < g ancj Uq js complex. T (and ¢ can be
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negative with the Gibbs definition of adsorption,
but not according to the other two definitions. It
should be noted that Gibbs’ definition of adsorption
is closely related to Mayer’s definition of a cluster.1l

In view of eq. 26 and 27, we define a “two-dimen-
sional” activity b by

a=—1 = 2f " [e-“<)l«* - 1]df (31)
so that b—»T as T—»0 (as in Section I1). If we de-
fine qv by the relation

b = /N\2 = zgyA (32)

asin eq. 9, then

=107 b-mrkt ~ ldf B
= F6i - 1)/<A
We use eq. 32 to replace zby b, and eq. 24 becomes
£ b~b’ (34)
& £,
where
— V(j - &)
The usual relations6
1 abi<d = Zi@d = a; Gx>=1
21 (J622>= 724 - ft2 (36)
laV)d=2z231- 3Qz22A + 2fls
etc., then serve to define the ZN{i). We find, for
example
. 22N - zz2+ 2F2
Z- -~ (z, - F)2 (37}

The “two dimensional” virial expansion6according
to the Gibbs definition of adsorption is then

£ = or + b2>r2+ B3»r2+ (38)
with R29 given by eq. 12, etc.
Let us define an effective “two dimensional” in-

termolecular potential ul2* by the equation

222- a2=Ja dr,<2>drd (39)

Then from eq. 37 we find that
1=

e~ui2*(p,T)/kT -

[e~u<X\)/kT e~ui.n)/kT — 1]fe unix)zkt — 1]dN dfc@

2
~UE)/KT _ i]dr
(40)
where
r2= P2+ (ft - L)2
p2 = (T2 — fiy2+ (v2 — vi1

Thus, in an exact treatment, un{p) in eq. 13 must be
replaced by wi2*(p, T). Since X2*for agiven gaswill
be different for different adsorbents, a two dimen-
sional law of corresponding states cannot be strictly
obeyed. Also, consideration of Z (2 shows, as might
be expected, that the effective potential U\N2* is not
strictly pair-wise additive (assuming that the actual
intermolecular potential is pair-wise additive).

To get an approximate idea of the difference be-
tween un*(p, T) and ulAp) in eq. 40, we make the

(11) See p. 162, reference 6,
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Fig. 5.—Gibbs and mechanical “effective” potentials as
functions of van der Waals potential.

following first-order calculation (which will under-
estimate the difference). First, we use the para-
bolic approximation, eq. 6, to w(t), neglect unity
compared to e~wKT, and expand e~ut/KTabout r = p
in powers of x = f2—ft:

e-Mis(r)/iT = e-un{p)/kT -j- bX2+ ex* +

b =

S~uMp)/kT X MU'(p)f

KT )

Un"(o)

P KT
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Then

g~uis*0>,T)/kT =

F 0, axize-ax IC-LizE/KT -

b(x2 — Xi)2 + o(t2 — Xi)4 dxidx2
e~ax" d*i)*

= e-mW/kT + (b/a) + (3e/a2 (41)

where

d=fi—RQP=f—bo
27757 u\
o 2e% V kf)

If we substitute the expressions for b and c in eq. 41,
factor out e~Ukij)/KT, take the logarithm of both
sides, expand each of the terms on the right-hand
side about p = rOup to (p — rQ2 and finally locate
the minimum in the resulting expression for ul2*(p,
T), we find

1o )
(42)
L) — VL~ 2 + )
where
6 =4/f,y [ moV 1
or,2 9\rj V KT)

The function Un*(p, T) is compared schematically
with igz(p) in Fig. 2. The general relationship
shown in this figure results from the fact that oscil-
lations, perpendicular to the surface, of two mole-
cules a distance p apart in the £ » directions will
necessarily make their average separation some-
what greater than p. Also, an average over un will
necessarily lead to a minimum in wi2*above the mini-
mum in Uiz itself.

If, for simplicity, a strictly two dimensional
treatment (virial expansion, two dimensional con-
densation, critical properties, etc.) as in Section 11
is used, the theory will be improved by the use of
the adjusted parameters of eq. 42 rather than raand
& themselves.
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V. Discussion

The solid-gas molecule potentials mho, « m and uq
are compared in Figs. 3 and 4 with u (eq. 4), for
Uo/kT = —2 and —5, respectively. It isclear that
the Gibbs and mechanical definitions provide ef-
fective “bound” potentials just as does the har-
monic oscillator model. Figure 5 shows 1im and uq
plotted against —u.

In the Henry’s law region, the amount of adsorp-
tion, according to the three definitions, is given by
eq. 10, 18 and 28. The three values of T differ only
through the integral 7 (eq. s, 19 and 30). /no
cap be evaluated analytically; we also have calcu-
lated values of 7m and 7g by numerical integration
(and analytical integration for large f) for uWkT —
— and —5. These results are shown in Table I.

Table |

Relative Amounts of Adsorption
—uo/kT

2 5 ®
7ho 1.93 24.5 co
Im 4.83 34.3 co
la 1.81 30.2 co
Thol/lg 1.07 0.81 1.00
Im/lg 2.67 1.13 1.00

7m is much larger than 7g for uWkT — —2. The

excess arises as follows: o.e in the interval o to
0.64 (in which 7g has a negative contribution and 7m
none); 0.9 in the interval 0.64 to 2.75; and 15
in the interval 2.75 to oo. The negative contribu-
tion to lg just referred to becomes relatively less
important as —u/kT increases. This effect is re-
sponsible for the reversal in relative magnitude of
I bo and I g seen in the table.

It is apparent from Table | that significant er-
rors can be made in estimating theoretically the
amount of adsorption in the Henry’s law region by
not using the correct (Gibbs) definition of adsorp-
tion.

Finally, it should be mentioned again that
classical rather than quantum mechanics has been
used throughout.

The author is indebted to Dr. Dirk Stigter for his
interest and assistance.

THE CHEMISORPTION OF OXYGEN ON SILVER

By J T.Kummer

The Dow Chemical Company, Midland, Michigan
Received October 7, 1958

The silver-oxygen system has been studied by measuring the change in surface potential of a silver surface produced by

oxygen chemisorption, and by measuring the paramagnetism of a silver surface after oxygen chemisorption.

The change in

surface potential was obtained by measuring the current flow into or out of a condenser consisting of gold and silver plates

at ~220° when oxygen is admitted to the system. The change in surface potential is negative ~0.2 volt.

The surface

paramagnetism was measured by ortho-para hydrogen conversion, and the surface after oxygen chemisorption is slightly
paramagnetic, corresponding to one unpaired electron per 150 A.2

The catalytic oxidation of ethylene to ethylene
oxide over a silver surface occurs by the reaction be-
tween gas phase or weakly adsorbed ethylene and
oxygen chemisorbed on the surface.1 In order to

(i) G. h.Twigg, Trans. Faraday Soc, 42,284 (1946).

understand the catalytic reaction more thoroughly,
we have measured the surface potential of a silver-
oxygen surface relative to a silver surface and have
measured its paramagnetism. The silver-oxygen
bond in Ag is largely covalent in character and the
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covalent radius of oxygen is approximately one-
half the silver radius. If one pictures the oxygen
as chemisorbed on top of the surface plane of silver
atoms then one would expect the silver surface to
become more negative to the extent of a few tenths
of a volt. Brewer,2however, using a photoelectric
technique concluded that the silver surface became
more positive with the adsorption of oxygen and
only became more negative than a silver surface
when exposed to atomic oxygen which formed a
layer of AgD. The latter result was confirmed by
Weissler and Wilson.3 The change in the surface
potential of silver on chemisorption of oxygen has
been measured by a number of other investigators.
Finch and Stimsondband Bradford6 measured the
potential of a silver plate exposed to oxygen using
an electrometer with a reference surface of glass.
Finch and Simpson found the silver oxygen surface
more positive than silver and Bradford found a
more negative surface. Fianda and Lange6 studied
the work function of an abraded silver surface ex-
posed to oxygen at room temperature and found
that oxygen reduced the work function and so
presumably produced a positive surface. The re-
sult obtained by some of the investigators that oxy-
gen adsorption causes the silver surface to become
more positive was difficult to reconcile with known
electronegative nature of oxygen (assuming oxygen
did not penetrate the Ag lattice and lie below the
silver atoms) so we have repeated the work as de-
scribed below.

The apparatus used for our measurements consisted of a
silver sheet formed into a cylinder ~ 78" dia. and 4" high
(weight = 14.5 g.) surrounded by a gold cylinder ~ 1'/8'
dia. and 7" high all inclosed in a Vycor tube contained in a
furnace (see Fig. 1). The gold cylinder was grounded and
the silver cylinder was grounded through a 2 X 100 ohm
resistor. A vibrating reed electrometer measured the volt-
age drop across the resistor as oxygen was admitted to the
sheet or the surface oxide was reduced. Since gold does
not78chemisorb oxygen it is assumed that the surface poten-
tial of the gold sheet does not change on admission of oxy-
gen and that the current flow in or out of the silver sheet is
due only to the change in surface potential of the silver.
Knowing the capacity of the system and the total charge
in coulombs in or out of the sheet one can calculate the sur-
face potential. This method is useful only when the surface
potential changes rapidly enough (as it was in this case) so
that the area under the curve of current against time can be
evaluated accurately. The electrometer sensitivity was
Vio of a millivolt (5 X 10-15amp.) per scale division (~2.5
mm.). The recorder was a 1 sec. recorder and the time
constant of the electrometer was made 2 sec. When oxygen
is added to a reduced silver sheet at 220° in our apparatus
there is observed a sharp peak on the electrometer recorder
of ~15 second base width indicating a flow of electrons from
ground to the silver sheet. If after brief evacuation hydro-

gen is added there is observed on the recorder a similar peak
of opposite polarity indicating a reduction of the oxide by
hydrogen.

The polycrystalline silver sheet was annealed in air at
900° and etched with nitric acid before use. The impurities
were 8-16 p.p.m. Al, 10-20 p.p.m. Cu, 50-100 p.p.m. Fe,
3-6 p.p.m. Mg. The copper and iron impurities are as-

(2) A. K. Brewer, J. Am. Chem. Soc., 56, 1909 (1934).

(3) G. L. Weissler and T. N. Wilson, J. App. Phys., 134, 208
(1953).

(4) G. I. Finch and J. C. Stimson, Proc. Roy. Soc. (London), A116,
379 (1927).

(5) B. W. Bradford, J. Chem. Soc., 1276 (1934).
(fi) F. Fianda and E. Lange, Z. Elektrochem., 55, 237 (1951).
(7) N. Bortner and G. Parravano, J. Am. Chem. Soc., 78, 4533

(195fi).
(8) B. M. W. Trapnell, Proc. Roy. Soc. {London), A218, 500 (1953).
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Oxygen pressure, mm.
Fig. 2.

sumed to be in solid solution after reduction at 500° and the
oxygen is added at 200° for only several min. in order to
obtain the surface potential. Car? was exercised to avoid
long exposure to oxygen which might cause these impurities
to accumulate on the surface. The grain size was ~1 mm.,
the sheet being one crystal thick, and the surface plane had
a 110 preferred orientation dus to rolling. The silver sheet
was reduced overnight with hydrogen at 530°, cooled to
room temperature and treated with CO for several days in
an effort to remove any iron or nickel that may have been
present (see Table 1). After the CO was evacuated, the
sample was re-reduced and evacuated at 510°. The silver
sample was protected at all times from stopcock grease and
mercury by a liquid nitrogen trap.

Results

We have found that the chemisorption of oxygen
on silver gives a negative surface dipole which in-
creases with surface coverage to ~0 2 volt at high
oxygen pressures (see Fig. 2). Some difficulty was
encountered with earlier results in which at low
oxygen pressures a positive surface was observed.
This was attributed to impnritie&.u-the-gold-sheet
which chemisorb id oxygen »(giving a negative di-

pole on the gold s irfaWWfiHSdkldfifing tikeii ffci.iS 1A

tive silver surface) since on repeated heating to
mtm IIJBfkTwm uj
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500° and etching with HNOs of the gold sheet the
positive peak on the recorder (electrons flowing from
the silver sheet to ground upon oxygen addition)
disappeared. We are unable to offer an explanation
as to why our results differ in sign from Brewer's
photoelectric results, unless Brewer’s silver surface
was not clean but was coated with impurity oxide
behaving like a semi-conductor.

Tabte |

Effect of COTreatmenton Ortho-Para H>Conversion
at -195°

Time of half

Pure silver catalyst, no oxygen treatment conversion, min.

Sample reduced 53 hr., 520° 268
Sample reduced an additional 48 hr., 540° 144
Sample CO treated 20 hr., 1 atm., room tem-

perature. CO evacuated and sample re-

duced 6 hr., 500° 2400

In Twigg’s expression for the oxidation of ethyl-
ene to ethylene oxide over silver catalysts, he finds
the rate of the side reaction to form carbon dioxide
and water to be proportional to the square of the
surface concentration of oxygen atoms, and con-
cludes from this that two oxygen atoms chemisorbed
side by side are necessary in order to form carbon
dioxide and water. It is possible that the species
responsible for the carbon dioxide and water forma-
tion could be a chemisorbed oxygen molecule (o 2~
ion),s the concentration of which on the surface
would also be proportional to the square of the sur-
face coverage of oxygen atoms. DeBoer and For-
tuine have postulated the presence of Ch- ions on
silver surfaces in order to explain the catalysis by
silver of the reaction between cumene and oxygen
to form cumene hydroperoxide. Recent workiw at
the Shell Laboratories using oxygen-18 has shown
that oxygen is adsorbed on silver at 200° initially
as molecules which may be followed by dissociation
into atoms. As pointed out by these investigators
the chemisorbed oxygen molecules have a life-time
on the surface at least comparable with the rate of
ethylene oxidation and may be responsible for the
carbon dioxide production. Their experiments
however left unanswered the question as to whether
a silver-oxygen surface at a low temperature on
which the rate of oxygen adsorption and desorption
is low, contains any appreciable concentration of
chemisorbed oxygen molecules. We have looked
for this steady-state concentration of chemisorbed
oxygen molecules using the method of Sandler.

SandlerIlhas described a method for determining the con-
centration of paramagnetic species on diamagnetic or weakly
paramagnetic surfaces using the rate of ortho-para hydro-
gen conversion as a measure of the paramagnetism of the
surface. We have applied this method to a silver surface
onto which oxygen has been chemisorbed in order to find
evidence for 02~ ions (paramagnetic) on the silver surface.
Both silver and Ag2 are diamagnetic. The silver surface
used was made by decomposing Ag2C03 (made from solu-
tions of c.p. silver nitrate and ammonium carbonate) in a
stream of hydrogen. The silver sample analyzed by weight
10 p.p.m. Al, 5-10 p.p.m. Ca, 1 p.p.m. Cu, 20 p.p.m. Fe,
fi-10 p.p.m. Mg, 100-200 p.p.m. Si. The total sample

(9) J. H. DeBoer, "Advances in Catalysis,” Vol. 8, Academic Press,
New York, N. Y., p. 79.

(10) "Second International Congress of Surface Activity,” Vol. 11, p.
299.

(11) Y. A. Sandler, This Journal, 58, 34 (1954).
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weight was 76 g., its nitrogen surface area 1.5 square meters
and its oxygen adsorption at room temperature 0.3 cc.
(S.T.P.). Reductions were carried out at 450-550° in a
flow of oxygen-free hydrogen of ~100 cc. S.T.P. per min.

After a prescribed treatment with either oxygen or hydro-
gen, the silver sample was cooled to —195° in helium. The
helium was evacuated and 20 cc. (S.T.P.) of normal nitro-
gen-free hydrogen was added to a pressure of 120 mm. The
rate of ortho-para conversion was measured by withdrawing
small samples at specified times, measuring the para con-
tent by a thermal conductivity gage and calculating the
times of half conversion from the slope of the plot of log
Vt/Vn against time ivhere Ft is the difference between the
parahydrogen concentration at time t and the equilibrium
parahydrogen concentration and Mois that difference at the
start of the experiment. The amount of physical adsorp-
tion of hydrogen on the pure silver catalyst at —195° and
120 mm. hydrogen pressure was not measured because it is
too small to measure. From data in the literature of physi-
cal adsorption (as separate from chemisorption) on iron
catalysts of higher area it can be estimated that the 1.5 m.2
area of the pure silver catalyst would physically adsorb
0.04 cc. S.T.P. of hydrogen. This gives a ratio of gas
phase hydrogen (20 cc.) to adsorbed hydrogen of 500.
The true half-lives wmuld then be ~ 1/500 as Targe as the
observed half-lives for this catalyst.

When the sample was reduced long periods of time with
hydrogen the ortho-para conversion activity increased, ap-
parently due to appearance of Ni or Fe at the surface. It
was necessary to treat such reduced samples with CO at
room temperature in order to remove the Ni or Fe as the
carbonyl. After subsequent reduction the ortho-para con-
version was lowered as can be seen in Table I.

Results

Using the method of Sandleru we have physically
adsorbed oxygen on the silver surface in order to ob-
tain a relation between the number of unpaired
electrons on the surface and the ortho-para con-
version rate. The data are given in Table I1.

Tabte Il

Time of half
conversion,
min.
Silver sample reduced and evacuated 500° ~1500
Silver sample reduced and evacuated at 500°.
Cooled to —195° in helium and evacuated.
0.09 cc. (S.T.P.) of oxygen physically ad-

sorbed at —195° before addition of hydro-

gen. 41% + 3
Same as above except that a total of 0.22 cc.
S.T.P. of oxygen physically adsorbed 13“+ 2

“ Initial values,

i¥2increased with time in the presence
of hydrogen.

If the pure silver sample is reduced and evacu-
ated at 500°, cooled to room temperature in he-
lium, contacted oxygen at room temperature, evac-
uated, cooled to —195° in helium and used for the
ortho-para hydrogen conversion it is found that
the oxygen treatment lowers the time of half con-
version as compared to the sample before oxygen
treatment as shown in Table 11l from ~1500 to
~230 min. Using the data in Table Il that 0.09
cc. of physically adsorbed oxygen gives a time of
half conversion of 41 min. one can calculate that
the first-order rate constant K is: K = 0.46 X
10-3 + 184 X 10-sy 1/min. where y is cc.(S.T.P.)
of oxygen on the surface. A time of half conver-
sion of 230 min. (K = 3 X 10_3) would be caused by
0.0136 cc. of oxygen on the surface so that the ob-
served paramagnetism of the silver surface pro-
duced by oxygen chemisorption would be equivalent
to a surface on which 0.0136 cc. of oxygen was
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Table Il
Time of half
conversion, min.

Silver sample reduced and evacuated at 500° 1700
Reduced and evacuated at 500° and then

contacted oxygen at 1000 mm. for 100 hr.

at 25°. Oxygen evacuated 1 hr. at 25° 200
Silver sample reduced and evacuated at 450° 1500
Reduced and evacuated at 500° and then

contacted oxygen at 1000 mm. for 24 hr. at

at 25°.  Oxygen evacuated 1 hr. at 25° 220
Silver sample reduced and evacuated 500° 1300
Reduced and evacuated at 500° and then

contacted oxygen at 100 mm. for 11 days

at 25°. 02evacuated 1 hr. at 25° 290
Silver sample cooled from 240 to —78° in

500 mm. of oxygen. 02 evacuated at

-78° 220

chemisorbed. Since the surface is 1.5 m.2 this is
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equivalent to 1 impaired electron per 150 A.2using
**(*) as the ratio of the square of the magnetic
moment of the electron to the oxygen molecule.
The paramagnetism observed could not come from
physically adsorbed oxygen; however, since this
would be removed by evacuation at room tempera-
ture (or —78°), so we have ascribed it to the pres-
ence of chemisorbed oxygen molecules on the sur-
face (the presence of divalent silver on the surface
would seem unlikely). Since the surface chemi-
sorbs 0.3 cc. of oxygen at room temperature, then
if one assumes the 0.0136 cc. of oxygen were equiva-
lent to ~0.036 cc. of oxygen molecule ions (using
the factor 3 8again)llone would say ‘hat 5% of the
species present on the surface are chemisorbed oxy-
gen molecules (02 assumed to give two chemi-
sorbed atoms). These results give evidence for
the existence of a small steady state concentration
of chemisorbed oxygen molecules on silver surface
covered with chemisorbed oxygen.

IN THE STUDY OF SILVER CATALYSTS FOR

ETHYLENE OXIDATION

ByJ N.Wllson, H ITVoge,

D. P. Stevenson,

A.E.smith and L. T. Atkins

Shell Development Company, Emeryville, California
Received October 7, 1958

To investigate whether different crystal planes of silver give different results in the catalytic oxidation of ethylene to

ethylene oxide with air, several types of evaporated silver film were used.

By evaporating in vacuo or in 1 mm. of nitrogen

or hydrogen, films containing crystals randomly oriented or with the 110 plane parallel to the glass support were obtained.

Both types were about equally active and selective.

oxidation at 250-280° caused recrystallization to randomly oriented material in 2-4 hours.
Disorientation did not occur when similar films were heated in air at 250°.

would not be expected to persist in use.

Most significantly, it was found that use of an oriented film for ethylene

Thus, unusual crystal faces
Detec-

tion of volatile impurities in silver catalysts was done by heating to near-fusion temperature in a small chamber connected

to the inlet reservoir of a mass spectrometer.

shown to be present in silver made by reduction of the oxide or by chemical deposition from solution.
layers could be detected on catalysts with surface areas of 01! m.2g.
Values for powdered silver catalysts held in a flat tray ranged from
Chemisorption of phosphorus, sulfur or chlorine compounds

surface potential relative to a gold electrode in air.
—b500 to +500 mv. and were reproducible to about 10 mv.
made the values more negative.

The oxidation of ethylene with air or oxygen
over silver catalysts is an important industrial
process. Although many practical and fundamental
studies of this reaction system have been made,12
much remains to be learned, both about mechanism
and the nature of the catalyst. In some respects
the silver catalysts are ideally suited to basic stud-
ies, for pure silver, unsupported and unpromoted, is
an effective catalyst. Surface areas are very low,
however, often falling in the range 0.02 to 0.2 m.2
g., and the surfaces are poisoned easily. The pres-
ent paper describes some fundamental studies of
silver catalysts using three special physical tech-
niques. The first, electron diffraction observations
on evaporated silver films before and after use, has
given a definite answer to one of the basic questions
concerning this system. The other two, detection
of impurities by flashing into a mass spectrometer,
and measurement of surface potentials, show real
promise for applications but are described here only

(1) G. H. Twigg, Proc. Roy. Soc. 188A, 02, 105, 123
(1946).
(2) A.Orzechowski and K. E. MacCormack, Can. J. Chem., 32. 388,

415. 432, 443 (1954).

{London),

Appreciable amounts of carbon, oxygen, hydrogen and sulfur compounds were

Fractional mono-
Another measurement of possible utility was that of

as methods of wide possible utility for the study of
catalysts.

Part 1. Recrystallization of Silver under Influence
of the Reaction

A silver catalyst that consists of a collection of
small silver crystals may expose various crystal
planes to the gas phase. It was thought that dif-
ferent faces might have different activities and dif-
ferent selectivities for the formation of ethylene
oxide. To examine this question, evaporated silver
films were used. By controlling evaporation con-
ditions one can prepare films in which the crystals
are randomly oriented, and others in which the
crystals are oriented with the 110 plane parallel to
the glass surface where the film is deposited. If
different faces are exposed in the two types of film,
and if different faces give different catalytic results,
then catalytic tests on the films should show a dif-
ference. There was thus a chance that tests on
evaporated films would supply evidence regarding
the effect of crystal face on the reaction. Actually,
however, another answer, of equal significance, was
obtained from the experiments. It was found that
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under the influence of the reaction the silver re-
crystallized so that an oriented film became ran-
domly oriented. This implies that in prolonged
operation of a silver catalyst a preferred face or
combination of faces will form, and that preparation
so as to favor a particular face will not have lasting
effect.

Recently Kummer3has observed ethylene oxida-
tion on different faces of silver single crystals. He
did not find any clear cut catalytic difference. Itis
conceivable that there was a surface recrystalliza-
tion to bring all his faces to the same state. It is
also possible that the faces he examined (211, 111,
110) do give the same results.

Experimental

Silver films were prepared by evaporation from an elec-
trically heated silver filament or from a tungsten filament
wrapped with silver ware. They were evaporated onto
about 18 cm. of the inside surface of a Pyrex glass tube 4
cm. in diameter. A small holder carrying a flat, polished
glass plate, 1cm. by 2.5 cm., also was exposed to the evapo-
rating silver. During evaporation both the glass plate and
the tube were cooled to about 20°. Evaporations were in
vacuo or in about 1 mm. of H2 or N2. Total weights of
films were from 50 to 150 mg.

After the evaporation the tube was opened to the air, the
filament was removed, and the plate was transferred to an
electron diffraction apparatus for structure determination by
diffraction of 32-35 kv. electrons at grazing incidence.
Then the plate was again placed in the tube, and the entire
tube and plate were made the reactor for a flow-system
apparatus for the oxidation of ethylene. After use the tube
was cooled and the plate again was transferred to the diffrac-
tion apparatus for structure determination. Transfer
could be repeated as desired.

Ethylene oxidation over the evaporated films was carried
out at 250-276° and atmospheric pressure. A mixture of
10 parts air and one part ethylene was passed through a
guard tube containing cold granular silver catalyst and into
the top of the tube containing the film. Total flow rate was
110 ce./min., for volumes measured at 0° and 760 mm.
The reaction gases leaving the bottom of the tube were
periodically passed through a simple absorption train for
analysis. The train consisted of two bubblers containing
0.02 N HC1 saturated with MgCfi to absorb ethylene oxide,
a drying tube containing Drierite and a weighed tube con-
taining Ascarite for collection of CCfi. Since ethylene oxide
and CO02are the only major products, rliis train gave an
adequate analysis. From the amounts of ethylene oxide
and COz2 found and the known sampling period and inlet
flow rate, the following were calculated

moles ethylene consumed
moles ethylene fed

moles CbHjO produced n
moles ethylene consumed

The percentage reaction over silver films was only 0.3-
1.0%, and with this small amount of reaction the selec-
tivity determinations were not very accurate. Neverthe-
less, trial tests made with small amounts of bulk silver
catalysts of known characteristics showed that selectivities
could be measured within 10% at this level of reaction. In
these trial tests the bulk silver catalysts were supported
loosely on glass wool placed in the otherwise empty 4 X 45
cm. evaporation tube.

% reacted X 100

Selectivity, %

Results

Silver differs from other face-centered cubic me-
tals previously investigated by electron diffraction-
observations of evaporated films in this Labora-
tory.4 In the past work, nickel, palladium, gold
and platinum were found to form oriented films
readily by evaporation in the presence of an inert

(3) J. T. Kummer, This Journal, 60, 606 (1956).

(4) O. Beeck, A. E. Smith and A. Wheeler, Proc. Roy. Soc. {London),
177A, 62 (1940).

D. P Stevenson,

A. E.Smith and L T.Atkins VOI@

gas. It is much more difficult to obtain highly
oriented films with silver. Evaporation conditions
and structures observed for five silver films are
given in Table I. We did not attempt to define
closely the conditions needed for obtaining a film of
a given type. It was sufficient for the present pur-
poses that films of several types were obtained.

Tabte |

E vaporated Silver Films

Evaporation was onto glass at about 20°.
planes are parallel to the glass support.

Orientation

Film Evaporation conditions Weight, Crystal structure of film
no. Atmosphere Speed mg. by electron diffraction
2 1mm. N2 Slow 21  Cubic Ag medium

oriented 110
3 0.75 mm. N2+ Slow 80 Cubic Ag oriented
0.002 mm. H2 110. Some ori-
ented X crystals
4 Vacuum, 10_smm. Rapid 81 Cubic Ag random
and oriented.
Some X random
and oriented
5 0.84 mm. N2 Slow 77 X mostly oriented
6 Vacuum, 10~6mm. Slow 150 Cubic Ag oriented

110

In addition to face--centered cubic silver, another
crystalline material was observed in some of the
films. Although this material has not been iden-
tified definitely, there is evidence that it may be a
hexagonal interstitial compound of nitrogen (or ar-
gon) in silver. This material, which is designated
as “X” in the tables, was oriented if the silver was
oriented. It disappeared on heating in hydrogen or
during the use of a film for the oxidation of ethyl-
ene. It did not disappear on heating in air at 250°
for 7 hours. Films 2 and 6 did not contain appre-
ciable amounts of this unidentified material.

Table 11 describes changes of the films on heating

Tabte Il

Changes op Evaporated Silver Films

Exposures of films were applied in sequence, as listed
Film
no. Exposure of film

2 None
Vacuum, 1 hr., 250°
AU-C2H4, 2 hr., 250°

Structure by electron diffraction
Cubic Ag oriented 110
As above, little change
Much of orientation gone

Air-C2H4 6 hr., 250° All orientation gone. Cubic
Ag random
3  None Cubic Ag oriented 110, plus X
oriented
Air, 7 hr., 250° As above, little change

Hydrogen, 1hr.,250° Cubic Ag oriented 110. X
gone

Almost all orientation gone

Cubic Ag random and oriented,
plus X random and oriented

Cubic Ag random. X gone.
Some unidentified material

Air—€,H4 5 hr., 250°
1 None

Air-CiH,, 2 hr., 250°

or use. Heating in vacuo or hydrogen for one hour
at 2,50° did not destroy orientation of the silver,
nor did heating in air for 7 hours at 250°. Use for
ethylene oxidation, however, completely destroyed
the orientation in 2-5 hours. Examples of "the
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(@)

Original silver film deposited in 1.0 mm. N2

(b)

Same film after use for ethylene oxidation
for 8 hr.

Fig. 1.—Electron diffraction patterns from film no. 2.

(a)

Original silver film deposited in 0.75 mm. N2

(b)

Same film after heating in air 7 hr., H2 1 hr.,
and use for ethylene oxidation for 5 hr.

Fig. 2.—Electron diffraction patterns from film no. 3.

(a) Original silver film deposited in 0.75 mm. N.
(the electron beam was at a lower angle of incidence
to the film than in Fig. 2 and therefore surface
features such as “X” lines show more strongly).

(b) Same film after heating in air at 250°
(same beam angle as in (a)),

Fig. 3.—Additional diffraction patterns for film no. 3.

change of structure in use are shown in Figs. 1and
2 for films 2 and 3. The ineffectiveness of heating
in air is shown in Fig. 3. Although the pictures are
rather blurred, it is evident that the bright spots

characteristic of oriented crystals are gone after
use, and only the rings for random cubic silver re-
main. The strong effect of reaction on the crystal
structure is similar to that found by Leidheiser
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and Gwathmey6for copper single crystal faces used
to catalyze the H2+ 02reaction. We can visual-
ize it as an effect of the repeated adsorption of oxy-
gen followed by removal by reaction. The heat of
adsorption of oxygen on silver is 16 kcal./mole ac-
cording to Benton and Drake.6 The heats of reac-
tion of this adsorbed oxygen with ethylene are
considerably greater. Thus we estimate

C2H4 - Ag*Oas = C2H4O + Ag, AASK =  17.2 keal.

caHi + 6Ag-Oak = 2C02+ 2HD + 6Ag, AHmox =
—268 kcal

Such amounts of energy, when released locally, can
evidently cause considerable movements of the
silver atoms. The relatively rapid surface rear-
rangement that occurs shows that initial differences
in the crystal faces exposed cannot be held responsi-
ble for lasting differences in catalytic properties of
practical silver catalysts.

Table 111 gives some catalytic results with the
silver films. Activities were the same, within a
factor of two, for all the films. There was no cor-
relation between activity or selectivity and the
types of film present at the start of a test. For the
most part, selectivities fell in the range 30-50%, as
observed by Rummer.3 The higher selectivities ob-
served with film 3 and with film 4 in the last sample
probably result from partial poisoning of the films
with impurities from the reaction system. It is
well known that certain impurities cause an increase
in the selectivity of silver catalysts for this reaction.

Table Il

Activity Tests of Evaporated Silver Films

Air at 100 cc./min. plus ethylene at 10 ec./min. passed over
film at atmospheric pressure

Selec-
Film Temp., Hr. % Re- tivity,
no. °C. use acted % Type of film at start
3 250 1.5 0.6 62 Oriented cubic Ag,
5 0.3 84 some oriented X
4 250 1.5 1.0 41 Random cubic Ag,
8 0.5 49 some X
10.5 .5 59
5 276 1 3 44 Oriented X
4.5 5 46
6 256 0.1 9 29 Oriented cubic Ag
3 7 35
7 7 32
Part 1l. Detection of Impurities in Silver Catalysts

In part | it was shown that oriented films of silver
are not stable under reaction conditions and there-
fore particular crystal planes cannot be made re-
sponsible for the observed catalytic differences often
met among various silver catalysts. We are left
with adsorbed or contained impurities as the most
likely cause of such differences. Conventional
analyses are of some help in detecting such materi-
als, but since surface areas of silver catalysts are
quite low, small amounts of impurities can have
large effects, and sensitive methods of detection are
desirable. One such method is a flashing technique
combined with mass spectrometric analysis. This
has been applied to a number of nearly pure silver

(5) H. Leidheiser and A. T. Gwathmey, J. Am. Chem. Soc., 70, 1200
(1948).
(6) A. F. Benton and L. C. Drake, ibid., 56, 255 (1934).
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catalysts to show the presence of sulfur, carbon and
oxygen compounds in amounts sufficient to form up
to ten monolayers on the surface. Amounts of sul-
fur as low as 0.05 part per million were detected;
this could cover only 0.0005 of a monolayer. An-
other technique that shows promise of rapidly de-
tecting effects of certain types of adsorbed materi-
als is the surface potential with respect to a refer-
ence electrode. Normally this is measured on bulk
metals in a vacuum system. We have obtained
results that appear to be significant by using silver
powders in air.

Experimental

The flashing technique was applied to fresh or used
silver catalysts in granular form. The sample of 1-5 g.
was placed in a small quartz vessel attached to the inlet
system of a mass spectrometer. Normally the catalyst was
first evacuated 30 minutes at 25°.

“pure”

Then the vessel was
connected to the inlet system and the sample was rapidly
heated to about 800° with an induction furnace or a small
resistance furnace. The composition and amount of the
evolved gas were determined by the mass spectrometer.
Surface potentials were measured in the conventional
way, using a vibrating gold electrode that formed one plate
of a condenser while the grounded sample near it formed the
other plate. The alternating current produced by the
changing capacity was displayed on an oscilloscope. A
counter potential was imposed on the condenser, and the
magnitude needed to minimize the alternating current was
taken as the surface potential.
described by Zisman.7 The silver catalysts had
conductivity for this measurement. The granules were
ground to a powder below 60 mesh and were put into a holder
having an aluminum bottom 3.8 X 6 cm. and glass sides
1.5 mm. high. The loose powder was levelled and pressed
down with a ten pound weight.
taken after about one minute.

Similar apparatus has been
ample

The first reading was
Further observation showed
a slow drift in the potential, normally ranging from zero to
15 mv./min. The humidity of the atmosphere influenced
the drift rate. Here only initial values of the potential are
considered. In any further work of this kind, measurements
could be refined by more rigorous pretreatment of samples
and by better control of the ambient atmosphere.

Three types of silver catalyst were used, namely, precipi-
tated silver, reduced silver oxide and silver from the lactate
supported on Alundum.

Precipitated silver catalysts were prepared by adding a
50% KOH solution to a 9% silver nitrate solution containing

dextrose. Quantities were 355.5 g. of AgNC=>3 and 45 g. of
dextrose in 4500 ml. of water, and 250 g. of KOH in 250
ml. of water. The addition took 12 to 17 minutes. The

reduction of the precipitated silver oxide was completed by
stirring for 45 minutes at room temperature and then heat-
ing to 70-75° during the course of another 45 minutes.
The silver powder formed was filtered, washed and dried at
about 120°. The powder was then pressed into a porous
cake and this was broken into 10-20 mesh granules for use.
Many such preparations were made; the catalysts
highly active for the oxidation of ethylene at 200° when
tested with 100 cc./min. air and 10 cc./min. ethylene
passed over 7 cc. of catalyst at atmospheric pressure (per-
centage reacted 20-80% ).

were

Reduced silver oxide catalysts were made by the reduc-
tion of granular silver oxide in a stream of 9% 112, 91% N 2
at 170-220°. Silver oxide was prepared by adding a 9.1%
KOH solution to a 9.1% AgNX)3 solution. Addition was
normally at temperature over a period of 10-30
minutes. In some cases stoichiometric KOH was used;
in others an excess. The precipitate stood for one hour,
and then was filtered, washed and dried. Usually the filter
cake could be broken into granules of adequate strength
for reduction and use. These catalysts were of about the
same activity as the precipitated silver catalysts.

Silver from lactate on Alundum was prepared by impreg-
nating Alundum pellets from the Norton Company with a
hot solution of silver lactate.

room

This then was decomposed
in a stream of nitrogen at 400° for about eight hours.

(7) W. A. Zisman, Rev. Sci. Instr., 3, 367 (1932).
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Table IV

Gases Flashed from Catalysts at High Temperature
Samples were pre-evaeuated to 25°, except as noted. Analyses by mass spectrometer.

Catalyst-
No. Type History Area, m.2g.a
244a Ppt. Ag Fresh6 0.16
244a Ppt. Ag Used .14
248 Ppt. Ag Fresh6
244a Ppt. Ag Fresh .16
244a Ppt. Ag Fresh .16
152 Ppt. Ag Fresh 17
285 Reded. AgD Fresh 42
288 Reded. AgD Fresh
273 Reded. AgD Fresh
273 Reded. AgD Used .18
311 Reded. AgD Fresh

0 Surface area by B.E.T. method, using Kr gas adsorbed at —195°.
¢ Area value for a used sample of Catalyst No. 285.

less gas.

Catalysts were made up to contain 10-15% silver by weight.
These catalysts were somewhat less active than the others,
requiring of the order of 220-240° for equivalent conversions.

Results

Some data obtained by flashing gases from cata-
lysts are given in Table IV. The large quantities
of gas are remarkable. These catalysts had sur-
face areas of the order of 0.2 m.2/g., and 3.5 cc. cm.
of N2 will form a monolayer on a gram of such ma-
terial. The evolution of up to 20 times this
amount of gas, chiefly C02 02 or H2 suggests that
bulk materials like silver carbonate or materials
trapped within the silver were present. This tech-
nique is clearly useful in showing the presence of
such impurities. The smallest quantity detected,
0.003 cc. cm./g. of SO2 from one catalyst, corre-
sponds to only 0.0005 of a monolayer, assuming one
sulfur atom for each surface silver atom, and an
average area per silver atom like the 100 face (8.31
A2
%arge amounts of gases (C02 CO, and Hzo0r 02
were evolved from the precipitated silver catalysts,
and these no doubt derived from the dextrose used
for reduction. It is likely that most of the im-
purities were present as bulk materials or were
trapped within the silver and were not actually ad-
sorbed on the surface. Small amounts of hydro-
carbons were obtained from these catalysts, includ-
ing C2 to C4 hydrocarbons and benzene. Less gas
was produced by the reduced silver oxides, though
in one example a considerable quantity of oxygen
appeared, suggesting that the catalyst had not been
reduced completely. Some adsorbed oxygen is
expected after exposure to Oz or air, asinuse. The
CO02 from reduced Agd may derive from Ag2CO0s
or from adventitious organic matter. Hydrogen
from the reduced AgD may represent trapped wa-
ter. The hydrogen was eliminated very slowly by
either evacuation at 200° or heating in oxygen at
200°. There were no hydrocarbons from the silver
oxide catalysts.

Use for ethylene oxidation did not introduce
new materials into the evolved gases and in gen-
eral diminished the total amount evolved. Most of
the catalysts produced a small amount of a mass 30
ion, not identified and not listed in the table, but
perhaps representing NO derived from the silver

— Gases obtained, cc. cm./g. of catalyst—
2

co: 02 CO -f Ns SO*
11.8 0.2 1.8 2.2 0.06
4.7 4.2 1.2 0.7 .05
10.2 3.1 1.7 0.7 .003
53.2 2.9 3.0
50.6 4.0 3.3 0.0
19.8 0.0 14.4 26.5
16.6 0.03 3.5 6.0
18.6 0.02 2.8 0.3
8.2 0.05 3.4
5.5 3.8 2.1
2.5 32.7 1.8 .02

6 Pre-evacuated at 120°. Therefore gave relatively

Ta3LEV

Surface Potentials of Silver Catalysts

Measurements relative to a gold electrode in air
Surface

Catalyst 1 potential, mv.

No. Type History A
152  Ppt. Ag Fresh -215
152  Ppt. Ag Used, S poisoned -455  -240
225 Ppt. Ag Used, S poisoned -491
244a  Ppt. Ag Fresh -382
262  Ppt. Ag Fresh. 70° prepn. -415
269d Ppt. Ag Fresh 1hr.350°inair -424
269d Ppt. Ag Used, CH®6in feed -296
215 Lactate Fresh + 98
215 Lactate Used, S poisoned -215 -315
220 Lactate Fresh +530
220 Lactate Used, CI poisoned +313 -220
239 Lactate Fresh +278
239  Lactate Used, poisoned - 59
239 Lactate Used, S poisoned - 34 -310
282  Lactate Fresh -101
282  Lactate Used, P poisoned -161
273  Reded. AgD Fresh -330
293 Reded. AgD Fresh, 0 2treated -515
293 Reded. AgD Fresh, H2treated -410
304 Reded. AgD Fresh, AgNO3added -380
304 Reded. AgD Used -412
305 Reded. AgD Fresh, standard

prepn. -113
306 Reded. AgD Fresh, meagre wash-

ing -415
308 Reded. AgD Fresh, repeat of 306 -351
309 Reded. AgD Fresh, excess KOH -379
309 Reded. AgD Used -374

nitrate used in preparation. The maximum sulfur
dioxide observed was cnly enough to cover o.02 of
the surface, assuming ine sulfur atom per surface
silver atom.

Surface potential data are collected in Table V.
According to the extensive and -valuable work of
Mignolet,s surface potential tells us much about the
nature of adsorbed gasis, being related to the elec-

(8) J. C. P. Mignolet, Disc. Faraday Soc., 8, 105, 326 (1950).
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trie moment of the adsorbed molecules and to their
concentration on the outer surface. According to
Mignolet, chemisorption normally makes the po-
tential more negative. The data of Table V repre-
sent a cursory survey of some catalysts by this
method. No systematic study was attempted, but
it was clear from the wide range of values that this
is a sensitive and potentially valuable tool. The
potentials ranged from —500 to +500 mv., rela-
tive to the gold reference electrode. Most of the
values were negative. Some observations from the
data are given.

Adsorption of compounds of phosphorus, sulfur

R obert Gomer

Yol. 63

or chlorine on catalysts made the surface potentials
more negative by 20 to 250 mv. Although meas-
urements were reproducible to within about 10 mv.
in successive measurements on the same sample,
there was no clear correlation between surface po-
tential and catalytic activity or selectivity. When
catalysts were allowed to stand in closed containers
for several days, the surface potential did not
change.

Acknowledgment.—Thanks are due to R. G.
Meisenheimer for assistance in some of the degass-
ing experiments and for observations on the slow
removal of hydrogen from catalysts.
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A field emission method for studying the adsorption and diffusion of A on W is described.
Multilayer adsorption is observed by the decrease in emission
Estimates for the heat of adsorption and the activation energy of diffusion in the first

sorbed layer decreases the work function of W by 0.8 volt.
caused by layers beyond the first.

It is found that the first ad-

ayer are obtained. The behavior of the multilayer adsorbate is discussed in terms of its physical and electrical properties.

The study of physical adsorption on clean single
crystals of known orientation eliminates the smear-
ing out of effects unavoidable with conventional
adsorbents and permits fairly detailed observations.
A field emitter2makes an ideal adsorbent since it is
a small, almost perfect single crystal simultaneously
exposing several faces. Observation of adsorbed
layers is visual and made possible by changes in
electron emission, which often can be converted
into work function changes.

A field emission technique for the study of ad-
sorption and diffusion of chemisorbates3 has been
modified for similar studies with physically ad-
sorbed gases. This paper presents some of the
findings for the system argon-tungsten. A pre-
liminary report of this and related work has ap-
peared.4 Since it was started the author has learned
of very similar investigations by Ehrlich.5

Experimental

The method consists of evaporating the gas to be studied
onto a field emitter from one side with the body of the tube
at 4.2°K. Rebounds of gas molecules from the walls do
not occur at this temperature, so that only the portions of
the emitter “seeing” the gas source receive a deposit.3
The source used here has not been described in detail pre-
viously.6 It is shown schematically in Fig. 1 and consists
of a Pt sleeve, 1 mm. in diam. and 1 cm. long constructed of
0.001" Pt foil. This mortar is open at the end pointing to
the tip and spotwelded to a W rod at the other. The

(1) This research was supported in part by a grant from the Pe-
troleum Research Fund administered by the American Chemical So-
ciety. Grateful acknowledgment is hereby made to the donors of this
fund.

(2) A summarj of field emission work through 1955 is given in
R. H. Good and E. W. Miller, Handbuch Physik, X X1, 196 (1956).

(3) Details of the method are to be found in R. Gomer, R. Wortman
and R. Bundy, J. Chem. Phys., 26, 1147 (1957). Other pertinent
papers: Wortman. Gomer and Lundy, ibid., 27, 1099 (1957); Gomer
and .1. K. Hulm, ibid., 27, 1363 (1957).

(4) R. Gomer, J. Chem. Phys.. 29, 441, 443 (1958).

(5) G. Ehrlich, T. W. Hickmott and F. G. Hudda, ibid., 28, 977
(1958). and private communications.

(6) R. Gomer, ibid., 28, 168 (1958).

latter is sealed into a glass well as shown. A smaller W
rod and Pt wire provide contact so that the mortar may be
heated electrically. The latter is loaded by piping liquid
He into the glass well through a fine rubber hose while the
rest of the field emission tube is at 77°K. The mortar is
cooled rapidly by conduction so that any gas contained in
the tube condenses there preferentially. After the source
has been loaded, liquid He is allowed to spill over from the
well into the body of the cryostat and to surround the entire
emission tube.

In order to prevent cooling of the glass wall of the well
before condensation in the mortar is complete, a Teflon tube
is fitted snugly over the press seal P. A glass funnel fitted
into the upper end of this tube provides for some storage of
liquid He before spill-over into the cryostat occurs. He is
piped into the source by fitting a transfer tube7into a Teflon
coupling whose lower end terminates in a rubber hose lead-
ing into the source.

At 4.2°K. pressures below 10“ BEmm. within the tube are
assured no matter what, gas (except He) it contains. Pref-
erential condensation in the source which is not hit by the
electron beam from the field emitter, permits operation with
large currents and also with high pressures (at room tem-
perature) of gas in the tube. The source described here
can be used with almost any gas and can be reloaded in-
definitely.

In the present experiments a field emission tube, de-
scribed in detail elsewhere3 was filled with 30 mm. of
Airco Spectroscopic Grade Argon, purified only by passage
over liquid Ns.

Tip temperatures were found from the resistance of the
W loop to which it v'as spotwelded. Calibration points of
4.2, 20.4, 63 and 77.8°K. were used. It was found that a
plot of log I V5. log T was linear in this range if the (very
low) 4.2°K. residual resistance was subtracted from the
resistance values. This plot is showm in Fig. 2. Tempera-
tures below 20.4°K. were estimated by using the curve of
Fig. 2.

Average values of work functions and field strengths were
found from the slopes of Fowler-Nordheim plots in the usual
mrlcmner.S Tip radii were calculated from the approximate
relation3

E= Vo )

where Eis the electric field, Vthe applied potential and I the
tip radius. In the diffusion experiments a tip of radius 1.5
X 10~5cm. was used.

(7) J. W. Stout, Rev. Sci. Instr.. 25, 929 (1954).
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Fig. 1.—Schematic diagram of field emission tube for sur-
face diffusion studies with universal gas source: S, fluores-
cent screen; A, anode lead; TA, tip assembly; D, glass
Dewar well; R, rubber hose guiding liquid He into D; C,
Pt mortar; W, heavy tungsten lead spotwelded to C for
rapid cooling; P, press seal.

Results

When small amounts of A were evaporated onto
the tip enhancement of emission occurred. Diffu-
sion of such doses was complete at 18°K. in 60
seconds. The appearance of the pattern corre-
sponding to this state is shown in Fig. 3. It will be
noticed that brightening is most pronounced
around the 100 faces. The work function decrease
on adsorption has a maximum value of 0.8 volt.

When larger amounts of A were evaporated the
region of deposit was darkened, as shown in Fig. 4.
Under these conditions some diffusion occurred
again at 18°K. and led to enhanced emission on the
originally clean portions of the tip. On raising the
temperature to 21-22°K. more diffusion occurred,
with sharp boundaries and in waves, or layers.
There was a time lag of a few seconds between
some of these waves, making it possible to see sev-
eral simultaneously, as shown in Fig. 5. As many
as 4 waves could be counted, each leading to a fur-
ther decrease in emission. At maximum coverage
(=5 layers or waves) the apparent work function
increased from the minimum of 3.7 to a value of 4.3
volts.

If the tip was heated to 26-28°K. evaporation oc-
curred, with concentric sharp boundaries, which
shrank at different rates toward the center of the
tip. The innermost boundary, enclosing the dark-
est region, shrank most rapidly and the outermost
one corresponding to highest emission least so.
The process required about 10 seconds at 28°K. and
left the tip in a state identical to that resulting from
a light A deposit, with a work function of 3.7 volts.
If the tip was now heated to 30~35°K. this adsorb-
ate evaporated, leading to the pattern and work
function (4.5 volts) of clean W. It was possible to
obtain a plot of I/T vs. log of desorption time,
shown in Fig. 6. A value of 1870 + 300 cal. was

Adsorption and Diffusion of Argon on Tungsten
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Fig. 2.—(a) Plot of log resistance vs. log absolute tempera-
ture for a tungsten loop. The 4 2°K. residual resistance has
been subtracted from the R values in making this plot,
(b) Plot of resistance vs. temperature for the W loop of Fig.
2a.
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Fig. 3.—Field emission pattern from a
W tip covered wkh a monolayer of A.
Note the emission enhancement around
the 100 faces.

1T K.

Fig. 6.—Plot of 1/T vs. log desorption time for a mono-
layer of A on W.

calculated for the activation energy. Evaporation
of that fraction of the adsorbate which enhanced
emission occurred without boundaries.

When enough A to reduce emission was adsorbed
two field effects were noticed. At 25°K. an increase
in the field above 3.7 X 107 volts/cm. resulted in
pulling the adsorbate cap into the center of the tip
as shown in Fig. 7 from the original position shown
in Fig. 8. After a few seconds spontaneous relax-
ation occurred and the adsorbate flowed away from
the center. Further increases in field led to a repe-
tition of the cycle until the state of Fig. 3 with a

R obert Gomer

Fig. 4—Appearance of W emission
pattern when a heavy dose of A is
evaporated onto upper half of tip.

Vol. 63

Fig. 5.—Multilayers flowing over W
tip. Two boundaries can be seen inun-
dating the surface; T = 22°K.

work function of 3.7 volts resulted. WIith each cy-
cle some increase in emission occurred.

For the highest coverages a spontaneous break-
down of the layers was noted at 4.2°K. and high
currents (~107amperes). This showed up as the
formation of bright patches which could grow spon-
taneously to large size. Heating to ~20°K.
healed these breaks.

Successive decreases in resolution with increasing
coverage were noted until the pattern was almost
totally smeared out at maximum coverage as shown
in Fig. 8.

Discussion

These facts are most consistently interpreted as
follows. At sufficiently low temperatures mono-
and multi-layer physical adsorption of A on W
takes place even at zero pressure. Monolayer
formation is accompanied by a decrease in work
function, probably because of charge transfer from
the adsorbate to the substrate. This was first ob-
served by Mignolet on evaporated metal films by a
vibrating condenser method.8 The magnitude of
this contact potential, 0.8 volt, corresponds to a di-
pole moment per ad-atom of 0.43 Debye, assuming
a maximum coverage of 106A atoms/cm.2of sur-
face. This results in relatively strong dipole-di-
pole repulsions between atoms in the first layer,
making the latter a two-dimensional gas. This ac-
counts for the absence of boundaries in the diffu-
sion or evaporation of this layer. It is interesting
to note that such boundaries are observed with Ne
in the first layer, where the dipole moment per ad-
atom is very small, so that repulsive forces are
weak.4

The first layer is nearest the substrate and hence
most tightly bound. This is in accord with the find-
ing that the fraction of the adsorbate leading to en-
hanced emission evaporates at a higher temperature
than the rest. It therefore seems safe to identify
this portion with the first and the remainder with
higher layers.

Charge transfer or any other plausible mecha-
nism responsible for the contact potential is bound to
be of short range, so that higher layers are unlikely

(8) J. C. P. Mignolet, Rec. trav. chim., 74, 685 (1955).
to previous work by this author are given there.

References



April, 1959

Fig. 7— Multilayer adsorbate (dark)
being pulled toward center of W tip by
a field E > 3.7 volts/cm. at 25°K.
Bright portion corresponds to mono-
layer of A.

to participate in it. The consequent absence of
strong dipoles in these layers should allow cohesive
forces between ad-atoms to come into play. The
observed boundaries are interpreted as layer edges,
resulting from ad-atom attractions.

Layers beyond the first should behave as dielec-
trics. This will affect the emission in several ways.4

(1) It can be shown that a thin shell of dielectric
reduces the field within it by 1/ k where kis the di-
electric constant.

(2) There will be scattering from the adsorbate,
leading to decreased resolution and to a reduction
in the pre-exponential term of the Fowler-Nord-
heim equation.

(3) There will be a reduction in image potential
by /k

(4) The ad-atoms will act as short-range poten-
tial wells for tunneling electrons, making the bar-
rier more transparent.

Of these effects only the last enhances emission
and is not able to compensate for the others, so that
a net decrease in emission is observed for heavy
coatings of all inert gases studied.4 Layers higher
than the first should therefore show up visually by
successive decreases in emission, as observed.

Evaporation should occur from layer edges where
ad-atoms are least tightly bound. During evapora-
tion layers should appear to shrink with the preser-
vation of boundaries at their edges. The layer
farthest from the substrate should be least tightly
bound and hence evaporate most rapidly, the next
layer, slightly less so, and so on. Thus tbe picture
of shrinking concentric boundaries with least emis-
sion from the central area, observed during evapo-
ration, isexplained. The phenomenon is difficult to
photograph with argon but not with neon. Figure
9 shows layers of neon evaporating slightly above
4.2°K.

The melting point of bulk argon is 84°K. It is
remarkable that the ad-layers behave almost like
two-dimensional liquids below 30°K. This is prob-
ably explained as follows. The lattice structure of
the substrate is transmitted to the adsorbate layer by
layer. Up to a point this prevents the latter from
assuming its own bulk structure and thus intro-
duces a great deal of local disorder, or a very large
number of grain boundaries. Thus the layers pos-
sess only short range order and are liquids for all

A dsorption and D iffusion of Argon on Tungsten

Fig. 8.— Multilayer adsorbate of A
on W at a field <3.7 volts/cm.
almost complete lack of resolution.
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Fig. 9.—Evaporation of multilayer
adsorbate of Ne on W at ~5°K. Note
concentric layer boundaries. Darkest
area corresponds to maximum number
of layers.

Note

practical purposes. Since the disruptive influence
of the substrate must decrease with increasing dis-
tance the adsorbate will appear as an anisotropic
liquid, somewhat like a liquid crystal.

Beyond a certain distance from the substrate, its
disordering effect on the A lattice will cost more in
the loss of A-A interaction than is gained by inter-
action with the substrate. The multilayered ad-
sorbate should therefore become metastable with
respect to A crystallites. The spontaneous bright-
ening observed at 4.2°K. and high currents indi-
cates that this occurs, and that formation of A crys-
tallites denudes the adsorbed layers. Apparently
a small increase in temperature suffices to melt these
crystallites. It is interesting that the temperature
for this is the same as that necessary for initiation of
multilayer flow from an initial heavy deposit.
Since the latter may very well consist of microcrys-
tallites, it may be that onset of multilayer diffusion
depends on melting these. It is not clear what
causes the nucleation of crystallites from multilay-
ers. It has been suggested by Ehrlich that the
cause is connected with ion bombardment of the
tip at high currents.6

The tidal pull of the field on the adsorbate can
be interpreted as follows. There will be an inter-
action energy Ue between the dielectric medium
and the field given by

Ue = 2xr2(1 — cos eQU U/
1 - kKOs (29

where r is the tip radius, 8 the polar angle of the
adsorbate edge, k the dielectric constant, EO the
field at the tip apex, and k a constant describing the
(assumed linear) decrease of E with 8. For most
emitter geometries k = 0.127. tois the film thick-
ness at an arbitrary polar angle 80 While t is a
function of 8 it will be noted that the combination
(1 — cos 8)t is not, so that it may be designated
by a subscript to indicate its independence of 8.

Since E is a maximum near the apex the field will
tend to pull the adsorbate toward the center. This
tendency will be counteracted by the wetting en-
ergy of the multilayers on the first one. At equi-
librium

dU/de = 0 )
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so that the difference between the wetting energy of
argon on argon covered tungsten and the surface
energy of the outermost layer can be found from
equations 2 and 3. Designating this quantity by
y we have

Yy = (@ - cosOQU MEo2(1 - kid2sin 0 (4)
Substitution of EO= 3.7 X 107volts/cm. and 0 =
00= 45° results in a value of y = 12 ergs/cm.2for
a 20 A. thick deposit.

When the field is increased the deposit is pulled
toward the center. This results in a thickening,
since the same number of atoms are based on a
smaller area than before. At moderate tempera-
tures the outermost layer will therefore evaporate
faster than before pull-in.  When this happens the
energy stored ;n the dielectric will no longer bal-
ance the spreading tendency and O will increase,
i.e., the adsorbate will flow out. Further increases
in field will lead to a repetition of the cycle until
all but the first layer have been desorbed in this
way.

The activation energy of desorption of the first
layer can be interpreted as its heat of adsorption if
it is assumed that this process is not activated.
There is a great deal of evidence that even chemi-
sorption on clean metals requires no activation en-
ergy. It is probably safe to assume that the
average heat of adsorption E& = 1870 + 300 cal.
for the first layer. A very rough guess for the cor-
responding values for the second and subsequent
layers can be made by assuming that the desorption

T.J. Gray,C. C. McCain and N. G. M asse
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process is first order and that the pre-exponential
term is equal to that for the first layer. Values of
1000 and 1520 cal. are estimated in this way for the
second and higher layers. No attempt to differen-
tiate between the third and higher layers is war-
ranted by the data. It is interesting to compare
these values with the heat of sublimation of A, 1500
cal.

If the mean distance x traversed by a diffusing
argon atom is adequately represented by?2

x = Vdi (%)

where t is time and D the surface diffusion coef-
ficient, and if the latter may be assumed to be

D = vaz-Eo/kT 6)

where v is a jump frequency of the order of 1012
sec.-1 and aa jump length 3 X 10-8 cm., the activa-
tion energy for surface diffusion of A on clean W can
be estimated to be Ed = 600 + 200 cal. since x =

10-6 cm. The ratio Ed/E& = 0.3 for this case.
This is comparable to the value found for 02 on
oxygen covered tungsten.3

Conclusion

The findings reported here are rather direct vis-
ual evidence for multilayer adsorption. It appears
that liquid-like behavior below the bulk melting
point of the adsorbate occurs for several layers.
Finally it is interesting that the interaction of a
perfectly clean metal surface with an inert gas leads
to a heat of adsorption very similar to that found
on other adsorbents, despite the presence of large
electronic effects.

DEFECT STRUCTURE AND CATALYSIS IN THE Ti02 SYSTEM (SEMI-
CONDUCTING AND MAGNETIC PROPERTIES)

By T.J. Gray, C. C. McCain and N. G. M asse
State University of New York College of Ceramics, at Alfred University, Alfred, New York
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Considerations relating to the correlation between defect structures and catalysis indicate that the enhancement of n-type
character in an oxide such as TiO. would be beneficial for processes such as hydrogenation, cracking and Fischer-Tropsch
reactions. Such enhancement of semi-conducting character can be achieved by the introduction of pentavalent ions, notably
niobium. It has been demonstrated that Ti02 which in the very pure stoichiometric condition is not an active catalyst for
cracking processes or Fischer-Tropsch synthesis, can be converted to a highly active material by niobium doping with a
corresponding change from insulating properties to those of a typical n-type semi-conductor. The activation energy for the
conduction process is considerably reduced as is that for the catalytic process. A very precise method for measuring semi-
conducting properties as the surface component of the a.c. dielectric loss over a wide frequency range has been developed
for use with powdered materials under conditions that facilitate gas access. Either fixed temperature or controlled rising/
falling temperature operation is employed under dynamic reaction conditions using simple “type” reactions, notably the
formic acid decomposition and the hydrogenation of benzene. Magnetic susceptibility measurements have confirmed the
concentration of defects in the surface regions and indicate a very substantial divergence from bulk constitution. Further-
more, it has been demonstrated that desorption of product may frequently be rate controlling as during the reduction
process. The results obtained indicate additional features; firstly, they demonstrate the use of magnetic susceptibility and
semi-conductivity measurements as indirect methods for observing and studying hydrate or similar transformations. These
are observed as peaks on the dielectric loss curves against temperature. Secondly, the results further substantiate the premise
previously advanced, that a spinel structure is advantageous to catalytic processes. Thus, it is found that lithium titania
spinel enhances the catalytic activity out of all proportion to the concentration in which it is present. The importance of
this phase may be due to its half-inverted nature thereby being analogous to the 0-alumina previously reported.

Introduction

The correlation between the defect constitution of
solids and their catalytic activity first proposed

approximately simultaneously and independently
by Garner, Gray and Stone,12 Volkenshtein,3 and

Hauffe4is now widely accepted as a formal basis to

GarnerT. J. Gray and F. S. Stone, Proc. Kov. Soc. (i<m-

°(®] t.j.Gray, Ad.,'’Am,sn 0949).
@ r, r. wikenshtem j. dvim Hn (u.s.s.R.), 23,917 (mo).
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explain the details of the catalytic process. These
considerations have been applied to catalysis in the
Ti02system.

In a condition of extreme purity and close to
stoichiometry, Ti02is not an active hydrogenation
catalyst. However, some activity can be induced
by partial reduction by hydrogen at elevated tem-
peratures. The material turns blue-gray and its
electrical conductivity rises sharply. Similar ac-
tivity may be imparted by the introduction of pen-
tavalent cations, notably Nb6+ which induces an
equivalent number of Ti45 ions to revert to the
Ti3+ condition. However, in this latter material,
there is less oxygen deficiency and the material has a
higher permanence of operating character. Cata-
lytic activity was established during this investiga-
tion with respect to the Fischer-Tropsch process
for which stoichiometric Ti()2 is inactive, whereas
the Nb5+ doped material is a satisfactory catalyst
in the range from atmospheric pressure to 400 p.s.i.
and temperatures from 150 to 300°

The application of magnetic susceptibility meas-
urements to indicate the ionization state of a cata-
lyst material has long been established in the ex-
tensive work of Selwood.6 An extension of these
measurements to dynamic systems originated by
Gray2 has been employed to confirm the existence
of a univalent oxygen ion on the surface of certain
oxide materials during the adsorption of oxygen.
Refinements to the dynamic measurements have
enabled the change in susceptibility occasioned by
the adsorption of oxygen and hydrogen on the sur-
face of platinum to be studied in detail.6

The present investigation relates to the reduction
and oxidation of the Ti02 system by dynamic
measurements of susceptibility simultaneously with
classical adsorption measurements and in associa-
tion with measurements of semi-conductivity and
electric properties. Direct evidence is presented of
a lag in the desorption step of the reaction which is
probably rate controlling. The susceptibility
measurements established that there is a very large
local concentration of Ti3+ ions in the surface re-
gion which the associated semi-conductivity meas-
urements will demonstrate as inducing n-type
semi-conductivity and even pseudo-metallic (es-
sentially free electron) constitution in the surface
regions.

Experimental

The material used in all pertinent investigations was ob-
tained by the hydrolysis of highly purified titanium tetra-
chloride which was refluxed for an extended period over C.p.
copper in the presence of a heavy metal soap and then dis-
tilled into a prepared container for conversion to the hy-
droxide. The hydroxide was decomposed at 450° under a
hard vacuum and reoxidized with purified oxygen at high
temperature. Difficulty is experienced if ammonia has
been employed owing to the exchange with water molecules
in the hydrated titania.7 The resulting oxide with a surface
area of 22.6 m.2g. was analyzed by X-rays to be 20% ana-
tase and 80% rutile. Samples with surface areas up to

(4) K. Héaufte, Ann. Physik, 8, 201 (1950);
Stoffen,” Springer, Berlin, 1955.

(5) P. W. Selwood, “Magnetoehemistry,” Interscience Publishers,
Inc., New York, N. Y., 1956.

(6) T.J. Gray and C. C. McCain, “ Second International Congress on
Surface Activity,” Butterworths, London, 1957.

(7) W. Biltz, G. A. Lehrerand O. Rahlfs, Z. anorg.allgem. Chrm., 244,
281 (1940).
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250 m.2g. can be obtained by less severe heating and re-
oxidation and contain a higher proportion of anatase.
Detailed spectroscopic analysis failed to show any transition
metal impurities (less than 1 p.p.m.) and only very faint
traces (below 0.001%) of silicon and sodium. Although
there will be differences in absolute value of the magnetic
susceptibility dependent on the anatase/rutile and other
variations in structure,8 this will have no significance in the
present investigation which relates only to changes occurring
during reduction and adsorption of gases on particular speci-
mens of material.

Measurements of semi-conductivity were performed by
an a.c. method previously described by Gray2together with
the essential analysis to derive bulk and surface contribution.
Dielectric loss characteristics at fixed frequency are em-
ployed to indicate details of hydrate formation and also serve
to demonstrate the relaxation phenomena induced by
various impurities.

The dynamic measurement of small changes in magnetic
susceptibility using a modified Gouy balance system has
been described by Gray.2 Changes in mass and suscepti-
bility are followed as their equivalent current changes in a
solenoid maintaining a silicone resin-coated, vacuum-
mounted, analytical balance in equilibrium at all times.
Operation of the balance maintained in the continuously
equilibrium position enables measurements to be made
rapidly with and without the magnet field in operation,
giving directly the mass changes as well as the corresponding
susceptibility change for any instant. Ultimate long-term
accuracy is dependent on the electronic current regulator
which sets the accuracy to one part in 106, while one order
of magnitude improvement is attainable for periods of
several hours.

Results

Magnetic Susceptibility— The uniform samples
of titanium dioxide used in these experiments gave
an initial magnetic susceptibility of 0.075 X 10-6
c.g.s. units independent of temperature and mag-
netic field (0 to 10 kgauss). This value is signifi-
cantly lower than that recorded by Reyerson9or by
EhrlichDwhich was 0.088 X 10“6 c.g.s. unit and
closely approaches the valuesobtained by Rayehand-
huri and Sengupta.ll This indicates a closer ap-
proach to stoichiometry and probably a higher state
of purity. Although diamagnetic values have been
reported by certain authors12’ 4 it is improbable
that their samples were completely dehydrated so
that the values are suspect. The kinetics of the re-
duction process as a function of weight loss were
determined and indicated that at lower tempera-
tures there is an induction period before the desorp-
tion of water is observed. After correction for ini-
tial susceptibility, the corresponding changes in
magnetic susceptibility were compared with changes
anticipated from the weight loss curves. When the
amount of hydrogen adsorbed as determined volu-
metrically is compared with the weight change it is
observed that the weight change lags the adsorption
of hydrogen in the early stages of reduction but
coincides during later stages. This clearly estab-
lishes the slow desorption of water.

After reduction the temperature was raised to
575° and the sample strongly evacuated for 24 hours

(8) K. E. Zimens andJ. A. Hedval. svensic kem . Tid., 53, 12 (1941);
Trans. Chalmers Univ. Tech., 9, 3 (1942)

(9) L. H. Reyerson and J. M. Honig, 3. Am.
(1953).

(10) P. Ehrlich, z. elektrochem ., 45, 362 (1939).

(11) D. P. Raychandhuri and P. N. Sengupta, ind. 3. phys., 3253
(1936).

(12) S. Berkmann and H. Zocher, z. physik. chem., 124, 322 (1926).

(13) G. F. Huttig, z. anorg.aligem, chem., 224, 225 (1935).

(14) F. N. Hill and P. W. Selwood, 3. Am.

(1949).

Chem. Soc., E 3920

7, 2522

Chem. Soc.,
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Fig. 1.—-Variation in magnetic susceptibility with tem-
perature for near stoichiometric and reduced Ti02 reduced
Ti02(0.603 X 1 0 g ion Ti3+Hg-)-

to'lX g. ions Ti3+g- Ti02
Fig. 2—Variation of Weiss constant with degree of reduc-

tion; 104 X g. ions Ti3+g- Ti02
T, °C.
36 34 32 30 28 26 24 22
I/T X 103 °K.
Fig. 3.—Semi-conductivity of pure Ti02 tan $vs. T; log
avs. I/T.
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at 10-7mm. to determine whether any further wa-
ter could be removed. A weight loss of 0.2 mg. and
magnetic susceptibility decrease of 0.003 X 10 6
€.g.S. units indicated that some hydrogen was re-
moved with the reoxidation of some Ti3+ ions to
Ti4+.

An investigation of the variation of magnetic
susceptibility of the specimens of Ti02with tem-
perature showed a marked contrast between the ini-
tial material and reduced specimens. This is shown
in Fig. 1 which illustrates the comparison between
the reduced sample and highly evacuated original

material. Taking the normal Curie-Weiss law
Cm
Xm T+ A

for the particular sample which contains 0.603 X
10-4 g. ion of Ti3+ per gram of sample, excellent
agreement with experimental results is achieved
using a Weiss constant of 200.

The relationship between Weiss constant and
extent of reduction is given in Fig. 2, and while
further data obviously are necessary, the general up-
ward trend is apparent.

These results can be compared with those of Ehr-
lich9which indicated an increase in spin interaction
between the Ti3+ ions as the concentration in-

creases. Using his results these data may be calcu-
lated.
A for 20° A for -183"
Composition Mole % Ti3+ results results
TiOig7 6 1901 126
TiOj. % 10 225 142
m .9 20 330 257

For comparison with these results the typical sam-
ple under investigation had a composition of Tii.3b6
with 0.48 mole % giving a Weiss constant of 332.
This would tend to confirm a considerable increase
in concentration of Ti3+ ions near the surface with
a corresponding rise in interaction.

During the adsorption of oxygen on previously
reduced titanium dioxide, similar results were ob-
tained although the quantitative agreement is not
good. This is hardly surprising, considering the
nature of the measurements and the probable com-
plication due to even very small concentrations of

O- ion capable of providing a very large paramag-
netic contribution (Gray,2 Fensham1.
AX g. atoms
oxygen AX g. due to
AX g. reduced adsorbed per adsorbed Weiss
TIO, X 10« 1g. TiIO X 10« oxygen X 106 constant
0.041 0.159 -0.019 320°
.046 154 - .023 218
.040 129 - .026 76
.040 .128 - .021 125

The Weiss constants have been calculated on the
basis that the paramagnetic contribution from two
Ti3+ ions is removed per atom of oxygen absorbed.

It is important to note that the assumption that
there is a direct correlation between the number of
Ti3+ ions produced during reduction and the
amount of oxygen adsorbed cannot be sustained.
There is evidently a structure-sensitive effect and
in the range from 20 to 600° the oxygen removed by

(15) P. W. Fensham, Ph.D. Thesis, Bristol University, 1952.
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reduction cannot be entirely replaced. At room
temperature, only about one-third of the oxygen is
replaced. In contrast to carbon monoxide which
shows a small reversible adsorption at room tem-
perature, oxygen is irreversibly adsorbed. No sus-
ceptibility change occurs during the adsorption of
carbon monoxide which, on this basis, could be
considered as physically adsorbed. Oxygen is ad-
sorbed to a very limited extent on the unreduced
material with no measurable effect on the sus-
ceptibility.

The general character of conductivity changes
during the adsorption/reduction are particularly
interesting, indicating a separate adsorption stage
at lower temperatures. Owing to the protracted
times involved, it is not realistic to develop adsorp-
tion and reduction kinetics by the analysis previ-
ously established by Darby and GrayX for other
oxides. However, desorption of hydrogen from
the oxide at lower temperatures (up to 125°),
leads to a decrease in conductivity thereby estab-
lishing adsorption characteristics as distinct from
reduction which is characterized by increasing con-
ductivity on desorption of the adsorbed water.
Desorption at somewhat higher temperatures con-
firms the magnetic susceptibility results, indicating
desorption of water as being the slow step.

Oxygen adsorption after partial reduction takes
place with a drop in surface conductivity but only
to an extent considerably less than would be equiva-
lent to the reduction. Not more than about 30-
50% of the oxygen can be replaced.

The activation energy for the conduction process
under various conditions is deduced from Fig. 3
which emphasizes the pseudo-metallic condition of
the surface due to a relatively very high concentra-
tion of Ti3+ions. TiAd 3has been described by Mo-
rin7as a metallic conductor which is in accord with
this observation since the surface may well approxi-
mate this composition in the surface monolayer and
immediately adjacent to it.

The semi-conductivity measurements also lead
to further information provided by the peak in the
dielectric loss curve at approximately 180°. This
is associated with the decomposition of a tenacious
hydrate and the rate of disappearance of the peak

(16) P. W. Darby and T. J. Gray, This Journal, 60, 201, 209

(1956).
(17) F. J. Morin, Bell System Tech. J., 37, 1047 (1958).
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which occurs at higher temperatures readily could
be employed to determine the kinetics of hydrate
decomposition.

Conclusions

The most important contribution offered by the
magnetic susceptibility and semi-conductivity
measurements is that they demonstrate conclusively
the localization of a relatively high concentration
of Ti3+ ions in the vicinity of the surface, these
ions being directly associated with the catalytic
activity of the material. Their concentration is
such that there is considerable “pseudo-metallic”
character in this region alternately explained by
the overlapping of discrete impurity states or by
the local formation of a few layers of Ti2 3 which
may, in many respects, be “metallic” in character
providing essentially free conduction electrons.

It has been demonstrated that the desorption
process during reduction is rate controlling and it
is suggested that this also holds during hydrogena-
tion or similar processes. Slow desorption of hy-
drogen also occurs at temperatures below that nec-
essary for reduction. There is no direct correla-
tion between the subsequent adsorption of oxygen
on a partially reduced material but it is established
that only a small portion of the oxygen removed by
reduction can be replaced readily.

Identical catalytic activity can be achieved either
by partial reduction or by valence control; how-
ever, in the former case, the stability of the mate-
rial is severely limited. The presence of small
amounts of lithium promoting a local constitution
closely analogous to an inverted spinel further sta-
bilizes the material and improves catalytic proper-
ties, probably as a function of the directional char-
acter of potential surface bonding with the adsorbed
species and the limitations to electron spin direction
at these sites controlled by spin coupling with adja-
cent sites in a spinel lattice.

It has been indicated that dynamic magnetic sus-
ceptibility and semi-conductivity measurements
readily may be applied to the investigation of other
kinetic relationships such as dehydration of solids.
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A micro-reactor coupled directly with a gas chromatographic analysis apparatus comparable to that of Kokes, Tobin and

Emmett, was used to determine reactivities of thirty individual C6C 8 naphthenes.
alumina-halogen catalyst at 350° and atmospheric pressure, using excess hydrogen.
1,1-dimethylcyclohexane are converted to aromatics much more slowly than are ordinary cyclohexanes.

Tests were made over a platinum-
It was found that cyclopentanes and
To explain reac-

tivities of cyclopentanes, it is supposed that cyclopentanes first dehydrogenate to olefins which then migrate to form car-

bonium ions on acidic sites.

step in the series of reactions leading to aromatic hydrocarbons.
ratios for relative carbonium ion stabilities, multiplied by the number of possible paths.

Skeletal isomerization of the carbonium ions to cyclohexyl structures is taken to be the slow

Relative rates of alternative paths are given by simple
In this way, rates of aromatization

and the amounts of specific aromatic isomers formed are explained. Two adjustable parameters suffice for fitting the data

for 21 cyclopentar.es.

Heterogeneous catalysis is recognized as one of
the most difficult branches of chemical Kkinetics.
Knowledge about the reaction intermediates is hard
to obtain because these intermediates exist as tran-
sitory fractional monolayers on surfaces of ill-de-
fined nature. In fact, the intermediates must in
many cases consist of actual chemical compounds
between the reacting molecules and groups of atoms
of the solid, but unfortunately we seldom know the
formulas or chemical properties of these compounds.
In this situation, progress in understanding can
only be made by systematically varying the cata-
lyst, the reaction conditions or the reactants, and by
establishing correlations between the observed re-
actions and the properties that are varied. The
making of such studies has been greatly expedited
by the gas chromatographic technique for catalysis,
which has been described by Kokes, Tobin and
Emmett.1 In the following paragraphs we describe
an application of this technique to the re-forming of
a series of naphthenes. The data so obtained have
led us to a theory which gives insight into the nature
of this important type of catalysis.

The re-forming of gasolines for octane number im-
provement is today largely carried out over plati-
num-alumina-halogen catalysts. Some reactions
in “Platforming” are described by Haensel and
Donaldson.2 The major conversion in this process
is that of naphthenes (cycloalkanes) to aromatics.
Among the reactions that occur, some, such as isom-
erization of paraffins and the conversion of meth-
ylcyclopentane naphthenes to aromatics, require an
acidic catalyst function as well as metal dehydro-
genation sites. Both types of site are present in the
bifunctional platinum-alumina-halogen catalysts.
Mills and co-workers3 have shown that olefins are
probable intermediates in conversions of cyclopen-
tanes. It also has been demonstrated, by Mills,4
and by Weisz and Swegler,5that the platinum sites
and the acidic sites can act independently, for paraf-
fin isomerization and methylcyclopentane conver-

* Shell Development; Co., Emeryville, Calif.

(1) R. J. Kokes, H. Tobin, Jr., and P. H. Emmett, J. Am.
Soc., 77, 5860 (1955).

(2) V. Haensel and G. R. Donaldson, ind. Eng. Chem., 43, 2102
(1951).

(3) G. A. Mills, H. Heinemann, T. H. Milliken and A. G. Oblad,
ibid., 45, 134 (1953).

(4) G. A. Mills, Adiances in catalysis, 1X, 639 (1957).

(5) P. B. Weisz and E. W. Swegler, science, 126, 31 (1957).
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sion are obtained with physical mixtures of plati-
num catalysts and acidic catalysts. This latter
finding is consistent with the appearance of olefins
in the vapor phase as intermediates. In none of
this work, however, has a systematic series of hy-
drocarbons been investigated. With the aid of the
gas chromatographic technique we have been able
to study such a series, using very small amounts of
the excellent pure hydrocarbon samples from the
American Petroleum Institute. The results illus-
trate the great power of this method of investiga-
tion. The theoretical interpretation of the results
indicates that the slow step in re-forming of cyclo-
pentanes under our conditions is not the formation
of the olefin intermediate nor the migration of this
intermediate to the acid sites, but is the skeletal
isomerization of the olefin at the acid site. Further-
more, there is quantitative satisfaction in the theory
developed from these data.

Experimental

A micro-reactor was placed in the hydrogen line leading
to a gas chromatographic column. This reactor contained
one gram of catalyst, which gave a volume of nearly 2 cc.
For an experiment the naphthene feed was injected as a
small shot through a serum cap directly into the hydrogen
stream prior to the reactor. The hydrogen served to carry
the feed through the reactor, to maintain the catalyst in the
proper condition, to hydrogenate the major fraction of the
olefins as in normal re-forming, to carry all the products into
the chromatographic column, and to elute the fractions from
the column. The usual feed shot was 4-5 microliters, or
about 3 mg. The hydrogen flow rate of 3 liters per hour
gave a residence time in the catalyst zone of about 2 seconds.
Temperature was varied from 300-400°, but for the most
part only results at 350° are shown. Pressure was atmos-
pheric plus the small amount of pressure drop through the
column.

Hydrocarbons.—The naphthenes used were all from
the American Petroleum Institute.6 For the most part,
these have been prepared by the A.P.l. Project 45.6 Gas
chromatographic analyses verified the high purities of these
samples.

Catalyst—The platinum-alumina-halogen catalyst was
ground and sieved to 40-60 mesh. Since the activity of a
fresh catalyst changes rapidly, it was stabilized by use with
a sulfur-containing feed at 400° before the experiments were
done. All the runs were made with a single catalyst charge.
Its activity was periodically measured by feeding 1,1-di-
methylcyclohexane under standard conditions and was
found to be virtually constant.

(6) American Petroleum Institute, Standard Samples of Hydrocar-
bons, Chemical and Petroleum Research Laboratory, Carnegie In-
stitute of Technology, Pittsburgh 13, Penna. See also publications of
A.P.l. Project 45, by C. E. Boord and co-workers.
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Chromatographic Column.—A U-shaped glass column 1.8
m. long and 6 mm. i.d. was useu. It was packed with 30-
100 mesh firebrick coated with an ester prepared from dini-
trodiphenic acid and C5C6 oxo alcohols. The ratio of sup-
port to column liquid was 100/40. This column was used
at 120°. It had excellent stability and good selectivity for
separation of saturates and arcmatics. Toluene emerged
just after the highest boiling Cs naphthenes. The detector
made use of the ionization by Sr-90 0-rays. An integrat-
ing recorder was employed. With the radiological detec-
tion, the area of an elution peak is directly proportional to
the weight of the component, and detailed calibration is not
necessary.7

Results

Data for cyclohexanes treated at 350° are given
in Table 1. The dehydrogenation to the expected
aromatic compound was 96-100% complete, except
with 1,1-dimethylcyclohexane. The latter com-
pound reacted only to the extent of 34% and gave
almost exclusively o-xylene. The low reactivity
of 1,1-dimethylcyclohexane was expected from the
fact that the geminai dimethyl grouping blocks di-
rect dehydrogenation to an aromatic.

Tabte |

Conversions op Cyclohexanes over Platinum-

Alumina-H alogen Catalyst
Temperature 350°; excess H2 at slightly above atmospheric

pressure
‘—Wt. % of total effluent—
Un-
B.p., con-

Compound °C. verted Reaction products
Cyclohexane 80.7 4 Benzene 96
Methylcyclohexane 100 9 Toluene 98
Ethylcyclohexane 131.8 Ethylbenzene 100
|I-CTS-2-Dimethylc3rclohexane 129 7 o0-Xylene 100

123 4 o-Xylene 100
124 5 ro/p-Xylene 100
3 ra/p-Xylene 100
5 Toluene 1,3; o-xylene

32.7 (calcd. o-xylene 44)

I-<rans-2-Dimethylcyclohexane
I-ircms-3-Dimethyleyclohexane
I-c?'s-4-Dimethyleyclohexane
1,1-Dimethylcyclohexane

124
119

o oooonN

0

Results from C6C 7 cyclopentanes are summa-
rized in Table Il.  Conversions to aromatics varied
from 1.4 to 25% and there were traces of cracking.
Data for C8cyclopentanes are given in Table I11.
These were converted to the extent of 3 to 43.6%,
but again amounts of cracking were quite small ex-
cept for isopropylcyclopentane, for which cracking
was 15.4%.

When it was possible, extensive cis-trans isomeri-
zation occurred in both C7 and C8 compounds.
Some data on the cis-trans isomerizations are col-
lected in Table IV. It appears that in many cases
an equilibrium was reached. The cis-trans isom-
erizations are very much faster than isomerizations
involving the shift of a methyl group from one car-
bon to another. This is consistent with the theory
developed below.

Experiments not tabulated were done at 300 and
400°. Even at 300° dehydrogenation of cyclohex-
anes was 95% or more, except for values of 89% for
ethylcyclohexane, 78% for methylcyclohexane, 64%
for cyclohexane and only 13% for 1,1-dimethylcy-
clohexane. Conversions of the cyclopentanes under
the same conditions were less than 5%, except for a
value of 7.7% for isopropylcyclopentane. Thus it is
possible that an analytical method for distinguish-

(7) C. H. Deal, J. W. Otvos, V. N. Smith and P. S. Zuco, Anal-
Chem., 28, 1958 (1956); H. Boer in D. Il. Desty, “Vapor Phase Chro-
matography” Butierworths Scientific Publications, London, 1956.
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ing cyclopentanes from cyclohexanes could be based
on the dehydrogenation reaction over a platinum
catalyst at about 300°. Such an analysis would
put geminally substituted cyclohexanes largely into
the cyclopentane group. At 400° the cyclohex-
anes were 100% converted, except for 1,1-dimethyl-
cyclohexane, 93.7%. At this temperature conver-
sions of cyclopentanes ranged from 6 to 76%.
Clearly, 300° is better for an analytical scheme.

Discussion

It is well known that platinum re-forming cata-
lysts are bifunctional, for they display characteris-
tics that can be attributed to metal sites and other
characteristics that can be attributed to acid sites
(halogen on alumina). It has been shown many
times that simple dehydrogenation reactions, such
as the conversion of cyclohexane to benzene, require
only the participation of metal sites. Other typical
re-forming reactions, however, such as conversion
of methylcyclopentane to benzene, or the isomeri-
zation of w-heptane, require action of sites of both
types. In these reactions olefins formed on the
metal sites presumably migrate to the acid sites
where the isomerization occurs. It often has been
thought that the low concentration of olefins, or the
slow migration of the olefins, sets a limit to the rate
of reactions requiring cooperation of both sites.
However, oiir results demonstrate that the rate-
controlling step, under our conditions, is the isom-
erization at the acid site. This is most clearly
shown by the great difference in ram of reaction of
different cyclopentanes. It is reasonable to think
that rates of dehydrogenation to olefin are about
the same for all these cyclopentanes. Likewise,
equilibrium concentrations of olefins, and rates of
migration to the acid sites, should be relatively
constant. We are left with isomerization as the
crucial slow step. This conclusion has conse-
quences that are well borne out by the experimental
results.

Cyclohexanes, except for the geminally substi-
tuted members like 1,1-dimethylcyclohexane, can
be directly dehydrogenated to aromatics on the
metal sites. They are converted rapidly at 350°
and atmospheric pressure, with no change in carbon
skeleton, to almost the full extent permitted by
equilibrium, which is essentially 100%. We need
no further theory for these compounds.

Cyclopentanes, on the other hand, must be isom-
erized before they can be dehydrogenated to aro-
matics. The same applies for the geminally substi-
tuted cyclohexanes. The isomerization occurs on
the acid sites, and is closely akin to isomerizations
that take place on acidic cracking catalysts. The
reactions on cracking catalysts can be explained by
reactions of postulated intermediate species called
carbonium ions held on a surface adjacent to a
counter-ion. The carbonium ions split and rear-
range according to definite rules.8 Similar rules
applied to the isomerizations of the cyclopentenes
on the acid sites of reforming catalysts explain re-
activities and predict the major products. This is
further evidence that the isomerization is the slow
step.

(8) B. S. Grecnsfelder, II. II.
Chem., 41, 2573 (1949).

Vo~e and G. M, Good, Ind. Eng,
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Table Il
Conversions of C5C 7 Cyclopentanes over Platinum-A lumina-H alogen Catalyst
Temperature 350°; excess H2at slightly above atmospheric pressure
Products, wt. % of effluent----------—-
—-- Benzene-—-—- L Toluene—

Compound B.p., °C. Unconverted Obsd. Caled. Obsd. Caled. Other
Cyclopentane 49.3 99.3 b
Methylcyclopentane 71.8 96.0 2.6 14 g
Ethylcyelopentane 103.5 74.0 25.0 21.9
1,1-Dimethylcyclopentane 87.8 98.0 2.0 2.7
I-cfs-2-Dimethylcyclopentane 99.5 97.1¢ 2.9 2.7
l-irares-2-Di:nethylcyclopentane 91.9 96.1“ 3.9 2.7
I-a's-3-Dimethylcyclopentane 90.8 98.6" 1.4 2.7
l-irans-3-Dimethylcyclopentane 91.7 98.5 15 2.7

cis-trans isomerization occurred, but is not counted as conversion.

d 1.0% n-heptane formed.

b0.7% re-pentane formed. ¢ 1.4% re-hexane formed.

Tabte Il

Conversions of Cg8Cyclopentanes over Platinum-A lumina-H alogen Catalyst
Temperature 350°; excess H2at slightly above atmospheric pressure

Uncon-

Compound B.p., °C. verted

n-Propy Icydopentane 130.9 73.2
Isopropylcyclopentane 126.4 56.4
1-Methyl-1-ethylcyclopentane 121.5 79.9
I-Methyl-cfs-2-ethylcyclopentane 128.1 81.4"
I-Methyl-irares-2-ethylcyclopentane 121.2 82.0
I-Methyl-ds-3-ethylcyclopentane 1211 83.4"
I-Methyl-imres-3-ethyicyclopentane 1211 70.3
1,1,2-Trimethylcyclopentane 113.7 95.6"
1,1,3-Trimethylcyclopentane 104.9 97.0"
I-cfs-2-cis-3-Trimethylcyclopentane 123.0 95.3"
I-cis-2-frans-3-Trimethylcyclopentane 117.5 95 1¢
l-irares-2-c;s-3-Trimethylcyclopentane 110.2 96.7“
lds-2-irare.5-4-Trimethvicyclopentane 116.7 95.9*
I-irans-2-eis-4-Trimethylcyclopentane 109.3 95.4"

° cis-trans isomerization occurred, but is not counted as conversion.

Table IV
cis-lrans Isomerization of Cyclopentanes
The table shows the compositions of some recovered cyclo-
pentanes after treatment at 350°
Compound treated Composition of recovered material
Dimethylcyclopentanes
I-cts2

\-trans-2

S |-CtS-2, 65% Ltrans-2
15% l-cts-2; 85% l-irons-2

Methylethylcyclopentanes
1m, cis-2 E
1M, trans-2 E

10% 1M, cis-2 E; 84% 1M, trans-2 E
13% 1M, cis-2 E; 87% 1M, trans-2 E

Trimethylcyclopentanes

\-cis-2-ci -3 60%0 I-|'r‘ar’s-2-cts—3, 3% I-cis-é-trans-3;
10% l-cts2¢?s3

l-cts-2-irans-3 56% I-irons-2-Cis-3; 40% l?s-2-iraes-3;

|'(,|'H”B'2'C|S-3 2% |'i|'(]'E'2'CtS'3, 24% \-cis-2-trans-3;
A% l-cis2-m3

I-cis-2-trans-4: 730/0 I-trans-2-cis-4:; EA) I-cis-2-trans-i;
2% l-cis2-ct»-4

\-trans-2-cis-A 83% |‘Efﬂ/\5’2‘d§'4, 16% I-Cts—2-ir0r’s—4,
1% 1CS2A4

The chief steps in the conversion of a cyclopen-
tane to an aromatic are: (l) dehydrogenation to
olefin on a metal site; (2) migration of the olefin
to an acid site; (3) addition of a proton at the acid
site to form a carbonium ion; (4) isomerization of
the ion by carbon skeleton rearrangement; (5)
release and migration of a new olefin; (6) dehydro-
genation of the new olefin to an aromatic at a metal

Products, wt. % of effluent---—---

Ethylbenzene —ra/p-Xylene—- F---0-Xylene — «
Obsd. Caled. Obsd. Caled. Obsd. Caled. Other
26.4 21.9 0 0 0 0 b

0 0 0 0 28 43.8

11 1.4 3.4 0 15.6 21.9

2.5 14 8.5 10.9 7.6 10.9

1.7 1.4 9.1 10.9 7.5 10.9

0.2 1.4 16.4 21.9 0 0

0.3 1.4 29.4 21.9 0 0

0 0 3.4 1.4 0.9 2.7

0 0 2.4 2.7 0.6 1.4

0 0 2.8 1.4 1.9 2.7

0 0 2.9 1.4 2.0 2.7

0 0 2.1 1.4 1.2 2.7

0 0 3.5 2.7 0.6 1.4

0 0 3.6 2.7 1.0 14

60.4% toluene. ¢0.2% methane, 15.2% octane.
site. In this complex set of reactions, many carbo-
nium ions have to be considered in steps 3 and 4.
Simplifications result, however, from the facts that
step 4 is slow and that many carbonium ions pro-
duce no new dehydrogenation products. But be-
fore we proceed with our analysis of step 4, some
comment on the other steps is needed.

Dehydrogenation to olefin in step | is rapid.
Evidence for this is found in the high rate of conver-
sion of cyclohexanes, where cyclohexenes are pre-
sumably intermediates. We shall postulate that cy-
clopentenes are in equilibrium with cyclopentanes.
We shall also postulate that the migration of step
2 is rapid, either through the vapor phase or across
the catalyst surface. Step 3 is the initial formation
of a carbonium ion. There are a number of possible
carbonium ions of unchanged carbon skeleton.
The high observed rate for double-bond shift isom-
erizations over cracking catalysts9and the rapidity
of hydrogen exchange reactions in similar systems
both suggest that equilibrium will prevail among
these various ions of the same carbon skeleton.
Since tertiary carbonium ions are most stable, sec-
ondary next, and primary least stable, we may take
their abundances in that order. These values are
used: tertiary/primary carbonium ion ratio, 32;

(ﬁg HHVWox G M GodadB S Qersfdd, ivia.. 33, 1083
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secondary/primary carbonium ion ratio, 16.

Steps 5 and 6 are fast fcr the same reasons that
land 2 are fast. They have no influence on prod-
uct distribution. Step 6, the dehydrogenation of
suitable olefins to aromatics, removes these olefins
from the system, and thus permits more of the same
structure to form. The completeness of this de-
hydrogenation reaction, determined by thermody-
namics, causes aromatics to be the major products
rather than isomerized naphthenes. If there is ex-
tensive cracking, lower paraffins can also be major
products.

In step 4 several types of isomerization of the
carbonium ion at the acid site can occur, as well as
cracking. The new olefins that return to the metal
sites may be dehydrogenated to aromatics or hy-
drogenated to paraffins or to isomerized naphthenes.
We can expect some of each, but since cracking is
not extensive under mild re-forming conditions,
aromatics that can form readily will predominate
as stable end products. Thus we can restrict at-
tention to those ions and isomerizations that lead to
aromatics. In the isomerization of a carbonium
ion, a group attached to the carbon atom adjacent
to the carbonium-ion carbon moves over to the car-
bonium-ion carbon. This shifting group is visual-
ized as carrying a negative charge.

<eesC—C—C—C — $———-C—C- G—C
¥ +

This shift is closely related to the beta fission rule
that explains the products of catalytic cracking over
acid catalysts.8 The same type of shift can change
a 5-ring to a 6-ring.

o c

© £ \

/ N - c

c i i
The 6-ring goes readily tc an aromatic. Jhe ring
enlargement is essentially like one of the steps pro-
posed by Pines and Shaw13to explain movement of
a tagged carbon from the side chain to the ring in
treatment of ethylcyclohexane over another bifunc-
tional catalyst, nickel on alumina-silica.

The rate of the series of reactions leading to a
particular product will be given by the relative
amount of the carbonium ion multiplied by one
factor for the rate of the step 4 isomerization and
another for the number of equivalent isomerization
paths (statistical factor). As a simple assumption,
we take the rate of isomerization as a constant (em-
pirical factor) in this series of closely related com-
pounds. For example, consider I-methyl-2-ethyl-
cyclopentane. The two ions that can produce aro-
matics are in the tabulation, with calculations.
The empirical factor here is chosen to fit the aver-
age total aromatics formed from the trimethylcy-
clopentanes. The same empirical factor is used
for all the cyclopentanes. Probably this is some-
what of an oversimplification for in certain isomeri-
zations two successive rearrangements are necessary

(1@ H FirsadAWS‘EWJ Am. Chem. Soc., 79, 1471 (m
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E xample of Calculation
Rela- Sta-

tive tisti- Em - Rate of
amount cal pirical forma-

lon Product of ion factor factor tion

c

Ethylbenzene 1 2 o684 1.4

o-Xvlene 16 1 684  10.9

m-Xylene 16 1 684  10.9

to produce a structure dehydrogenatable to an aro-
matic. This occurs when a 1,1-dimethylcyclohex-
ane structure is formed by the primary isomeriza-
tion, and then the final product is predicted to be o-
xylene. However, use of additional rate factors for
such cases introduces too many adjustable parame-
ters.

In Tables Il and Ill the calculated amounts of
various products are given for comparison with the
experimental amounts. The average amounts of
aromatics from various classes are summarized be-
low.

Aromatic Contents of Products at 350°

Av. aromatics, % wt.

Compound or class Obsd. Calcd.

P4
o

Methylcyclopentane 1 2.6 1.4
Ethylcyclopentane 1 25 22
Diniet.hylcyclopentanes 5 2.3 2.8
w-Propylcyclopentane 1 27 22
Methylethylcyclopentanes 5 21 23
Trimethylcyclopentanes 7 4.1 4.1
1,1-1limethylcyclohexane 1 34 44

In this summary table, only two adjustable param-
eters are involved, namely, 16/1 and 0.684. Con-
versions have been taken as proportional to rates,
which is reasonable at conversion levels below 30%.
The agreement between observed and calculated
amounts is quite good considering the simplifica-
tions that have been introduced into the theory.
The calculated value for 1,1-dimethylcyclohexane
is also of the right order of magnitude. Isopropyl-
cyclopentane is the only compound of the series in
which a tertiary carbonium ion has been postulated.
Because of the double isomerization necessary in
converting isopropylcyclopentane to o-xylene, as
well as because of the extensive cracking that oc-
curred, the parameter of 32, used with this com-
pound only, is probably too low. In other cases
some double isomerization may account for appear-
ance of a product not predicted, such as m-xylene
from 1-methyl-l-ethylcyclopentane.

The aromatic products did not ever appear to be
at equilibrium. At 350° the approximate equilib-
rium composition is 22% o-xylene, 50% m-xylene,
22% p-xylene, 6% ethylbenzene.

Re-forming is normally carried out at 20-40 at-
mospheres rather than at near atmospheric pres-
sure as in these experiments. Nevertheless, the
higher temperature of re-forming, about 480°,
means that equilibrium olefin concentrations are
not much different than at 350° and atmospheric
pressure. There is no evidence of which we are
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aware to say that the present picture would not
hold under commercial re-forming conditions, al-
though naturally the parameters will be somewhat
different, and the isomerization step will be faster
because of the higher temperature. Our conclusion
that the isomerization step is rate limiting agrees

(11) P. B. Weisz and C. D. Prater, Advances in Catalysis, 1X, 575
(1957).

Ralph A. Beebe and Eric R. Camplin

Yol. 03

with the evidence of Weisz and Prateri1who found
acid activity usually limited octane improvement
in re-forming.
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Early work by Emmett and Harkness has indicated the presence of two types of chemisorption of hydrogen on iron
catalysts. These types, designated as A and B, proceed fairly rapidly at temperatures around 0 and 200°, respectively.
More recently Kummer and Emmett have shown that “singly promoted iron catalysts, unlike doubly promoted catalysis,
rapidly catalyze the hydrogen-deuterium exchange reaction at —195°.” On the basis of this observation and of the ad-
sorption data for the hydrogen-iron system, these authors postulate a third kind of chemisorption, called Type C, occurring
in the low temperature region. At Emmett’s suggestion, we have undertaken the calorimetric measurement of the heats
of adsorption of hydrogen on the singly promoted iron catalyst at temperatures selected to sort out the three types of chemi-
sorption. We have achieved satisfactory calorimetric measurements at 0° and at —195°. At these two temperatures the
heat values range from 16.5 to 8.0 (at 0°) and from 5.4 to 1.6 kcal. per mole (at —195°) for successive increments of hydrogen.
Rather crude measurements at 200° indicate heats ranging from 27 to 15 kcal. per mole. In particular the calorimetric
results at —195° confirm the prediction of Emmett and Kummer that the heat of Type C adsorption would be “considerably
greater than that of the heat of adsorption of physically adsorbed hydrogen, but at the same time considerably smaller

than the heat of adsorption of either Type A or Type B hydrogen adsorption.”

Introduction

The work of Emmett and Harknessl has indi-
cated the presence of two types of chemisorption of
hydrogen on a doubly promoted iron catalyst and
on a “pure” iron catalyst. These types designated
as A and B were found to occur in the temperature
ranges —78 to 0° and+100 to 460°, respectively.
The evidence for types A and B chemisorption is
based on the shapes of the isobars and also upon the
relative poisoning effects of these two types on the
ortho-para hydrogen conversion at —190°, Type B
being a much more effective poison. In addition
to the two chemisorption processes, there was a
physical adsorption in the —195 to 183° range;
however there was no evidence for any significant
amount of chemisorption in this low temperature
region.

More recently Kummer and Emmett2 have ex-
tended the previous work to include a singly pro-
moted iron catalyst and to test the activity of both
the doubly and singly promoted catalysts for the
hydrogen-deuterium exchange reaction as well as
the ortho-para hydrogen interconversion. These
investigators found that, unlike the doubly pro-
moted catalyst, the singly promoted material could
effect a rapid hydrogen-deuterium exchange at
—195°. Moreover the singly promoted catalyst
differed in another respect in that it was not poi-
soned for the ortho-para hydrogen interconversion
at —195° by the presence of Type B adsorption.
On the basis of these observations and of the ad-
sorption data for the hydrogen-iron system Kum-

(1) P. H.Emmettani R. W. Harkness, J. Am. Chem. Soc., 57, 1024

(1935).
(2) J. T. Kummer and P. Il. Emmett, T his Journal, 56, 258 (1952).

mer and Emmett have suggested the existence of a
third type of chemisorption, called Type C, on the
singly promoted iron catalyst. On the basis of
their observations, Kummer and Emmett conclude
that the heat of binding of this third type of chemi-
sorption “is apparently considerably greater than
the heat of adsorption of physically adsorbed hydro-
gen but at the same time considerably smaller than
the heat of adsorption of either Type A or Type B
hydrogen adsorption.”

At Professor Emmett’'s suggestion we have un-
dertaken the calorimetric measurement of the heats
of adsorption of hydrogen on the singly promoted
iron catalyst at temperatures selected to sort out
the three types of chemisorption. The temperatures
selected were 0, 214 and —195° for Types A, B and
C, respectively.

Experimental

Reduction of the Iron Catalyst—The sample of singly
promoted iron catalyst, designated as catalyst 198, was
kindly supplied to us by Professor Emmett. This sample
contained 5.50% AUOI and 70.73% Fe before reduction.
The weight of this catalyst used in the calorimeter was 36.67
g. Approximately the same weight (36.12 g.) was used Iin
the preliminary adsorption experiments. The specific
surface area of the catalyst 198, as used in the preliminary
experiments and computed from the nitrogen isotherm at
—195° by the BET method, was 16.9 m.2g. After the
completion of the calorimetric work, the specific surface
area of the sample was determined at 11.85 m.2g.

Experience has shownl-3 that the optimum conditions for
activating these iron catalysts are achieved by reduction
at 500° in a stream of pure hydrogen at high space velocity.
For instance, Kummer and Emmett2used 1000 to 5000 cc.
of hydrogen per hour per cc. bulk volume of catalyst.
Special precautions are necessary to prevent traces of oxy-

(3) H. H. I'odgurski and P. Il. Emmett, |bd, 57, 159 (1953).
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gen, water vapor or nitrogen from coming into contact with

the iron surface. To meet these conditions we used a modi-

fication of the reduction schedule described in an earlier

publication from this Laboratory.4 Tank hydrogen was

passed over copper turnings at 500° to convert traces of

oxygen to water vapor, then through a liquid air trap to re-

move water vapor, and finally through a charcoal trap at

liquid air temperature to remove any small quantity of ni-

trogen that might be present in the original tank hydrogen.3
We used a space velocity of about 2200.

The Calorimeter—Because of the necessity for reduction
of the iron in the calorimeter in a hydrogen atmosphere at
500° we found it was not practicable to use the calorimeter
design most recently employed in this Laboratory56 In
particular it was found that Kovar was attacked by hydro-
gen at 500° with the consequent failure of the Kovar-to-
glass seal formerly used. The calorimeter employed in the
present work consisted of an all Pyrex glass external as-
sembly (Fig. 1a) with a platinum filler (Fig. Ib) which en-
hanced the heat distribution.

The complete calorimeter is shown in Fig. 1. The inner
container (A) consists of a thin-walled glass cylinder, 9.5
cm. long, 1.8 cm. internal diameter, and about 1 mm. wall
thickness. Surrounding the glass container is a glass
jacket (B), the annular space being about 1 cm. The head
of the calorimeter is fitted with a gas inlet tube (C), and an
outlet (D) which extends to the bottom of the inner con-
tainer. Four Kovar to glass seals, Us" in diameter, two
of which are shown in the figure (E), are attached for ther-
mocouple and heater leads from the interior of the calo-
rimeter. A perforated copper disc (F) fits loosely on to the
ring seal at the top of the inner container, and supports
Pyrex glass beads (G) filling the space in the head of the
calorimeter.

A platinum filler was close-fitted into the glass container.
This unit is shown in Fig. Ib, and consists of six symmetri-
cally spaced fins, riveted together (H). Notches are cut at
the bottom of each fin to facilitate gas circulation. A
single copper-constantan thermocouple (J), B and S Nos.
30 and 31, respectively, is spot welded to one of the fins,
about half way down. The 60 ohm heater is wound from
B and S No. 34 double glass covered “ Advance” wire, on
two thin strips of mica, approximately 7 cm. long and 6.5
mm. wide. These strips (K) are placed between more mica
and bolted, top and bottom, to a pair of opposite fins on the
filler. Both the heater and thermocouple wires are sleeved
with thin-drawn glass capillaries and connected to short
sections of heavier wire (B and S No. 18) which in turn are
sealed through the Kovar side arms. Throughout the re-
duction schedule the Kovar-to-glass seals remained outside
the furnace and so were not subjected to hydrogen at ele-
vated temperatures.

This calorimeter has been employed successfully at both
0 and —195° using an ice-water mixture and liquid nitrogen,
respectively, to obtain a constant temperature bath at these
two temperatures. At both these temperatures, time-
temperature curves have been obtained during calibration
for heat capacity and during actual adsorption measure
ments. A treatment of these curves according to Newton'’s
law of cooling has resulted in reconstructed curves which
represent constant temperature with time. This indicates
that the new calorimeter model is operating in a satisfactory
way and that it may be used with confidence.

\Ve have attempted to measure the heats of adsorption
for the system hydrogen-iron at 214° (Type B adsorption).
In this work we held the temperature as nearly constant as
possible by means of an electric furnace. Because we had
no temperature regulating device the experiments at 214°
were of necessity rather crude, and most of the time-temper-
ature curves did not conform exactly to Newton's law of
cooling. Four experimental points are shown in Fig. 4,
runs 7 and 8. It happened that the experimental data for
the initial point of run 8, giving a differential heat of adsorp-
tion of 26 kcal. per mole, gave indication of excellent agree-
ment with Newton’s law; as a result we feel rather confi-
dent about this one point. We prefer however to consider
all four points 7 and 8 as giving only qualitative evidence

(41 R. A. Beebe and N. P. Steven», ./. Am. Chem. fine.
(1940).
(5) C. H. Ambers, W. B. Spencer and R. A. Beebe, Can. J. Chem.,

33, 305 (1955).
(G) R. A. Beebe and R. M. Dell, This Journal, 59, 746 (1955).
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Fig. 1—The calorimeter: inner Pyrex jacket, A; outer
Pyrex jacket, B; inlet tube, 3; outlet tube, D; Kovar-glass
seal, E; copper disc, F; Pyrex glass beads, G; platinum
fins, H; thermocouple, J; htater, K.

Fig. 2—Isotherms at 0° for hydrogen on singly promoted
iron catalyst: heatruns 1, 2and 5, =, A, 0; adsorption runs
Ai and A2 O, O

that the heat values for Type B adsorption are higher than
for Type A.

Results and Discussion

The Isotherms for the Hydrogen-lron System.
—In anticipation of th3 heats of adsorption meas-
urements, the isotherms for hydrogen on iron
catalyst 198 were first determined at Oand —195°
in a simple glass adsorption tube which had ap-
proximately the same capacity and dimensions as
the inner chamber of the calorimeter. The results
are shown in Figs. 2 and 3 as adsorption runs
Ai and A2at 0°, and adsorption run C at —195°.
A second set of isotherms was determined along
with the heat runs 1, 2 and 5 at 0° and heat runs
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Fig. 3.—Isotherms at —195° for hydrogen on singly pro-
motoed iron catalyst: adsorption run C, O; heat runs 4 and 6,
A,

Fig. 4.—Calorimetric heats of adsorption for hydrogen on
singly promoted iron catalyst: runs 4 and 6 at —195°,
V,0 runs 1l 2and5at0° O, a,0d; runs 7 and 8at 214°,

4 and 6 at —195°, and these also are shown in Figs.
2 and 3.

It is at once apparent that the adsorptive capac-
ity of the catalyst for hydrogen adsorption in the
calorimetric work was only about one-half that in
the initial experiments in the simple glass adsorp-
tion tube. We can offer no explanation of this
marked difference in the Type B hydrogen adsorp-
tion in the simple adsorption tube and in the calo-
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rimeter since the schedule of space velocity of hydro-
gen gas flow and the temperature of reduction and
outgassing was made as nearly identical as possible
in the two sets of experiments. It could be in part
due to a decrease in total surface since the specific
surface area at the end of the heat measurements
was down to 11.85 m.2g. Unfortunately no check
was kept on the BET surface area of the catalyst
in the calorimeter during the course of the heat runs.

It is of interest to compare our Type C hydrogen
adsorption isotherms at —195° on catalyst 198
with those of Kummer and Emmett2 on a singly
promoted iron catalyst although the catalysts used
in our studies and in theirs are not identical. At
“zero” pressure we found 0.2 and 0.09 cc./g. in our
two sets of experiments (Fig. 3) whereas Kummer
and Emmett2found 0.11 cc./g. (see Fig. 1 of their
paper).

It is also to be noted that the isotherms at 0° are
not very reproducible. The heat runs and concom-
itant isotherm measurements were carried out in the
order listed from run 1to run 6. (Run 3 was aban-
doned after only one or two initial increments be-
cause of temporary difficulty with the temperature
recording device, and the results are not shown.)
As a result of accidents, the catalyst was exposed
to air at room temperature between heat runs 1 and
2 and again between heat runs 4 and 5. Of course
each exposure to air necessitated the repetition of
the high temperature reduction and outgassing
procedure. It is to be noted that this history of
the catalyst resulted in decreasing Type B adsorp-
tive capacity for hydrogen at 0° from run 1 tc 2
to 5, but that exposure to air and subsequent re-
duction between runs 4 and 6 caused no detectable
change in the amount of Type C adsorption at
-195°.

Types A and C adsorption of hydrogen on cata-
lyst 198 proceed at a sufficient rate at 0 and —195°,
respectively, to make calorimetric measurements
practicable by our technique. For instance all the
adsorption points shown in Figs. 2 and 3 represent
equilibrium pressures which were reached within
10 minutes or less of the admission of the given
increment of hydrogen. We also have investigated
the adsorption for the hydrogen-iron system at
—78 and at 200°. Confirming the results of Kum-
mer and Emmett2we have found a very consider-
able “creep” at —78°, and as a consequence we
did not make calorimetric measurements at this
temperature. We also have found a definite
“creep” in the Type B adsorption at 200° but since
this creep in pressure did not represent more than
a 15% change in the amount adsorbed up to about
0.06 cc. per g. we have found it practicable, so far
as adsorption rate is concerned, to attempt the
rough measurements represented by the four points
given inruns 7 and 8. Any heat measurements for
Type B adsorption at higher coverages than those
shown in Fig. 4 would be precluded by the slow ad-
sorption rate.

The Heat of Adsorption.—The heat values for
Types A, B and C adsorption at 0, 214 and —195°,
respectively, are shown in Fig. 4. For reasons
already given, heat runs 7 and 8 for Type B adsorp-
tion at 214° have only qualitative significance.
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Because of the relatively small increments of hydro-
gen adsorbed even on the large sample of catalyst
(36.67 g.) we consider that heat runs 1, 2 and 5 at
0°, and runs 4 and 6 at 195° are satisfactory with
respect to the spread of the experimental points.

From Fig. 4 it is at once apparent that Types A
and C adsorption are sharply differentiated as re-
gards the heat values which range, respectively,
from 16.5 to 8.0 (at 0°) and from 5.2 to 1.6 kcal. per
mole at —195°. The crude measurements at
214° indicate heats for Type B adsorption ranging
from 27 to 15 kcal. per mole.

It is of interest that the differential heat values
for Type A adsorption at 0° show a small decrease
in the successive runs 1, 2 and 5, and that a corre-
sponding decrease for these three runs is shown in
the isotherms at 0° in Fig. 2. On the other hand,
neither the heat data nor the isotherms for Type C
adsorption at —195° show any observable differ-
ences in runs 4 and 6. From these observations we
must conclude that Type B adsorption is rather
sensitive to differences in the state of the surface
caused by exposure to air and subsequent reduction
at high temperature whereas Type C adsorption is
comparatively insensitive to any effects of this his-
tory of the adsorbing surface. Our calorimetric
data at —195° support the prediction of Kummer
and Emmett2that the heat of binding for Type C
adsorption is “considerably smaller than the heat of
adsorption of either Type A or Type B hydrogen ad-
sorption.” On the other hand only a small frac-
tion of the hydrogen adsorbed at —195° yields
heats which are in excess of about 2.0 kcal. per
mole. It is to be noted that this fraction repre-
sents that part of the isotherms which is adsorbed
at pressures too small to observe on a regular mer-
cury manometer (see Fig. 3). Since Kummer and
Emmett2 have presented strong evidence for a
chemisorption process at —195°, we conclude that
the initial increments in runs 4 and 6 shown in Fig.
4, perhaps up to about 0.10 cc. per g., are due to
Type C chemisorption. According to Trapnell7
and to Schwab,8any heats of adsorption for hydro-
gen which exceed 2.0 kcal. per mole must be attrib-
uted to chemisorption.

In previous publications from this Laboratory9l0

(7) B. M. W. Trapnell, “Chemiscrption, ' Academic Press, New

York, N. Y., and Butterworth’s Scientific Publications, London,
1955, p. 146.
(8) G. M. Schwab, “Proceedings of the Second International

Congress of Surface Activity in Liege,”” Vol. Il, Butterworth and Inter-
science. 1957.
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we have reported the calorimetrically determined
heats of adsorption for hydrogen and for deuterium
on a chromic oxide adsorbent at —183°.  Since the
chromic oxide had a specific adsorptive capacity
about thirty times that of the present iron catalyst,
it was possible to obtain the heat values at low cov-
erage in much greater detail than in the present
work. Thus we see that it was possible to introduce
nine increments of about 4.0 cc., each with only
1.2 mm. equilibrium pressure for the last increment.
In the current work (run 4, Fig. 3) the equilibrium
pressure after the first increment was already 3.0
mm. In the work of Beebe and Dowden it is seen
(Fig. 3) that the heats for hydrogen on chromic ox-
ide decrease from 5.2 to 3.2 kcal. per mole for the
nine increments introduced. It is seen from Fig. 4
of the current work that the heats for the first four
points from runs 4 and 6 fall in the range from 5.1 to
2.5 kcal. per mole. Thus on the basis of the heats
and of the residual pressures we may consider the
range represented by these four experimental
points as being comparable to the whole range of
points studied for the hydrogen-chromic oxide sys-
tem. 11

In a previous publication9from this Laboratory
the work of Gould, Bleakney and Taylor12 on the
catalysis by chromic oxide of the hydrogen-deute-
rium exchange reaction at —183° has been cited,
and it was concluded that the heat values for the
hydrogen-chromic oxide system varying from 5.2
to 3.2 kcal. per mole910 must represent a chemisorp-
tion process. It seems admissible to draw a similar
conclusion in the present case for Type C adsorption
having heats in excess of 2.0 kcal. per mole. It
should be noted that Schwab8argues that it is in-
correct to suppose that the chemisorbed state is nec-
essarily identical with the activated state in cataly-
tic reaction. Thus it seems worthwhile to present
the heat data for Type C adsorption as supporting
evidence for chemisorption in the iron-hydrogen
system.

(9) R. A. Beebe and H. M. Orfield, J. Am. Chem. Soc., 59, 1627
(1937).

(10) R. A. Beebe and D. A. Dowden, ibid., 60, 2912 (1938).

(11) 1t is unfortunate that we could not obtain more diledeta in-
formation in the present work, but this was impracticable because
of the small quantity of hydrogen adsorbed on iron catalyst 198. It
should be mentioned that the abscissae of Fig. 4 are plotted at the
mid-point of each increment. A more accurate use of the data would
involve plotting total heat evolved against total volume adsorbed and
then calculating the differential heats frDm the slope of this line. This
has not been done because of the small number of experimental points
involved in the region of decreasing differential heats.

(12) A.J. Gould, W. Bleakney and H. S. Taylor, J. Chem. Phys., 2,
1627 (1937).
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The adsorption of l-butene and l-octene on silica-alumina catalysts has been studied in an attempt to elucidate the
mechanism of catalytic cracking. It was found that 1-butene was strongly chemisorbed by silica-alumina at temperatures
as low as —78° and that this adsorption was very sensitive to pretreatment of the catalyst. It also was found that the
adsorption passed through a maximum as water was added back to a catalyst previously evacuated at 760°. Further, the
amount of adsorption decreased when the surface protons of the catalyst were replaced with barium ions. 1-Butene, when
chemisorbed below about 100°, underwent a slow surface polymerization to form what appeared to be a Cj complex. At
higher temperatures this complex started to decompose in a manner suggesting that the complex must exist, at least par-
tially, as a carbonium ion. With further increase in temperature, there was a gradual accumulation of hydrocarbonaceous
deposit. While the adsorption characteristics of 1-octene were less thoroughly studied, they appeared in general to be
similar to those of 1-butene. From the olefin adsorption measurements between —78 and 500° it appeared that some
stable catalyst-olefin complex was formed throughout the entire temperature range although the nature of the complex under-
goes a gradual transition from a chemisorbed olefin at —78° to a coke-like hydrocarbon at 500°. On the basis of these
and other observations it was concluded that carbonium ion formation is not the rate-determining step in the catalytic crack-

ing of olefins.
and desorb from the catalyst surface.

Introduction

It is generally accepted that the decomposition or
cracking of hydrocarbons over silica-alumina cata-
lysts involves the formation of a carbonium ion
which is intimately associated with the catalyst
surface. Few data are available, however, for
judging the actual extent of such carbonium ion
formation or chemisorption. In previous work,234
it has been shown that alkanes such as butane, hep-
tane and octane cover only a very small fraction
(less than 0.5%) of the surface with carbonium
ions even at the temperature at which rapid decom-
position is observed. From these results it was
concluded that the step controlling the over-all de-
composition rate was the actual formation of car-
bonium ions. The present paper reports the results
of an extension of these chemisorption studies to
two olefins, 1-butene and 1-octene, and presents
conclusions based on these experimental observa-
tions.

Experimental

The apparatus used for olefin adsorption measurements
was essentially the same as that employed in the study of the
adsorption of saturated hydrocarbons.3 It included a volu-
metric system for adsorption measurements at low pressures
(four mm.) and a flow-type gravimetric system for adsorp-
tions at higher pressures and at temperatures above those
at which decomposition is initiated. Two essential modi-
fications were made in the flow system. Both a water
saturator and a reduced copper oxide bed were installed in
the entrance side of the flow system. The saturator per-
mitted the vaporization of about 30 mm. of water vapor into
a nitrogen stream. This saturated nitrogen then could be
passed over the catalyst to adjust the extent of rehydration
of a catalyst sample partially dried by prior evacuation at
high temperature. The extent of rehydration was deter-
mined from the weight increase of the catalyst sample.
The bed of reduced copper oxide, maintained at about 300°,
was used to remove trace impurities of oxygen from the hy-
drocarbon feed.

Two catalysts were employed in this study. The first of
these was a commercial synthetic silica-alumina cracking
catalyst obtained from the Houdry Process Corporation

(1) Johns Hopkins University, Baltimore, Maryland.

(2) R. C. Zabor and P. Il. Emmett, J. Am. Chem. Soc., 72, 5639
(1951).

(3) D.S. Maclver, University of Pittsburgh, Ph.D. Thesis, 1957.

(4) Also D. S. Maclver and P. H. Emmett, T his Journal, 62, 935
(1958)-

Instead, it appears that the slow step is the rate at which the carbonium ions break up into smaller fragments

and designated by them as M-46. It contained 12.5%
Al12D3and had a BET surface area of 262 m.2g. The other
was a bariumexchanged silica-alumina prepared by con-
tacting M-46 pellets with a 1.5 molar barium acetate solu-
tion for 66 hours at 30°, washing thoroughly, and drying at
110°. The final catalyst contained 0.46 meqg. Ba++/g. and
had a surface area of 228 m.2g. About 6 g. of catalyst
was used for each run in the volumetric system and about 10
g. in the flow system. In all cases, 20 to 30 mesh particles
were employed.

The 1-butene and 1-octene were pure grade hydrocarbons
obtained from the Phillips Petroleum Co. and Humphrey-
Wilkinson, Inc., respectively.

Results

1-Butene.—Volumetric  adsorption  measure-
ments quickly showed that butene, unlike the
saturated hydrocarbons,34 was strongly chemi-
sorbed by the catalyst even at room temperature
or below, and that its adsorption was very sensitive
to the pretreatment of the catalyst. This sensitiv-
ity is well illustrated by a series of four isobars of
1-butene at 4 mm., shown in Fig. 1. The four runs
were made consecutively on the same catalyst sam-
ple with varying pretreatment. Before run one,
the sample had been used for a number of adsorp-
tion measurements and had been regenerated re-
peatedly by heating in dry air at 500°. Finally, it
was evacuated at 500° for 10 hours following a re-
generation and then permitted to adsorb 1.8 cc.
(STP) of water vapor per g. at 450°. Before run
two, the sample from run one was treated at 500°
for two hours with a stream of dry air to remove all
carbonaceous material, evacuated at 500°, and al-
lowed to adsorb 0.8 cc. (STP) of water vapor per g.
at 470°. Runs three and four were made after
the catalyst from run two had again been regener-
ated and evacuated at 500° without any water hav-
ing been added back to the catalyst. Evacuation
prior to run three was for about 10 hours; that pre-
ceding run four about 64 hours. This technique,
then, produced a series of catalysts of decreasing
water content. In general, the four runs seem to
indicate that the adsorption of 1-butene is sensi-
tive to the amount of adsorbed water vapor.

It became apparent during the course of run cne
that both decomposition products and water were
being evolved as the temperature reached about



April, 1959

100°. Accordingly, a rough correction has been
made for this gas evolution in runs two, three and
four. The portion of the gas phase that did not
condense in a trap cooled to —195° was called
“cracked product” and presumably consisted of hy-
drogen and methane, while the material condensing
at —78° was termed “water.” As will be noted in
this series of runs, the volume of cracked product
was rather small in run two, but increased with suc-
cessive experiments until in run four the total vol-
ume of cracked products amounted to about 0.6 cc.
(STP)/g. Thus, in a strict sense, the curves in
Fig. 1do not represent true equilibrium isobars for
butene, because at temperatures of 100° and above,
although the total pressure was 4 mm., the partial
pressure of butene in the gas phase was in all cases
less than four mm.

Evidence that 1-butene chemisorbs on silica-
alumina in the form of a stable complex having the
characteristics of a carbonium ion was obtained
from a mass spectrographic analysis of the hydro-
carbon fraction of the gas phase at 130° in a typical
adsorption run in which 1-butene was used as ad-
sorbate. The results of this analysis are shown in
Table I.

Table |

Analysis of Hydrocarbon Fraction of Gas Phase

Components Mole %
Methane 0.8
Ethane 1.1
Propane 1.4
Butenes 30.5
Isobutane 1G.8
Pentenes 18.5
Isopentane 18.8
Cg and higher hydrocarbons Some

From the analysis of these gases, it is apparent
that a variety of hydrocarbon reactions including
decomposition, alkylation and isomerization have
occurred in this temperature range. Inasmuch as
these reactions are thought to proceed via a carbo-
nium ion mechanism, these data may be taken as
indicative of carbonium ion formation from olefins
even at these low temperatures. Samples of gases
taken at higher temperatures contained greater
amounts of cracked products and smaller amounts
of butenes.

As a check on the butene adsorption values at
low pressure, a run was made in the gravimetric
flow system at 100° on a sample of Houdry M-46
flushed with dry nitrogen for 16 hours at 500°.
Points were taken as a function of time, the partial
pressure of butene being maintained at about 5, 20
and 100 mm. Traces of water evolved during the
runs were measured by means of a Mg(C1042 dry-
ing tube. The adsorption values in these and all
subsequent flow type experiments were corrected
for any weight changes due to the loss of water.
Plots of these data are given in Fig. 2. As is evi-
dent, the adsorption at 5 mm. gradually increased
with time, reaching a value of about 4.5 cc. (STP)/
g. at the end of eight hours. This value is in fair
agreement with that shown in run four of Fig. 1
Due to the apparent dependence of adsorption
upon catalyst water content, exact agreement is not
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Fig. 1.—Adsorption isobars of 1-butene on silica-alumina
cracking catalyst at 4 mm. pressure. Open symbols repre-
sent initial adsorption; closed symbols, readsorption after
cooling from 100°. represents the isobar corrected
for cracked products and water; ------------- represents the
isobar corrected for water; represents the uncor-
rected isobar.

Fig. 2.—Rate of adsorption of 1-butene at 100° on silica-
alumina: A, adsorption at 100 mm.; O, at 20 mm.; O, at5
mm.

to be expected. Adsorption values at 20 mm. and
100 mm. also appear to increase gradually with
time, indicating the possibility of slow polymeriza-
tion under these temperature and pressure condi-
tions, the product of this polymerization also being
adsorbable. At 100 mm., the adsorption corre-
sponds to slightly less than a monolayer. It should
be pointed out that these three runs of Fig. 2 were
made successively on the same sample of silica-
alumina rather than on three different samples.
Thus, the rate curves for the two higher pressures
are shown as dotted curves up to the first adsorption
point, inasmuch as the sample had been equili-
brated at the next lower pressure of the previous
experiment.

The results shown in Fig. 1 made it evident that
the chemisorption of butene was dependent upon
the state of hydration of the catalyst. This sug-
gested a series of butene chemisorption experiments
on catalysts of varying but known water content.
Accordingly, a number of catalyst samples having
different water contents were prepared by evacua-
tion at 760° and rehydration to equilibrium
(reached in about 30 minutes) with water carried
at a known partial pressure in a nitrogen stream.
The extent of rehydration was controlled by proper
selection of the rehydration temperature. Butene
chemisorption values for such samples measured at
100° and 5 mm. pressure after six hours of gas flow
are shown in Fig. 3 as a function of the amount of
water added back to the catalyst. The curve
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Fig. 3.— 1-Butene adsorption at five mm. and 100° on silica-
alumina \& catalyst water content.

silica-alumina; A, Cu treated 1-butene on silica-alumina.

shows that the adsorption values increased with
increasing water content over and above the water
content after the evacuation pretreatment. The
adsorption reached a maximum value of about 4.7
cc.(STP)/g. at a content of added water of about
3.2 mg./g. The curve then dropped off rapidly
with an additional increase in water content.

In a separate experiment, the total amount of
water on a similar catalyst was determined by evac-
uation up to 1300°. From this work it was possi-
ble to show that the water remaining associated
with the catalyst after a 760° evacuation (the
treatment used in the above experiments) amounted
to about 1.0%.6 The total water content of the
catalyst showing maximum butene chemisorption
was therefore approximately 1.3% by weight.

An adsorption run of still another type was
carried out at one atmosphere pressure by passing
pure 1-butene for six hours over a sample of the
catalyst previously flushed with nitrogen overnight
at 500°. At 100° the sum of the physical and
chemical adsorption amounted to 49.6 cc.(STP)/g.
This is equivalent to about two layers of butene
over the entire surface on the basis of a measured
surface area cf 262 m.2g. To differentiate be-
tween physical and chemical adsorption, the sample
was flushed overnight with nitrogen at 100°. The

(5) Work completed in recent months has indicated that the meas-

ured water content per unit weight of catalyst after a given period of
evacuation at some specified temperature will depend upon the volume
of catalyst being evacuated. Water contents as low as 0.6 to 0.8%
are obtained upon evacuation at 500°, provided only one or two pellets
are used.
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removable butene amounted to 30.8 cc.(STP)/g.
This was thought to be mainly physically adsorbed.
The residual butene amounting to 18.8 cc.(STP)/g.
is presumably chemisorbed. It is equivalent to
somewhat less than a monolayer and is equal to
less than two butene molecules per H+, if we esti-
mate the latter to be 0.5 to 0.6 meq./g. by the usual
base exchange procedure. The flushing with nitro-
gen was continued as the temperature was in-
creased by steps to 500°; at the same time, at suc-
cessively higher temperatures, the residual material
on the catalyst was determined gravimetrically.
A plot of the weight of this residual material, calcu-
lated as cc.(STP) butene/g., is shown in Fig. 4 as a
function of the temperature. Over the higher part
of the temperature range this residue on the cata-
lyst is probably existent not as butene, but as a
layer of coke.

Also shown in Fig. 4 is a curve obtained in a simi-
lar manner showing the adsorption on silica-alu-
mina of 1-butene, treated with hot copper for trace
oxygen removal. This run indicates that either
no oxygen was present in the unpurified butene or
that the adsorption of olefins is not as sensitive to
traces of oxygen as is the adsorption of paraffins.3

Considerable work has been done on the low
temperature adsorption characteristics of 1-butene
in which attempts have been made to differentiate
between physical adsorption, chemisorption and
polymerization in the temperature range from —78°
to room temperature. With 1-butene as the ad-
sorbate, two consecutive isotherms were run in the
volumetric system on the silica-alumina catalyst at
—78° where 1-butene has a vapor pressure of 13.5
mm. Pretreatment of the catalyst consisted of a
16 hour evacuation at 500°. Between these two iso-
therms, which are shown in Fig. 5, the sample was
warmed to room temperature and equilibrium es-
tablished under these conditions before the second
isothermwas run. In the first adsorption curve, the
adsorption at a relative pressure of 0.5 corresponded
to about three molecular layers, on the basis of a
butene monolayer of approximately 25 cc.(STP)/g.
This adsorption has been estimated to consist of
about two layers of physically adsorbed butene, as
predicted by the BET theory,67 and a monolayer
of chemisorbed butene. At relative pressure 0.96,
the adsorption increased to about five molecular
layers. The desorption portion of the first adsorp-
tion curve showed a hysteresis loop which failed to
close, and the equilibrium adsorption at zero rela-
tive pressure, even after evacuation, amounted to
25.1 cc.(STP)/g. This has been interpreted as
indicating the chemisorption of approximately a
monomolecular layer of 1-butene.

After the catalyst was warmed to room tempera-
ture and recooled to —78°, the second adsorption
curve was run. This isotherm showed behavior
similar to that of the first isotherm. The adsorp-
tion at relative pressure of 0.95 was 132.5 cc.(STP)/
g., corresponding to somewhat more than five mo-
lecular layers of 1-butene. The desorption curve of
this second isotherm was quite similar in shape to

(6) S. Brunauer and P. H. Emmett, J. Am. Chem. Soc., 59, 2682
(1937).
(7) S. Brunauer, P. H. Emmett and E. Teller, ibid., 60, 309 (1938).
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that of the first isotherm, again yielding a hysteresis
loop which failed to close. The final adsorption
value after evacuation at —78° amounted to 38.4
cc.(STP)/g. of tightly bound 1-butene. This rep-
resents an increase in chemisorption of about a half
layer. The additional chemisorption has been in-
terpreted as resulting from a rearrangement of the
chemisorbed butene on the surface, this rearrange-
ment occurring at room temperature between the
determination of the two isotherms. This rearrange-
ment or migration may result in concentrated piles
of butene molecules or polymerized butene mole-
cules at the most active portions of the heterogene-
ous surface. It also apparently causes the baring
of fresh portions of the somewhat less active sur-
face, portions still capable of accumulating addi-
tional chemisorption at —78°.

To check this interpretation, a similar set of two
isotherms was run at —73° on a fresh sample of
pretreated catalyst without the intervening heating
to room temperature. The results are shown in
Fig. 6. The second isotherm at —78° was, in
general, sigmoidal in shape and typical of Type IV
isotherms.8 The desorption curve again showed a
hysteresis loop which in this instance closed at a
relative pressure of about 0.1. At the completion
of the run, 24.0 cc.(STP)/g. remain chemisorbed.
This value agrees closely with the quantity of bu-
tene initially present at the beginning of the second
isotherm, indicating that lhe adsorption occurring
in the second isotherm was quite reversible. This
behavior can be accounted for as resulting from
physical adsorption of 1-butene, this adsorption
merely covering over the monomolecular layer of
1-butene.

Inasmuch as the observed adsorption was
thought to be physical adsorption in this second
isotherm, the data from the adsorption portion of
the curve, up to a relative pressure of 0.35, were
treated by the BET method. A good straight line
was obtained, and a value for Fm the butene vol-
ume corresponding to monolayer coverage, was
found to be 27 cc.(STP)/g., a value in good agree-
ment with the amount of chemisorption observed at
—78°.  This monolayer coverage was observed at
a relative pressure of 0.26.

This second isotherm also emphasizes the essen-
tial correctness of the initial interpretation con-
cerning the difference in behavior of chemisorbed
butene at —78° and room temperature. The ap-
parent rearrangement or polymerization observed
at room temperature does not occur as rapidly at
—78°, so that subsequent readsorption at —78° re-
sults only in physical adsorption and not in in-
creased chemisorption.

By similar adsorption studies, an attempt was
made to determine the behavior of 1-butene on
silica-alumina at a temperature intermediate be-
tween —78° and room temperature, namely, 0°.
An isotherm of 1-butene showed greatly increased
adsorption values characterized by a very slow ap-
proach to equilibrium. Upon desorption it was
found that 97 cc.(STP)/g. remained bound quite
strongly to the surface at a relative pressure of es-

(8) S. Brunauer, L. S. Deining, W. E. Deming and E. Teller, ibid.,

&2 1723 (1940).
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Fig. 5— 1-Butene adsorption at —78° on silica-alumina:
open and solid circles, initial adsorption and desorption, re-
spectively; open and solid squares, readsorption and de-
sorption after equilibration at room temperature.

Fig. 6.— 1-Butene adsorption at —78° on silica-alumina:
open and solid circles, initial adsorption and desorption,
respectively; open and solid squares, readsorption and de-
sorption. Temperature was maintained at —78° between
runs.

This corresponds to nearly four
layers of butene. Attempts to remove portions of
this residual adsorbed material by evacuation
at 0° resulted in the recovery of considerable hydro-
carbon, which was identified by vapor pressure
measurements to be mainly a C8hydrocarbon, prob-
ably octene. Thus the surface polymerization of
butene occurs at 0° as well as at room temperature,
and it is this molecular rearrangement on the sur-
face which causes the increased adsorption values
observed. At —78°, on the other hand, adsorption
appears to be a combination of physical and chemi-
cal adsorption, and relatively little cumulative
polymerization takes place. No C8 hydrocarbon
was detected in the gases desorbed at the lower
temperature.

Despite the foregoing work, it was felt that even
at —78° chemisorbed butene might undergo some
change with time. Accordingly, experiments were
performed in which a monolayer of butene was
chemisorbed at —78° and allowed to remain on the
catalyst at this temperature for a specified period
of time. The catalyst then was warmed to room
temperature; the desorbed gases were trapped at
—195° and measured volumetrically. The results
of three such experiments are shown in Table II.
A fresh sample of catalyst was used in each run.
These data would seem to be suggestive of a slow
surface polymerization of the chemisorbed butene
at -78°.

It is well known that the catalytic activity of a
silica-alumina can be poisoned by base exchanging
the surface protons with alkali metal or alkaline
earth ions.910 Further, it has been shown5recently

(9) J. D. Danforth, T his Journal, 53 1030 (1954).

(10) R. G. Haldeman and P. H. Emmett, J. Am. Chem. Soc., 8
2922 (1956).

sentially zero.



Fig. 7.—1-Butene adsorption at —78° on barium ex-
changed silica-alumina: circles, adsorption; squares,
desorption.

Tabte Il

Aging of Chemisorbed 1-Butene at —78°
% of chemisorbed
butene desorbed
at room temp.

Time adsorbed
at —78°, days

1 70
8 62
21 33

that the ability of a catalyst to chemisorb isobu-
tane is also decreased by this treatment. It was of
interest, therefore, to determine whether a similar
effect is operative in the case of 1-butene chemisorp-
tion. Accordingly, an adsorption isobar was meas-
ured at —78° on a sample of the Houdry M-46
which had been base exchanged with 0.46 meq.
Ba++/g-i the result is shown in Fig. 7. Before
the run, the catalyst was evacuated for 16 hours at
500°. As can be seen, the isotherm showed a
behavior similar to that found for the unexchanged
catalyst (Fig. 6) except that in the present case
only about 16 ec.(STP)/g. remained adsorbed at
the completion of the run. This corrresponds to
about 0.74 of a monolayer, as compared to about a
complete layer for the unexchanged material, indi-
cating a definite poisoning of the catalyst by the
barium ions.

1-Octene.—Because of the sensitivity of the
catalyst to pretreatment and particularly to the
amount of adsorbed water vapor on its surface, no
extensive adsorption measurements were made for
l-octene. The few experiments that were carried
out, however, showed clearly that octene was
chemisorbed in slightly greater quantities than was
butene at a partial pressure of four mm. However,
octene differed from butene in that it began to de-
compose quite extensively at temperatures lower
than those at which butene decomposition took
place.

Discussion

The experiments with butene show that unsatu-
rated hydrocarbons are chemisorbed very rapidly
by the surface of cracking catalysts even at —78°.
This observation seems to be consistent with in-
formation available in the literature. For exam-
ple, Hansford and co-workers1l report that when

(11) R. C. Hansford, P. G. Waldo, L. C. Drake and R. E, Honig,
| , 44, 1108 (1952).
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unsaturated hydrocarbons are let into a reaction
vessel containing a cracking catalyst covered with
D, the pressure drops to a very low value (about
one mm.) at —30°, and the adsorbed butene ex-
changes its hydrogen atoms at an appreciable rate
with the adsorbed deuterium oxide on the surface of
the catalyst. In interpreting their experiments,
they present the reasonable conclusion that the
exchange probably occurs as a result of butene
molecules forming carbonium ions by addition to
the deuterium ions of the catalyst.

It is interesting to compare the maximum ob-
served in butene chemisorption as a function of wa-
ter content (Fig. 3) with similar maxima found by
other workers. Hansford, et al.,n report a maxi-
mum in the exchange rate of hydrogen between iso-
butane and adsorbed D2 on silica-alumina at an
“added back” DD content of 0.25%. Hindin,
Mills and Oblad,2 in a somewhat similar study,
found an exchange rate maximum at 0.2-0.3%
“added back” water. The same authors also have
investigated the effect of catalyst water content
on the isomerization and cracking of a number of
alkanes over silica-alumina and observed the high-
est rate when water was added to the dried catalyst
in amounts varying from 0.05 to 0.1%. Finally,
Haldeman and Emmett, 1013 in an extensive study
of the isobutane exchange reaction, found that the
optimum “added back” water content ranged from
0.13 to 1.0%, depending upon the prior history of
the catalyst.

Thus there seems to be ample evidence that the
surface characteristics of silica-alumina are strongly
dependent upon the state of hydration of the cata-
lyst, and it is not surprising that the chemisorption
of butene should be a function of the amount of
“added back” water. Because of the complexity
of the system, however, it is difficult to develop a
detailed, mechanistic picture of this dependency;
and only a qualitative explanation seems possible
at this time.

The work of Haldeman and Emmett1013 suggests
that most of the active sites on silica-alumina cata-
lysts are in the form of Lewis acids after evacuation
at 500°; Bronsted acids apparently predominate on
the hydrated catalyst. If it can be assumed that
the addition of water to the evacuated catalyst re-
generates the Bronsted acid and that the olefin re-
acts most readily with this form, then the initial rise
in butene adsorption as shown in Fig. 3 becomes
reasonable. The decline in chemisorption with
further increase in the amount of added water
could then result from excessive hydration of pro-
tons which might render them less active for carbo-
nium ion formation. That protons are involved in
the chemisorption of an olefin seems to be indicated
by the observed decrease in adsorption when some
of the protons are replaced by barium ions.

Initial 1-butene adsorption experiments made in
the volumetric system, the results of which are
shown in Fig. 1, yielded adsorption values consider-
ably lower than those corresponding to the maxi-
mum adsorption of Fig. 3 and discussed above. It

(12) S. G. Hindin, G. A. Mills and A. G. Oblad, J. Am. Chem. Soc.,
73, 278 (1951).

(13) R. G. Haldeman and P. H. Emmett, ibid., 78, 2917 (1956).
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is believed that, due to the less severe dehydration
treatment of catalysts in the volumetric system
(500° as compared to 760c), these catalysts had
water contents correspondingly higher than those
showing maximum adsorption in Fig. 3. Accord-
ingly, the observed volumetric adsorption values
were low.

From olefin adsorption measurements at —78, 0,
100° and higher, it is obvious that, even though
some stable catalyst-olefin complex is formed
throughout the entire temperature range, differ-
ences exist in the nature of the complex at these
various temperatures. The stable 1-butene ad-
sorption of 25 cc.(STP)/g. at —78° amounts to
roughly two butene molecules for each proton.
This behavior suggests either two butene molecules
or one octene molecule in the immediate vicinity of
each acid site. As the temperature is increased to
0° and further to room temperature, polymerization
to octene seems to occur, as evidenced by detection
of gas phase octene. This polymerization is pre-
sumably accompanied by rearrangement of molecu-
lar positions on the surface inasmuch as fresh sur-
face is bared for further adsorption at —78°. Fi-
nally, at temperatures of 1003and higher, it becomes
even more difficult to suggest the exact composition
of the stable complex. However, since reaction
products are continually observed, the complex
must exist, at least partially, as a carbonium ion.
This agrees with the usual concept of a carbonium
ion mechanism for olefin polymerization reac-
tions.1455 There is a gradual accumulation of hy-
drocarbonaceous deposit as temperature is increased

(14) F. C. Whitmore, ibid., 26, 961 (1934".
(15) L. Schmerling and V. N. Ipatieff, “Advances in Catalysis,’*
Vol. Il, Academic Press, New York, N. Y., pp. 28-78.
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further. Hence, from the adsorption results and
other observations, the 3xact nature of the com-
plex cannot be defined more closely than to say it
displays the characteristi is of a carbonium ion, and
it appears to undergo gradual transition from a
chemisorbed olefin at —78° to a coke-like hydro-
carbon at 500° as the temperature is raised.

In conclusion, it may be well to summarize the
way in which the present olefin adsorption results
fit into the picture of catalytic cracking. The
formation of a carbonium ion involves a consider-
ably smaller energy of activation for olefins than
for paraffins, inasmuch as ion formation involves
only sharing or donating of the electrons of the
double bond as opposed to bond breaking in the
case of paraffins. As judged by values for the
chemisorption of olefins the formation of carbo-
nium ions accordingly appears to take place even
at temperatures far below those at which decompo-
sition isobserved. On the basis of these facts, then,
it is believed that carbonium ion formation is not
the rate-controlling step of olefin decomposition.
Instead, the rate at which carbonium ions break up
into small fragments and desorb from the silica-
alumina surface is envisioned as the step control-
ling the over-all reaction rate. From these postulates
it is clear that the rate of decomposition of paraffins
is much slower than the corresponding decomposi-
tion rate of olefins because of the comparative rates
of controlling steps in these reactions. Carbonium
ion formation from paraffins is considerably slower
than carbonium ion decomposition.
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Regeneration kinetics, X-ray diffraction, low temperature nitrogen adsorption, and light and electron microscopical studies

were used to characterize the carbon (coke) deposit of silica-alumina catalysts.
developed which permits examination of identical fields before and after regeneration.
bon deposit is a finely divided, highly dispersed phase present within the ultimate pore str icture of the catalyst.

A technique in electron microscopy was
These studies indicate that the car-
X-Ray

diffraction studies indicate that the coke deposit consists largely of pseudo-graphitic structures together with considerable

amounts of poorly organized carbonaceous material.
observed regeneration kinetics.

Introduction

The characterization of the carbonaceous mate-
rial which forms on a cracking catalyst when it is
exposed to hydrocarbons at elevated temperatures
is a problem of considerable challenge to the col-
loid chemist and the microscopist. Whereas car-
bon (coke) in the catalyst at a level of a few tenths
per cent, is detected by the maided eye, a most care-
ful examination on the electron microscopical scale
is required to resolve it even at a concentration
of 5-15%.

The scientist can bring other tools into play
which permit characterizaffon of the carbon de-
posit: i.e.,, low temperature nitrogen adsorption,

A model of the coked structure is proposed which is consistent with

X-ray diffraction and kinetics studies of the com-
bustion of the carbonaceous phase. All of these
approaches supply information which allow a pic-
ture of the coke deposit *o be constructed. It is the
purpose of this paper to summarize our knowledge
of the nature of this elusive material.

Experimental

The catalysts studied were manufactured by the American
Cyanamid Company. They included fresh microspheroidal
13% AIljOj-87% SiOj (MS.a-1) catalyst, surface area 544
m.2/g., pore volume 0.71 ec./g.; steamed (artificially aged)
MSA-1, surface area 100 ir.2/g., pore volume 0.38 cc./g.
and plant-aged (or equilibrium) MSA-1, low metals con-
tamination (0.1% Fe and <100 p p.m. Ni + V), surface area
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(a) Uncoked.

(c) Coked, contaminated with 0.15 nickel.

Fig. 1.—Thin sections of commercial catalyst (magnification

250 diameters).
143 m.2/g., pore volume 0.42 cc./g. Average granule size
in each case was 50-60 n.

Coke was deposited on the catalysts in a shallow, 3 in.-
diameter, fixed-bed, Pyrex glass reactor by contact at 482°
with Mid-Continent gas-oil. Carbon level was regulated
by time of exposure.

The carbon phase was isolated for direct examination by
leaching of the catalyst phase. This was accomplished by
contacting the coked catalyst with a concentrated KOH
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solution (100 g. KOH/100 cc. HjO) for several hours. The
carbon phase floated on the liquid surface and could be re-
moved by decantation. It was added to a large volume of
distilled water in which it slowly settled. Washing was
continued by decantation until the wash water was neutral.
After acidification with dilute HC1, washing was continued
until the filtrate was chloride-free. The final aqueous con-
centrate was examined directly or was first freeze-dried.
Recovery of carbon amounted to about 50% of that origi-
nally present in the catalyst. Ash determinations on the
coke samples indicated 1-5% non-volatile material.

Electron microscopical studies were made on the RCA
Model EMU-1. In order to observe a given field before
and after catalyst regeneration, a thermally stable sub-
strate was needed. Vacuum evaporation of a-Al2 2 pro-
duced films which proved satisfactory. These substrates
were stable even when heated to 600°.

X-Ray studies of the carbon phase were made with a
Norelco wide range diffractometer using Cu Ka radiation
under essentially the same conditions as described by Alex-
ander and Sommer.1

Catalyst regeneration studies were carried out in a 2 in.
diameter fluidized bed under essentially differential reaction
conditions.2 The products of combustion were analyzed
continuously for C02 CO and water, so that instantaneous
rates of carbon and hydrogen combustion could be calcu-
lated. These data could be integrated to obtain total car-
bon and hydrogen as a function of time.

Results and Discussion

Light Microscopical Examination.— Considerable
information can be gained about the distribution of
the carbonaceous phase in a catalyst granule by
examination of coked cracking catalyst in the light
microscope. For this purpose plane-parallel thin
sections ground to 25-30 p thickness tvere prepared
from catalyst samples mounted in a resin.3 This
method of preparation was desirable because it per-
mitted direct observation of carbon distribution by
transmitted light.

Photomicrographs of uncoked catalyst granules
showed that the catalyst was essentially transpar-
ent to the incident light, and that some subgranular
structure was present, as shown in Fig. la. Coked
catalyst samples had a brownish color throughout.
The intensity of color is thought to be directly re-
lated to the concentration of carbon in a given ele-
ment of volume. A photomicrograph of plant-
aged catalyst containing 3% carbon is shown in Fig.
Ib. Within a given granule and among granules
of the catalyst there was considerable variation in
color intensity. In steam aged catalyst the color
intensity was more uniform both within and among
the granules. This difference between plant and
steam aged catalyst is attributed to more uniform
aging of the latter material. Plant aged catalyst
normally contains granules of widely different age
and activity.4

A most significant observation is that in catalyst
of low metal content and in steam-aged catalyst
there are no apparent preferential locations of car-
bon deposition within the granules. Variations
appear to be random. Thus, it seems that all re-
gions of the catalyst are capable of carbon forma-
tion, and it follows that the carbon phase is norm-
ally well dispersed within the granules, at least at
the level of resolution of the light microscope.

(1) L. E. Alexander and E. C. Sommer, This Journal, &) 1646
(1956).

(2) R. G. Haldeman and M. C. Botty, “Gordon Research Confer-
ence on Catalysis,“ 1956, to be published.

(3) Prepared by Mr. G. Rev, Columbia University.
(4) C. R. Adams and H. H. Voge, This Journal, Gl, 722 (1957).
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(a) Steam gel, 100 m.2g.

(c) Plant catalyst, coked.

(e) Plant, catalyst, coked.

On the Nature of the Carbon Deposit of Cracking Catalysts

(b) “Extracted” coke phase.

(d) Plant catalyst, slow regeneration.

(f) Plant catalyst, fast regeneration.

Fig. 2.—Electron micrographs of silica-alumina gel and coke phase (magnification 75,000 diameters).

The presence of metal contamination can mark-
edly alter the carbon distribution in the coked
catalyst. Nickel (0.15%) was deposited on the
plant-aged catalyst by passing gas-oil vapor con-
taining nickel naphthenate over the catalyst at
370°. The catalyst was examined for carbon dis-
tribution and then was regenerated and recoked.

The contaminated catalyst, both with original and
with redeposited carbon present, showed a marked
tendency for preferential deposition of carbon near
the periphery of the catalyst granules. This con-
dition is illustrated for the redeposited carbon in
Fig. lc, whereas the uncontaminated catalyst in
Fig. 1b shows only a random distribution of carbon
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and the absence of dark circumferential rings. It is
believed that the nickel was deposited near the
sites of first impact with the granule, i.e., close to
the geometrical surface. This is confirmed by
abrasion studies on the contaminated catalyst which
showed that about 50% of the nickel was removed
when the outer 10% of radius of the catalytic ma-
terial was attrited. Thus, the nickel contamination
leads directly to increased coke formation in its en-
virons. This preferential deposition supplements
the normal carbon formation within the catalyst
granules.

Preferential deposition has been observed also,
although to a lesser degree, in some heavily con-
taminated plant aged catalysts.

Electron Microscopical Examination.—Uncoked
catalysts and catalysts containing various amounts
of carbon were pulverized and examined electron
microscopically. It was observed that the granules
and sub-granules consisted of aggregates of very
small particles, the majority of which ranged in size
from 50 to 300 A., depending on the history of the
catalyst. Figure 2a shows the typical appearance
of a steam-aged catalyst containing no coke. The
clearly defined, porous fragments consist of ap-
proximately spherical ultimate particles of 200-
300 A diameter. Micrographs of fresh catalyst
indicated ultimate particles of about 50 A average
diameter. The plant-aged catalyst consisted of
ultimate particles of diameter in the range 100-200
A An excellent discussion of silica-alumina
catalyst structure and an elucidation of the effects
of thermal and steam aging on structure is given
by Adams and Voge.4 Pioneering work in the field
was done by Ashley and Innes.5

The presence cf as much as 3% carbon in a sam-
ple did not appreciably alter the appearance of the
particulate structure and therefore the carbonace-
ous phase could not be identified with certainty.
However, as the carbon content was increased above
3%, the fragments appeared more opaque and reso-
lution of the ultimate structure was less clear. Still,
the differences were too subtle to allow interpreta-
tion to be very certain.

In order to characterize the carbonaceous phase
directly, samples of coked catalyst were leached in
caustic to remove the AID 3Si02 phase. The resid-
ual carbonaceous sediments (ca. 95% carbon) were
dispersed by stirring and by agitation during dry-
ing on the Formar substrates. Figure 2b shows the
coke phase from the equilibrium catalyst which had
been coked to 3% carbon. The carbon particles
are characterized by a much lower density to the
electron beam than are silica-alumina particles of
the same thickness. Most of the coke consisted nf
thin, filmy, aggregates of particles of less than 100 A.
size. Uranium shadowing showed that these par-
ticles were less than 100 A in thickness. There
were also considerable areas of very thin fragments
showing essentially no structure and indicating
dimensions smaller than could be resolved by our
microscope.

These observations on the nature of the carbon
phase, and the observation that the opacity of the
catalyst structure increases with coke deposition,

) K. Ashley and w. B. innes, Ind B QM 24, 2857 (1952).
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lead to the postulate that the carbon phase is inti-
mately dispersed within the ultimate particulate
structure of the catalyst. This concept can be
tested directly by comparison of a given field of
highly dispersed coked catalyst before and after
regeneration.

Accordingly, the plant-aged catalyst was pulver-
ized and coked to 15% carbon. The sample was
dispersed on a refractory supporting film which was
made by vacuum evaporation of a-AKCR Charac-
teristic fields were micrographed. The specimen
was removed from the microscope and slowly heated
in a furnace to 450° for one hour to cause removal
of the carbonaceous phase by combustion. Com-
plete removal of carbon was indicated by the white-
ness of the catalyst specimen. The same fields
were relocated and again micrographed. The re-
sults are shown in Fig. 2c and d. The decrease in
opacity in many zones as the result of heating is be-
lieved to be due to the removal of coke by oxidation.

It is estimated from calculations based on pore
volume and skeletal density of the “extracted”
carbon phase that 15% by weight of coke would oc-
cupy about 25% of the interparticle pore space.
Taking into account that considerable local varia-
tion of carbon content probably occurs, the ob-
served difference in porosity between coked and
regenerated catalyst seems reasonable.

When identical fields of a catalyst containing
only 3% carbon were examined before and after re-
generation, there was no significant change in poros-
ity. Thus, the coke phase could not be identified.

When mounts of a heavily coked catalyst were
rapidly heated in a furnace to 600°, sintering of the
catalyst occurred as evidenced by its loss of fine
structure and its transition to a glassy appearance
as observed in the electron microscope. This is il-
lustrated in Fig. 2e and f. Apparently autoxida-
tion occurred so that much higher local tempera-
tures were reached. The specimen retained a
greyish color, indicating that some carbon had been
trapped in the fused catalyst phase. This clearly
shows how excessive thermal deactivation may oc-
cur in a commercial regenerator if heat transfer fa-
cilities are inadequate.

Ivlemenok and Shekhter6é made an electron mi-
croscopical study of the deposition of coke in the
cracking of isooctane on silica-alumina. They ex-
amined an uncoked fragment of catalyst, then re-
peatedly exposed it to isooctane at 500° and re-
examined the fragment in the electron microscope.
No experimental details are available. Comparison
of their micrograph for the final stage of coking
with that for their uncoked fragment seems to indi-
cate an extremely heavy coating of carbon around
the periphery of the fragment and larger micro-
pores, although they claim an over-all carbon con-
centration of only 0.6%. A possible explanation of
their results is that contamination by deposition
of amorphous material occurred during repeated
exposures in the electron microscope. This can be
a major problem in high resolution electron mi-
croscopy.4 On the other hand, in our comparative
experiments the problem of contamination in the

(6) B. V. Klemenok and A. B. Shekhter, Doklady Akad. Nauk
(S.S.S.R), 83, 109 (1952).
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electron beam is largely removed since we are study-
ing specimens under essentially identical condi-
tions before and after removal of the carbon phase.

Nitrogen Adsorption Studies.—-Our microscopi-
cal studies lead to the conclusion that coke deposi-
tion normally occurs at the level of the ultimate
particles and associated pore spaces.

These observations seem to be confirmed also by
low temperature nitrogen adsorption studies. Ad-
sorption-desorption isotherms were carefully de-
termined for a typical sample of the plant-aged
catalyst, uncoked and coked to 6% carbon, in the
laboratory cracking unit.

The data for the coked catalyst were corrected to
an uncoked weight basis since it was desired to
study pore volume differences resulting from depo-
sition in the pores of a given weight of uncoked
catalyst. (We are tacitly assuming that the vol-
ume of the alumina-silica aggregates does not
change significantly as the result of coking.) Sur-
face area and pore volume data are shown in Table
.

Tabte |

Nitrogen Adsorption Data on Plant-aged Catalyst

(Coke-free Basis)

Surface area, Pore vol.,
m.*/g. cc./g.
Uncoked 143 0.420
Coked 138 .380
Difference .040
Difference, calcd. fordo = 1.6g./ec. .038

The skeletal density of extracted carbon was de-
termined by helium displacement to be 1.6 g./cc.
The calculated volume that would be occupied by
6% carbon is then 0.038 cc./g., which agrees well
with the observed difference of 0.040 cc./g. These
results indicate that in this catalyst there is no sig-
nificant occlusion of catalyst pore space by carbon,
i.e., there is no appreciable formation of carbon
barriers around aggregates of ultimate particles,
sealing off their interstitial space.

In contrast, Ramser and Hill7have reported con-
siderable occlusion of catalyst pore space and sur-
face area by coke deposited on a rather highly de-
activated plant-aged catalyst. From their data we
calculate that the presence of 2.2% carbon reduced
pore volume by 22% and surface area by 27%. We
further calculate the theoretical pore volume reduc-
tion for their catalyst, assuming negligible occlusion
and a coke density of 1.6 g./cc., to be about 10%.
The physical properties cf their catalyst (surface
area 61 m.2g., pore volume 0.147 cc./g., and aver-
age pore diameter 37 A.) indicate the presence of
extensively sintered, glassy regions together with
minor regions of structure closely resembling fresh
catalyst. These properties are characteristic of a
thermally deactivated catalyst.4 The occlusion of
pore space may be due largely to heavy deposition of
coke at sites of metal contamination near the
boundaries of the active regions, thus partially iso-
lating them from the gas phase.

From the desorption isotherms of uncoked and
coked catalyst containing 6% carbon, pore vol-
ume-pore diameter data were calculated according

(7) 3. N. Ramser and P. B. Hill, INd Bg Q@M 50, 117 (1958).
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Fig. 3.—Pore size distribution for uneoked and coked
catalyst.

Fig. 4—X-Ray diffraction pattern of cracking catalyst coke
and Furnex carbon black.

to the method of Barrett, Joyner and Halenda.8
This method is based on the cylindrical pore model
of catalyst structure. Although this model is only
a rough approximation, it is believed to lead to a
reasonable estimate of the size distribution of the
interstices between the fundamental building blocks
of catalyst structure.9

The pore volume distribution functions, dF/
(1DC for coked and uncoked catalysts are plottedjn
Fig. 3. The most probable capillary diameter, Dc,
corresponding to (dF/dDc)nex is seen to be essen-
tially unchanged by coking, i.e., about 90 A. The
difference between the curves, dAF/dDc may be
taken as a measure of the distribution of carbon in
the pores. Thus, it appears that the carbon is de-
posited largely in the most probable pore spaces,
i.e., the interstices between the ultimate particles.

A small decrease in surface area (5 m.2g.) was
observed as the result of deposition of 6% carbon.
Based on the spherical model of the idtimate parti-
cle system it is evident that if the carbon were to
plug completely interparticle pore spaces, the re-
duction in surface area would be approximately

(8) E. P. Barrett, L. C. Joyner and P. P. Halenda, 3. Am. Chem.

Soc., 743373 (1951).
(9) A. Wheeler, "Catalysis,” Vol. Il, P. H. Emmett, ed.. Reinhold
Publ. Corp., Baltimore, Md., 1955, p. 124.
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proportional to the reduction in pore volume, i.e.,
aboutl5mg.2g. If coke were present as thin films
adhering to the ultimate particles, a slight increase
in area would be expected. A third case might
be random, non-adherent, thin films extending
throughout the pore space. This situation would
result in a fairly large increase in surface area.
Actually, the observed small decrease favors the
first postulate but suggests that considerable irreg-
ularity or roughness exists in the packing of the
carbon phase.

It should be pointed out that in contrast to the
Ramser and Hill catalyst, the physical properties of
our plant-aged catalyst indicate that aging of the
structure has occurred largely through the process
of growth of the ultimate particles, a process which
is characteristic of low temperature steam aging.4

X-Ray Studies.— Further information about the
nature of the carbonaceous phase may be gained
from X-ray diffraction studies of the “ extracted”
coke. A number of samples were examined with a
Norelco wide-range diffractometer using Cu Ka ra-
diation. Figure 4 shows the spectrum of carbon from
a freshly coked catalyst compared with that of
Furnex carbon black. From the X-ray diffraction
data for cracking catalyst carbon, structural pa-
rameters were calculated by the method developed
by Alexander and Sommer.l1 The results are
compared in Table Il with the data of the latter
authors for Furnex carbon black.1

Tabte Il

X-Ray Analysis of Cracking Catalyst Coke and F Itrnex
Carbon Black

Cracking
catalyst
Furnex coke
Fraction disorganized
material (D) 0.09 0.40-0.50
Fraction single layers (F) 0.06 0.12
Av. no. of layers in parallel
layer groups (Ne) 3.83 4.9
Mean inter-layer spacing
within pseudo-crystallites  (dm), A. 3.55 3.47
Dimensions of av. pseudocrystallite, A.
Normal to layers (Lc) 15.0 17
In plane of layers (Le) 13.6 10-12

There is a general similarity in the X-ray struc-
ture of the two carbon samples except with regard
to the higher fraction of disorganized material in
cracking catalyst carbon. The term “disorgan-
ized” material refers to aggregates of atoms having
so little order as to be incapable of yielding distinct
X-ray interferences. Thus, 40-50% of the X-ray
scattering in our sample is of this continuous type.
It is due not only to the strictly amorphous frag-
ments present, but also to the terminal groups
which bound the individual layers and probably as
well to a significant amount of carbon present in
the form of very small ring systems.

The diffraction patterns of both carbons are char-
acteristic of a turbostratic, or random layer lat-
tice.1011 Hence, there is no three-dimensional, or
true, crystallinity although the individual layers
are similar to those in graphite. Compared to the

(10) B. E. Warren, Phys. Rev., 9693 (1941).

(11) J. Biscoe and B. E. Warren, J. App. Phys. 13 364 (1942).

R. G. Haldeman and M. C. Botty

Vol. 63

carbon black, pseudo-crystallites of the cracking
catalyst carbon appear to have a slightly higher
degree of organization normal to the layers (4.9 vs.
3.8 layers)—but are possibly less well-developed in
the direction parallel with the layers (10-12 A. vs.
13.6 A)).

Carbon-hydrogen ratio data for our cracking
catalyst carbon, as determined in regeneration
studies, are consistent with the X-ray analysis.
Values for a well-purged coked catalyst usually fall
in the range 2.0-2.6, depending on the exact pre-
treatment conditions. Uniform ocondensed aro-
matic ring systems of about 11 4. diameter with
each peripheral carbon atom containing a hydrogen
atom would have C/H of about 3. A similar sys-
tem of about 14 4. diameter would have a C/H of
about 4. The experimental values suggest that a
considerable fraction of aliphatic or alicyclic frag-
ments (C/H ca. VO is present in the deposit. Be-
cause of its negligible volatility, this material prob-
ably consists largely of appendages to the condensed
aromatic systems.

The experimental skeletal density of the extracted
carbon is also consistent with the X-ray structure.
The observed value of 1.6 g./cc. indicates consider-
able development of pseudo-graphitic structures.

Regeneration Studies.—The kinetics of the com-
bustion of the carbonaceous deposit furnish fur-
ther information about its structure. The details
of our kinetic studies will be published elsewhere.2
These experiments were made in a small fluid bed
converter under essentially differential reaction con-
ditions. Over the range of conditions oxygen par-
tial pressure (P) 0-0.6 atm., initial carbon concen-
tration (Co) 0.5-6%, temperature (T) 773-853°K.
(500-580°), using initially dry combustion gas, and
specified coke pretreatment conditions, regenera-
tions kinetics can be expressed as

-d(C/CO/di = /(CICo)P°-Bexp(- 34,500)/AT

Under these terms /(C/C0Q is a fundamental prop-
erty of the catalyst carbon deposit. Its shape for a
thoroughly-aged carbon deposit is indicated by
curve A, Fig. 5. A thoroughly-aged coked catalyst
is one which has been purged with inert gas ap-
proximately at regeneration temperature until es-
sentially a steady state has been reached, as indi-
cated by constancy of regeneration characteristics.
The time may vary from 15-30 minutes at the up-
per temperatures to several hours at the low tem-
peratures.

The fact that f(C/Co) is independent of carbon
concentration over the range 0.5-6% implies that
the carbonaceous phase exists in approximately the
same state of aggregate regardless of initial con-
centration. If massive deposition occurred in rela-
tively few areas, it seems likely that oxygen accessi-
bility, and, therefore, relative burning rate —d(C/
Co)/dt, would depend on the size of the aggregates.

Conversely, the f(C/C<i) curve suggests that some
degree of aggregation, or unit structure, exists.
Thus, the nearly constant burning rate over the
range 0.9-0.5 C/CO suggests the development of
inner surface as the carbon phase is consumed dur-
ing oxidation. It has been shown2 in studies of
“extracted” coke that carbon burning rate is pro-
portional to the B.E.T. surface area of the coke
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after the initial 10-20% of combustion. It is be-
lieved that a similar situation exists for the carbon
phase within the catalyst pores, and that a small
increase in coke surface area or porosity occurs even
within a highly dispersed, minutely aggregated car-
bon deposit.

Curve A of Fig. 5 is essentially temperature inde-
pendent, i.e., it is a limiting curve. It would be
obtained, for example, on regeneration at 524° of
the catalyst which had been coked at 482°, then
purged for 90 minutes at 524°. Under conditions
of relatively mild aging, e.g., 10 minutes at 524°,
curve B is obtained, which differs from curve A by
considerably faster burning rates over the first 50%
of regeneration. The same limiting slope is reached
in either case. In the latter region, combustion is
approximately first order in carbon, as indicated by
curve C.

Associated with the transformation from curve B
to curve A of Fig. 5 is the loss of hydrogen by the
coke phase. Curve B corresponds to an initial C/H
of 1.8 to 2.0; curve A to a value in the range 2.4-
2.6. During aging considerable hydrogen, meth-
ane and small amounts of other low molecular wt.
hydrocarbons are evolved. It appears that this
aging process involves arorr.atization reactions to-
gether with condensation and organization of aro-
matic systems by loss of hydrogen and small alkyl
groups. The changes which occur under the above
range of conditions, however, are not sufficient to
be detected readily by X-ray examination of the
“extracted” carbon phases.

It is of interest that ivhen combustion is started
hydrogen-rich areas of the ccke deposit are attacked
preferentially (cf. ref. 12). Analysis of the initial
combustion gas indicates a C/H of roughly 0.5 for
the first material gasified. Although this is an av-
erage figure for the over-all combustion process in
its initial stages, it suggests preferential attack at
alkyl or naphthenic regions. The number of such
hydrogen-rich sites should have a direct bearing on
the rate of attack of the over-all coke structure and
the development of porosity in the coke phase.

Conclusions

The electron microscopical and the nitrogen ad-
sorption studies indicate the carbon phase to be
distributed in the fine pore systems of the catalyst,
i.e.,, in the interstices between the ultimate parti-
cles. The light microscopical and regeneration
studies indicate that the carbon phase is well dis-
persed in the catalyst, although high local carbon
concentrations were observed in regions of heavy-
metals contamination.

X-Ray diffraction studies show that approxi-
mately 50% of the carbon phase exists in pseudo-
graphitic, or turbostratic structures. The remain-
der probably consists of relatively unorganized aro-
matic systems and of aliphatic and alicyclic ap-
pendages to polynuclear aromatic systems.

A model of a coked equilibrium catalyst is pro-
posed and shown in Fig. 6. The spheres represent
ultimate particles of the catalyst (in this case, of
approximately 1754 average diameter) which ap-
pear packed in a loose, roughly hexagonal configura-

(12) A. D. Reichle, Doctoral Dissertation, University of Wisconsin,
1948.
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FRACTION REMAINING:C/CO,

Fig.
thoroughly aged coke deposit;
first-order kinetics.

5.—Regeneration of silica-alumina catalyst: A,
B, mildly aged deposit; C,

Fig. 6.—Model of coked cracking catalyst: spheres; cata-

lyst phase, hatchec areas; carbon phase.

tion. The interstitial spacings between particles
are in the range 50-200 A. The carbon phase
which is present in the intersticial spaces is repre-
sented by the hatched lines and indicates the pres-
ence of pseudo-graphitic crystallites together with
disorganized carbonaceous material.

Regeneration studies indicate preferential at-
tack of hydrogen-rich shes and the development of
porosity in the intersticial carbon.
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The influence cf catalyst geometry on activity of reduced and reduced-and-nitrided fused iron catalysts in the Fischer-
Tropsch synthesis was studied by the Bureau of Mines by varying (a) the particle size, (b) the depth of reduced layer and (c)

the average pore radius.

For catalysts reduced at 400 and 450° the activity curves may be approximated by assuming that
only the outer layers of the particles to a depth of 0.01-0.02 cm. are active.

When the average pore radius was varied, the

activity of 6- to 8-mesh particles remained essentially constant, despite the fact that the surface area varied in an inverse

manner to pore radius.
surface area.

Apparently the depth of effective catalyst increased sufficiently to compensate for the decreased
Changes in the composition of the catalyst during synthesis and product distribution are considered with

respect to a simplified picture of transport phenomena in pores.

Introduction

Diffusion in the pores of catalysts is intimately re-
lated to the reactions at the surface, as the con-
centration gradients required for diffusion are pro-
duced by the catalytic reaction. Several investi-
gators2-4 have solved differential equations for
simple hypothetical catalytic reactions in which
diffusion in pores was coupled with reaction at the
surface. Wheeler56has summarized and extended
this work to include consideration of selectivity and
poisoning in porous catalysts and an appraisal of
well known catalytic reactions. Weiss and Prater7
have treated dehydrogenation reactions on this basis,
and Bokhoven and associates8have considered diffu-
sion and reactions in iron catalysts. Koelbel, Acker-
mann and Engelhardt9considered mass transport in
the Fischer-Tropsch synthesis with emphasis on
liquid-cooled reactor synthesis.

A previous paper has shown that the pore ge-
ometry of fused-iron catalysts can be *“tailor-
made” within certain limits by varying the extent
and temperature of reduction: (a) at all tempera-
tures studied, 400 to 625°, the pore volume and po-
rosity increase linearly with extent of reduction;
(b) the reduction, at least on a macroscopic scale,
proceeds uniformly inward from the external sur-
face; (c¢) the average pore diameter of the reduced
portion of the catalyst increases with increasing
temperature of reduction.

(1) Physical Chemist, Region V, Bureau of Mines, U. S. Depart-
ment of the Interior, Pittsburgh, Pa.

(2) E. W. Thiele, ind. Eng. Chem., 31, 916 (1939).

(3) C. Wagner, Z. vhysik. Chem., A193, 1 (1943).

(4) G. Damkohler, ibid., A193, 16 (1943).

(5) A. Wheeler, in “Advances in Catalysis,” Vol. Ill, edited by
W. G. Frankenburg, V. I. Komarewsky and E. K. Rideal, Academic
Press, Inc., New York, N. Y .f 1951, p. 250.

(6) A. Wheeler in ‘Catalysis,” Vol. Il, edited by P. II.
Reinhold Publ. Corp., New York, N. Y., 1955, p. 105.

(7) P. B. Weiss and C. D. Prater in ref. 5, Vol. VI, 1954, p. 143.

(8) C. Bokhoven, C. van Heerden, R. Westrik and P. Zwietering in
ref. 6, p. 265.

(9) IT. Koelbel, P. Ackermann and F. Engelhardt, Erdoel ur,.d Kohle,
9, 153 (1956).

(10) w. K. Hall, V7. IT. Tarn and R. B. Anderson, J. Am. Chem.
Soc., 72, 5436 (1950); This Journat, 56, 688 (1952).

Emmett,

The influence of the geometry of reduced and re-
duced-and-nitrided. fused-ammonia synthesis cata-
lyst on rate of the Fischer-Tropsch reactions was
studied by varying (a) the particle size, (b) the
extent of reduction, and (c) the reduction tempera-
ture. Catalytic activity and composition changes
were determined for all three series. In the present
paper these data are interpreted by simple compu-
tations, and in a subsequent paper a special solu-
tion of the differential equations of Wheeler is ap-
plied.

Experimental

These tests employed our standard fused-iron catalyst,
D-3001, containing 67.4% by weight of iron, 4.61 MgO,
0.57 KD, 0.71 Si02and 0.65 CrD 3. The original material
of about 4- to 8-mesh was crushed in a roller mill and sieved
into the desired size fractions. The catalyst was reduced in
hydrogen at temperatures varying from 400 to 625°, as de-
sired, in a metal block reactor,11and for nitrided catalysts
the sample was subsequently treated with ammonia at 350°
in this unit. The catalyst-testing units and mode of opera-
tion have been described in previous papers.1-12

Tests were made with 1H2+ 1CO gas at 21.4 atmospheres.
The space velocity was held at about 300 hr.-1, and the
temperature of the reactor was varied to maintain the ap-
parent CO2free contraction at about 65%. The activity,
in terms of volume of synthesis gas reacted per hour per
gram of iron at 240°, was computed by an empirical rate
equation.13 Experiments at a constant temperature with
the flow rate varied to maintain a constant conversion would
have been preferable; however, experiments at constant
reactor temperature would require more than fivefold varia-
tions of total gas conversion, and localized overheating of the
catalyst probably would have occurred at the higher space
timeyields. Although the use of an empirical equation with
a constant energy of activation13is incorrect, fortunately
the errors introduced do not change the interpretation of the
results, as will be shown in the next paper. Reproduci-
bility of catalytic activity as computed by the empirical
equation was fairly good, as shown by duplicate tests of
nitrided catalysts. Condensed products from the synthesis
were divided into several fractions by simple one-plate dis-
tillation." The reproducibility of product characterizations3

(11) R. B. Anderson, J. F. Shultz, B. Seligman, W. K. Hall and
H. H. Storch, 3. Am. Chem. Soc., 72, 3502 (1950).

(12) R.. B. Anderson, A. Krieg, R. Seligman and W. E. O'Neill,
Ind. Eng. Chem.. 39, 1548 (1947).

(13) R. B. Anderson, B. Seligman, J. F. Shultz, R. E. Kelly and
M. A. Elliott, ibid., 44, 391 (1951).
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Av. activity
per g. Fe for
weeks 2-6

75\
771

207 1
222 "

was less satisfactory, and these data are used only to show
major trends.

In some experiments a sizable fraction of the catalyst dis-
integrated into finer particles luring the pretrea'ment. On
this basis the pretreated catalysts for the particle-size series
were sieved to the desired mesh size under liquid heptane.
Suitable precautions were taken to preclude oxidation of the
catalyst in this manipulation. When this procedure was
adopted, the extent and temperature of reduction series
was nearly completed; however, a few additional experi-
ments with sieved catalysts were made to show that the
trends observed in the earlier tests were essentially correct.

It was desired to select a value for activity a; a suitable
period after steady conditions were attained. The ac-
tivity was somewhat erratic in the first two or three days of
synthesis, but in the remaining period of synthesis the ac-
tivity was relatively constant. The deviations (absolute)
of the average activities of the second to sixth week from the
activity in the second week averaged only 6% for all tests
considered. On this basis the average value for the second
to sixth weeks was used as an expression of activity.

In subsequent considerations the particles will be assumed
to be smooth spheres. A hypothetical spherical radius
was computed from the average weight per panicle of raw
catalyst and the real density of this material. It is further
assumed that the pore geometry of the pretreated catalyst
may be used in activity correlations, despite the fact that
these catalysts are oxidized to a large extent during synthe-
sis.¥5 Subsequent sections considering reaction and mass
transport in pores and oxidation of catalyst largely justify
this postulate.

The three groups of experiments for both reduced and
reduced-and-nitrided samples are reported:

A. Particle Size Series.—The first group of catalysts
was virtually completely reduced at 450° and sieved after
pretreatment. Catalysts of 6- to 8-mesh and 28- to 32-mesh
were tested after reduction at 600°.

B. Reduction Temperature Series.—Six- to 8-mesh
samples were reduced essentially completely at 450,500, 550,
600 and 625°, and tested in the synthesis. Par-icles of 28-
to 32-mesh were completely reduced at 450 and 600°. Most
of the tests were made without sieving catalyst after pre-
treatment.

C. Extent of Reduction Series.—To ensure uniform
reduction throughout the catalyst bed, 6- to 8-mesh par-
ticles were reduced at 400°; at this temperature the rate of
reduction is low. Catalysts were not sieved after pretreat-
ment.

The geometry of the reduced catalyst per gram of raw
(unreduced) catalyst may be described as: A. Hypotheti-
cal spherical radius:

Mesh size
6-8

42-60

Mesh size Particle radius,
4-6 0.151
6-8 116

12-16 .0508
28-32 .0225
42-60 .0135

15. Properties that are independent of reduction tempera-
ture:

(1) external voi. of catalyst = 0.20 cc./g.

(2) pore voi. = 0.080/cc./g., where/ is the extent of re-
duction

(3) porosity = ~ ~ [ = 0.445/
(4) depth of reduced zone from external surface =
j1 — (1 —/)'/> where R is the particle radius

(14) R. B. Anderson, L. J. E. Flofer, E. M. Cohn and B. Seligman,
J. Am. Chem. Soc., 73, 944 (1951).

(15) J. F. Shultz, B. Seligman, J. Lecky and R. B. Anderson, ibid.,
74, 037 (1952).
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Fig. 1.— Variation of activity with particle size: circles, re-
duced catalysts; squares, nitrided catalysts.

C. Properties dependent on reduction temperature:
1. For completely reduced catalysts

Reduction Surface area, Av. pore

temp., °C m.Vg. radius, ?, A.
400 15.7 113
450 9.3 194
500 6.4 278
550 3.5 508
600 1.6 1112
625 1.6 1112

2. For partly reduced catalysts, surface area = SOf,

where SO is the area of the completely reduced catalyst.

For nitrided catalysts the same relationship holds, ex-
cept that the external volume and pore volume are about
15% larger than for the reduced catalyst; however, to
simplify calculations, the pore geometry data for reduced
catalysts have been used for both reduced and nitrided
samples. For nitrided catalysts of the extent of reduction
series, the catalyst was reduced at 400° to the desired ex-
tent and then nitrided in ammonia at 350°. At this tem-
perature ammonia nitrides only the reduced part of the
catalyst and does not reduce or nitride any of the remaining

magnetite.
Activity as a Function of Catalyst Geometry.—Tables I,
Il and 111 present activity data for the particle size, extent

of reduction and temperature of reduction series, respec-
tively. Figure 1 shows the variation of activity with par-
ticle size.

According to Fig. 1, activity increases rapidly with re-
ciprocal particle radius, which is proportional to external
area per gram. With increasing values of 1/R, the slope
decreases and eventually becomes zero. For catalysts re-
duced at 600°, the slope apparently becomes zero at a larger
particle size than for samples reduced at 450°. These
curves should become flat when the particle is sufficiently
small so that the entire particle, is effective.

To illustrate the magnitude of the depth of the effective
catalyst layer from the external surface, a simple calculation
was made assuming (a) hypothetical spherical particles, and
(b) that the catalytic activity was constant in the surface
layers to a depth ArR and was zero at depths greater than AR .
On this basis the activity, A, is proportional to the weight
of material in this active zone per unit weight of catalyst,
and for values of R & AR

AR ,
R

AR-

A z kA~R 1
R 3R1
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Table |
Variation of Activity with Particle Size
(Catalysts sieved after pretreatment)
—Reduced catalyst—* ------—-- Nitrided catalyst--------- ~
Particle Extent cf Extent of At-omic
radius, reduction, Activity, reduction, Activity, ratio
R, cm. / Aa f Aa N/Fe
Reduction temp. = 450°, av. pore radius, r = 1.94 X
10~®cm.
0.151 0.915 40 0.915 75 0.35
116 971 54 971 77 .40
.0508 977 105 977 156 .40
.0225 .995 185 .995 228 .43
.0135 1.00 210 .979 222 42
1 Reduction temp. = 600°, av. pore radius, r — 11.12 X
10-6 cm.
0.116 1.00 62 0.9146 70b 0.49
0.0225 1.00 76 1.00 111 0.47

aActivity A defined as cc. (S.T.P.) of H2 4- CO con-
verted per gram of iron per hour at 240°. 6This sample
not sieved.

T able Il

Variation of Activity with Extent of Reduction

(Reduction temp. = 400°, particle radius, ft = 0.116 cm.,
av. pore radius, f = 1.13 X 10-*cm.)

Reduced * F Nitrided
Depth Depth
Extent of re- Extent  of re- .
of re- duced of re-  duced Atomic
duc- layer duc- layer ratio
tion, X 102, Activity  tion, X 102, Activity N/Fo=
cm. Aa A/fb / cm. Aa A/fb /
A. Catalyst not sieved after pretreatment
0 0 2 0 0 2 0
0.082 0.336 39 476 0.090 0.360 45 500 0.43
125 522 52 416 192 .80 62 323 .50
280 1.205 75 268 399 1.82 68 170 41
.546 2.67 63 115 577 2.90 84 146 A2

B. Cataly st sieved after pretreatment
0.350 1.57 50 143 0.430 2.01 55 128 0.46
0975 836 54 55 0.713 3.94 59 83 .39

“ Activity defined as cc. (S.T.P.) of H2+ CO converted
per gram of iron per hour at 240°. bActivity per gram of
active layer. cThese values give atomic ratio N/Fe for the
reduced layer.

Tabte Il

Variation of Activity with T emperature of Reduction

(Particle radius, R —0.116 cm.)
Reduced catalysts e----- Nitrided catalysts------ *

Temp. Pore Extent Extent
of re- radius, of Activ- of Activ- Atomic
duction, r X 10“6, reduc- ity, reduc- ity, ratio,
°C. cm. tion,/ Aa tion, / Aa N./Fe
A. Catalyse not sieved after pretreatment
450 1.94 0.964 73 0.964 98 0.42
500 2.78 971 79 987 98 .49
550 5.08 977 69 964 95 A7
600 11.12 .995 76 914 70 .49
625 11.12 1.00 66 1.00 50 A4
B. Catalysts sieved after pretreatment
450 1.94 0.977 51 0.975 70 0.38
600 11.12 1.00 62

C. Influence of temperature of reduction
on smaller particles shown in Table I.

“ Activity defined as cc. (S.T.P.) of H2 +CO converted
per gram of iron per hour at 240°.

The constants k and AR were evaluated by a graphical
method using a log-log plot of (3Aft/ft)(1 — Aft/ft +
Aft2/3ft2) as a function of Aft/ft. Activity data, super-
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imposed on the log-log plot in Fig. 2, indicate that the
equation above represents the experimental results satisfac-

torily. The values for the constants were
Reduction
temp.,
°C. AR, cm. k
Reduced catalyst 450 0.0110 211
Nitrided catalyst 450 .0175 221
Reduced catalyst 600 ~ .05 ~ 76
Nitrided catalyst 600 ~ .03 —110

The values for reduction at 600°, based on only two points
each, probably are not very accurate and are shown only
to illustrate the direction of change in these parameters with
increasing reduction temperature. It should be noted that
Aft is an average depth of useful catalyst for a hypothetical
system in which the activity is constant in the effective
zone and is zero beyond this depth. Actually the effective-
ness decreases rapidly with distance from the surface, as
shown in Table Il for the extent of reduction series; how-
ever, the quantity Aft is useful in discussing the data in a
simple manner. With reduced catalysts the activity ceased
to increase at an extent of reduction of about 28%, corre-
sponding to a depth of reduced layer of 0.012 cm. in good
agreement with values above; however, for nitrided catalysts
this depth must be taken as 0.026 cm. These values should
be regarded as tentative, being based on catalysts that were
not sieved after pretreatment.

In the reduction temperature series (Table I11) for 6- to
8-mesh reduced catalysts no definitive change in activity
was observed, although the average pore radius increased
fivefold and the surface area decreased correspondingly.
For nitrided catalysts activity was constant for reduction
temperatures of 450-550°, but decreased significantly for
600 and 625°. As the pore geometry of catalysts reduced
at 600 and 625° was essentially identical, the lower activity
at the higher temperature cannot be attributed to a smaller
surface area. With 28- to 32-mcsh catalysts a marked de-
crease in activity was observed for both reduced and ni-
trided catalysts when the reduction temperature was in-
creased from 450 to 600°.

Ag, cm.30f H2 4- CO converted
per g. of Fc per hr.

Reduction at 240°

temp., °C. 450 600
Reduced catalyst 185 76
Nitrided catalyst 228 111

Discussion

In the medium-pressure synthesis at the tem-
peratures used in the present study the pores of iron
catalysts are filled with liquid hydrocarbons,% and
mass transfer involves dissolution in and diffusion
through oil films and oil in pores. From the data
of Tables I, 1l and Ill this summary relating to
catalyst geometry is made

Variation

Variable How varied act?\fity

(1) External area 1Particle Large
(2) Area of pore openings \Size

(3a) Surface area Reduction temp. Slight

(3b) Surface area Extent of reduction Large

(4) Pore volume Extent of reduction Large

(5) Av. pore radius Reduction temperature Slight

(6) Depth of pores Extent of reduction Large

The general aspects of items 1, 2, 3a and 5 could be
explained by assuming that the slow step is the
rate of dissolution and diffusion through oil films
at the external surface of the particle; however, the
large variations in 3b, 4 and 6 require a more com-
plicated mechanism, probably involving diffusion

(16) K. C. Stein, G. P. Thompson and R. B. Anderson, T hisJour-

nat. @l,028 (1957).
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Fig. 2.—Log-log plot of data for reduced O and reduced-
and-nitrided O catalysts in particle size series. Catalysts
reduced at 450°.

in oil-filled pores coupled with reaction at the cata-
lyst surface.

The present results indicate that the average
depth of effective catalyst on the periphery of the
particle is of the order of 0.01-0.02 cm. for samples
reduced at 400 and 450° and for samples reduced at
600° of the order of 0.04 cm. Thus, the average
depth of effective catalyst increases with increas-
ing pore radius. For larger particles the increase
of effective depth appears sufficient to compensate
rather exactly for the decreased surface area, and
the rate remains essentially constant as the tem-
perature of reduction is increased from 450 to 550°.
For smaller particles a sufficient depth of ineffective
catalyst is apparently not available to compensate
for the decrease in surface area as the reduction
temperature was increased from 450 to 600°.

A generalized picture cf catalyst pores during
synthesis is proposed, based on the data presented,
and these hypotheses were examined with respect to
changes of catalyst composition that occur during
synthesis and selectivity. A typical simplified pore
as shown in Fig. 3 is filled with liquid hydrocarbon,
and the average and ultimate depths of active layer
are shown by dotted lines. Hydrogen and carbon
monoxide dissolve in the oil and diffuse into the
pore; the concentration gradients that cause dif-
fusion are produced by the reaction on the walls of
the pores. Synthesis products—water, carbon di-
oxide and hydrocarbons—dissolve in the liquid hy-
drocarbons in the pore and diffuse to the pore
mouth. As the solubilities of gaseous hydrocar-
bons, water and carbon dioxide in oil exceed those
of the reactants, it is not necessary to postulate
the presence of a gas phase within the pores. High
molecular weight oils produced in the pore cause a
small net flow of oil out of the pore.

The concentrations of hydrogen and carbon
monoxide, as shown by a single curve in Fig. 3,
decrease rapidly with increasing distance from the
pore mouth from values in equilibrium with the gas
phase until the concentration is sufficiently low so
that the rate is zero due to either kinetic or thermo-
dynamic limitations. The concentrations of wa-
ter and carbon dioxide increase from values in
equilibrium with the gas phase to high constant
values at the point where the concentration of re-
actants becomes so low that synthesis does not oc-
cur. On this basis optimum conditions for oxida-
tion of iron are found in the interior of the particle
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Fig. 3.—Schematic representation of a pore in a Fischer-
Tropsch catalyst.

10 4 X PARTICLE RADIUS/ PORE RADIUS.

Fig. 4—Changes in catalyst composition in six weeks of
synthesis expressed as change of atom ratios to iron of oxy-
gen O, carbon O, and nit.rjgen A, divided by extent of re-
duction, /, as a function of particle radius divided by average
pore radius for reduction temperature series. Synthesis
temperatures are shown on graphs.
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beyond the effective depth, and optimum conditions
for formation of carbide and free carbon occur in the
effective layer.

In the present experiments with 1H2+1CO0 gas
carbon monoxide is used in greater amounts than
hydrogen (the over-all usage ratio H2:CO is about
0.7); thus the liquid hydrocarbon in the pores in
the ineffective portion of the catalyst should con-
tain sizable quantities of dissolved hydrogen, as
well as dissolved water, carbon dioxide and light
hydrocarbons. In the ineffective zone, hydrocrack-
ing reactions leading to a decrease in molecular
weight may occur.

In the experiments described in Tables I, Il and
111 representative samples of the entire catalyst
charge were taken after six weeks of synthesis.
After extraction to remove adsorbed hydrocarbons,
entire particles were analyzed for iron, carbon, ni-
trogen and oxygen, and the changes in concentra-
tion of oxygen, carbon and nitrogen are expressed
as differences of atom ratios with respect to iron.
For all of the experiments, the changes in atom ra-
tios are divided by the initial extent of reduction.

In the next paper it will be shown that the depth
of effective catalyst is approximately proportional
to the average pore radius. On this basis the ratio
of total pore length (particle radius or depth of re-
duced zone) to average pore radius was taken as a
measure of the relative amounts of ineffective and
effective catalyst, and the selectivity and composi-
tion change data were plotted against this quan-
tity.

Despite a number of complicating factors, the
data show the following trends as the ratio of in-
effective to effective catalyst was increased: (a)
the oxidation of the catalyst increased, (b) the dep-
osition of carbon and elimination of nitrogen (if
present) decreased, and (c) the average molecular
weight of the product decreased. Data for the
temperature of reduction series in Fig. 4 are shown
as an example of composition changes.

The present postulates provide qualitative ex-
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planations for a number of observations on the
Fischer-Tropsch synthesis at temperatures below
about 290°.

1. As synthesis temperature is increased, the
depth of the effective layer should decrease, and
this is consistent with available data showing that
the rate of oxidation of the catalyst increases and
the average molecular weight of the product de-
creases with increasing synthesis temperature.

2. The activity and selectivity of reduced or
nitrided fused catalysts13-16-I7 remains essentially
constant for long periods, although the composition
of the catalyst changes drastically. For example,
the percentage of iron as oxide in reduced catalysts
increases from zero to 80 in six weeks of synthesis
at 21.4 atmospheres. These data can be explained
by the postulate that the catalyst oxidizes predomi-
nantly at the interior of the particle.

3. Surface layers of activated steel lathe turn-
ingBand steel spheres,9a thickness of active ma-
terial of about 0.006 cm. on a core of massive iron,
oxidized very much slower than fused catalyst, de-
spite the fact that the massive iron catalysts were
operated at temperatures as high as 290° com-
pared with a maximum of 270° for fused catalysts.

These postulates certainly will not explain all
aspects of the synthesis. The relative rates of re-
actions for chain growth, chain termination and
hydrocracking probably do not increase at the same
rate with increasing temperature, and the rates of
reactions with the catalyst, such as oxidation and
carburization, probably increase with increasing
temperature. Finally, the occurrence of hydro-
cracking reactions to a significant extent on iron
catalysts may be questioned in view of the observa-
tions of Koch and Titzenthaler.D

(17) J. F. Shultz, M. Abelson, L. Shaw and R. B. Anderson, Ind.
Eng. Chem., 49, 2055 (1957).

(18) H. E. Benson, J. F. Field, D. Bienstock and H. H. Storch,
ibid., 46, 2278 (1954).

(19) J. F. Shultz and M. Abelson, unpublished data of Bureau of
Mines.

(20) H.
(1950).

Koch and E. Titzenthaler, Brennstoff~Chem., 31, 212
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Relatively small doses of 7-rays at —78° have been found to enhance the H2D 2 exchange activity of 7-A1203 The
enhancement by radiation depends upon the presence of a catalyst poison, HD, H2or CH4, and in the case of HD is a
function of the extent of poisoning, being greatest for the most highly poisoned samples. However, A1D 3not activated
by high temperature treatment is not made active by prolonged irradiation. The enhancement in activity produced by
radiation decays fairly rapidly at room temperature and above, and appreciable decay can be noted in some samples (highly
poisoned ones, highly sensitive to radiation) even at —78°. Reactor radiation (fast neutrons and 7-rays) and radon produce
similar enhancement, but in this case the effect does not decay markedly at room temperature. Although it is not yet pos-
sible to assign these effects surely to electron trapping (for gammas) and atom displacement (for heavy particles), these are
the most attractive hypotheses at present. In any case, it appears likely that further study of these phenomena will help
to clarify the importance for catalysis of various crystal imperfections.

Introduction
The modification by ionizing radiation of the ac-
tivity of heterogeneous catalysts has been sought

for a number of years, originally, probably, as an
empirical possibility, more recently with some
plausible reasons for expecting such a phenomenon.
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The earlier experiments, generally negative or in-
conclusive, were reviewed by Gunther,1 but since
his review appeared in an uncommon journal, his
references are repeated here,2with three additions.3
Several recent experiments, using adequate doses
and non-metallic catalysts capable of storing elec-
tronic energy, apparently have demonstrated the
existence of such an effect, and the range of behav-
ior observed has been such as to encourage further
study.4-7

The experiments at this Laboratory were under-
taken with the hope that the electronic dislocations
produced by high-energy electromagnetic radiation
could be shown to affect catalytic activity, and
that, therefore, some of the resulting special elec-
tronic configurations could be identified with, or
related to, the centers responsible for catalysis.
The strong correlations between catalytic activity
and semi-conduction and between catalytic activ-
ity and paramagnetism suggested that the trapping
of radiation-ejected electrons might well create, de-
stroy or modify catalytic activity in such substances
as metallic oxides. In the first experiments, with
ZnO, the hydrogenation of ethylene was used as an
index of activity. The lowest convenient tempera-
ture for this reaction was about 0°, although con-
siderations of electron trapping suggested holding
the catalyst at as low a temperature as possible.
At this temperature (and somewhat above) a
small effect of radiation (a decrease in activity with
irradiation) was observed.4 The effect required so
large a dose, however, as to differentiate it rather
sharply from those phenomena (coloration, elec-
trical conductivity, luminescence) which can gener-
ally be interpreted by fairly simple assumptions
about trapping of electrons (or of holes) at pre-exist-
ing defects, and which reach saturation at the dose
rate used in hours rather than months. As soon as
possible, therefore, experiments were begun with
H2D 2exchange in the hope that the lower tempera-
ture of reaction would bring to light more striking
effects. This indeed proved to be the case, for ir-
radiation of 7-AlD 3at —78° with as little as 5 X
108e.v./g. caused approximately a tenfold increase
in catalytic activity for H2D 2 exchange measured
at —78°.6 The similarity to phenomena attri-
buted to electron trapping was further indicated
by a ready annealing of the extra activity when the
irradiated catalyst was raised to room temperature.

(1) P. Gunther, Ergeb. tech. Rdntgenkunde, 45 100 (1934).

(2) R. Schwarz and M. Klingenfuss, z. Elektrochem ., 28, 473 (1922);
29, 470 (1923); G. L. Clark, P. C. McGrath and M. C. Johnson, Proc.
Nat. Acad. sci., 11, 646 (1925), P. H. Emmett and E. J. Jones, T his
Journal, 34, 1102 (1930); G. Harker, J. Soc. Chem. Ind., Chem.
Ind. Transac., 51, 314 (1932); S. Go-zky and P. Gunther, z. physik.
chem., B26, 373 (1934).

(3) G. Harker, J. Cancer Res. Comm. Univ. Sydney, 4, 109 (1932);
L. Pisarzhevskii, S. Chrelashvili and G. Savchenko, Acta Physicochim.

U. R.S.s. 7,289-294 (1937); L. F. Heckelsberg, A. Clark and G. C.
Bailey, Joint Symposium on Mechanisms of Homogeneous and Heter-

and

ogeneous Hydrocarbon Reactions, Kansas City A.C.S. Meeting
(Spring, 1954).
(4) E. H. Taylor and J. A. Wethington, Jr., 3. Am. Chem. Soc., 76,

971 (1954).
(5) P.B. Weisz and E. W. Swegler, 3. Chem. Phys., 23, 1567 (1955).
(6) E. H. Taylor and H. W. Kohn, J. . Chem. Soc., 79, 252
(1957).
(7) R. W. Clarke and E. J. Gibson, Nature, 180, 140 (1957).
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Experimental

Preparation of Catalysts.—The catalysts used in the
present research were prepared from commercially available
types of aluminum oxide by evacuation at temperatures be-
tween 200 and 650°. The first such preparation was made
as a blank for a series of catalysts supported on alumina and
was moistened with water to simulate the solution impreg-
nation technique used in that series. The satisfactory ac-
tivity of that preparation led to jhe adoption of moistening
prior to evacuation as a standard method of preparation.
Moistening was later shown to be unnecessary, and was
abandoned. Alumina that was not evacuated at about
200° or above was inactive. Some properties of the types
of alumina used are given in Table I.

Measurement of Activity.—The reaction between H2and
D2 was used as a measure of catalytic activity. It was
carried out in a cylindrical Pyrex vessel about 15 cm. long
by 1.4 cm. i.d. (co. 23 cm.3 connected through a ground
joint and appropriate stopcocks to the gas supply and pumps
and protected from HD and Hg by a trap at —196°. The
gas mixture (approximately 1:1) was made up in advance
from D2 (Stuart Oxygen Co.) and H2 (tank, electrolytic),
each purified before mixing by passage through a heated
palladium valve. The mixture was admitted to a pressure
of 15 (occasionally 20) mm., allowed to react for a predeter-
mined time, and expanded into a sample bulb of about 60
cm.3

The effect of pressure was studied between 10 and 200
mm. Above about 35 mm. the first-order rate constant
began to fall off, presumably because of the reduced rate
of diffusion relative to reaction.

Analysis for exchange was by mass spectrometer. Unre-
acted samples yielded 4.0 + 0.3% HD by exchange in the
mass spectrometer; a proportionate correction was made
for this, depending upon the observed distance from equilib-
rium. The fraction of HD to be expected at equilibrium
was calculated from the equilibrium constant K = (HD)2
(H2(D2) at the temperature of the reaction (3.2 at 25°, 2.9
at —78°, 2.7 at —126°).8 The results were expressed either
as half-times for the given volume of gas with 1g. of catalyst
(calculated as if first order in catalyst weight) or as first-
order rate constants for the same situation.

Preliminary Experimental Survey.—The first step in the
present work was a series of experiments with a variety of
oxides known910 to possess catalytic activity for Hj-hL ex-
change. Among several showing an increase in activity
upon irradiation (A1D3, ZnO, Ti02 MgO), y-AlD 3 was
chosen for detailed study because of ease of preparation and
satisfactory reproducibility.

Some of the first results on y-Al203, shown in Table II,
demonstrate the relatively large effect of a short irradiation
and the ease with which the induced excess activity is re-
moved by exposure to room temperature. Since the ac-
tivity itself was known to be a function of the temperature
of the activating evacuation,9 a series of experiments was
performed in which this temperature was varied from sample
to sample between 200 and 650°. The results in Table 111
show that not only is the activity thus affected, but likewise
the sensitivity to radiation, the catalyst prepared at the
lowest temperature being the most sensitive and that at 525°
the least. The small decrease upon irradiation shown at
650° has been observed more than once and appears to be
real. The anomaly in the radiation sensitivity at 300° and
in the activity itself at 450° have not been examined further
and may well be spurious.

Since the most obvious difference between catalysts
evacuated to different temperatures is in the amount of
residual water, the influence of water content was studied
at a single temperature of evacuation by adding HD to a
catalyst evacuated at 525°. After heating with the 112
vapor to develop the poisoning,9 the previously insensitive
sample was found to be sensitive to radiation, as shown in
Table 1V. To determine whether the temperature of
evacuation had an effect beyond the regulation of the re-
sidual HD, a sample was evacuated exhaustively at one
temperature (400°) with periodic determinations of activity
and radiation sensitivity. After prolonged evacuation the
catalyst reached a state in which its activity was insensitive

(8) H. C. Urey and D. Rittenberg, J. Chem. Phys., 1, 137 (1933);
A. J. Gould, W. Bleakney and H. S. Taylor, ibid., 2, 362 (1934).

(9) S. W. Weller and S. G. Hindin, T his Journal, 60, 1506 (1956).

(10) V. C. F. Holm and R. W. Blue, Ind. Eng. Chem., 43, 501 (1951).
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Surface
area
Sample X-ray by N2, m.Vg.

Adsorption alumina 7 210 Na
Fisher Sei. Cc.
a-Alumina a 14
J. T. Baker Co.
Polishing alumina B a? 75

Linde Air Prod. Co.
a 7-Al203by electron diffraction.

Table Il

E ffect of Radiation on Catalytic Activity of Alumina

(Fisher adsorption alumina; i12D 2exchange)

Treatment before Temp, of Half-time,
activity measurement exchange, °C. min., g.
Evacuate at 450° -78 8.5
Age 7 days, room temp. -78 24
Age 0.5 hr., 203° + 25 570
Irradiate 45 mm., —78° -78 9.4
Age 2 hr., -78° -78 14 5
Age 7 days, room temp. +25 356
Irradiate 45 mm., —78° -78 13.4
Age 1 hr.,, —78° -78 24.4
Age 1 hr.,, -78° -78 42.8
Age 1 hr., —78° -78 170
Age 1 day, —78° -78 ca. 300

Tabie Il

Effect of Temperature of Evacuation of Radiation

Sensitivity of 7-Al1203

(Samples evacuated overnight at indicated temperature.

Hr-DT exchange at —78¢c)

Preirradiation activity

Evacuation Ratio of activities (first-order rate constant)

temp., (I ostirradiation/ for 1 g. catalyst)
°C. preirradiation) g._1 min.“1
200 200 3.5 X 10-*
300 4 3.6 X 10~*
350 1.8 X 10**
400 10 3.5 X 10-*
450 9 1.0 X 10"s
520 1 7.0 X 10
650 0.5 14.0 X 10

Tabte IV

Effect of Radiation on Alumina

(Fisher adsorption alumina; H2D 2exchange)

W ater-poisoned

Half-time Half-time
at -78°, at -126°,
Treatment before activity measurement min., g. min., g.

Evacuate 16 hr., 520° 0.40
Age 3 days, room temp. 1.41
Age 0.5 hr., 300° 5.32
Evacuate 2 days, 520° 0.42
Heat 0.3 hr., 300° 0.51
Add 0.3 mg. HD, age 0.3 hr., 300° 3.3 49.6
Irradiate 70 min., —195° 9.9
Age 2 days, room temp. 1.85 24
Irradiate 1 hr., —195° 1.12 14.5

Add 0.3 mg. HD, heat at 350° 0.3 hr. 276

Irradiate 1 hr., —78° 7.9
Age 2 days, room temp. 420

Irradiate 66 min., —78° 1.6
Age 1-3 hr., -78° 3.6

Age 3-6 hr.,—78° 8.2

Spectroscopic anal., %

01-0.1---—--—-- » 000i-001  0.0001-0.001
Ca, Fe, Ga, Mg, Si B, Ti Cu

(not analyzed)

Si

to radiation, contrary to the results of a shorter evacuation
at this temperature. Hence the principal effect of tempera-
ture (in this range) is to alter the rate of removal of HD.

Discussion and Further Results

Three general hypotheses can be suggested to ex-
plain the results just described: (1) that the cata-
lytic activity is affected by the concentration of
trapped electrons or holes, which are altered by ion-
izing radiation and by subsequent annealing. (2)
That the catalytic activity is associated with par-
ticular atomic distances or configurations in the
lattice, and that the atom displacements brought
about (at a low rate) by the y-rays produce new
sites of favorable spacing and configuration. (3)
That the radiation acts radiolytically upon the
poison (H»0), either to remove it and thus regener-
ate activity or to yield products which act as pro-
moters for the catalytic reaction.

The first hypothesis, which wall be referred to
as electron trapping, appears to be favored by the
rate of introduction of the effect and by the ready
annealing at moderate temperatures, both being
similar to those of other phenomena which do result
from electron trapping. Thus, marked coloration
of alkali halide crystals occurs in the present radia-
tion source in a half hour or less, and the coloration
is approximately saturated in several hours.

Interatomic spacing in catalysts has sometimes
been suggested as a determining factor in catalytic
activity. 1l While current theories minimize the
importance of lattice spacing, there appears no rea-
son to reject this factor completely. Although the
cross-section for atom displacement by gamma rays
is very small, some properties sensitive to displace-
ments have been shown to be affected by gamma ir-
radiation. Thus, Thompson and Holmes22 found
an initial rate of change in Young’'s modulus of a
copper single crystal of about 1% per hour in a y-
ray flux about equal to the present one. This is
markedly lower than the rate of change of catalytic
activity observed in the present work, but one might
postulate a very much greater sensitivity for this
property than for the change in Young's modulus
in copper.

The obvious way to study the effect of atomic dis-
placements is to employ a source of massive ener-
getic particles, so that the displacements will be a
major fraction of the events. Separate samples of
y-alumina were irradiated with neutrons in the

(11) A. A. Balandin, z. physik. Chem., B2, 289 (1929); B3, 167
(1932); O. Beeck, A. E. Smith and A. Wheeler, Proc. Roy. Soc. {Lon-
don), A177, 62 (1940).

(12) D. O. Thompson and D. K. Holmes, J. Phys. Chem. Solids, 1,
275 (1957).
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ORNL graphite reactor and with a-particles from
radon adsorbed on the sample. Marked increases
in activity were shown in each case, as detailed in
Table V. The noteworthy point, however, is that
the increase was observed after a long period of an-
nealing at room temperature (because of the neces-
sity of allowing the added or the induced radioac-
tivity to decay). In the case of 7-irradiation of
similarly prepared samples, such an annealing
would have restored nearly the original activity.
Thus, the results with massive particles differ in
kind from those with gamma rays. Since the es-
sential difference between the effects of the two
types is the large fraction of atomic displacements
in the heavy particle bombardments, it is natural to
suggest that the displaced atoms or the vacancies
are in this case the seat of the added activity. The
more labile enhancement by 7 -rays is then less likely
to be the result of atomic disordering.

Table V
E ffect of Heavy Particle Irradiation on 7 -Al20:
Frrrmmemeees t4 2, MN., g mmmmmmmmmmnee s
Treatment —78° —95° —126°
Sample I, 0.1 g.
Pump 16 hr. at 500° 6.7
Repeat activity measurement 7.2
Irradiate 16 hr. with neu-
trons and age 14 days 1.6
Repeat activity measurement 2.6
Age 2 days at 25° 2.1
Sample 11, 0.2 g.
Pump 3 hr. at 400° 28
Age 1day at 25° 37
Irradiate 16 hr. with neu-
trons and age 11 days <6
Age 1 day at 25° 1.4
Age 9 days at 25° 1.0
Sample 111, 1g., previously studied with 7-ravs
Pump 1.3 hr. at 400° 11.7
Age 17 days at 25° 8.8 150*
Irradiate 102 days with 150
mcurie Rn <4, <6
Age 8 days at 25° 1.3,3.0
Age 5 days at 25° <12, <50
Age 1 day at 25° 5.5
Age 6 days at 25° 1-8
Pump 1 hr. at 100° 3.6,0.5 2.7

Pump 1 hr. at 200° 600
0 Calculated using AE* = 3.5 kcal./mole.

Since the magnitude of the radiation effect proved
to depend so strongly upon the water content of the
alumina, it is natural to inquire whether the effect
does not result simply from the removal by radia-
tion of the poisoning water. A calculation of the
possible rate of such removal can be made easily,
but the validity of the necessary assumptions is not
clear. It is necessary to assume a value for G
(—H-20), the number of HD molecules decomposed
per 100 e.v. of energy absorbed, and to decide
whether the absorption o: energy by the HD alone
or by the HD plus catalyst is effective for HD re-
moval. For the first assumption, it seems prefer-
able to use the G for HD vapor rather than for
liquid, since H20-H 2 interactions are probably
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negligible on the surface (1% covered for 0.3 mg.
H20/g. A1:0 s with surface of 2 X 10scm.2/g. Al20 3.
Thus, O(—H-20) is taken to be 11.713 rather than
4.5.14 The most favorable assumption for HD re-
moval is that all of the energy absorbed by the
AL0 3 is somehow transferred to the adsorbed H-20.
Caffrey and Allen have observed partial transfer of
this sort with pentane adsorbed on certain solids,
such as silica gel..s The present assumption is an
unlikely limiting case. For a 50-minute irradia-
tion at 2 X 10wre.v. g.-1, min.-1 absorbed and G =
11.7, the total water removed per g. Alz0s is calcu-
lated to be 1.2 X 101 molecules, or 12% of the
approximately 1 X 1019 molecules adsorbed per
gram. Unless the energy is preferentially trans-
ferred to those Hzo molecules covering especially
active sites, then the explanation by H2o removal is
quite untenable.

Although calculation thus indicates the improb-
ability of a H20-removal mechanism, the indefinite
state of theory in this area suggested an experi-
mental search for decomposition products of H20.
Two 1-g. samples of y-Al20 s showing exchange half-
times of 7 to 10 min. at —78° were irradiated for
1.15 hr. at —78° in helium at 0.5 atm. After irra-
diation, the He was analyzed mass spectroscopically
for H2 HDO, HD and H20. No such impurity
above the background (0.01% H;) was found, al-
though the total adsorbed water equaled some 30%
of the helium added. Again barring a very specific
removal of part of the water, radiation-removal of
poison seems an unlikely mechanism for the effect.

The second proposed mechanism involving radia-
tion decomposition of water postulates the produc-
tion of a promoter or sensitizer, for instance an ad-
sorbed decomposition fragment (H or OH) or final
product (H2,020r H202. The mostobvious mecha-
nism for an enhancement of activity in this way

would be for the adsorbed fragment to constitute

part of a new reaction path, presumably by itself
exchanging hydrogen with the reaction mixture.
The data in Table VI indicate that this does not
occur, since the 3-g. sample of A1L.03 pre-
equilibrated with D20, exchanged D far too slowly
under irradiation for this path to be important.
This experiment does not, of course, rule out a
mechanism in which an active center is in some way
produced in the AL0s by adsorption of a fragment
such as OH.

A qualitative connection between catalyst prep-
aration and the thermal stabilitj’ of the radiation
enhancement already has been noted.s A more de-
tailed study of the thermal stability of a single cata-
lyst was made by irradiating it at successively lower
temperatures (from 25 to —78°) and measuring the
activity at —78° after each irradiation. Since the
radiation-induced enhancement remaining at any
temperature is a balance between its rate of intro-
duction (constant) and its rate of removal (tem-
perature-dependent), a plot of the logarithm of the
enhancement (AK = rate constant after irradiation
minus rate constant before) versus the reciprocal

(13) R. F. Firestone, J. Am. Chem. Soc., 79, 5593 (1957).

(14) A. O. Allen, Radiation Research, 1, 85 (1954).

(15; J. M. Caffrey, Jr., and A. O. Allen. This Journal, 62, 33
(1958).
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Tabte VI

Exchange between

H2and DD on A1D3

(3 g. of A1D 3equilibrated with DD and evacuated 2 hr. at 400°)

Reaction
s pressure, mm. temp., °C. Time Remarks % D ingas % Equilibrium
34 -78 41 min. 0.25 2
101 —78 30 min. Pump 1 hr. before run .14 1
25(0.14%D) —78 30 min. Irradiate during exchange .29 2
34 25 27 days Assumed to be at equilibrium 13.9 100
Tabte VII
R adiation Sensitivity op AlD 3 Poisoned with H2 or
with CH4
Reac-
tion % to <41,
time, equi- min., g.
T reatment min. librium at —78°
Sample I, 0.1 g.
Heat in dry H2stream, 520°, 2.5
hr. 36 29 ~ 85
Age 1week, room temp. 3617 8.1 ~300
Irradiate 1 hr., —78° 87 24.9 21.1
Anneal, room temp., 4 days 151 55 ~125
Irradiate 1 hr., —78° 150 24.0 38
Irradiate 16 hr., —78° 90 71.1 5
Heat 16 hours in dry H2stream,
520° 380 36.1 58.2
Pump overnight, 520° 25 85.3 0.9
Sample 11, 0.01 g.
Pump 16 hr., 520°. Heat 16 hr.
in dry H2stream, cool to —78°
in H2 pump —78° 972 6.0 10.9
Age 1 day, room temp. 1060 ~1.5 ~ 50
Irradiate, 1 hr., —78° 150 11 9 0.82
Sample 111, 0.1 g.
Heat in dry H2stream 6 hr., 520°,
cool to —78°, pump —78° 1105 69.8 65
Irradiate, —78°, 1 hr. 122 97.6 2.2
Sample IV, 0.1 g.
3.0 3.5 4.0 4.5 5.0 5.5 Pump 16 hr., 520° \ 65 52.0 0.6
ivi <
1000 / r Se?ond a-ct|V|ty measurement / 990 100 8
Fig. 1.—Radiation effect vs. temperature of irradiation, A1 3 Poison with /s atm. C2H416 hr. 60 0 Long
evacuated at 520°, then H2-poisoned. at rm. temp., pump off 1237 48 ~170
Second activity measurement '
absolute temperature of irradiation should give an  zge 2 weeks, room temp. 1140 0 Long
m_d'cat'on of the activation energy for rer_noval' Irradiate 16 hr. during reaction ~ 1000 100 <1.86
Figure 1 shows an approximately linear relation, as . . .
A f Repump at 520°, repoison with
expected, and an activation energy of about 3 kcal./
PE C214 age 2 weeks at room 151 0 Long
mole. This is a reasonable value for release of .
temp. 1140 0 Tong
trapped electrons or holes, but does not absolutely -
. ! : . Second activity measurement
preclude a mechanism involving displaced atoms or ) ’ . .
migration of HD or its decomposition products. Irradiate 50 min. during reaction 180 59.1 1.4
The important role of HD in the radiation en- Age 1week, room temp. 1140 4.4 -~165

hancement of activity led to examination of other
known poisons for the exchange. Table VII shows
that both H2 and C2H4 adsorbed on a well-pumped,
radiation-insensitive catalyst produced in it a sensi-
tivity to radiation. In the case of C2Ha4 it was
shown that the radiation did not produce measur-
able exchange between the poison and the gas phase
nor liberate detectable amounts of poison. A 3-g.
ample of Al.0s was equilibrated with 0.25 atm.
C2Ha4 at 25° for 2-3 days. It then was irradiated
4.8 hr. in He at —78°. The He was removed and
substituted by D2 After standing 16 hr. a sample
of D2 was removed, the remainder was irradiated

OLinde B polishing alumina. 1Assumes 100% reaction
means more than five half-lives are completed during reac-
tion time.

6.5 hr. at —78°, and a final sample was taken.
None of the 3 samples showed an increase (over
background) of Ho or HD.

Since other modifications of alumina exist, it was
natural to examine the catalytic properties of the
principal one of these, a-Al20 3 corundum. A sam-
ple of Linde B Polishing Alumina, principally corun-
dum, proved to be superficially y-Al203s by electron
diffraction, and exhibited the same catalytic behav-
ior (including radiation enhancement) as 7-ALOs.
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Heating overnight at 1400°. which should convert
the sample entirely to the a-form, destroyed the
activity even if the exchange reaction was run at
200°. It was not regenerated by evacuation at
400° or by long irradiation with 7 -rays or neutrons.
It seems likely, therefore, that the activity in y-
A0 3 is associated with the structure, and that the
corundum lattice is not suitable. For that matter,
the bulk 7 -Al20s lattice might also be non-catalytic,
and the activity might reside in some special sur-
face structure derived from the hydrous oxide from
which the 7 -Al20s is prepared.

Although a comparison of changes in physical
properties (electrical conductivitjq etc.) with changes
in catalytic activity is an obvious step in the use

Exchange of Deuterium Gas with Hydrogen on Solid Catalysts

505

of radiation damage to study catalysts, preference
has so far been given to the exploration of chemical
variables. Light emissim has been observed as
some of these irradiated catalysts have been
warmed, showing that some of the radiation energy
is stored electronically. This was expected from
the observation of Rieke and Daniels on several
kinds of alumina.is Attempts to observe paramag-
netic resonance lines attributable to trapped species
were negative, but this d ies not constitute evidence
against their existence, particularly in polycrystal-
line samples such as thess.iz

(16) J. K. Rieke and F. Daniels, ibid., 61, 629 '1957).
(17) R. Livingston, Radiation Research, scheduled for February,
1959.

THE EXCHANGE OF DEUTERIUM GAS WITH THE HYDROGEN
ASSOCIATED WITH SOLID CATAL\STS. I. THE MCDEL TANTALUM-
HYDROGEN SYSTEM

By Francis J. Cheselsice,1W. E. Wallace and W. Keith Hall

Mellon Institute, Pittsburgh, Pa.
Received November 26, 1958

A study of the Kkinetics of the exchange reaction between pure deuterium gas and tantalum initially containing interstitial
hydrogen has been made with a view to establishing the feasibility of the method for studies of the nature of the hydrogen
content of solids, both with regard to the amount of hydrogen initially held by the solid, and also as to the energetics of the
exchange reaction. The tantalum-hydrogen system was selected as a “model system” because the interstitial hydrogen
occupies sites of equivalent energy approximating a model required for a simple, theoretical treatment; also, the exchange
takes place at relatively high temperatures, minimizing the isotope effect. The kinetic experiments were made using both
constant temperature and continuously rising temperature techniques. The results were found to be in good agreement,
indicating that the rising temperature technique can be used advantageously to obtain the parameters of interest, the

principal advantages being a large saving of time.
tion energy for the underlying rate process.

activation energy differed approximately by the heat of solution of hydrogen in tantalum.

From the isothermal data, it was possible to determine the true activa-
The same data showed that the apparent activation energy and the true

It is of interest to note that the

true activation energy for the underlying rate process probably sets an upper limit on the activation energy for diffusion of

hydrogen through the tantalum lattice.

The results obtained in this investigation should serve to establish a criterion by

which results obtained from systems of catalytic interest can be compared.

Introduction

Two parameters of interest can be determined in
simple experiments where pure deuterium gas is
exchanged with the hydrogen held by solid materi-
als. These are the total amount of hydrogen ini-
tially associated with the solid and the temperature
interval over which the exchange first starts to
take place at an appreciable rate. The first of these
is a thermodynamic quantity in the sense that it
depends only upon the equilibrium situation at the
end of the experiment, but the latter depends upon
the kinetics of the process as well.

The principal objective of the work was to ex-
plore what could be learned about these parameters
that might be useful in studies of catalysts. The
tantalum-hydrogen system was selected as a
“model” system, because the interstitial hydrogen
resides in sites of equivalent energy allowing a
simple theoretical treatment of the data and be-
cause the exchange takes place at relatively high
temperatures, minimizing the “isotope effect.” An-
other objective was to establish an upper limit to

1) This work was submitted by Mr. Cheselske in partial fulfillment

for the requirements of the degree of Master of Science at the Univer-
sity of Pittsburgh, 1958.

the activation energy for diffusion of hydrogen
through the tantalum lattice.

Earlier workersz have shown that the hydrogen
content of solids can te determined by exchange
with deuterium gas. Winter and co-workerss have
studied the kinetics of exchange of oxygen-18 with
the oxygen content of various materials. More
recently, Harrison, Mcrrison and Rudhamas have
followed the exchange of chlorine gas with crystals
of the alkali halides containing small amounts of
radioactive chlorine and described their results in
terms of anionic diffusion through the lattice. Also,
Annis, Clough and Eleys have reported on the Kki-
netics of exchange of deuterium with glasses and have
discussed these results by analogy with the ortho-
para hydrogen conversion reaction, catalyzed by
the same solids. In the present work, the system is
treated as a box filled with hydrogen atoms; this

(2) (@) J. K. Lee and S. W. Weller, Anal. Chem., 30, 1057 (1958);
(b) J. T. Kummer and P. H. Emmett, T his Journal. 55, 337 (1951).

(3) E. R. S. Winter, J. Chem. Soc., 1509, 1517, 1522 (1954); 2726
(1955); “Advances in Catalysis,” Yol. X, Academic Press, N. Y.,
1958, p. 196 ff.

(4) L. G. Harrison, J. A. Morrison and R. Rudham, Trans. Fara-
day Soc., 54, 421 (1958).

(5) G. S. Annis, Il. Clough and D. D. Eley, ibid., 54, 394 (1958).
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permits a particularly simple, yet. general, treat-
ment of the data.

Theory

It is generally agreed that the kinetics of all iso-
tope exchange reactions are first-order in the dis-
tance from equilibrium provided that the small dif-
ferences in isotopic reactivity may be neglected.
With heavier elements such as those used by Win-
ter3and by Morrison,4any “isotope effect” should
be negligibly small, particularly at the relatively
high temperatures used in their experiments; a
maximum effect may be anticipated for the ex-
change of deuterium with hydrogen, particularly at
low temperatures.

The first-order law provides a particularly simple
and useful way to treat exchange data and as such
it is widely used. A conceptually simple interpre-
tation of this law follows directly from the theoreti-
cal developments of Duffield and Calvin6é and of
Marcus.7 These workers have quite generally
proved that, neglecting differences in isotopic re-
activity, the apparent order of any isotope ex-
change reaction must be first order in the distance
from equilibrium, regardless of its mechanism.
These ideas are extended here to take into account a
two-phase system. It may be noted that, although
the present development is in several respects
mathematically similar to that of Winter,3it dif-
fers sufficiently ;n point of view to warrant restate-
ment here, particularly as an understanding of
the underlying ideas67is important to a proper eval-
uation of our data.

As a model, consider the hydrogenated tantalum
as a box filled with hydrogen atoms and surrounded
by deuterium molecules. A mechanism for trans-
port between the two phases is now established,
be., the system is brought to such a temperature
that gas molecules permeate the box and the atoms
inside the box recombine and enter the gas phase.
The gas leaving 'he box will always contain hydro-
gen in proportion to its atom fraction inside the
box and the gas entering the box from the gas phase
likewise will contain hydrogen in proportion to its
concentration (as atoms) in the gas phase. Thus,
as reaction proceeds, the hydrogen content of the
gas phase and the deuterium content of the box will
increase until at equilibrium the atom fraction in
both phases will be identical. Following Marcus,7
the transport process can be described by

Vi(dx/dt) = R(y - x) (1)

where x and y are defined as the atom fraction H
in the gas phase and in the solid phase, respectively,
and R is defined as the underlying rate of the for-
ward and/or backward equilibrium process which
would be taking place if no tracer were present.
Conservation of matter requires that

Vb, = vy + VX = Fax, + (2)

where Faand Vg represent the total moles8(as NTP

(6) R. B. Duffield and J. J. Calvin, J. Am. Chem. Soc., 68, 557
(1946).

(7) R. A. Marcus, J. Chem. Phys., 23, 1107 (1955).

(8) Although the separate phases are thought o: in terms of atoms
only, for convenience the convention has been adopted that the
amounts (total moles) in the separate phases be measured as cc.
(NTP) of H2 and/or Dz, respectively.
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volumes) of the hydrogen plus deuterium associ-
ated with the solid and with the vapor phase, re-
spectively; F°n2 is the corresponding amount of
hydrogen initially associated with the solid and
and ya are the values of these variables at t =
Neglecting an isotope effect, the condition for equi-
librium will be

oo

y® ~ xoe 3)
Combining (1), (2) and (3), it is found that
Viidx/dt) = R{VJIV. + I)(z, - X) (4)

There are two restrictions implied in (4). These
are that differences in isotopic reactivity may be
neglected and that all of the reacting species are
equivalent in energy, be., that the system can be
described by only one value of R.

To take into account effects of differences in iso-
topic reactivity on the Kinetics of the exchange
process would require a treatment of considerable
sophistication. Such a treatment is certainly not
warranted here. It is possible, however, to obtain
quite simply a limiting form of the equation which
would result from such a treatment. This comes
about as follows. If an isotope effect is not neg-
lected, (2) would remain unchanged; however,
for (3) it would be necessary to substitute

yo = K'Xa, ®)

The correct form of (1) is, of course, unknown.
Nevertheless, it follows from the work of Manes,
Hofer and Weller9 that the rate of approach to
equilibrium will remain first order in the displace-
ment from equilibrium, as equilibrium is approached,
regardless of whether an isotope effect is operative
or not. This is important as it is seen that a linear
first-order plot should be obtained as equilibrium
is approached, but that deviations from this linear
behavior may be expected in the early stages of the
exchange process. Thus, for the situation of inter-
est here

Toda:/di)i— = (ixa> —x) (6)
Combining (2) with (5) and (6), yields

Fg(dx/d0i->« = 0 (ye-f'V'Fs) (y ~ K'™) (I)

shoving the correct form of the transport equation.
It is now permissible to rewrite (7) as

Vgdx/dt)i—a = R'(y — K'x) (8)
so that (6) becomes

(dz/d<)t-,- = R* (MLyy V9 (*» - *) (9)

It remains to identify R'. If (8) held over the
whole course of the reaction, rather than just close
to equilibrium, it would be possible to write
Fo(dx/di)f—0 = R’ (10)

be., R" represents the rate of the underlying equilib-
rium process (with the equilibrium mixture of iso-
topes) as measured by the linear portion of the
first-order plot of the data taken near equilibrium.
It is expected that R" will differ in magnitude from
R as the latter represents the rate were no isotope
present.

Equations 4 and 9 hold even though there may

) M. Manes, L. J. E. Hofer and S. W. Weller, 3. Chem. Phys., 18,
1355 (1950).
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he a net transport of gas from one phase to the
other during the course of the reaction. Experi-
mentally, however, it is usually not convenient to
measure Fs or Fg independently as a function of
time. These quantities are related to F°h2 the vol-
ume of hydrogen initially associated with the solid,
and F°d2 the volume of deuterium gas initially meas-

ured out at the start of the experiment, by the
parametric equations
Fg= FPd2+ 5 (11

Fa= F°h. - s

where 5cc. (NTP) are transferred from the solid to
the gas phase during the course of the reaction.
For experiments that are carried out at constant
temperature and pressure, it is possible to ensure
that 8 = 0 by a pre-equilibration and quenching
procedure described in the Experimental Section.
When this is the case, (4) becomes

- F(WWIF) &= %

Combination of the volume term of (9) with (11)
yields

/Fg+ K'va = ( F°d;+ 7CF°h, + 6(1 - K" \
V  FgFs ) V>oF»H + i(F»H - FW - «V
(13)

This expression enables an evaluation of the errors
which may accrue by assuming K' = l1land 5= 0.
Also, from (2), (5) and (11) it is found that
s.[F°d,+ 1 - K)1 Fop2ZBo

(1 - K'xa) @- a)
It should be noted that (14) is exact, i.e., does not
involve a transport equation. From (14), again it
is possible to evaluate the magnitude of the error
introduced by neglect of the two factors mentioned
above. Calculations for a number of simple cir-
cumstances have been made and are presented in
Table I.

FPH2 = (14)

Table |

Evaluation of Possible E ffects of Differences in
Isotopic Reactivity and/or Gas Transport on Reaction
R ate and on Measurement of the Amount of Hydrogen

Initially Present in the Solid

bination Right-hand RH2
no.» K* 3, ¢cc. (NTP) member of (13) (ealcd. from 14)
1 1.0 0 4/F °d2 0.333F°d,
2 0.75 0 3.75/F°d2 .333F°d2
3 1.25 0 4.25/F°d2 .333F°d2
4 1.0 F°h22 6.86/F°d2 .333F°d2
5 0.95 F°hs/2 6.66/F°d, ,336F°d2
6 0.75 F°h,/2 0.65/F°d, .347F°d2
7 1.25 F°nh22 7.07/F°d2 ,320F°d.
8 1.0 F»nh210 4.30/F°d2 .333F°d2

*In all cases, it is assumed that F% = 3Fe°no2-

It has been convenient from the experimental
standpoint always to measure out a volume of pure
deuterium F°d2 of such a size that the volume of hy-
drogen contained by the solid, F°h2 amounts to an
over-all isotopic composition of less than 25 atom %
H; i.e.,V°a £ F°d423. Under such circumstances,
if K' = land5 = 0, then as shown by the first com-
bination of variables in the table, the value of the
right-hand member of (13) becomes 4/F°d2 Pro-
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vided only that 5 = 0, large deviations from this
value are not obtained. As shown by combina-
tions 2 and 3, inconceivably large deviations of K"
from unity result in only relatively minor variations
in the rate constant of (9). When any appreciable
mass transport of gas between the two phases takes
place, however, relatively large deviations from
ideality may occur. This is demonstrated by com-
binations 4, 5, 6 and 7 where half of the gas origi-
nallyheld by the solid is supposed to have been trans-
ported into the gas phase in the course of an experi-
ment. In all cases, extreme variations from the re-
sult of combination 1 are found and again it is ob-
served that the effect of differences in isotopic re-
activity is at least second order. Thus it would ap-
pear that under the experimental conditions se-
lected, neglect of possible isotope effects is not
likely to seriously affect values of the rate constants
obtained, but that the effects of transport of gas
cannot be neglected. Experimentally this diffi-
culty has been circumvented by proper pre-equili-
bration techniques, ensuring that 5 = 0, in experi-
ments carried out at constant temperature and by
another development to be described separately for
experiments carried out while the temperature is
altered.

The effects of the two parameters, K' and 5, on
the volumes of hydrogen calculated to be initially
associated with the sclids is quite interesting. As
shown in the last column of Table I, if K' = 1,
there is no effect of gas transport on the volume of
hydrogen measured as being initially associated
with the solid. Similarly, if there is an isotope ef-
fect, but no net transport of gas, there is no error
introduced in the me.isurement of the initial hy-
drogen content. Only if both effects take place is
an error introduced by ignoring both. In any case,
it is virtually impossible for errors from these
sources to be as large as 5%.

Experimental

Equipment.—An all-glass circulating system in the form
of a circular loop was attached to a conventional high-
vacuum system. The loop, starting with an all-glass cir-
culating pump, included :n order: the Vycor sample tube,
a 500-ml. mixing chambe-, a small volume trap filled with
small glass beads, a pair of thermostated thermal conduc-
tivity gauges and a pump. The Vycor tube was attached
to Pyrex stopcocks with graded seals, and the tube itself
to the system by ground glass joints. The mixing chamber
was sufficiently large (the order of 500 ml.) to contain about
95% of the total volume of the circulating system. This
was large enough so that the data could be treated as
though it were taken in a static reactor. Also, its size
minimized the fluctuations in pressure due to changes in
temperature and in solubility of hydrogen in tantalum in the
rising temperature exper ments. The small volume trap
was kept immersed in liquid nitrogen to prevent traces of
water vapor (from whatever source) from reaching the
thermal conductivity gauges. This was important in that
Kummer and Emmettd have shown that a substantial
blank can be obtained by acyclic process involving exchange
of small traces of water with the glass apparatus. The
liquid nitrogen trap incorporated into our system reduced
any such blank to a negligible level.

The conductivity gauges were constructed of Pyrex glass,
using the glass-covered filaments removed from Leeds and
Northrup Model 3284 cells. Using these cells, the gas
could be circulated directly over the filaments without
creating any unbalance in the d.c. bridge circuit. The
latter was of standard design, but constructed of high qual-
ity materials with a view to minimizing thermal effects.
The unbalance created by the bridge between pure hydrogen
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Fig. 1.—First-order plot for TaxH system, 625°.

Fig. 2—Temperature dependence of solubility, true and ap-
parent rate constant, R and k.

and deuterium was about 70 mv.; the noise level was less
than 0.1 mv. The bridge unbalance was recorded con-
tinuously on a Leeds and Northrup Azar recorder. For gas
compositions of equilibrium mixtures of the hydrogen iso-
topes containing less than about 30 atom % hydrogen, the
unbalance, e, recorded was directly proportional to the atom
fraction hydrogen, x, in the gas. Consequently, for con-
venience, the experiments were designed so as to obtain
final equilibrium mixtures between 10 and 30 atom % hy-
drogen. This made the treatment of the kinetic data par-
ticularly simple as the rate constant could be determined
as the slope of plots of log — t) versus time rather than
the corresponding functions of x. Not only did this im-
mensely decrease the labor involved in the calculations, but
it had an additional advantage in that the slope parameter
relating x and « became irrelevant as it entered into the in-
tercept of the first-order plots rather than affecting the
values of the calculated first-order rate constants. This also
eliminated the necessity of making corrections for the slight
changes in isotope distributions (among H2 HD, and D2)
with temperature for given initial compositions.

The cells were immersed in a mercury bath which in turn
was thermostated in an oil-bath to +0.01°. The glass
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pump was of the conventional two-valve piston design.
At STP it had a capacity of 135 ml. per minute. Under
the conditions of these experiments (100 ml. pressure), it
was estimated that the volume contained in the mixing bulb
was displaced at least once every five minutes. Since the
kinetic measurements were made over considerably longer
periods, the results obtained were independent of pumping
speed.

pAuxiliary equipment included furnaces that could be con-
trolled to £0.1° for constant temperature experiments and
a high temperature furnace that could be driven from room
temperature to 1000° with a linear rate of rise of about 2°
per minute. A Toepler pump was attached through a stop-
cock to the circulating system; this could be used in the
calibration of the thermal conductivity cells.

Materials.—The tantalum used in this investigation was
purchased from the Fansteel Metallurgical Corporation,
North Chicago, Illinois. The metal was in the form of 15
mil wire and was reported to be at least 99.9% pure. The
wire was abraded with an emery cloth to remove the surface
film and was washed with ether. The wire was weighed and
rapidly sealed into an appropriate Vycor tube where it was
reduced in hydrogen at 650 to 1000° overnight. In this
process, a solid solution of hydrogen in tantalum was
formed, the composition of which was adjusted by equilibrat-
ing at the temperature and pressure at which the exchange
experiment was to be carried out for a time sufficiently
long so that no further hydrogen absorption could be noted.
This required up to 20 hours.

The hydrogen used in these experiments was, before fur-
ther purification, better than 99.8% pure. It was further
purified by passage through a train consisting of a “Deoxo”
purifier, anhydrous magnesium perchlorate, platinized as-
bestos at 360°, another magnesium perchlorate column, and
finally a trap containing 30 grams of high-area charcoal
maintained at the temperature of liquid nitrogen. The
deuterium gas was supplied by the Stewart Oxygen Com-
pany and was initially of a similar purity. This was fur-
ther purified by passage through a Pd thimble.

Experimental Method.—The experimental procedures
have already been more or less indicated. These differed
slightly, depending upon whether the experiments were to
be carried out at constant temperature and pressure, or were
to be carried out using the rising temperature technique.
In constant temperature experiments, following the equili-
bration, the stopcocks on the sample tube were closed, the
furnace removed, and the sample quenched to the tempera-
ture of liquid nitrogen. At this temperature, the gas phase
was removed and replaced by deuterium gas. After circu-
lation of the latter was commenced, the furnace, which was
brought into control at the appropriate temperature, was
quickly replaced around the sample. Temperature equilib-
rium was re-established within the first several minutes.
Any errors introduced by this short heating period were
neglected in the treatment of the data. When the rising
temperature experiments were carried out, the tantalum
samples were cooled slowly in flowing hydrogen gas from the
pretreatment temperature (1000°) to the temperature of
liquid nitrogen, and the gas phase was replaced as before.
The tube then was warmed to room temperature and placed
in the rising temperature furnace. Circulation was com-
menced at room temperature and the temperature program
was started immediately. As essentially no exchange took
place below about 250°, this procedure was found satisfac-
tory.

Results

Constant Temperature Experiments.—The pre-
equilibration and quenching procedure, described
above, made it possible to carry out the exchange
experiments without a net mass transport of gas
between the two phases, i.e., it ensured that 5of (11)

remained zero. Defining
_ o /FV + FdA
K= R\ FifFy ) (15)
the integrated form of (12) becomes
—In (xa —x) — kt + Const. (16)

Typical data are plotted in Fig. 1, according to (16).
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Table Il
Summary of Constant Temperature Experiments

Experi-  Reaction Voi.“ Vol.& (;%u]Og, R¢ Reductiond Equilibration«
ment temp., Do, cc. Ha/samBIe atom % ke cc. (STP) Temp., Time, Temp., Time,
no. C. (STP) oc. (STP) hydrogen (min. -1) min. C. hr. C. hr.

| 530 73.46 6.96 6.14 0.030 0.193 650" 16 530 18

2 550 73.78 6.07 5.39 .043 .240 550 60 550 16

3 585 72.96 4.91 4.41 .083 .382 585 17 585 16

4 625 72.95 4.49 4.06 110 463 625 60 625 16

9 610 72.97 4.41 3.98 .107 447 775 17 610 16

10 567 72.42 5.37 4.82 .056 .280 805 17 567 16
11 600 72.75 4.60 4.14 .094 .407 805 16 600 16
12 640 72.68 3.82 3.47 .170 .610 800 17 040 16

“ Initial volume of D 2measured out at STP.
change experiment. * Defined by equation 15; see text.
hydrogen (50 cc./min. at 1 atm.).

(remaining in the sample from the previous experiment) was removed by hydrogen (50 cc./min. at 1 atm.).

was equilibrated in hydrogen at a pressure of 100 mm.

(Actually, log (e,, — €) is plotted.) It isclearthata
first-order dependence on the distance from equilib-
rium is operative over most of the range of the
variable. As k can be determined from the slope of
such plots and as F°a, and F°n, are known, respec-
tively, from the volume of deuterium initially meas-
ured out at the start of the experiment and from
the volume of hydrogen calculated to be initially
associated with the tantalum from the equilibrium
situation, it is possible to calculate R, the rate of
the underlying process ac the particular temper-
ature and pressure in question. Thus, two activation
energies can be obtained. These are (a) the apparent
activation energy, Ea, corresponding to the temper-
ature coefficient of k and also (b) the true activa-
tion energy, EQ corresponding to the rate process, R.
The data obtained from experiments carried out at
the various temperatures are listed in Table Il and
are plotted in Fig. 2, along with the values of F°n,
obtained from the same experiments. The latter
quantity is in reality the solubility of hydrogen in
tantalum; hence, the slope of this curve is directly
related to the heat of solution.

It should be noted that if at the end of any ex-
periment, the sample is again quenched and the
equilibrium gas phase removed, the magnitude of
the isotope effect can be determined by measuring
the isotope ratio in the gas remaining in the solid.
This experiment was carried out as it afforded an
opportunity of evaluating the magnitude of K'.
For clarity, one such experiment will be described
in detail. Actually the experiment has been carried
out on four separate occasions yielding K' = 1.08
+ 0.06.

An approximately five-gram sample of tantalum
was equilibrated with pure hydrogen gas at 500° for
about 20 hours at 100 mm. pressure; the pretreat-
ment and exchange were carried out as described for
constant temperature experiments. The results ob-
tained from the exchange are listed in the first row
of Table Il1l. The 30.2% H observed as the equilib-
rium gas phase composition corresponds to xa.
Following the exchange, Hie stopcocks on the tube
were again closed, and the sample was quenched to
the temperature of liquid nitrogen and the gas
phase removed. A Toepler pump then was turned
on the sample at an initial pressure of 10-6 mm. and
the temperature was raised slowly to 500°. After

1Volume of hydrogen (STP) contained in the solid as measured by the ex-
d The tantalum (1.718 g.) was treated initially at 650° in pure
The remaining reduction temperatures indicate the temperature at which deuterium

e The sample

24 hours at 500°, the evolved gas was measured
volumetrically; pumping was then continued as
the temperature was raised to 650° to accelerate
removal of the gas still held by the tantalum. After
60 hours at this temperature, over 95% of the ex-
pected amount ivas obtained. Because of the
small increment in the final period, the experi-
ment was stopped at this point.

The composition of the evolved gas was deter-
mined using the thermal conductivity cell. The
final result, 31.9% H = y may be compared to
the observed value of x». The data show quite
clearly that a small isotope effect is involved. The
ratio of the observed concentrations yields a value
of 1.06 for the equilibrium constant. This is about
the magnitude and in the direction expected.

Rising Temperature Experiments.—A set of ex-
periments, such as that described above for the
constant temperature method, is quite laborious
and time consuming. Further, when any new
composition of matter is selected for examination,
a number of preliminary experiments is required
to locate the temperature range over which kinetic
measurements can be made. During the course of
this work, it was realized that a particularly simple
solution of these problems could be obtained utiliz-
ing the rising temperature reactor technique of
Bridges and HoughtonlDand/or lvofstadll and the
equations already developed. If (4) is written in
the form of

Vgdx/dl) = T(xm - X)e~E*/RT (17)

where Eais the apparent activation energy obtained
in the constant temperature experiments and A is
the collection of temperature independent factors,
the behavior to be expected becomes obvious.
Suppose that D2 gas is being exchanged with the
hydrogen contained in or on a solid while the tem-
perature is being raised according to a linear pro-
gram. Measurement of temperature and the atom
fraction of hydrogen in the gas phase as a function
of time yields results such as are shoivn schemati-
cally in Fig. 3. The sigmoid shape of the x versus
time curve results because, as the temperature is
increased, the reaction will proceed immeasurably

(10) J. M. Bridges and G. Houghton, J. Am. Chem. Soc., 81, 1331

(1959).
(11) P. Kofstad, Nature, 179, 13€2 (1957).
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Fig. 3.—Record of data obtained automatically by the rising
temperature technique.

Fig. 4.—Differential plot of rising temperature kinetic data
for Ta-H system.

slowly until the exponential function of (17) in-
creases to such a value that the rate can become
appreciable; as the temperature increases further,
the rate will increase exponentially and become a
maximum at the point of inflection, after which the
elate must decrease again due to the decreasing
magnitude of the factor describing the distance from
equilibrium. At the inflection point, the second

derivative of x with respect to time is zero. Per-
forming this operation on (17) yields
RTi2{dx/dpj
i2{dx/dpj (18)

(X, —x)i (djydi)i
where the subscripts “i” indicate that the value of
the variable must be selected at the point of inflec-
tion. It may be seen from the magnitude of the
various parameters entering into the right-hand
member of (18) that the temperature at the point of
inflection is the dominant factor in determining the
activation energy so that the temperature interval
over which the reaction rate just starts to become
appreciable has a simple interpretation in terms of
the activation energy for the rate determining step.

The parameters required for the evaluation of
the right-hand member of (18) can most accurately
be obtained by differentiation of the sigmoid curve
obtained when per cent, conversion is plotted (au-
tomatically) versus time. Data obtained in two
duplicate experiments are plotted in Fig. 4. The
maxima in the curves appear at the points of in-
flection of the sigmoid curves and the values of the
abscissae at the maxima fix the temperatures at the
inflection points. Actually, the ordinate and the
abscissa of Fig. 4 are the incremental change in elec-
trical unbalance with respect to time and the chart
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interval number from the start of the experiment,
respectively. These units are, of course, propor-
tional to those of the desired parameters and the
proportionality constants cancel out in (18).

The average value of /t'a calculated from these
data is listed in Table IV, where it is compared
with the corresponding figure obtained from the
constant temperature experiments. The agree-
ment is striking. In the constant temperature
experiments, the value found experimentally for
EO differs from that found for E&by the tempera-
ture coefficient of the volume factor of (15). This is
listed in Table IV as AH°aand has a value of 7.4
kcal./mole. When this result is compared to our
experimentally determined temperature coefficient
of F(h, (8.0 kcal./mole), it is seen that the tempera-
ture coefficient of the volume term of (15) arises
mainly from the change in solubility of hydrogen
in tantalum. That this result might have been ex-
pected for this particular system is shown in Appen-
dix 1. Its usefulness is illustrated with the rising
temperature data. Here the only experimental
result obtained, E&= 22.9 kcal./mole, may be cor-
rected by the heat of solution of hydrogen in tanta-
lum taken from the literaturel2to obtain an approxi-
mate value of EOwhich is in excellent agreement
with the value found by the more laborious constant
temperature method. It should be noted that it
does not follow that this sort of behavior should be
expected for hydrogen associated with the surfaces
of catalytic materials.

Tabte Il
Isotope E ffect for Tantalum-H ydrogen-D euterium
System at 500°
Frac-
Isotopic Temp. Ex- tional
H, Com- Gas of ex- change re-
content position recovery change or re- covery
from D: of phases, byToepler orre- covery (based
exchange, atom % pump covery, period on
ce. (NTP) H cc. (NTP) ~°C. (hr.) D), %
27.5 30.2 500 30
315 26.0 500 24
31.9 26.4 650 60 96
Av. of four experiments = 1.08 + 0.06.
Tabie IV

Parameters Obtainf.d for Ta”H Systems from Kinetic

Experiments

Rising
temp, reactor Constant temp.
Ea =22.9 kcal./mole Es =22.3 kcal./mole
AH\ = 7.8 kcal./mole* AH°S = 7.4 kcal./mole

EO = 15.1 kcal./mole EO = 14.9 kcal./mole

“ Taken from data on solubility of hydrogen in tantalum
found in “Hydrogen in Metals,” by D. P. Smith, Univer-
sity of Chicago Press, 1948, p. 173.

Contaminated Samples.—Four experiments were
omitted in the preparation of Fig. 2. The eight
points plotted are made up two sets of four each,
as distinguished by the open and solid points.
After the first four experiments (solid points) had
been carried out, the tube containing the partially-
deuterated tantalum was stored under vacuum for
a period of several months, while other research was
carried out. When the experiments were finally

(12) D. P. Smith, “Hydrogen in Metals,” The University of Chi-
cago Press, Chicago, 111., 1948, p. 29 ff.
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resumed, it was found that the measured exchange
rates fell below those previously obtained and that
the amounts of hydrogen found associated with the
solid appeared to be a little higher than the ac-
cepted solubility. As successive experiments were
carried out at 610°, the solubility data and the ap-
parent rate constant data approached more closely
the curves established by the earlier work. By the
time the ninth experiment had been carried out,
both the solubility and the rate data agreed with
the earlier work, not only at 610°, but also at the
remaining temperatures plotted. In an effort to
obtain some insight into what could be wrong, at-
tempts were made to remove the hydrogen held by
the sample by collection of the gas with a Toepler
pump at the conclusion of experiments 7 and 8, as
had previously been done in determining the iso-
tope effect discussed in connection with Table I11.
These experiments showed that only 75 and 76%,
respectively, of the hydrogen content measured by
the deuterium exchange could be removed by pro-
longed pumping at temperatures as high as 650°.
As earlier experiments had consistently yielded well
over 90% of the hydrogen determined by deuterium
exchange under similar conditions, these low results
were totally unexpected. It now seems likely that
the sample left standing in vacuo picked up oxygen
during the several months storage period. This
oxygen was evidently in a form that was removed
only with great difficulty, so that the samples ap-
proached the initial reproducible condition only
after repeated treatment with H2 If interstitially
held, this oxygen might explain the apparent en-
hancement of the solubility of hydrogen into the
tantalum and the incomplete removal of the hydro-
gen on evacuation. It is of interest to note that
whatever the nature of the “poison,” the tantalum
evidently is not susceptible to its action before the
lattice is “opened up” by hydrogen.

Discussion and Conclusions

A theory has been developed to describe the ap-
parent kinetics of the exchange reaction between a
gas phase initially containing pure deuterium gas
and a solid phase initially containing hydrogen in
one form or another. This treatment was adapted
from the more general one of Marcus7; it delineates
the most favorable experimental conditions and in
certain instances defines the manner in which ex-
periments must be carried out to obtain interpret-
able results. In its present form, there are two
experimental limitations. These are that the small
differences in isotopic reactivity are neglected and
the assumption that the underlying rate process is
single valued, i.e., that only one value of R is re-
quired to describe the kinetics.

It has been demonstrated that the rising temper-
ature technique may be employed advantageously
in many cases to obtain most of the information
that can be found by the more laborious conven-
tional method. This method should be particu-
larly useful with refractory oxides from which hy-
drogen cannot be removed at any temperature and
where water is evolved only at temperatures much
above those required for equilibrium to be obtained
with deuterium gas.

From the constant temperature experiments, it
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was possible to unamb guously determine EQ the
true activation energy for the underlying rate proc-
ess. Its value (14.9 kcal./mole) for the Ta*H sys-
tem probably sets an upper limit for the activation
energy of diffusion of hydrogen through the tanta-
lum lattice.

It was possible to obtain solubility data and,
therefore, the heat of solution of hydrogen in tan-
talum concomitant with the rate measurements in
the constant temperature experiment. The values
so obtained are in fair agreement with those pub-
lished elsewhere.12

Finally, it has been demonstrated experimentally
that the apparent activation energy, 7?a and the
true activation energy for the underlying rate proc-
ess, Eg differ approximately by the heat of solu-
tion of hydrogen in tantalum. An explanation for
this behavior is offered in Appendix I.

Appendix |

The Relationship between Ea EO and AH°s—
Ea and EO differ because of the temperature coef-
ficient of the quantity [(Fg F9/TgTs]- The
numerator is independent of temperature for a given
(rising temperature) experiment and may be kept
nearly constant in a series of related (constant
temperature) experiments by making F°d, > >
F°Hj- The temperature dependence of the denomi-
nator can be shown to be given approximately by
the expression

FgF, « Be-ahs/TI
Consider the reaction
1/2Hj(g) + xTa(s) < > Hfdissolved in Ta)

(i-1)

(1-2)

for which the equilibrium condition can be approxi-
mately written as Sieven’s law,2i.e.

An Ah
avilFa(Tl9 P HI
where An is the atom fraction of hydrogen in the
hydrogen-tantalum solution and Ph2is the pres-
sure of the hydrogen gas. Also, for the dilute solu-
tion used

K, = e-AF°,/RT (1-3)

Nn =DbVs (1-4)

where bis a constant; further, for the gas phase

Fe = (22,400) (1-5)
where V is the actual volume of the system which
remains constant. In this connection, it should be
pointed out that the volume in the hot zone
(within the furnace) is a very small fraction of V, so
that the temperature of the gas phase also may be
taken as a constant. Thus, combining (1-4) and
(2-5) with (1-3) and reananging leads to

WV, = (226 1 6 ) eNRTe-APRIRT (1-6)

Since under the conditions of the experiment, the
pressure cannot increase by more than about 10%
due to gas transport (from solid to gaseous phase),
it is seen immediately that a relationship of the re-
quired form is obtained. Actually, the standard
state entropy change is not expected to be com-
pletely temperature independent and would tend to
operate in such a directi m as to partially compen-
sate for the small error iirtroauced by the increasing
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pressure. Froir. (4), (1-2) and (1-6), it is immedi-
ately obvious that

E* = EO+ AHo. @7

It is, therefore, clear why the agreement noted ear-
lier, between the results obtained by the rising
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temperature and the constant temperature tech-
nique was obtained.
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An experiment!!
sorbed on the surface of freshly evaporated metal surfaces.

apparatus and procedure were developed for obtaining the infrared spectra of substances which are ad-

In addition, this equipment may be used either to observe

changes in the reflectivity of the metal surfaces or to observe changes in gaseous components while a reaction is taking place.
The basis of the equipment is the use of a multiple reflection cell whose front surfaced mirrors are covered by freshly evapo-

rated catalyst metal.
ethane and an adsorbed substance.
atoms which probably are present on the catalyst surface.

in the adsorbed molecules.

When ethylene is added in excess to new rhodium mirrors, it is adsorbed with dissociation to produce
Evidence was obtained which indicates this substance is composed of paired carbon
This adsorbed substance may be hydrogenated to ethane at
room temperature and at hydrogen pressures of less than 1 mm.
The ethylene adsorption is accompanied by a small decrease in film reflecting power while the
hydrogenation step is accompanied by a similar increase in reflectivity.
is I mm., an infrared absorption band at 4.854 p is observed.
Upon evacuation, the absorption band shifts to 4.914 ji, whereas the band of increased reflectivity remains unchanged.

No direct evidence was found for hydrogen-carbon bonds

When the CO pressure over new rhodium mirrors
A band of increased reflectivity is also observed at 4.785 p.
When

CO is added to new nickel mirrors, a large infrared absorption band is observed at 4.859 p, corresponding to gaseous nickel

carbonyl.

ation.

Introduction

Direct evidence bearing on the structure of ad-
sorbed molecules has been reported by Sheppard
and Yates2for physically adsorbed molecules and by
Eischens, €l al.,3and Yang and Garland4for chemi-
sorbed molecules using infrared absorption tech-
niques. In these cases, the spectra were obtained
in transmission for finely divided, infrared-trans-
parent solids. In the latter two cases, the solid
particles served as a support for metallic catalysts.
Another method for obtaining direct structural evi-
dence about adsorbed molecules involves obtaining
the infrared spectra in reflection from evaporated
metal films which have gases adsorbed. Such ex-
periments also may simultaneously provide informa-
tion about the film reflectivity and about the pres-
ence of gaseous molecules in the system.

This paper describes the experimental equipment
which is used to obtain infrared absorption spectra
of molecules adsorbed on films of nickel and rho-
dium.

Preliminary results obtained with this equipment
are reported for the systems: (1) ethylene and hy-
drogen over rhodium films, (2) hydrogen over rho-
dium films, (3) carbon monoxide over rhodium films
and (4) carbon monoxide over nickel films.

(1) Presented at the 134th National A.C.S. meeting in Chicago,
September 10. 1958. as a part of the “Symposium on the Nature of the
Chemisorbed Species.”

(2) N. Sheppard and D. J. C. Yates, Proc. Roy. Soc. {London). 238A,
9 (1956).

(3) 1t. P. Eischens S. A. Francis and W. A. Pliskin, T his Journal,
60, 194 (1956).

(4) A.C.Yang and C. W. Garland, ibid., 61, 1504 (1957).

However, no other nickel carbonyl bands are observed.
results show that the CO is more strongly adsorbed on the rhodium catalyst than on the nickel catalyst.
of the infrared absorption bands suggest that the CO is chemisorbed as single linear molecules.
new rhodium mirrors, a decrease in film reflecting power occurs.
As many as 23 absorption bands are observed which may be attributed to hydrogen on the rhodium surface.

The 4.859 p band disappears upon evacuation. These
The positions
When hydrogen is added to
Only a fractional recovery in reflectivity occurs upon evacu-

Experimental

Equipment.— The equipment consists essentially of a
source of infrared, two matched cells and a prism mono-
chromator with detector, amplifier and recorder. The
source radiation alternately enters a catalyst cell and a com-
parison cell. This is accomplished by means of semicircular
plane mirrors rotating at 13 cycles per second. The radia-
tion transmitted by either cell illuminates the entrance slit
of a Perkin-Elmer Model 83 prism monochromator for dis-
persion. The prism calibration method was that as out-
lined by McKinney and Friedel.b Calibrations were made
in the spectral region for investigation on the same day that
experimental data were obtained.

A thermocouple was used for detection of the dispersed
radiation in most experiments. In a few cases, at wave
lengths shorter than about 2 p, a lead sulfide detector, oper-
ating at room temperature, was used. The detector signal,
because of the optical chopping, is 13 cycle alternating
current. It is amplified by a Perkin-Elmer Model 81 tuned
amplifier. This amplified signal feeds a Leeds and Northrup
recording potentiometer. This instrument produces data in
strip chart form and also drives an analog-to-digital con-
verter for automatic data recording in punched card form.
Scanning rates were adjusted so that 6 to 8 thermocouple
output voltages per spectral slit were recorded in punched
card form.

The optical path in both the comparison and catalyst
cells is of the multiple reflection type described by W hite.6
Prom 15 to 35 surface reflections were used during measure-
ments. The mirrors were ground from 5" diameter blanks.
The radius of curvature of the mirrors was 294 mm. The
comparison cell and spectrometer housing were maintained
at a steady reference condition during measurements by
continuous flushing with nitrogen. The catalyst cell is
equipped with connections to a high vacuum and gas supply
system and with an internal tungsten filament from which
metal can be evaporated onto the mirror surfaces. The

(5) D. S. McKinney and R. A. Friedel, J. Opt. Soc. Am., 38, 222
(1918).
(6) J. Il. White, ibid., 32, 285 (1942).
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catalyst cell is also provided with an electrical heating sys-
tem for degassing the cell (upper limit250°) and with cooling
coils for operations below room temperature (lower limit
—50°). Access to either cell between experiments is pro-
vided by flanged closures. In the case of the heated catalyst
cell, a tongue and groove closure with an annealed aluminum
ring is used. The catalyst cell is further provided with a
surrounding vacuum jacket which is sealed in place by means
of Apiezon W wax. Thisvacuum jacket provided adequate
insulation when the interior cell was being heated and also
made the vacuum seal requirement to the inner cell much
less severe.

Materials. Hydrogen: electrolytic hydrogen was further
purified by diffusion through a hot palladium tube.

Nitrogen: compressed nitrogen was dried by cooling to
the sublimation point for Dry Ice.

Ethylene: Phillips Research grade ethylene was stored
in a glass container at or below atmospheric pressure. The
walls of the container were coated with metallic sodium for
removal of traces of water or oxygen.

Carbon monoxide: reagent grade formic acid was added
dropwise to hot phosphoric acid to produce carbon monox-
ide. The gas was passed through a glass wool trap at 0°
and over soda lime, calcium chloride and phosphorus pen-
toxide at room temperature. This carbon monoxide was
collected on activated charcoal (surface area = 100 sq. m.
g.) cooled to the boiling point of liquid nitrogen. The
carbon monoxide for the experiments was that which
could be obtained by warming the charcoal to about —78°.

Tungsten: wire of 0.020 in. diameter was obtained from
Sylvania Electric Products, Tungsten and Chemical Divi-
sion, Towanda, Pa.

Rhodium: wire of 0.015 in. diameter and assaying 99.5%
rhodium was from A. D. Mackay, Inc., New York, N. Y.

Nickel: wire of 0.020 in. diameter and assaying 99%
nickel was obtained from the Malin Company of Cleveland,
Ohio.

Procedure.— Mirrors for the catalyst cell were cleaned
by heating in the presence of fuming sulfuric acid, washing
in distilled water, with “Orvus ’ solution in distilled water
and finally with freshly distilled acetone. After the mirrors
were installed in the catalyst cell, a tungsten filament with
interwoven catalyst metal wire for deposition on the mirrors
was installed. The mirrors used in the comparison cell
have front surfaces of the same catalyst metal to produce a
radiation path whose reflectivity characteristics vary with
wave length in a manner similar to the catalyst cell. After
the catalyst cell was degassed by heating under vacuum at
250°, the tungsten filament bearing the catalyst metal was
heated, at first briefly, and finally for several hours to re-
move “dissolved” gases from the tungsten and catalyst.
The process of evaporation of catalyst metal onto the
mirrors was performed by short filament heating periods to
temperatures above the melting point of the catalyst metal.
The heating was stopped if the mirror temperature rose as
high as 115° or if the cell pressure rose to 8 X 10~4mm_;
the heating was resumed when the mirror temperature
dropped to 80° and the pressure decreased to 1 X 10-6 mm.
Rhodium surfaces with reflectivity of 93% at a wave
length of 3 microns and nickel mirrors with reflectivity of 89%
at the same wave length were obtained in this way. The
deposited metal amounted to from 0.2 to 0.6 g. correspond-
ing to film areas of from 2.6 to 7.8 sq. m.

Once the mirror preparation was completed, background
scans of the spectral region to be studied were made.
These data were punched into IBM cards as they were ob-
tained. A gas component then was admitted to the cell.
During this addition either gas composition data or radia-
tion reflecting power data may be obtained by proper selec-
tion of a monitoring wave length. These data were re-
corded in strip chart form only. In the systems studied, a
period of two to five minutes was required for the system
to reach a steady state after the gas addition. Once steady
state was reached, a series of scans was made in the same
spectral region in which the background scans had been
made. These data were recorded in punched card form.
The gas in the catalyst cell was removed by evacuation.
During this evacuation, as was the case during the addition,
either gas composition data or radiation reflecting power
data may be obtained by proper choice of monitoring wave
length. These data were recorded in strip chart form only.
During the gas removal, samples could be taken for mass
spectrometric analyses. Once the evacuation was com-
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Fig. 1.— Ethylene addition with fresh rhodium surfaces.

pleted (usually to a pressure of 1 X 10-3 mm.), a series of
scans again was made in the same spectral region in which the
background scans had been made. These data were re-
corded in punched card form. Several gas addition and
removal cycles could be made with the same catalyst film.

The strip charts were used directly for identification of
gaseous components. Also, by comparing strip chart scans
before any gas was added with those when gases were pres-
ent, it was possible to determine relative amounts of ethane
and of ethylene when only these two gases were present.

Computer processing of the punched card data was
adopted to obtain the most favorable chance for observing
the small radiation absorptions which would be expected
from molecules adsorbed on the surfaces of the catalyst cell
mirrors. The background scans were combined by point
by point averaging to produce a single averaged background
or reference curve. All the scans of a series with gas present
in the cell were combined by point by point averaging to
produce an averaged data curve. Difference curves be-
tween each averaged data curve and the averaged back-
ground curve were formed by point by point subtraction.
Further noise filtering was performed using cross correlation
with functions of type derived from the application of com-
munications theory to a spectrometer of finite aperture by
King, et al.7 The final results of this analysis were in a
punched card form which could be used for plotting with
an IBM accounting machine.

Results and Discussion

1. Ethylene and Hydrogen over Rhodium
Films.— In these experiments, ethylene and hydro-
gen were added at room temperature alternately to
the catalyst cell with rhodium films. Between
additions, the catalyst cell was evacuated to less
than 1 X 10-8 mm. The amounts of ethylene
added were such that the system pressure after
addition was from 0.1 to 0.3 mm.; the amounts
of hydrogen added were about twice the previous
ethylene addition.

When ethylene was being added, ethane was
formed rapidly. Typical results are shown in Fig. 1
where the amount of each gas in relative units is
plotted against time. These data were obtained by
monitoring at a wave length of 3.342 y for ethane
and at 3.204 y for ethylene in separate additions.
The dashed curve is for ethylene appearance into
the cell in a separate experiment with an inactive
catalyst. It may be noted that, over active rho-
dium films, ethane formation occurs at a rate com-
parable with the rate of arrival of ethylene in the
system. If the 2.84 y wave length was monitored,
a small decrease (~0.001%) in reflectivity was de-
tected. This decrease at a wave length at which
the gases present are transparent corresponds to a

) G. W. King, E.
400 (1954).

11. Blanton and J. Frawley, J. Opt. Soc. Am ., 44,
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Fig. 2'—Hydrogen addition with rhodium surfaces after ex-
posure to ethylene and evacuation.

decrease in the leflecting power of the rhodium sur-
face because of adsorbed ethylene.

Infrared absorption data from 2.84 to 3.67 X
taken after the amount of ethane in the system be-
came constant, indicated that the only new gaseous
hydrocarbon present was ethane. This result was
verified by mass spectrometer analysis.

Infrared data, obtained after the evacuation of
the ethylene and ethane, and processed by the
computer, revealed no absorptions which could be
attributed to surface structure in the wave length
intervals 1.6 to 2.4 N, 2.8to 5.4 n,and 8.6 to 11.7 A-
These were regions where carbon-hydrogen or car-
bon-carbon absorptions might be expected for ad-
sorbed molecules. During evacuation no change
in reflectivity was observed.

The results of hydrogen addition after ethylene
evacuation are given in Fig. 2. These data were
obtained by monitoring the 3.342 Xwave length dur-
ing the hydrogen addition. The coordinates are
the same as for Fig. 1, except that a longer time
axis has been used. The dashed curve corresponds
to the formation of ethane during the previous
ethylene additicn. If the 2.84 a wave length is
monitored during hydrogen addition, an increase
in reflectivity is observed. The increase is ap-
proximately equal to the decrease observed during
ethylene addition. Infrared absorption data from
2.86 to 3.67 N, taken after the amount of ethane in
the system became constant, indicated that the
only gaseous hydrocarbon present was ethane.
Mass spectrometer analysis of these gases showed
only hydrogen and ethane to be present.

Because the hydrogen to produce ethane could
only come from the ethylene during the ethylene
addition, the quantity of ethane formed is a meas-
ure of the amount of ethylene reacted. To pro-
duce this ethane, some fragments of ethylene must
be left on the surface, because no acetylene was
formed. The amount of ethane produced during
the hydrogenation step is a measure of the amount
of “carbon” left on the surface during the previous
step, because the ethylene fragments on the surface
are the only source of carbon at this step. The
ratio of the amount of ethane formed during the
ethylene addition step to the amount formed dur-
ing the hydrogen addition step is shown in column
three of Table I. Column one shows the experi-
ment designation and column two the cycle number.
A complete cycle includes the steps: (a) addition
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of ethylene, (b) evacuation of ethylene, (c) addition
of hydrogen, and (d) evacuation of hydrogen. In
most of the experiments, enough data were avail-
able after steps (a) and (c) for each cycle to com-
pute the ratio shown in column three.

Table |
n CsHc from C2H4
Cycle Ratl® CaHfi from H:

2 20
21

1.7
20

Exp.

1.9
21
18
2.2
2.4
2.3
10@1.2)
1.9 (2.3)
1.9 (2.0)

O 000 Wmm® T > >

ONRAPONPRPO® N ®w

o]

The ratio for cycle 1 of experiment D is far
enough from the average to justify exclusion from
the set with less than one chance in a hundred that
it should be included. The average ratio, exclud-
ing that point, is 2.02 with a standard deviation of
0.22. The results in parentheses for experiment D
were based on mass spectrometer analyses com-
bined with pressure data. The remaining ratios
were derived from infrared absorption data taken
during the experiments. Although the precision is
not high, the two methods of analysis are in agree-
ment.

Plausible mechanisms for self-hydrogenation of
ethylene, followed by hydrogenation of the surface
complex, may be pictured as

Mechanism 1

Catalyst,
BCHZCH 2 - - s- CH3-CH3+ 2CH=CH?2
|
Catalyst
2CH=CHj + 3H - > 2CH3—CH3
|
Catalyst
M echanism 2
Catalyst
2CH,=CIf. --omommmeee t——-> CH; CH, + CH=CH

| |
Catalyst

Catalyst
M echanism 3
Catalyst .
5ClL—CH ---------- CH,—CHJ + 2C=CH
J
Catalyst
ZCi:CH + oH ,------ > 2CJIlr CH,
Catalyst
Mechanism 4
Catalyst
3CH2=CH 2 ——emeemm 2CH,— CH3+ C=C
[
Catalyst

Catalyst
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For these four mechanisms, the ratio of ethane
produced on the ethylene addition step to that pro-
duced on the hydrogen step varies from 0.5 to 2.0.
Because the data presented in Table | indicate a ra-
tio of 2.02 with a standard deviation of 0.22, it
would appear that the net self-hydrogenation of
ethylene over rhodium reaction may be via Mech-
anism 4. The fact that only ethane is formed in
the hydrogenation step supports the hypothesis
that the final surface complex when ethylene is ad-
sorbed on rhodium is a pair of carbon atoms.
Assuming Mechanism 4 and using the data of Fig.
2, the concentration of surface complex was calcu-
lated as a function of time. With excess hydrogen
in the system, it was found that the rate of ethane
formation was first order with respect to surface
complex concentration, i.e.,, dY/dd = K(N — F)
where

Y = moles of ethane formed at time s
K = rate constant

s = time

N = total ethane recoverable by hydrogenation

Additional data with improved signal-to-noise
ratio are needed to evaluate the structure of the
adsorbed substance formed when ethylene acts on
rhodium.

2. CO Addition to Rhodium Mirrors.— When

CO is added to new rhodium mirrors at a pressure of
0.65 mm. at room temperature, the spectrum shown
in Fig. 3 was obtained. In this and the subse-
quent spectra presented, the absorption scale has an
arbitrary zero value. The absorption band cen-
tered at 2.333 Nis interpreted as the first overtone
of the CO fundamental frequency for physically
adsorbed CO. The band disappears upon evacua-
tionto 1 X 10-3mm. At a CO pressure of 0.9 mm.
on another film, the spectrum shown as the solid
curve in Fig. 4 was obtained. Here the CO funda-
mental at the wave length observed for gaseous CO
is resolved into two bands centered at 4.608 and
4.713 X The absorptions, however, are not much
stronger than for the overtone band seen in Fig. 3.
This weak fundamental supports the interpretation
of the 2.333 g band as due to physically adsorbed
carbon monoxide, because the absorption for the
first overtone in the gas phase would be expected to
be very much smaller than for the fundamental.
Returning to the solid curve in Fig. 4, it is further
seen that an absorption band is present, centered
at 4.854 iXtogether with a region of increased re-
flectivity with a minimum at 4.785 X After a
25 minute pumping period to 1 X 10“4 nun.,
the 4.854 Xband shifted to 4.915 g while the posi-
tion of the increased reflectivity extremum re-
mained unchanged (see dashed curve in Fig. 4).
No additional infrared absorptions which could be
attributed to surface carbon monoxide were ob-
served in the regions 1.7 to 2.6 X 4.3 to 5.3 ju or
59 to7.1 KX

Following the interpretation of Yang and Gar-
land,4it would appear that the absorption band at
4.854 X corresponds to single linear CO molecules
chemisorbed on rhodium atoms through the carbon
atom. They also observed a small shift to longer
wave lengths at low coverage. The region of
increased reflectivity on the short wave length
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Fig. 3.—Spectrum of carbon monoxide over fresh rhodium
surfaces; pressure = 0.65 mm.

Fig. 4—Spectra of CO over rhodium: --------- , pressure =
089 mm.;-------—-- , pressure = 1 X 10-4 mm.

Fig. 5.—Spectrum of carbon monoxide over fresh nickel sur-
faces; pressure = 0.37 mm.
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Fig. 6.—Carbon monoxide over fresh nickel surfaces.
Optical density vs. pressure at a wave length of 4.859 u

side of an absorption band for reflection spectra
of crystals is well known8and may account for the
4.785 Xreflectivity maximum. The % absorption
of radiation at 4.854 p is so small that the observed
band center is within a few thousandths of a mi-
cron of the actual wave length corresponding to the
“adsorbed” CO frequency.

(8) Ivan Simon, 3. opt. soc. Am ., 41, 336 (1951).
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WAVE LENGTH, MICRONS.

Fig. 7—Spectrum of carbon monoxide over fresh nickel
surfaces; pressure = 12.1 mm.

Fig. 8.—Hydrogen addition with fresh rhodium surfaces: %
absorption vs. time at wave length of 1.731 m-

Fig. 9.—Hydrogen removal by evacuation: % absorption
vs. time at a wave length of 1.731 p.

Fig. 10.—-Spectrum of hydrogen over rhodium surfaces.

In another experiment with rhodium mirrors,
hydrogen was added to the catalyst cell and then
evacuated before the first CO addition. The addi-
tion of the CO did not produce the 4.854 mband nor
the increase in reflectivity at 4.785 X The hydro-
gen pretreatment apparently blocked the rhodium
sites which are responsible for the production of the

Harold L. Pickering and Hartley C. Eckstrom

Vol. 63

component which gives the strong 4.854 N absorp-
tion for CO on new rhodium mirrors.

3. CO Addition to Nickel Mirrors.—When CO is
added to new nickel mirrors at room temperature, a
large infrared absorption at 4.859 juoccurs. This is
illustrated in Fig. 5 where it is also possible to see
the resolved CO fundamental doublet at 4.608 and
4.713 X These bands all disappear upon evacua-
tion. Figure 6 shows the optical density (log h/Z1)
at 4.859 nas a function of pressure for two films to
which batches of CO had been added. Clearly the
optical density increases more than linearly with
system pressure, but less than fourth power. The
fourth power relationship would be applicable if
the band observed were due to gaseous nickel tetra-
carbonyl and if the following assumptions are made:
(1) the CO and nickel tetracarbonyl were in equi-
librium viathe mechanism 4CO + Ni Ni(CO)4
and (2) the amount of nickel carbonyl is small rela-
tive to the amount of CO.

In Fig. 7 a higher resolution spectrum of the band
centered at 4.859 ais .shown for a 12 mm. CO pres-
sure over new nickel mirrors. The band appears to
be resolved into peaks at 4.877 and 4.853 m- The
small peak at 4.920 Xmay be analogous to the “low
coverage” CO reported by Yang and Garland4for
rhodium.

No other bands were observed in the regions 4.36
to 6.67 Xand 6.84 to 13.35 Xwhen CO was added to
nickel mirrors.

Finally, all of the infrared absorptions shown in
Figs. 5 and 7 disappeared upon evacuation to 1 X
10~3mm. Thus the “adsorbed” CO on nickel is
not as tightly bound as in the case for CO adsorbed
on rhodium. The 4.859 X peak is believed to be
caused by “adsorbed” CO since no other nickel car-
bonyl bands were observed; furthermore, nickel tet-
racarbonyl could not be detected by mass spectro-
metric analyses of gases removed from the catalyst
cell after CO addition.

4. Hydrogen Addition to Rhodium Mirrors.—
Figure 8 shows the chart which was obtained when
hydrogen was added to new rhodium mirrors at
room temperature with the monochromator held at
1.731 X A decrease in energy of about 1.5% ar-
riving at the detector was observed to occur rap-
idly; this was followed by a slower decrease which
was complete after about 0.6 min. Because no in-
frared absorption is known for gaseous hydrogen
at this wave length, and because subsequent scan-
ning of this region showed no absorption of this
magnitude which could be attributed to the surface
hydrogen, the change must be the result of a change
in reflectivity of the mirror surfaces. This latter
effect could be a result of the change in electron
density in the metal near the surface brought about
by the presence of chemisorbed hydrogen.

Figure 9 shows the chart which was obtained
during the hydrogen removal by evacuation.
Again the record was made of the energy arriving
at the detector at a wave length of 1.731 A The
energy increased 1.2% over a 1-minute period. Al-
though the final pressure was less than 1 X 10-3
mm., only about three-fourths of the reflectivity
change previously noted was reversed. Assuming
no irreversible change to the rhodium surface, these
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Table Il

Band Times

center fi observed Interpretation
4.560 1 H,
4.572 2 h.
4.645 1 h2
4.671 1 h 2
4.693 1 h?2
4,726 2 h2
4771 3 H,
4.817 2 h2
4.907 3 HnO
4.946 3 h 2
5.025 1 h 2
5.086 3 h 2
5.200 2 h 2
5.216 3 h 2
5.271 3 17)
5.333 1 h 2
5411 3 h 2
5.453 2 h 2
5.470 3 h2
5.549 1 h 2
5.571 2 h 2
5.583 3 h2
5.627 1 h 2
5.647 3 h 2
5.675 1 h 2
5.757 2 h 2
5.784 1 h 2

results indicate that some of the adsorbed hydrogen
had not been removed by evacuation.

The result of combining several spectra of rho-
dium mirrors to which hydrogen had been added is
shown in Fig. 10. The six absorption bands indi-
cated in the figure may be attributed to the pres-
ence of chemisorbed hydrogen. Figure 11 shows
the spectrum for hydrogen on rhodium at the pres-
sure indicated. Two bands are present which can
be accounted for as water vapor. This was caused
by a small decrease in the amount of water vapor
left in the comparison cell which was being purged
with nitrogen dried at —78°. The decrease of wa-
ter in the comparison cell after the background data
were obtained appears the same as water in the
catalyst cell. In addition to the water absorptions,
there are three absorptions which are too large to
be considered accidental but which do not corre-
spond with water spectra absorptions. Table 11
summarizes the results of several spectra over the
wave length region 4.5 to 7.0 N. The hydrogen
pressure varied from 3 X 10-4 to 5 mm. for these
results. No significant variation in absorption
with pressure was observed.

Water spectra used in making the interpretations
were those of Oetjen, et d.,'"Jand Jones.10 The po-
sitions of the water absorption agree with literature
values to less than 0.010 g. The completeness with
which the water spectrum is obtained lends support
to the hypothesis that the other bands observed are
“real,” I.e., caused by some absorbing component
in the system. Because the only gaseous compo-
nent present in the catalyst cell is hydrogen, and

(9) R. A. Oetjen, C. L. Kao and H. M. Randall, Rev. Sci. Inst., 13,
515 (1942).
(10) L. H. Jones, 3. chem. Phys., 24, 1250 (1956).

Band Times .
center y observed Interpretation
5.817 4 h 2
5.914 1 h 2
5.938 1 h 2
5.981 1 h 2
6.017 5 h 2
6.094 6 h 2
6.139 1 h 2
6.223 2 h 2
6.266 1 h 2
6.289 1 h2
6.305 3 h2
6.329 1 h 2
6.382 4 h 2
6.394 2 h 2
6.443 4 h?2
6.460 3 h 2
6.540 3 h2
6 566 1 h 2
6.583 5 h2
6.636 6 h 2
6.716 5 h2
6.789 3 h 2
6.817 1 h 2
6.868 5 h 2
6.964 4 h 2
7.042 2 H,0
7.062 3 10

Fig.
addition and evacuation;

lla.— Spectrum of rhodium surfaces after hydrogen
pressure = 3 X 10-4 mm.

Fig.
addition and evacuation;

lib.-— Spectrum of rhodium surfaces after hydrogen
pressure = 5 X 10“4mm.

because gaseous hydrogen is transparent in the in-
frared in this region, these bands are attributed to
adsorbed hydrogen on the rhodium mirror surfaces.
More extensive data with improved signal-to-noise
ratio would be required to provide firm enough data
to attempt a detailed interpretation of the results.

Conclusion

The equipment which was designed and con-
structed permitted changes in gas composition and
mirror surfaces to be observed readily. The sensi-
tivity was high enough to permit observation of
the spectra of adsorbed molecules on evaporated
metal films with the systems comprising CO on
nickel, CO on rhodium and H; on rhodium.
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Experiments reported in this paper show that, on cobalt catalysts, a part of the carbon monoxide chemisorbed at liquid

nitrogen temperature is removed by evacuation at —78°.
desorption at —78° and the other desorbing at —78°.

gained by the metal surface as a result of CO chemisorption.

Thus two types of chemisorption of CO are visualized, one resisting
The former type suppresses the subsequent low temperature physi-
sorption of nitrogen and carbon monoxide whilst the latter does not.

The suppression is attributed to the positive charge

These observations also show that low temperature CO chemi-

sorption methods cannot be used, in all cases, to determine the extent of metal surface.

Introduction

The extent of the exposed metallic component on
the surface of iron, cobalt and nickel has been
estimated by several workers by the chemisorption
of carbon monoxide at liquid nitrogen temperature.
Since the total adsorption of carbon monoxide at
this temperature comprises of physisorption as well
as chemisorption, the amount of chemisorbed CO is
estimated as the difference between the total CO
adsorption and the physisorption of the same gas,
assuming that the chemisorbed carbon monoxide
does not affect the subsequent CO physisorption on
the chemisorbed film.

To determine the amount of physisorption two
methods have been used. In the first method
proposed originally by Emmett and Brunauer,2
the total CO adsorption is determined at —194°,
followed by evacuation at —78°. Assuming that
this evacuation removes only the physisorbed gas
leaving the chemisorbed layer intact, the CO
adsorption isotherm is redetermined on this surface
at —194° so that the second isotherm gives the
amount of CO physisorbed.

Finding that in certain cases evacuation at —78°
removed part of the chemisorbed CO, Emmett and
Skau3later suggested that the difference between
CO and N2isotherms at the same low temperature
and relative pressure might be taken as the amount
of CO chemisorbed, since the physical adsorption
of CO and of N2are almost identical on most sur-
faces. This method later on was extensively used
by Anderson.4 The assumption in this method is
that the adsorption characteristics of the bare
surface and of the chemisorbed film are the same.
Recently however some doubt regarding the valid-
ity of the above assumption arose from the results
of Stone and Tiley6who reported that the presence
of a chemisorbed layer of carbon monoxide on
cuprous oxide suppressed the subsequent physisorp-
tion of nitrogen or krypton.

Besides, Joy and Dorling6found that on a fused
iron Fischer-Tropsch catalyst, a part of the carbon
monoxide chemisorbed at —194° was removed by

(1) Part of the work described in this paper is abstracted from the

Ph.D. thesis of T.S.V. submitted to the Madras University in January,
1955.

(2) P. H. Emmett and S. Brunauer, 5. Am.
(1935); 59, 310, 1553 (1937).

(3) P. H. Emmett and N. Skau, ibid., 65, 1029 (1943).

(4) R. B. Anderson, W. K. Hall and L. J. E. Hofer, ibid., 70, 2465
(1948).

(5) F. S. Stone and P. F. Tiley, nature, 167, 654 (1951);
(1951).
©® A S Joyad T. A Dorling, ivia., 168, 433 (1951).

57, 1754

Chem. Soc.,

168, 434

evacuation at —78°. This enabled them to dif-
ferentiate between two types of chemisorption of
carbon monoxide, the first resisting desorption
during evacuation at —78° and the other removed
during this evacuation. This differentiation be-
tween strong and weak chemisorption of CO is
arbitrary but useful. They found that the
presence of strongly chemisorbed CO on the iron
catalyst did not affect the subsequent physisorption
of nitrogen. Similar results have been obtained
by Srikant7 on iron synthetic ammonia catalyst.
On the other hand, Sastri and Srinivasan8observed
that on Co catalysts physisorption of N2was sup-
pressed in presence of chemisorbed CO. From
these observations it would appear that the sup-
pression effect is specific to the metal in question.

The present paper reports a more detailed in-
vestigation of the effect on cobalt catalysts par-
ticularly with reference to the relative effects of the
so-called strongly and weakly chemisorbed carbon
monoxide. Incidentally, the reliability of the
method under review for the estimation of carbon
monoxide chemisorbed on metal surfaces has been
re-examined.

Experimental

The catalyst used in the present investigations was of the
following composition: cobalt:thoria:kieselguhr 100:18:
200, the surface area of kieselguhr used being 25.6 m.2g.
The catalyst was prepared from the corresponding nitrates
by the simultaneous addition of kieselguhr and potassium
carbonate. The catalyst was reduced by a rapid stream of
carefully purified (described later) hydrogen till no more
moisture could be detected in the exit gas by a liquid nitro-
gen trap.9 The reduction temperature was 350°. The re-
sults reported in this paper refer to adsorption by about 1.5
g. of unreduced catalyst.

The apparatus for the measurement of adsorption was
essentially the same as that described in an earlier paper®D
with an arrangement to permit continuous flow of gas
through the catalyst tube whenever necessary without re-
moving the catalyst tube. The gases used in the adsorp-
tion experiment were purified as follows.

Hydrogen, used for reduction, was prepared electroiyti-
cally and purified by passage through (a) metallic copper at
400° and (b) “Deoxo” purifier of Messrs. Baker & Co.,
London, which is an alumina-supported platinum catalyst
active at room temperatures. Subsequently the gas was
passed over anhydrous magnesium perchlorate and finally
over silica gel cooled in liquid nitrogen to remove completely
water vapor and gases heavier than hydrogen.

Carbon monoxide was prepared by adding formic acid

(7) H. Srikant, Ph.D. thesis accepted by the Madras University, in
1954,

(8) M. V. C. Sastri and V. Srinivasan, current sci., 23, 154 (1954).

(9) 3. T. Kurnmer and P. H. Emmett, 7 nis Journat, 55, 337 (1951).

(10) J. C. Ghosh, M. V. C. Sastri and T. S. Viswanathan, “Sym-
posium on Contact Catalysis,” Bull. Natl. Inst. sci., 1957 (in press).
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dropwise to 85% phosphoric acid at 170° and removing acid
spray and traces of C02by KOH. The gas was purified by
passage over hot copper followed by U tubes of potash
pellets and anhydrous magnesium perchlorate, respectively.

Tank nitrogen was purified by passage over hot copper and
anhydrous magnesium perchlorate. Tank helium of purity
99.5% was passed over hot copper, anhydrous magnesium
perchlorate and finally through an activated charcoal trap
cooled in liquid nitrogen.

After reduction by hydrogen, the catalyst was evacuated
at the reduction temperature for 8 hours to remove ad-
sorbed hydrogen, before nitrogen and carbon monoxide
adsorptions at low temperature were carried out. After
each CO adsorption run the catalyst was evacuated at 100°
for two hours to remove as much of the carbon monoxide as
possible. It was then treated with flowing hydrogen at
250° for two hours and later evacuated at the reduction
temperature for 8 hours. This procedure was found to
give a reproducible catalyst surface. The temperature of
the liquid nitrogen bath was measured by means of an oxy-
gen vapor pressure thermometer. Solid carbon dioxide-
acetone and melting methylcyclohexane baths were used to
obtain temperatures of —78° and —122°, respectively,
which were read by a pentane-in-glass thermometer.

The adsorption results in each series of experiments were
closely reproducible.

Sequence of Experiments

Influence of Strongly Chemisorbed CO on
Physical Adsorption.— Experiments were carried
out on cobalt-thoria-kieselguhr catalyst to investi-
gate (a) the different types of chemisorption of CO
on the catalyst surface and (b) their influence on
subsequent physical adsorption of N2and CO.

The sequence of the experiments was as
follows.

(1) Adsorption of nitrogen at —194° was de-
termined on the bare surface of the thoroughly
evacuated catalyst. The catalyst later was evacu-
ated for two hours at 203° to remove the ad-
sorbed nitrogen.

(2) Adsorption of carbon monoxide at —194°
on the bare surface obtained after step (1).

(3 The catalyst was evacuated at —78° for
one hour, after the adsorption in step (2). The
catalyst then was cooled down to —194° and the
adsorption of carbon monoxide on the surface
determined at this temperature.

(4) After the CO adsorption in step (3), the
catalyst was evacuated at —78° for one hour. It
then was cooled back to —194° and the adsorption
of nitrogen on the surface determined.

(5) After the carbon monoxide adsorption in
step (2), the catalyst was evacuated at —122° for
one hour. It then was cooled back to —194° and
the adsorption of carbon monoxide on this surface
measured at this temperature.

(6) After the adsorption in step (5), the cata-
lyst was evacuated at —122° for one hour. It was
then cooled back to —194° and nitrogen adsorbed
at this temperature determined.

The catalyst then was evacuated and cleared of
all the chemisorbed carbon monoxide as described
before, and the entire cycle of operations noted
above was repeated to check the reproducibility
of the results.

These experiments also were performed on a
catalyst of the same composition prepared with a
calcined kieselguhr sample having a surface area
of only 1.44 m.2/g. and with a eobalt-thoria-
magnesia-kieselguhr catalyst. The results ob-
tained with these were very similar to those pre-
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Fig. 1.—Suppression of physical adsorption of nitrogen.

sented below for one sample of cobalt-thoria
kieselguhr catalyst.

Results

The results are represented graphically in Fig. 1,
the numbers on the curtes denoting the respective
operations. It is seen that the repeat carbon
monoxide isotherm (3) falls in between the carbon
monoxide isotherm on bare surface (2) and the
nitrogen isotherm (1). The difference between
(2) and (3) gives the amount of CO strongly chemi-
sorbed whilst the amount weakly chemisorbed is
roughly given by the difference between (3) and
(1). Hence low-temperature chemisorption of CO
consists of (a) strongly chemisorbed CO resisting
desorption at —78° and (fc) weakly chemisorbed
CO being desorbed at —78°. Also it is seen that
due to the presence of a film of strongly chemi-
sorbed CO, the physiscxption of nitrogen is sup-
pressed, the extent of suppression being given by the
difference between (1) and (4).

To determine the influence of weakly chemi-
sorbed CO on subsequent phvsisorption, the system
after initial adsorption cf CO at —194° was evacu-
ated at —122° to leave behind a film of weakly
chemisorbed CO and then the N2 isotherm was
determined at —194° (Fig. 1). The results show
that the presence of weakly chemisorbed CO does
not affect the subsequent physisorption of nitrogen.

Since the activation energy for low temperature
CO chemisorption is very low, the activation energy
for the desorption of the gas will be determined
predominantly by the heat of adsorption. It may
be estimated very rougily that gas adsorbed with
a heat below 10 kcal. per mole would be removed
by evacuation at —78° (Stone and Tiley give the
figure of 12 kcal. as the maximum limit of the heat
of adsorption of a gas removed by evacuation at
—78°); while at —122° any gas adsorbed with a
heat less than 7 kcal. is removed during evacuation.
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Thus the presence of carbon monoxide chemisorbed
with heat between 7 and 10 kcal. and presumably
any gas chemisorbed with heat less than 7 kcal. also,
is without effect on physisorption.

Discussion

The results show that less nitrogen is adsorbed
in presence of a strongly chemisorbed film of CO
left over at —78° than on the bare surface. Weaker
chemisorption of CO which could be removed by
evacuation at —78° did not produce any increase
in the suppression. Since this work was completed,
Srinivasanu has reported that on reduced cobalt
oxide powder also, the physisorption of nitrogen is
similarly suppressed in the presence of chemi-
sorbed carbon monoxide.

Before attributing this suppression exclusively
to the presence of the chemisorbed CO film it is
necessary to examine if any (molecular) chemi-
sorption of nitrogen occurred on the cobalt surface
at —194° (besides physisorption). Because if it
did occur, the observed suppression would then be
due, at least in part, to the strongly chemisorbed
CO, occupying sites which were otherwise avail-
able for nitrogen chemisorption. However, it
would be difficult to account for more than two-
fifths of the observed suppression (Ca 2.2 cc.) of
nitrogen adsorption in this way, since the amount
of strong CO chemisorption is only about 0.8 cc.

A simple experiment indicated the low order of
energy associated with the adsorption of nitrogen.
When, after determining the nitrogen adsorption
isotherm on the bare Co surface at —195° the gas
was pumped off for 1 hour at —78° and the nitro-
gen isotherm redetermined at —194° the previous
isotherm was reproduced perfectly, thereby prov-
ing that the whole of the nitrogen adsorbed at low
temperature was removed by the short evacuation
at —78°. In other words, no part of the nitrogen
adsorption was associated with an energy high
enough (i.e., ca s kcal.) to make it resist desorption
at -78°.

These observations, though not conclusive in
eliminating altogether the possibility of N2
chemisorption occurring on the bare cobalt surface
at —194° show clearly enough that this can at
best be only a minor factor in the over-all suppres-
sion observed. The bulk of the suppression must
be interpreted in terms of the influence of the strong
CO-chemisorption on the physical adsorption of
nitrogen over the bare surface and over the chemi-
sorbed CO molecules. This is the purport of the
following discussion.

Physisorption of non-polar gases on metals is
caused by the co-operation of the two factors:
(i) non-polar van der Waals forces arising out of
interaction of induced’dipoles in the metal with the
(continually changing) inducing dipoles of the gas
molecules; (ii) the polarization of the molecules
by the metal. The metal surface acquires a posi-
tive charge with electrons projecting a short
distance outside the surface. The approaching
molecules are polarized by the metal surface
with the positive end pointing away from the
surface; it is assumed that the negative layer of
electrons does net polarize the molecules.

(11) V. Srinivasan, Proc.Ind. Acad. Sci., XLV, Sec. A, 120 (1957).
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The observed suppression of the physisorption
isotherm is tantamount to decrease in the monolayer
volume Um which by definition is the product of
the surface area (A) and the limiting value of ad-
sorption per unit area. The suppression effect
could therefore be due to either or both of the fol-
lowing causes: (i) decrease in the total area A,
say by “blocking” of the pores and also perhaps by-
localized chemisorption at the pore mouths (*poi-
soning” of the pore mouths) preventing the two-
dimensional migration of the physisorbed molecules
along the pore walls into the interior of the pores;
(ii) decrease in the value of W] representing the
density of packing at saturation. As already
mentioned, during physisorption, non-polar gas
molecules are polarized with their positive ends
pointing away from the surface. Due to this
polarization, the magnitude of the attraction
forces between the adsorbed molecules are less,
resulting in a decrease in the two-dimensional van
der Waals constant a2 sometimes even a negative
value for azis obtained.12

In many cases of chemisorption normal covalent
bonds are formed where an electron of the adsorbed
atom and one of the metal form a pair. Since these
bonds are partly ionic in character, the adatoms
form dipoles on the surface of the metal, the di-
rection of the dipoles depending upon the ionization
potential of the adatom and the electron work
function of the metal. In the case of CO chemi-
sorbed over cobalt surface, the negative charges
of the dipoles point away from the surface with a
resultant decrease in the number of conduction
electrons. The dipoles so formed tend to repel each
other so that the chemisorbed layer is incomplete
with patches of bare metal surface remaining ex-
posed. Under such conditions, a molecule physi-
sorbed subsequently comes directly into contact
with the metal surface possessing enhanced positive
charge. As a result, the polarization of the physi-
sorbed molecule is more pronounced, thereby in-
creasing the magnitude of the repulsive forces in
the physisorbed layer. Similar results have been
obtained by Mignolet,13 who observed that in
presence of a chemisorbed film of hydrogen on
nickel, the physisorption of nitrogen was sup-
pressed to a large extent with a simultaneous
increase in the surface potential of the physi-
sorbed film. Therefore the molecules in the physi-
sorbed layer are now more loosely packed so that
\0 is less than that on the bare surface. These
arguments hold good in the case of a polar molecule
(like CO) also. Regarding the method sug-
gested by Emmett and Skau, the difference be-
tween CO and N2 isotherms at the same low tem-
perature and relative pressure would give a lower
estimate of the metal surface, since the suppression
of physisorption of CO by the chemisorbed CO has
not been considered. Moreover, since the extent
of suppression in physisorption of CO will be dif-
ferent from that of N2 it would be difficult to
determine one with the help of the other.

Reference may now be made to the observed
difference in behavior of strongly and weakly

(12) J. H. de Boer, Adv. in Catalysis, VIII, 38 (1956).
(13) J. C. P. Mignolet, Disc. Faraday Soc., 8, 105 (1950).
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chemisorbed CO toward subsequent physisorption.
The initial rapid chemisorption of CO increases the
electron work function of the metal considerably
so that the subsequent chemisorption of CO occurs
with less heat of adsorption. It is probable that
the heat of chemisorption may be of the same order
asthat of physical adsorption. Therefore at —194°,
CO adsorbed subsequently will be bound to the
surface in a quasi-chemical way without signifi-
cantly contributing to the magnitude of the posi-
tive charge on the metal. A further assumption
that the extent of physisorption is the same over
the weakly and strongly chemisorbed CO gives an
explanation for the result that the presence of
weakly chemisorbed CO does not add any more to
the suppression already caused by the strong CO
chemisorption.

Since the transition from physisorption to chemi-
sorption is continuous and the heat of chemisorp-
tion at high coverages may be as low as that of
physisorption, it is not possible to visualize any
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temperature at which only the physisorbed mole-
cules are removed by evacuation. Nor is there
any theoretical justification for assuming tacitly
that the amount of such weak chemisorption is
inconsiderable in comparison with the amount held
more strongly. Strictly speaking, therefore, it
would not be possible to estimate accurately the
true extent of the CO-ehemisorption by the tech-
nique of evacuation at any temperature higher
than that of liquid nitrogen and readsorption at
the same temperature. Evacuation at liquid
nitrogen temperature will not be any better, be-
cause it is bound to leave behind a considerable
guantity of the physisorbed gas.

In view of the uncertainties caused on the one
hand by the suppression effect and on the other
hand by the desorbability of the chemisorbed gas
over a range of low temperatures, neither of the
procedures suggested in the paper of Emmett and
Skau can be expected tc give an accurate estimate
of the surface metal sites on cobalt catalysts.

A METHOD OF SUCCESSIVE APPROXIMATIONS FOR COMPUTING
COMBUSTION EQUILIBRIA ON A HIGH SPEED DIGITAL COMPUTER1
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A procedure has been developed for rapidly solving complicated thermodynamic equilibria by a flexible iteration method
which can be readily extended to include additional chemical elements. Changes in composition are computed for only
one reaction at a time, neglecting the interaction of such changes in composition on the other equilibria. Current values of
concentrations are used to calculate back all equilibrium constants. For the next computation the program selects that
reaction showing the greatest discrepancy between calculated and given equilibrium constant. Discrepancies are then
recalculated and another determination made of the reaction showing the greatest discrepancy. The process is repeated
until the maximum discrepancy is reduced to a value less than an error, E, specified as a pa~ameter of the problem. Speed
of convergence may be maximized by expressing all species in terms of components existing in the largest concentrations at
equilibrium. A subiteration procedure is utilized for solving the individual equations. This converges upon the solution by
halving successive tentative intervals. For errors of 0.001% the JPN equilibrium at 2 atmospheres is computable with 28
iterations for 2500°K. and 43 for 4000°K. A composition involving excess solid carbon has been computed with 14 itera-

tions for 2500°K. and 20 for 4000°K.

Introduction

It is well knownz2 that the specific impulse lePof a
propellant is calculable from flame temperature Tc,
the average ratio of specific heats 7, and the aver-
age molecular weight M of the gaseous mixture
Ap- (I/9)[(RTIM) {2y/(y - 1)1

|1 - (P./P")(y-D/y\]IL (A)
if equilibrium is frozen during expansion through
the nozzle, or from the change in enthalpy at con-
stant entropy AH’s, on adiabatic expansion between
chamber and exit

(B)

if the reaction mixture continually re-equilibrates
during expansion. In the above equations gis the
acceleration of gravity, R the molar gas constant,

Pe the external pressure, and PCthe chamber pres-
sure. Since the above averages are weighted in

Ibp = (-2AHS/M)'/'/g

(1) Presented in part before the Division of Physical and Inorganic
Chemistry 131st Meeting of the American Chemical Society, Miami,
April 12, 1957.

(2) S. S. Penner, “Chemistry Problems in Jet Propulsion,” Perga-
mon Press, New York, N. Y., 1957, see Chapter 14.

Each iteration involves about 0.2 second machine time.

proportion to the number of moles at equilibrium of
each of the different speeies present, it is highly de-
sirable to have an easy method of calculating the
equilibrium composition

In order to discuss a concrete problem let us con-
sider the typical propellant, JPN,3 which is a
double base ballistite consisting of carbon, hydro-
gen, oxygen and nitrogen. At flame temperatures
in a rocket chamber six equilibria produce 10 reac-
tion species in appreciable concentrations. To solve
for 10 mole fractions one requires 10 equations.
Four of the 10 necessary equations are atom bal-
ances in the four elements and are linear. How-
ever, the six equilibrium constant equations are
quite non-linear, several of them being cubic and
others quadratic.

The only practical way of solving such a system
of equations is by successive approximations. Such
procedures are likely to be very laborious for desk
machine calculations but with the recent availabil-
ity of high speed digital computers which thrive on

(3) R. N. Wimpress, “Internal Ballistics of Solid-Fuel Rockets,”

McGraw-Hill Book Co., New Ycrk, N. Y., 1950, Table 2-1, p. 4,
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multiple repetitions of simple arithmetical opera-
tions, the possibility is opened up of writing pro-
grams which can complete one of these problems in
a few seconds machine time. The calculations of
the equilibrium concentrations of gases which result
from the combustion of materials of varying com-
position thus becomes quite feasible.

As to method of approximation to be used there
is probably an infinite variety available. In the
long run those methods will survive which combine
simplicity and speed of operation with accuracy of
results. The purpose of the present paper is to dis-
close an iterative procedure which rapidly gives re-
sults accurate to within the accuracy of the given
equilibrium constants, yet is so simple that it is
readily capable of extension to include additional
chemical elements.

Space is not available to cite all approximation
methods which have been developed for this prob-
lem. One important class of schemes involves lin-
earization; ref. 4 one of the most elegant.4 Tay-
lor’'s series expansions are made of the equations
around differences between the solutions and
“guestimates.” On the assumption that the initial
guestimates are good these differences will be
small and higher powers than the first may be
dropped. This enables one to solve the system as a
set of linear equations. The writer independently
applied the linearization method to the present
problem in early 1950. However, although theo-
retically beautiful, the method is subject to break-
down under two sets of circumstances. For certain
types of functions, the guestimates have to be quite
good for the method to converge (in other words,
higher powers which have been discarded often are
not negligible). Also, if the matrix of coefficients
approaches singularity, the solution is unstable.
Because of these complications the linearization
method was not considered foolproof enough for the
present work.

A different scheme used in this Laboratory was
developed by McEwan5 and consisted of setting
up a rigorous algebraic solution of the ten equa-
tions in terms of a parameter whose value had to
be guessed and improved by trial and error. The
procedure was coded for the IBM 7016 but the
technique was such that a completely new deriva-
tion and reprogramming was required for extension
to cases involving additional chemical elements.

Equilibrium Constant Equations

In order to distinguish between smoky and non-
smoky flame we include

c + \02= co 0)

For the reacting elements, C, H, O and N, equili-

(4) H.J. Kandiner and S. R. Brinkley, Jr., Ind. Eng. Chem., 42, 850
(1950).

(5) U.S. Naval Orcnanee Test Station: “Equilibrium Composition
and Thermodynamic Properties of Combustion Gases,” by William S.
McEwan, China Lake, Calif., NOTS 26 May 1950. (NAVORD Re-
port 1229, Part 1, NOTS 289).

(6) U. S. Naval Ordnance Test Station: “A Thermodynamic In-
vestigation of the Product Gases of Carbon-Hydrogen-Oxygen-Nitro-
gen—Propellant Systems,” by Mary M. Williams and William S. Mc-
Ewan, China Lake, Calif., NOTS, 12 January 1955 (NAVORD
Report 3421, Part 1. NOTS 1020).
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bria (1) to (6) are generally accepted as being of
importance

CO, = CO + (*A)0, 0
HD = H2+ (‘A)0, (2)
HD = OH + FA)H2 (3)
(>A)H2 = H (4)
(4A)02—0 (5)

NO = (>A)N, + ('A)O, (6)

Consider the general chemical equation

E bjXj = 0
where X, is the jih chemical species, products hav-
ing positive coefficients b»j, reactants negative.
According to the principles of conventional physical
chemistry, changes in composition necessary to
achieve equilibrium may be calculated by a for-
mula of the general type

KH(S+ yd/Pld= n (Xi° + by

(<)

O

where
S =E *i° (E)
(the superscriptO referring to initial concentra-
tions) and
d=E (F
1

The mathematical problem now is: given certain
initial values of C, H, O and N, and the equilibrium
constants at constant pressure, the pressure and
temperature, find the final concentrations of the 10
reaction species that will satisfy all six equilibrium
constant equations corresponding to reactions 1
through 6 when there is no excess carbon, or find the
final amounts of the 11 reaction species when solid
carbon is in excess. A further condition on the
solution is that the total sum of atoms of each ele-
ment is to be maintained unchanged. As stated at
the outset, it is proposed to do this by solving the
equations one at a time. In view of the fact that
the number of individual types of equations which
(D) represents is small, their solution may be con-
veniently programmed as subroutines. Or, better,
the general type (D) maybe programmed as a single
subroutine. This allows us to capitalize upon the
high speed potentiality of the digital computer which
works best for repeated routine operations.

Iteration Procedure.— The proposed iterative
procedure is to start immediately with the initial
composition specified by the propellant under con-
sideration, and calculate the complete change in
composition for one reaction at a time, neglecting
the interaction of such changes in composition on
the other equilibria. Each time an equation is
solved, the amounts listed for the different species
are revised to accord with the new results and used
for solving the next equation. Different variants of
this procedure have been tried. In the first, a test
sum, T, of the absolute values of the changes of all
six reactions computed in succession was recorded
and the computations repeated again and again un-
til this test sum of changes per round became less
than an error, E, specified as a parameter of the
problem. This scheme gave results satisfactory
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for specific impulse calculation, but was shown by
the referee of this paper to be defective in that it
did not converge to correct answers as higher ac-
curacy was specified.7 This procedure was modi-
fied by determining the fractional discrepancy be-
tween calculated and given equilibrium constants

D\ = (calcd. iil/given K\) — 1

and computing that reaction next which shows the
greatest discrepancy. After concentrations are
adjusted to the new values, the discrepancies are
recomputed and that reaction again chosen for
solution which corresponds to the greatest current
discrepancy. This process is repeated until the
maximum discrepancy is less than the error, E
(Each repetition will be referred to herein as an
iteration). Such a procedure converges satisfac-
torily as smaller and smaller errors are specified.

Improvement of Rate of Convergence.— In the
first iteration scheme used, over two thousand
equilibria had to be computed to achieve an (abso-
lute) error of E = 10~6for JPN at 2 atmospheres
and 2500°K. To speed up convergence, use of an
additional reaction, the water gas equilibrium, was
suggested by Prof. K. S. Pitzer and independently
by L. S. Kassel. The chemical equation corre-
sponding to the latter equilibrium is the linear com-
bination, (2)-(l). Inclusion of this reaction re-
duced the number of computations of equilibria to
66. The reason that convergence was so markedly
affected, as pointed out by L. S. Kassel, is that (1)
and (2) involve an intermediate (molecular oxygen)
which at 2500°K. is present in such small amounts
that even 100% consumption in each reaction com-
putation accounts for such a very small change in
CO, C02 H2and H that a large number of calcu-
lations is required for any progress to be made. The
water gas reaction does not involve this intermedi-
ate, so the complete change can be effected at once.
This same effect shows its importance also in the
computation of NO by reaction (6). It became of
preponderant importance in calculations involving
excess carbon where the oxygen mole fraction is of
the order 10“ 13

It was ultimately realized (during discussions
with Prof. Yerner Schomaker) that the principle
introduced by Kandiner and Brinkley4 to aid the
convergence of their linearized equations is just as
beneficial to the present iteration method and rep-
resents the key to rapid convergence. This is to
guess which reaction species are likely to be pres-
ent in highest concentrations in the final equilib-
rium mixture (call them “components”) and ex-
press all other species in terms of reactions of
formation from these components. By such a tech-
nique there is no question of trying to compute the
formation of relatively high concentration species
through intermediates existing only in low concen-
trations.

It may perhaps be objected that use of the Kand-
iner and Brinkley suggestion requires one to “know
the answer before he gets it.” While success with
the linearization procedure often depends upon one
providing the problem with fairly close quantita-

(@) The author is indebted to the referee, L. S. Kassel, for the

suggestion that this may have been due to internal round-off errors in
the fixed point arithmetic used.

Computing Combustion Equilibria on a High Speed Digital Computer

523

tive estimates of the final equilibrium concentra-
tions, the present method only utilizes the attribu-
tive (qualitative) estimate of Which constituents are
to be considered as the components. Further-
more, the method does not require this information.
Its provision is recommended only to reduce the
number of iterations required for arriving at the
final solution. Indeed, all o: the components used
below were obtained from preliminary runs which
were carried out without benefit of use of compo-
nents.

For JPN at 2500°K. it turns out that the species
existing in greatest concentrations are CO, IfD,
CO02and N2 Calling these the components, the
reactions of formation of the other species are the
following linear combinations

JPN 2500°K.

Components: CO, HD, CO:, N2

C02=CO + ',)02 fl)
HD + CO = H, + CO (12)
HD + CO, = CO + 20H (13)
HD + CO = C02+ 2H (14)
CO,=CO+ 0 (15)
C02+ (V2N2= NO + CO (16)

On the other hand the components indicated for
4000°K. are CO, H, O and NE The reactions of
formation are accordingly

JPN 4000°K.

Component,?: CO, H, O, N2

(>AH2=H (4)
P/202= O (5)
H,0 = O+ 2H (22)
CH=0+H (23)
CO, = CO +0 (15)
NO = O + (‘A)N2 (26)

To test a composition giving excess carbon, JPN
was modified by adding carbon. Preliminary re-
sults indicated the components are CO, H2 N2 and
C for 2500° and CO, H, N2and C for 4000°. Since
H2was still of the same order of magnitude (0.0626)
as H (0.2826) at 4000°, the same set of components
was used for both temperatures. The reactions of
formation are

JPN modified, 2500°K.
Component?: CO, IT-, Ns, C

C + (V*)02= CO 0)
¢ + C02= 2CO (31)
C+ HD = CO + h2 (32)
C+ OH = CO + C/2H2 (33)
C/9QH2= K (4)
c + 0=CO (35)

C + NO = (A)N, + CO (36)

Results

For input compositions and equilibrium constants
listed, respectively, in Tables | and Il results were
obtained as given in Table Ill. It may be seen
that the discrepancies | stec at the bottom of Table
111 with which the final mole fractions reproduce
the respective equilibrium constants are all less than
the specified error, E = 10~5 Specification of
higher accuracy is meaningless in view of the num-
ber of significant figures of the given equilibrium
constants. It may be seen that use of the Kandiner
and Brinkley principle has brought the number of
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iterations to achieve this error down to 28 at
2500°K., 43 at 4000° for JPN; and to 14 at 2500°
and 20 at 4000c for the soot case. In terms of ma-
chine time these problems are computed in the
order of 3 to 9 seconds.

Tabte |

Compositions, M ole Fractions

JPN Soot case
c 0.34523 0.70000
h2 .23075 .23075
02 .32847 .32847
n2 .09556 .09550
Tabie Il
E quilibrium Constants
2500°K. 4000°K.
Npo 0.71531 X 107 0.69375 X 106
Kpi .037818 4.998
Km .0062008 0.00159
Kw .0047528 192132
Kp .02509 1.5933
Ap5 .015575 1.5528
Kpi 1C.983 3.3565
Tabre Il

R esults for 2 Atmospheres Pressure

; JPN - , Soot-
2500°K. 4000°K. 2500°K.
Equilibrium mole fraction of gas

4000°K.

o* 0.0002£8 0.022272 0.173 X 10"» 0.137 X 10*”

o] 000177 163861 .145 X 10"8  .000001

Hj .0724c4 053543 229434 .061793

H 004775 260696  .008498 .280059

OH 003316 .052885 .483 X 10"7  .446 X 10 «
HO 265538  .009813  .000007 170 X 10 6

co 319592 316061  .665282 574568

Cco2 192100 .013346  .000003 190 X 10'6

\g 141455 084707  .096773 .083577

NO 000356 .012940 .241 X 10"8  .101 X 106

Residual C (.043081) (.043074)
Discrepancies X 10sfor error specification, E — 10 6

0 0.004 0.004

1 0.031 0.153 025 .639

2 .016 159 .096 .006

3 884 .007 122 .057

4 .020 .536 .869 498

5 .010 .060 .185 153

6 025 .328 .064 745

Noitrns. 28 43 14 20

The program was coded so that by means of a
sense switch it is possible to print out the order in
which the different reactions are selected. In the
first run they went in the order: 1. 12, 1, 13, 14,
15, 16, 12, 1, 16, 14, 15, 13, 1, 16, 12, 1, 16, 14, 15,
13, 1, 16, 12, 1, 16,14 and 15.

Program.—Principal steps of one variant of the
program are shown in the flow diagram, Fig. 1.
Only general functions are outlined. As indicated
above, each solution of an equilibrium equation is
achieved by invoking a subroutine. All calcula-
tions are in floating point arithmetic.

Before each computation of discrepancies a
check is made of reaction (0) to determine whether
or not carbon is in excess. Since the equilibrium
constant for this reaction is of the order 10+®up to
4000°K., this reaction has been coded for excess
oxygen on the approximation of complete combus-
tion of oxygen and carbon. Such an assumption
is valid only for oxidizer-rich propellants. An ac-
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tual calculation of the equilibrium is carried out
when carbon is in excess.

Fig. 1
Input, print: Input: Calcd.:
compositions, - E,F, NP, R
equil. consts. S
RO
f
Test for
excess
C
Soot No
soot
Calc. RO Burn all
equil. 02to CO
Compute Compute
discrepancies discrepancies
route 3 route, R
Find
->m largest
discr.
Test:
To RO [Max1- E >0
Yes No
Increase | by 1 Convert to
Compute next mole fractions
equil. Print final
results

Read in new
problem

Three methods of solution of the individual equa-
tions were coded before a practical one was devised.
The third method which turned out to be quite
satisfactory makes use of the knowledge that, in
order to avoid negative concentrations and still
have finite positive equilibrium constants, physi-
cally acceptable solutions for X = —Y in equation
(D) have to lie between

(Zj°/6j)*n < x < (X;0/h)*p

where the lower limit of X is the quotient having
smallest absolute value among the reactants (nega-
tive 6j's) and the upper limit is the quotient having
smallest absolute value among the products (posi-
tive oj's). Furthermore, the value of the right side
of (D) changes monotonically as X is changed be-
tween these limiting values. Half their difference
is therefore taken to define a starting value of a com-
putation variable Z and an initial value of X is set
up equal to Z + (Xj°/0j) *r. Values of Xj° are re-
placed with Xj° + b\wy = Xj° — bjx and the discrep-
ancy, DI, is computed (see lteration Procedure).
If Di comes out +, the next value of X is set to be
+z (which in the meanwhile has been divided by
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2); if D, comes out —, X is set to equal —Z The
procedure is repeated as many times as is necessary
to get |D\] —=F< 0.

In the present work, solutions of the individual
equilibria were carried out using the simplifying as-
sumption that Yy in equation (D) is negligible com-
pared with S. It is believed that avoidance of this
assumption would have shortened the calculations
only to a minor extent.

It is recommended that F, the subiteration error,
be set an order of magnitude smaller than E, else
there may be danger of an infinite loop occurring.
Furthermore, E should not be specified with too
small a value such that it represents digits beyond
those carried by floating point numbers.

Extension to Additional Elements.— The exten-
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sion of the present procedure to include additional
(chemical) elements is quite simple. The first step,
of course, is to decide which are the important
reactions. Usually an estimate will be available
from previous work as to the most reasonable spe-
cies to choose as components. Then, after re-
writing the chemical equations to correspond to
reactions of formation of the other species from
the components, one need merely provide for in-
clusion of the additional data and code in appropri-
ate calling sequences for the new reactions. It is
proposed to carry out such extensions in subsequent
work.

Availability of Program.— The author will be
pleased to reproduce a copy of the program for
any one wishing to see it.

EXPERIMENTS WITH THE CELL Bi, Bid3 ZnCl2ZnCl2ZnCIl2 Zn BETWEEN
450 AND 510°

By Reuben E. W ood

National Bureau of Standards, Washington 25, D. C.
Received July 21, 1958

As a part of a study of cells having a fused zinc chloride electrolyte, experiments were carried out on such a cell in which the
negative electrode was liquid zinc and the positive electrode was liquid bismuth on top of which had been put some BijOs.
The cell potentials are quite rapidly and accurately reproducible after temperature changes and after the passage of current.

The cell potentials and temperature coefficient are reported.

and have not yet been studied.

Introduction

The calomel electrode has long been of interest
and utility as a reference electrode in aqueous
electrochemistry, but it is difficult to devise a close,
fused-salt analog of this electrode because of the
relatively high mutual solubility of the metal
halides. As a possible basis for a satisfactory
fused-salt reference electrode, similar if not ex-
actly analogous to the aqueous calomel electrode,
the use of bismuth and bismuth oxychloride in a
suitable fused halide electrolyte suggested itself.
The cell that was assembled and studied to test
this idea may be represented as

Bi, BiZj, ZnCI2ZnCI2ZnCIa Zn (1)

What solid phases are present at the bismuth
electrode when this cell is operating reversibly is
notyet known. It seemsunlikely that they include
Bi2D3 more likely that they include bismuth
oxychloride and zinc oxide or zinc oxychloride.
In fact, although he did not report studies of sys-
tems containing zinc, Sillen’s workl on two-metal
oxyhalide compounds suggests the possibility
that reaction between zinc chloride and bismuth
and zinc oxides could produce a series of double
oxychlorides. However, the above representation
is used for the cell to indicate that BiD 3and the
other substances shown were the only ones put into
the cell. This cell was studied over the tempera-
ture range 450 to 510° and over a period of several
weeks.

(1) L. G. Sillen, NcUurwissenschaften, 30, 318 (1942).

Phase equilibria in this system may be rather complicated

Apparatus and Procedures

The cell system used was similar to the conventional H
cell except that there were three vertical tubes and two
cross connections between each outside vertical tube and
the middle vertical tube. The two lower cross connections
provided the electrolyte path between the electrodes, the
upper cross connections permitted the passage of helium
which was maintained as an inert atmosphere above the
cells. The purpose of having three vertical tubes was to
allow the use of two Zn-ZnCk reference electrodes against
which to measure the potential of the bismuth electrode.
One of these zinc reference electrodes was in the center tube,
the other was in one of the outside tubes.

At the bottom of each vertical tube were approximately 4
ml. of molten metal, zinc in two tubes, bismuth in the other.
2.4 g. of BidD 3was placed above the bismuth and then about
100 g. of liquid ZnCl2was introduced into the cell. A glass-
enclosed thermocouple junction dipped into the molten
metal of each electrode. Electrical connection was made
to the molten metals through graphite rods introduced into
the cells through side arms so that these rods were not in
contact with the electrolvte. Reagent-grade chemicals
were used exclusively except that the zinc was an especially
pure product asserted by the manufacturer to be 99.99%
pure. The zinc chloride was dried by bubbling anhydrous
HC1 through it at about 500° for 10 hours, then dried oxy-
gen for about two hours.

The cell was kept hot in a cylindrical electric furnace.
This furnace was supplied with current from a constant-
voltage transformer through a variable resistor system.
No automatic temperature regulator was used but because
of the constancy of power input and of the room tempera-
ture, the temperature conditions within the furnace remained
quite static as long as it was undisturbed and the resistance
was not changed. Under such conditions, gradual tempera-
ture variations at the rate of 0.5“ per hour would be typical.

AH potentials were measured with a Type K potentiome-
ter using a standard cell calibrated in these laboratories.
The thermocouples were calibrated only at the melting
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point of zinc. The deviation from standard tables2found
at this temperature (about 1.5°) was assumed to represent
a satisfactory correction over the temperature range of these
experiments to within the probable accuracy of the values of
E and dE/dT reported here.

Experiments and Observations

The electrolyte over the bismuth electrode had the pale
pink to lavender color which hasbeen found to characterize all
such electrodes. This is presumably the color of some bis-
muth-containing ion.

The potential difference observed between the two zinc
electrodes was about 0.15 millivolt a few hours after the
cell was assembled, and it gradually increased to about 0.45
millivolt during a period of two weeks. It varied between
0.41 and 0.52 millivolt during the next two weeks, at the
end of which time the cell was disassembled. Temperature
differences of as much as three degrees were observed from
time to time among the three electrodes. By changing the
position of the cell in the furnace the relative temperatures
of the electrodes with respect to each other could be changed.
However, whether the two zinc electrodes were at nearly
the same temperature or whether the middle electrode
-was two degrees hotter or two degrees colder than the other
one, the middle electrode was always negative with respect to
the outer one, and any changes in the magnitude of this po-
tential difference resulting from such temperature changes
could not be distinguished from the random fluctuations of
this potential difference within the ranges already stated.
It was concluded from these facts that the temperature of
the zinc electrodes had relatively little influence on the cell
potentials.

In view of this conclusion, although the temperatures of
all three electrodes were measured regularly only those of
the bismuth electrode are recorded in Table I. The poten-
tials recorded in Table | are those of the cell comprising the
bismuth electrode and the outside zinc electrode. The
zinc electrode is negative with respect to the bismuth elec-
trode, of course. The outer zinc electrode was chosen as
reference electrode for purposes of this tabulation mainly
because contamination by diffusion from the bismuth elec-
trode should have been less at the outer electrode than at
the middle one. It may be borne in mind, however, that
the choice isnot very important because the maximum differ-
ence ever observed between the two zinc electrodes was
0.52 mv.

It was found that the potential of the cell could be repre-
sented by the equation

E = 3.6727 - 0.00055(i - 450) )

where the potential is in volts and t is the temperature in
degrees centigrade. The last column in Table | represents
the deviation of the measured value from the value thatwould
be calculated by this equation. Many more readings than
those included in the table were recorded. The values are
representative. They were chosen by the arbitrary rule of
taking the last measurement on the indicated day or, on
days when the furnace current was readjusted, the last
reading before this readjustment.

The potentials of the Bi, BiD3 ZnCk/ZnCk/ZnCb, Zn
cell were very steady and easily measurable to one hundredth
of a millivolt. As can be seen from the data in Table | and
from equation 2, the cell temperature coefficient is large
but the temperature effects are quite reproducible and re-
versible. Most of the readings recorded in Table | were
made at least one day after any previous major temperature
change. However, the cell potentials followed the tempera-
ture changes quite rapidly even without stirring. In two
instances the potentials were read every few minutes while
the temperature was changing at the rate of about 10° per
hour. In one of these instances the temperature was rising,
in the other it was falling. In neither case did the potential
lag by more than a millivolt behind the values corresponding
to equation 2. Stirring seldom was resorted to. It has

(2) “Reference Tab.es for Thermocouples,”
Bureau of Standards, 1955.

Circular 561, National
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Tabte |
Cell Potentials at Various Temperatures
Eoed
Ecalod
Days" tT. Eted. V. Bdal6v. mv.

10 507.9 0.64029 0.6408 -0.5

509.0 .64066 .6402 + 5
12 504.7 .64182 .6426 - .8

507.4 .64131 6411 + .2
14 507.6 .64158 .6410 + 6
15 482.0 .65434 .6551 - .8
16 480.3 .65543 6560 - .6
17 481.1 .65504 6556 - 6
19 480.6 .65613 6559 + .2
21 452.1 .67167 .6716 + 1
22 464.2 .66494 .6649 .0
22 473.2 .66033 .6600 + .3
23 482.6 .65431 .6548 — .5
24 491.1 .64983 .6501 - .3
26 500.4 .64590 6450 + .9

“ Since cell was assembled. 6Calculated by equation

the disadvantage of promoting diffusion of bismuth ions and
temporarily aggravating the effect of any vortical tempera-
ture gradients in the furnace. When necessary, the stir-
ring was done without exposing the electrodes to air. The
potential of the bismuth electrode always fell with stirring.
This may have been due at least in part to temporary un-
saturation of the solution at the bismuth surface by dilution
with unsaturated electrolyte from above. In any case,
normal potential values (values consistent with equation 2)
were restored within less than one-half hour after stirring.

The cell appears to be relatively non-polarizable. In
one experiment a load of 1000 ohms was connected between
the bismuth electrode and the adjacent zinc electrode. The
potential difference between the bismuth electrode and the
remote zinc electrode was observed. Before the load was
applied this potential difference was 0.645 volt. Immedi-
ately upon application of the load it fell to 0.439 volt. It
fell only 0.002 volt further during the 40 minutes the load
was left on.  Within one minute after the load was removed
the measured potential difference had gone back to 0.644
volt. The temperature at the start of this experiment was
501° and it fell by about one-half degree during the experi-
ment. The current drawn by the load was 0.42 ma. and
the electrode current density about 0.25 ma. cm.-2.

Summary

until the phase equilibria in the system Bi-
BiD3Zn0-ZnCl2have been studied it would seem
impossible to relate the cell potentials reported here
to free energies and entropies of formation. The
following two statements summarize the conclu-
sions to which these experiments lead.

1. The measured potentials of the cell Bi,
Bi2D 3ZnCl2ZZnCl2ZZnCl2Zn are reproducible with
respect to temperature changes and after the flow
of current. The reversible E of this cell at 450°
is 0.6727 + 0.0010 volt and dE/dT = —0.00055
+ 0.00001 volt deg.-1.

2. Within the stated temperature range at
least, either electrode of this cell should serve as a
reliable reference electrode in cells whose electro-
lyte is mainly fused zinc chloride.

Acknowledgment.— This work was done under a
research contract with the Office of Ordnance Re-
search, Ordnance Corp, U. S. Army.
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STRUCTURE AND GAS PERSORPTION SITES OF A SYNTHETIC ZEOLITE
DETERMINED BY FOURIER RADIAL ANALYSIS

By P. H. Lewis

Contribution from the Texaco Research Center, Beacon, New York

Received July £4, 1958

Distances between persorbed gas molecules, exchanged metal ions and the aluminosilicate framework determined by

Fourier radial analysis are used to obtain the crystal structure common to the 4 and 5 A. Linde synthetic zeolites.

A cage

structure, formed by 8-membered aluminosilicate rings on the faces of a 12.30 A. cubic unit cell, confirms the previously re-

ported work of Reed and Breck.
2.5 A. from the ring planes.

In contrast to their work, metal ions are found to be situated on the axes of these rings,
In the 5 A. zeolite, gases, for which hydrogen bonding is possible, occupy the centers of the
octagonal rings; C02 HZX and n-CaA8l1i3Br locate in the center of the cage.

In the 4 A. zeolite only HZS occupies the center

of the cage; C02 NH;jiand HD lie in the center of the octagonal rings.

Introduction

In early 1955 an X-ray study was begun to
determine the distances between persorbed gas
molecules, metal cations and the aluminosilicate
framework of two Linde synthetic zeolites, useful
as molecular sieves.1 X-Ray powder photographs,
used because no single crystal X-ray data were
available, showed that the two zeolites were iso-
morphous and simple cubic. For materials of this
crystal class a relatively large number of X-ray
lines have other lines with different Miller indices
superposed on them so Fourier projection methods,
which depend on the intensities of discrete re-
flections, therefore could not be used. Differential
radial analysis,2 which does not require discrete
X-ray reflections, therefore was applied to the
intensity changes of diffraction lines in powder
photographs of the zeolites caused by gas persorp-
tion or exchange of the metal cations. These analy-
ses gave the scalar distances between the gas
molecules and the metal cations introduced into the
zeolite and its aluminosilicate framework.

It soon was realized that these distances in
combination with known bond distances could be
used to determine the skeletal structure of this
aluminosilicate framework, that is, the structure
exclusive of oxygen ions. The method for doing
this might prove useful to others. The skeletal
structure, independently found, subsequently was
confirmed by publication by Reed and Breck3
who applied Fourier projection analysis to the
discrete X-ray reflections from a rather small
single crystal. The positions of the replaceable
metal cations determined by the two methods are
not the same.

The method of using radial analysis data for
determining the structure, the positions of the
replaceable cations and the positions that persorbed
gas molecules occupy will be discussed in the re-
mainder of the paper.

Experimental
A. Materials.—Type A zeolite materials, described as

having effective channel widths of 4 and 5 A. for persorp-
tion, were obtained from the Linde Air Products Company.
Commercially available gases and liquids were used without
further purification. "

B. Properties.—The density of dehydrated 4 A. zeolite,

(1) R. M. Barrer. J. Soc. Chem. Ind., 64, 130 (1945).
(2) J. S. Lukesh, Proc. Nall. Acad. Sci., 28, 277 (1942).
(3) T.B. Reed and D. W. Breck, 3. Am. Chem. Soc., 78, 5972 (1956).

1.73 g./em.3 was determined by liquid displacement using
xylene which cannot penetrate the zeolite crystals. Know-
ing this density, the mass contained within the cubic unit
cell of lattice constant 12.30 A. can be determined. This
gives the number of molecules of NaD A 12D 32Si02 per
unit cell as 6, the relative amounts of sodium, aluminum
and silicon being established by chemical analysis. Simi-
larly, the content of the isomorphous 5 A. zeolite unit cell is
2Nad -4Ca0-6A1D 312Si02

C. Apparatus.—X-Ray data were obtained using a
Philips Electronics source unit equipped with voltage and
current,, stabilizers. Iron-fillered cobalt radiation (X
1.7902 A.) was employed. The samples were mounted on a
Philips Electronics diffractometer equipped with a Geiger
counter run at 1° (20) per mi lute and diffraction data were
recorded graphically, the migration time constant being
two seconds. The powder samples were spread on top of a
simple, flat, wire wound heading unit with a gas tight en-
closure equipped with Mylar windows.

D. Procedure.—Room temperature X-ray patterns were
obtained after drying the sample at 300° for 30 minutes
in a nitrogen stream and then 30 minutes after exposure at
room temperature to the sample gas. The conditions are
adequate for drying or saturating the sample. Water and
hexyl bromide were added ,0 the sample by means of a
saturated nitrogen stream; other gases were taken directly
from gas cylinders. The potassium zeolite used in deter-
mining metal ion positions was obtained by allowing the
sodium 4 A. zeolite to stand in a dilute, aqueous potassium
chloride solution for 24 hours at room temperature. The
exchange is 60-70% complets. The patterns of the ion ex-
changed zeolites studied in both the dry and wet states led
to the same results for the positions of the metal ions.

E. X-Ray Analysis.—The peak values of the diffraction
maxima corrected for background 1, were measured at
Bragg angles o,. The changes in these intensities aT, were
used in radial analyses of ths form

. /4t sino R

_ E A 1jsin g
4sRW (R) R |1 — 02 20 sill \ X )

modeled after Finbak’s work.4 Here D(ft) is the radial dis-
tribution function. The summations were performed at
intervals of 0.5 A. in the radial distance R. Intensity dif-
ferences scaled to a maximum change of intensity of 100 are
listed in Table I. The sma ldifferences in intensity at high
angles make the use of a series termination correction un-
necessary. The fact that intensity changes of the Bragg
reflections are observed after gas persorptions shows that
molecules occupy relatively fixed rather than random posi-
tions within the zeolite structure.

In order to obtain some experience with applying the
radial technique to zeolite type materials, it was applied to
the known structure of analcite.5 This showed that peaks
on the radial distribution vs. distance plot corresponded to
distances between centers of electron density of groups;
i.e., oxygen in water, silicon and aluminum writhin their
respective oxygen tetrahedra, etc. This led to some con-
fidence in applying the radial technique to an unknown
structure of a zeolite type.

(4) C. Finbak, -4cfa Chem. Stand.. 3, 1279, 1293 (1949).
(5) W. H. Taylor. Z. Krist., li, 1 (1930).
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Table |
Intensity Differences
Zeolite 4+ A s A + A 4 A 5A s A A 5 A 5 A 4 A
Per8orbate H10 N ili co- ms h 20 N Hi cos n-0«llijlir HsS K VNa*
Index d,A
100 12.1 100 — 70 — 38 -100 -100 —100 100 100 -100 — 71
110 8.6 — 91 LaD 100 66 - 17 12 — 15 14 -100
111 7.06 — 19 — 13 — 8 19 - 5 13 15 14 61
200 6.13 + 11
210 5.50 — 59 — 51 — 24 37 — 16 — 3 8 11 10 78
211 5.01 — 4 4 - s - 4 5 4 5 + 2.2
220 4.34 — 2 — 3 -3 — 6 —_ 7 3 - 3 - 4.5
300, 221 4.09 — 6 + 6 — 6 - 11 + 3 — a4 - 5 + 4 - 14 - 28
311 3.70 — 13 - 26 T 3 - 4 - 12 - 57
222 3.55 -3 + 3 4 + 4 + 2.2
320 3.40 + 15 + 12 - 1 + 6 + s + 4 + 1 + 4.6
321 3.29 + 13 + 18 _L 9 - 15 + 6 - 6 + 13
400 3.25 + 15 + 9 - 4 6
410, 322 2.98 + 14 + 2 3 - 19 - 6 + 8 - 3 + 4 - 21 - 27
411, 330 2.90 + 2 + 3 - 9 - 3 - 3 - 3
420 2.75 . 7 + 3 - 3 + 6 + 4 - 3 + 5 - 2 + 10
421 2.68 J 3 — 3 -1 — 6 - 3 — 4 - 2.4
332 2.62 + 9 + 6 4 6 - 15 7 - 3 + 9 - 23 - 37
422 2.51 + 3 + 3 1 + 3 + 4 4 2.6
500, 430 2.46 —_ 7 —_ 7 — 3 3 — 4 22
511, 333 2.36 — 3 1 —_— 7 8.2
521 2.24 — 3 + 3 + 4 3 5 2.9
440 2.18 + 3 —_— 7 + 4 1 3 2.9
522, 441 2.14 + 4 + 4 1 — 4 — 5 3 — 5 8.6
530, 433 2.11 - 3 - 3 - 8.6
531 2.08 - 1 — 4 + 5 + 6 - 3.1
G00, 442 2.05 + 3 - 4 - 3 — 4 — s - 3 + 5 - 12 - 15
621, 540, 443 1.92 - 4 - 13
541 1.90 - 4 — 4 — 5 - 4 — 6 - 13
630, 542 1.83 + 7
631 -f 4
710, 550, 543 1.74 — 6 — 4 — 15 - 23
711, 551 1.72 + 4 + 6
720, 641 1.70 + 3 + 13 -7 — 3 - 10
721, 633, 552 1.67 — 4 + 8 - 3.5
722, 544 1.63 + + 4 — s - 2 + 4 - 4 + 4 - 3.5
731, 553 1.60 + 3 + 9 + 2 — 4 - 4 + 2 - 11
650, 643 1.57 + 3 T 5 - 2 - s + 6 — 9 + 3.7
800 1.54
821, 742 1.48 + 4 + 5 + 5
653 1.47 + 5 + 3.9
822, 660 1.45 - 3 + 5 — 5
831, 750, 743 1.43 f s - 3
832, 654 1.40 — 5 + 5 - 3 — 6 + 7 — 6 - 12
Results water molecule. No use was made of the peaks at

The differential radial analysis of water in the
5 4. zeolite shown in Fig. 1 is a typical example.
The ordinate was not scaled to electronic units.
The peak at 0.5+ ., a physically impossible inter-
atomic distance, is small indicating that intensity
measurement errors are small. The peak at 2.0-
2.5 4. is about right for the distance between a
water molecule and a metal ion, the ion-water
distance in chabazite6 being 2.32 +. The large
peak at 4.0 1+ . was interpreted to be the distance
between the water molecule and nearest alumino-
silicate tetrahedra. This assignment (rather than
to a water molecule-calcium ion distance) was
made because it was figured that there would be a
relatively large number of silicate groups near the

(0) J. Wyart, Bull. Soc. Min. Fr, 66, 81 (1933).

higher values of R in the preliminary analysis.
Subsequently it was found that they are compatible
with the determined structure. The assignment of
the first two radial peaks was made in the same
fashion for a number of persorbed gases in both the
4 and 5 A. zeolites and for the potassium ion ex-
changed 4 A. zeolite, the results being given in
Table II.

In the 5 A. type zeolite the molecules most cap-
able of forming hydrogen bonds, HD and NIT, are
located nearest to the aluminosilicate tetrahedra in
contrast to n-CrJInPr (the center of electron den-
sity of this molecule is 3.34 A. from the bromine
atom along the chain axis), PUS and C02 In the
4 A. zeolite both HZ and CO02appear to be closer to
the aluminosilicate tetrahedra than in the 5 &
zeolite.
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Table |l
R adial Distances, Rab

A B Zeolite, A. Distance, A.
h 2 ca, Na 5 2.0
h 2 Si, Al 4,5 4.0
h 2o Na 4 20
nh3 Ca, Na 5 20
nh3 Na 4 20
nh3 Si, Al 4.5 4.0
Na Si, Al 4 5.0
h 2 Si, Al 5 6.5
h & Ca, Na 5 2.5
h& Si, Al 4 5.5
hZX N a 4 2.5
n-CeHi3Br Si, Al 5 7.0
n-CeHuBr Ca, Na 5 3.5
co2 Ca, Na 5 2.0
co2 si, Al 5 6.0
co02 Si, Al 4 4.5
co02 N a 4 3.0
Structure Determination
The radial analysis results in Table Il can be

represented geometrically as a collection of spheres.
The center of each sphere is occupied by a persorbed
molecule or exchanged cation. The aluminum
and silicon neighbors to these are located somewhere
on the surfaces of these spheres, or more exactly at
the intersection of the spheres.

The scalar distances between the centers of the
spheres are known from the radial analyses, but the
relative orientation of these spheres needed to
locate the aluminum and silicon neighbors must be
devised. It was assumed that the aluminum and
silicon ions of the zeolite form rings as in chabazite6
and sodalite7and that the persorbed molecules and
cations occupy sites on the axes of these rings.
The validity of these assumptions is to be tested
by the consistency of the results obtained. The
analysis then reduces to the planar figure shown in
Fig. 2. The aluminum and silicon ions lie on the
circle whose plane is perpendicular to the plane of
the paper and passes through the intersection of
the three circles shown. Examination shows that
the intersection is not perfect, small triangular
figures being formed. Adjustments of a few tenths
of an hngstrom of each radius would make the inter-
section perfect. The diameter of the circle on
which the aluminum and silicon ions lie is 8.5 4 .,
reckoned between the centers of the small triangu-
lar areas. It is recognized that the determination
of this diameter with three sets of data is overdone
in that the intersection of but two circles is required.
By overdoing the determination one sees that the
assumptions lead to consistent results and one can
appraise the experimental error.

The diameter of this circle passing through the
aluminum and silicon atoms in the ring is somewhat
larger than that of the hexagonal ring found in
chabazite6 or sodalite,7 about 6 4 ., and is close to
that calculated for an octagonal figure, 8.1 4 |
using the fact that in chabazite,62.90 + = sides al-
ternate with 3.304 . sides in the hexagon. Density,
lattice constant and chemical analysis data show

(7) L. pauting, Z K, 74, 213 (1930).

Structure of a Synthetic Zeolite

529

Fig. 1.—Radial analysis of HD in 5 A. zeolite.

Fig. 2.—Analysis of radial analysis results.

that there is a total of 24 aluminum and silicon
ions per unit cell. A structure with 8-membered
rings on the 6 faces of the cubic unit cell is consistent
with all these data. It was encouraging that such
8-membered rings are known to exist in silicate
structure.8
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Discussion

The skeletal structure of the aluminosilicate
framework common t¢ the 4 and 5 4 . zeolites is
shown in Fig. 3. Aluminum and silicon ions form
8-membered rings on the six faces of the cubic unit
cell. Channels through which persorbed molecules
diffuse are indicated by the arrows. To avoid
confusion the sites that replaceable cations and
persorbed molecules occupy are shown in only one
of the three channels.

Only a fraction of the metal cations can be easily
exchanged.3 Only the positions of these were
determined in this radial analysis study. The
positions suggested by Reed and Breck for the more
fixed metal cations are consistent with the radial
analysis results. The replaceable metal ion posi-
tions (Me in Fig. 3) are different from those of
Reed and Breck.3 These authors place metal ions
in the planes of the octagonal ring rather than on
the ring axis, 2.5 4. from the plane as found in this
work. The radial data also indicate that at least
some of these metal ion sites are occupied in both
the 4 and 5+ . zeolites. The difference in the size
of molecule that can be persorbed in these is due to
a lower probability of a molecule encountering
metal cations on both sides of the octagonal ring
inthe 54 . zeolite than in the 44 . one.

The two proposed metal cation positions may be
compared by determining the distances from them
to the oxygen atoms located by Reed and Breck.
The distance from these to the metal ion position
in the plane of the ring is 2.1 + ., smaller than the
2.4 . calculated using ionic radii. The distance
to the metal position outside the ring plane is 4.0
4. Some basis for comparison can be established
by examining metal ion-oxygen distances in
known zeolite structures. In chabazite6 this
distance is either 3.05 or 3.18 4 .; in sodalite7 2.39
or 3.10 . These data favor a larger than calcu-
lated distance.

The following must be borne in mind in discuss-
ing the positions that gas molecules adopt in the
zeolites. The data of Reed and Breck3show that
of the order of 20-30 gas molecules can be persorbed
in a zeolite cage. The radial analysis results show
that only the positions of a few of these affect X-ray
line intensities. The rest move about the cage in
a completely random way characteristic of a liquid.
One would say the residence time of one of these
molecules in any one position is very small. What

(8) W. L. Bragg, “Atomic Structure of Minerals,” Cornell Univ.

Press, Ithaca, N. Y., 1931, p. 144.

P. H. Lewis

Vol. 63

is being detected with the diffraction data are the
few positions in which gas molecules have a rela-
tively long residence time. Exchange between gas
molecules occupying these sites and those in ran-
dom motion is to be expected. Re-examination of
Fig. 1 shows something else. It is true that the
peaks at 4.0 and 7.0 A. can be attributed to radial
distances from a water molecule in a ring center to
the aluminum and silicon ions of the cage. It is,
however, difficult to tell whether the second peak
might also be due to a water molecule 7.0 A.
or so from the aluminum, silicon ions of the cage,
that is a water molecule located in the center of the
cage. On the other hand, if the data indicate
positioning of a molecule in the center of the cage,
the possibility of location in the ring center is
precluded.

Instead of the metal ions occupying the plane of
the ring the work shows that HD and NH3mole-
cules locate in the ring center (see Fig. 3). This
seems entirely reasonable, for the tendency to locate
in a site where hydrogen bonds can be formed in 16
directions should be enormous. Interatomic dis-
tances are reasonable for such a location, these
molecules being 3.4-3.7 A. from the Reed and Breck
oxygen positions. The oxygen-oxygen distance is
3.4 4. in calcium hydroxide9and 3.50 4. in anal-
cite.8 Tim distance from H2D or NH3to the metal
ion is 2.5 A., close to the 2.4 A. expected. Near-
ness to these metal ions also seems to stabilize the
position of HD and NH3in the ring.

In the 5 A. zeolite HX, CO02and Cc,HIBr locate
in the center of the aluminosilicate cage. This
site is indicated by Br in Fig. 3. This is a site
surrounded by 6 metal ion positions (not all oc-
cupied) about 3.5 4+ away. The reason for pre-
ferred location in such a site is not clear. Perhaps
maximum coordination with metal ions is a factor.
In contrast, CO2locates in the position central to
the octagonal rings of the 4 A. zeolite. Steric
effects account for this. Molecules of HZ for which
steric effects would be smaller locate in the center
of the cage.
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(9) R. E. Rundle and M. Parasol, J. Chem. Phys., 20, 1487 (1952).
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THE AGREEMENT BETWEEN INDEPENDENT METHODS FOR PARTICLE
SIZE DISTRIBUTION MEASUREMENTS ON FINELY DIVIDED POWDERS
INCLUDING PHOSPHATES

By D. P. Ames, R. R. Iraniland C. F. Callis

Research Department, Inorganic Chemicals Division, Monsanto Chemical Company, St. Louis s« , Missouri
Received August 8, 1958

The particle size distributions of various powdered substances as measured by a microscopic electronic sizing and counting
technique and by an automatized liquid sedimentation balance are shown to exhibit log normal distribution behavior. The
results of these two independent methods are shown to agree with the predicted values based on the transformations involv-
ing log normal distribution behavior. Screen analysis is critically evaluated. The geometric mean diameters on a weight
basis, Mg, for the samples investigated are in the size range 4—+0y. The geometric standard deviations, <, of these samples
are found to lie between 1.3 and 3.5. The average deviation between the observed and calculated Mt and jre values are

6 and 5%, respectively.

Introduction

The interest in the measurement of particle size
distributions has increased over the past few
years2-8 due to the necessity for better characteri-
zation of powdered materials. This study was
initiated in order to correlate independent methods
for these measurements. In addition to making
it possible to evaluate the soundness of these
methods, such a correlation would further test the
mathematical transforms involving log normal
distribution.9-13 The methods chosen for this
correlation are direct sizing and counting, liquid
sedimentation and screen analysis.

The search for a direct sizing and counting
method revealed that particle size distributions
could be obtained automatically using flying spot
scanning.614b Flying spot scanning is a method of
converting a two dimensional density distribution
into a varying voltage-time relationship. An
intense light spot slowly scanning a cathode ray
tube is optically imaged down through a con-
ventional microscope. This imaged down light
spot scans a fixed microscopic field. The trans-
mitted spot intensity alteration as received by a
photomultiplier is amplified, counted and moni-
tored. Particle sizing is performed by pulse width
selection; all pulses below the preset size are not
recorded during the count.

Since the determination of particle size distri-
butions by liquid sedimentation and screen analysis
has been thoroughly reviewed by various authors,2-8
no additional description is necessary.

(1) Presented at the September,
Chemical Society in Chicago.

(2) “Symposium on Particle Size Analysis,“ Suppl. to Trans. Inst.
Chem. Engrs. (London), 1947.

(3) J. M. Dalla Valle, “Microineritics,” 2nd Ed., Pitman Publishing
Co., New York, N. Y., 1948.

(4) G. Herdan, “Small Particle Statistics,”
Co., New York, N. Y., 1953.

(5) J. J. Hermans, “Flow Properties of Disperse Systems,”
science Publishers, Inc., New York, N. Y., 1953.

(6) “Conference on the Physics of Particle Size Analysis,” Suppl.
No. 3, Brit. J. Appl. Phys., 1954.

(7) H. E. Rose, “The Measurement of Particle Size in Very Fine
Powders,” Chemical Publishing Co., New York, N. Y., 1954.

(8) R. D. Cadle, “Particle Size Determination,” Interscience Pub-
lishers, Inc., New York, N. Y., 1955.

(9) H. Green, J. Franklin Inst., 204, 713 (1927).

1958, meeting of the American

Elsevier Publishing

Intcr-

(10) T. Hatch and S. P. Choate, ibid., 207, 369 (1929).
(11) T. Hatch, ibid., 215, 27 (1933;.

(12) F. Kottler, ibid., 250, 339 (1950).

(13) F. Kottler, ibid., 251, 617 (1951).

(14) J. Z. Young and F. Roberts, Nature, 167, 231 (1951).

Experimental

Sources of Materials.—All powdered samples investi-
gated in this work were Monsanto preparations except for
the glass beads, which were procured from the Minnesota
Mining and Manufacturing Company. The solvents used
as dispersion fluids were standard C.p. grade and no further
purification was performed.

Procedures.—The particle number size distribution meas-
urements were made with a Flying-Spot Particle Resolver
manufactured by Cinema Television (Cintel) Co. Ltd.
(London).14 The microscope utilized as an integral compo-
nent of the resolver is a Baker Model 4, and the apochro-
matic optics were purchased from Bausch and Lomb Optical
Company. Prior to making the measurements, the powder
must be dispersed on a microscope slide. These disper-
sions were obtained by one of the following methods:
(1) touching a powder coated brush to a clean slide, (2)
evaporating the solvent from a liquid dispersion, (3) count-
ing the particles as a dispersion on a covered slide. The
instrument calibrations¥ were checked (Fig. 1) by visually
sizing and counting several powmers as given by ASTM Des-
ignation E 20-51T, 1951. The resolving power of the
“Cintel” is 0.6 y and is a stable characteristic.

The reproducibility of the count and size measurements
as obtained by the Flying-Spot Resolver is shown in Table
1. Triplicate counts of different representative microscopic
fields were made in all of the reported cases in this article.

Tabte |

Cintel Flying-spot Resolver Reproducibility with

Dicalcium Phosphate Dihydrate™*

Total do. of

particles
Mn (/A (" counted
2.28 2.07 940
2.68 2.00 680
2.58 1.98 720
2.78 1.96 1040
2.54 1.94 800
2.53 2.10 750
2.45 2.05 820
2.67 2.06 690
2.52 2.11 700
2.77 1.93 780
2.58 2.02 790

% stand, dev. +5.5 +3.0

BMn and <;, have the same meaning as defined by equa-
tions 5and 6.

The particle-weight size distribution measurements were
made by a Bostock16 type liquid sedimentation balance.
The balance, manufactured by A. Gallenkamp and Com-
pany (London), was modified in order to omit the required
continuous operator attention. The modifications are:
(1) the core of 033S-L SchaevitzBlinear variable differential

(14) W. K. Taylor, page S173 of ref. 6.
(15) W. Bostock, J. Sci.lnstr., 29, 209 (1952).
(16) Schaevitz Engineering, Camden, N. J., Bulletin AA-IA.
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% by no. greater than.

Fig. 1—Cintel calibration check on two apatite sand
samples: O, Cintel data, sample 1; . microscopic counting
based upon ASTM EZ20-51T, 1951, sample 1; 0O, Cintel
data, sample 2; H, microscopic counting based upon ASTM
E20-51T 1951, sample 2.

transformer is fastened to the balance beam, while the trans-
former body is attached to the balance assembly housing;
(2) the output of the transformer secondary coils is ampli-
fied with a Daytronicl7 Model 300 Displacement Indicator
and recorded on a 0-100 MV Brown Electronik Minneapolis
Honeywell recorder with the proper chart speed; (3) two
solenoids and a sequence switching arrangement are in-
stalled to facilitate the operation of the balance and (4) the
original aluminum balance pan was replaced with a stainless
steel pan to avoid aluminum dissolution in alkaline media.
The block diagram of the modified balance is shown in Fig. 2.

For the sedimentation experiments, the dispersions were
obtained by the gradual dilution of the weighed sample
powder, and examined microscopically to verify the de-

(17) Daytronic Corporation, Dayton, Ohio.

D. P. Ames, K. R. Irani and C. F. Callis
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agglomeration of the powdered particles. The volume frac-
tion of the powder in the dispersion was not allowed to ex-
ceed 0.2%. The inter-agreement in the particle size data
when different solvents are employed further proves that
proper deagglomeration is achieved (see Fig. 3). The re-
producibility of a typical weight size measurement is shown
in Table Il. The particle densities were measured pvcno-
metrieally,BBand the fluid densities and viscosities were ob-
tained from the International Critical Tables.

The screen analysis was performed with standard U. S.
Screens and a “Ro-Tap Sieve Shaker.”

Table Il

The Reproducibility of the Sedimentation Apparatus

with Anhydrous Monocalcium Phosphate in lsobutyl

Alcohol"
M” ) 2]
43.3 1.48
41.8 1.58
43.1 1.45
40.9 1.55
41.8 1.58
43.5 1.60
41.8 1.62
39.2 1.58
43.1 1.67
39.3 1.70
Av. 41.8 1.58
% stand, dev. +3.9 . +4.8

“ Mg and (ghave the same meaning as defined by equations
5and 6.

Treatment of the Data

The liquid sedimentation data were interpreted
to give particle size distributions by the methods
outlined by Oden19 and modified by Bostock’

dpP
W=P - it @
where P is the settled weight at time t, and Wis the
weight of that fraction of settled particles whose
diameter d would allow sedimentation through
the entire height of the column has given by Stokes’
equation

_ 187777
d= AV @)

Qand [ are the viscosity and density of the sedi-
mentation fluid, respectively, ¢ the acceleration
due to gravity, and pi the particle density. For
some of the powders investigated in this work, it
was shown that the particle density is independent
of particle size.

It was found that the recorder reading in the
sedimentation set-up is linearly proportional to the
settled weight; thus, it can be shown easily that the
recorder reading may be used directly to calculate
the size data without converting to actual weight.

Since the Flying-Spot Particle Resolver gives the
number of particles greater than a chosen diameter,
the various percentages of these particles readily are
calculated by normalizing the total number of
counted particles.

Results and Discussion
Electronic Sizing and Sedimentation Compari-

(18) F. Daniels, J. H. Mathews, J. W. Williams and Staff, “Experi-
mental Physical Chemistry,” 4th Ed., McGraw-Hill Book Co., Inc.,
New York, N. Y., 1949, p. 430.

(19) S. Oden, Proc. Roy. Soc. Edinburgh, 36, 219 (1915).
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% by wt. greater than.

Fig. 3.—Insoluble sodium metaphosphate: O, sedimenta-
tion in ethyl alcohol; m, sedimentation in hexane; 0, sedi-
mentation in isobutyl alcohol.

son.— The size frequency relationship of powdered
substances ordinarily can be represented by a log-

normal distribution
logd —log 3/V I
@ = S g

log VvV
where /(d) represents the probability of occur-

rence of a diameter d, and M is the geometric
mean diameter

-7 = NOA 3
\/2ir log exp ( )

£ m =i 4)
d=20
logM = ~ (5)

The geometric standard deviation < can be repre-
sented by

log, = !'>» (log_i - (6)
L .

log M)H-A
i J

Furthermore, it can be shown readily from the
following definite integrals that M may be eval-
uated by locating on a leg probability plot, e.d.,
Fig. 1, the diameter above which 50% of the par-
ticles lie; whereas, arepresents either of the ratios
in equation 9
f Mf(d)dind = V, (7)
/"M i*M/a
f(d)dInd = 1 f{d) d Ind = 03413 (8)

Ma J M

diameter at 15.87% cumulative oversize

= M

= M
diameter at 84.13% cumulative oversize
The geometric mean diameters on a humber and

weight basis, Mnand Me, respectively, have been
shown to be interrelated1l

In Mk —In Mu + 3 In2<4D (10)

It should be noted from equation 10 that the errors
in Mnand <nare magnified when computing Mg.

Table 111 shows that the calculated values of Mg
according to equation 10 agree very well with the
measured ones for various powders. In addition,
<gand <mare identical.

It is interesting to note that the majority of the
particles for the calcium phosphates lie in the sub-

©
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% by wt. greater than.

Fig. 4.—The particle size distribution of a sodium ise-
thionate: 0O, screen analysis; <, sedimentation data in
2-ethylhexanol.
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Fig. 5.—The comparison between screen analysis and the
more precise methods on anhydrous monocalcium phosphate.
Screening: 0> sample no. 18; A, sample no. 3 sedimenta-
tion in isobutyl alcohol; m, sample no. 18; O sample no.
3 - Cintel data converted to weight.
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Fig. 6.—Screen classification: O, sedimentation data in
2-butanol for —270 mesh, +325 mesh anhydrous mono-
calcium phosphate; <, sedimentation data in ;-ethjdhexanol
for —270 mesh, +325 mesh sodium isethionate.

sieve range with the exception of monocalcium
phosphate monohydrate which has an Mgand <g
of 71.5 p and 3.54, respectively. For tricalcium
phosphate, with an Mgof 4.4 g, it was not feasible
to employ sedimentation techniques due to the
failure of Stokes’ law for extremely fine particles.7
All the powders that were investigated in this
work did not differ markedly from sphericity.
Unless this was true an agreement between the
sedimentation and the electronic sizing technique
would not be expected; the sedimentation tech-
nique yields particle size by computing the diameter
of a sphere that falls with the same velocity as the
particle, while the direct counting technique
yields a random average of the projections of
diameters of a particle resting under equilibrium.
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Table Il
Agreement Between Particle Size Distributions from Sedimentation and Electronic Sizing
Measured Measured Caled.6
Powder Dispersion fluid il an Ms“ R Mp* R

Sand m Water 5.3 19 21.2 2.00 20.7 1.96
Glass beads Butyl alcohol 23.6 1.38 31.0 134 325 1.38
Anhydrous monocalcium phosphate Isobutyl alcohol 4.6 238 45.0 2.18 435 2.38
Monocalcium phosphate monohydrate 2-Ethvihexanol 0.61 3.54 70.0 3.50 715 3.54
Anhydrous dicalcium phosphate Ethanol 25 222 18.8 222 16.8 222
Dicalcium phosphate dihydrate 0.1% Na hexametaphosphate in water 205 196 9.0 209 8.0 196
Tricalcium phosphate Ethanol 1.16 1.95 4.4 195
Calcium pyrophosphate Ethanol 208 195 84 215 7.9 1.95
Insoluble sodium ir.etaphosphate Ethanol 3.0 207 112 224 101 2.07

“ In microns.

Sieve Analysis Evaluation.— For those powders
where Ca. 80% or more of the particles have diame-
ters greater than 44 X (325 mesh U. S. Screen),
the particle size distributions as determined by
sieving and sedimentation are identical, provided
there is no significant amount of large particles to
cause turbulent flow. Figure 4 demonstrates the
agreement for a sodium isethionate sample. How-
ever, Fig. 5 shows that when Ca. 35% or more of the
particles of a pcwder have diameters smaller than
44 X sieve analysis is inaccurate and fails to show
significant differences for two powders having
different particle size distributions.

The results plotted in Fig. 6 offer a plausible
explanation for the above described behaviors.
Thus, for the case of sodium isethionate the geo-

b Calculated from the measured Mnand cr, and equation 10.

metric mean diameter of a sieve cut as determined
by sedimentation approximately equalled the
average diameter of the two screen openings. How-
ever, for the anhydrous monocalcium phosphate
sample investigated, the actual geometric mean
diameter of a sieve cut is significantly different from
the average diameter of the two screen openings.
Figure 6 further shows that a significant portion
of the powder lies outside the screen opening
limits.11 In addition, this figure demonstrates that
exactly the same screens give different size class-
ifications for different powders. Consequently,
accurate sieve analysis is obtained only when the
sieves are pre-calibrated against the more precise
methods for the individual powder under investi-
gation.

THE MEASUREMENT OF DIELECTRIC CONSTANT AND LOSS FACTOR
OF LIQUIDS AND SOLUTIONS BETWEEN 250 AND 920 MC./SEC. BY MEANS
OF A COAXIAL TRANSMISSION LINE

By Graham Williams

The Edward Davies Chemical Laboratories, University College of Wales, Aberystwyth, Wales
Received July S, 1958

A coaxial line method of measuring the dielectric properties of liquid systems in the frequency range 250-1000 Mc./sec.

(or higher) is described. The method is essentially that of Roberts, Westphal and von Hippel.

Data are presented for typi-

cal systems of high and low e' and €" values showing results which compare favorably with other methods in this region.
Evaporation losses, access of moisture and temperature are readily controlled for the liquids.

The frequency range 100 to 1000 Mc./sec. has
proved in the past to be a difficult region for the
measurement of dielectric constant and loss factor.
The difficulties arise from residual lead and electrode
inductance, resistance and capacitance, and the
correction of these factors. Measurements have
been achieved using re-entrant cavitiesl-6 and
parallel transmission lines7-11 and also by a modi-

(1) C. N. Works, T. W. Dakin and F. W. Boggs, Proc. Inst. Radio
Eng., 33, No. 4, 245 (1945).

(2) c. N. Works, J. Appl. Phys., 18, 605 (1947).

(3) S. J. Reynolds, General Electric Rev., 50, No. 9, 34 (1947).

(4) J. V. L. Parry, Proc. Inst. Electr. Eng., 98, pt. I1l, 303 (1951).
(5) D. L. Holloway and G. J. A. Cassidy, ibid., 99, pt. Ill, 364
(1952).

(6) J. H. Beardsley, Rev. Sci. Instr., 24, No. 2, 180 (1953).

(7) R. A. Chipman, J. Appl. Phys., 10, 27 (1939).

(8) W. L. G. Gent, Trans. Faraday Soc., 50, 383 (1954).

(9) H. Linhart, z. physik. Chem., B38, 23 (1937).

(10) J. B BatemBn axd G. Potapenko, Phys. Rev., 57, 1185 (1940).

fication of an impedance method of Colel2by Marcy
and Wyman.13

However, elaborate equipment is required, and
in some cases only moderate reproducibility of re-
sults could be achieved. The present apparatus
offers an excellent alternative, since the effects of
stray inductance and capacitance are eliminated by
confining the electric field between the coaxial
conductors and treating the system in terms of
distributed circuits. The apparatus could be used
for lower frequency work, the lower limit being
fixed by the length of coaxial transmission line
available, and the measurements could be extended

(11) W. P. Conner and C. P. Smyth, J. Am. Chem. Soc., 64, 1870
(1942).

(12) R. H. Cole, Rev. Sci. Instr., 12 (6), 298 (1941).

(13) H. 0. Marcy and J. Wyman, J. Am. Chem. Soc., 63,
(1941).
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up to 3000 Mc./sec. by means of commercially
available oscillators, with a more accurate vernier
scale on the coaxial line. The components used are
commercially available and although we have used
the most sensitive of the immediately procurable
detecting systems, alternative simpler versions can
be used when reduced accuracy would suffice.

Experimental

The arrangement of the apparatus is shown in Fig. 1.

The signal oscillator is a General Radio (G.R.) 1209 B
unit oscillator operating in the range 250 to 920 Mc./sec.
The line used is a G.R. 874 LBA slotted line, which is a 50
ohm, air dielectric coaxial transmission line, whose electric
field is sampled by a probe that projects through a longitu-
dinal slot in the line. The voltage induced in the probe is
measured by means of a G.R. DNT3 detector. This com-
prises a G.R. 874 MR mixer rectifier, a G.R. 1209 B unit
oscillator operating between 250 and 920 Mc./sec., and a
G.R. 1216 A unit i.f. amplifier. The latter is a four-stage
high gain intermediate frequency amplifier operating at 30
Mc./sec., with a band width of 0.7 Mc./sec. The meter is
calibrated in a decibel and linear scale, and has a precision
step attenuator for measuring relative signal levels. The
cell for liquid dielectrics is a 30 cm. length of 50 ohm coaxial
transmission line which fits on the slotted line by means of
flanges. The lower end of the cell is shorted by means of a
brass plate, and a small slot at the shorted end (0.37 cm. X
0.15 cm.) allows liquid to enter the coaxial line. Liquid
depths are varied continuously by firmly fixing the glass
cylindrical container for the liquid (A, Fig. 1), whose di-
ameter is twice that of the air line (i.e., 2 X 1.5 cm.), on
to a small table having a vertical rack-and-pinion move-
ment. Depths are found by measuring the external liquid
height relative to a reference mark on the cell, the distance
between the reference and the physical end of the line being
known: a long-focus travelling microscope or cathetometer
readable to + 0.02 mm. is used for this purpose.

Variation in the liquid temperature can be achieved by a
concentric jacket fused on to the glass cell (A of Fig. 1).
Circulation of a thermostatically controlled transparent
liquid (water or Nujol) allows ready control of the tempera-
ture. A is some 30 cm. in length and the depth of liquid is
usually of the order of 5cm. A Teflon ring acts as a stopper
at the top of A, and serves to center the coaxial line in the
cylindrical container A and to reduce evaporation losses:
guard tubes or a dry air stream serve to prevent access of
moisture when the liquid is hygroscopic.

Frequencies beyond 920 Mc./sec. can be measured by
choice of suitable harmonics of the signal oscillator: for
instance, fairly accurate measurements have been achieved
at 1700 Mc./sec. using the second harmonic of 850 Mc./sec.
The very small band width of ~he detector amplifier relative
to the beat-frequency (30 Mc./sec.) allows this to be done
for chosen harmonics. The purity of the standing-wave
for the harmonic frequency can be checked from the sym-
metry of its pattern in the line and from the measured widths
of the succession of nodal minima.

Method.— The method of measurement is due to
Roberts and von TTippol.l4 They obtain the
relation

tan h yd _
72d

s —j tan ffiXxp
jfiid m. —js tan ftzo!

where y2is the propagation constant of the liquid,
dis the liquid depth, s = Emm# nexis the standing
wave ratio, XOis the distance of the first node from
the liquid surface, Ax is the wave length in the air
portion of the line and ft = 2w/Xi. Writing the
right-hand side of equation 1 in the form X + jy
_ (s2 —1) tan ftiq
X (lidj1 + s2tan2 PiXq]’
= _  s(1+ tan2to)
y (lid 1 + s2tan2ftxo)' ‘" '

(14) S. Roberts and A. R. von Hippel, J. Appi.
(1946).

Phys., 17, 610
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Fig. 1.

Fig. 2—Water at 900 Me. and 18.5°. Observed SWR =
Emin/Emex; x0 = distance of first node from liquid surface.

X and Yy are determined from experimental data.
Expressing X + Jy = C&"\ we have
C = Vx2+ V2If = tan~I(y/x)

Writing 72d = Telir, then by means of correlation
chartsis T and r are found from Cand £ Since

72 = «2 + Je2where &is the attenuation constant
and ft is the phase constant for the liquid, then
T cos r Tsinr
“2= —5—=A = —jT

The real and imaginary factors of the dielectric

constant are found by the relations
t =ndl - as2Z*2:. <= 2nWt) ©)]

where N is the generalized index of refraction for
the liquid and is equal to Xift/V.

For large s values, the direct decibel difference
between maxima and minima was used, since

(db response)mi — (db response)min = —20 logs
For small values of S, the width of minimum

method was used.16 A 3 db displacement from the
voltage minimum as indicated by the amplifier,

(15) W. B. Westphal, in “Dielectric Materials and Applications,”

Chapman and Hall, 1954, p. 67.
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Fig. 3.—Bu«NPic in dioxane: 1.03 X 10~2 M at 17°.
The curve is a calculated Debye function for €' = 0.145:
« = 620 X 10“12sec. The experimental uncertainty in the
observations is given by the diameter of the circles.

is required for the points of twice minimum power.
Then

s = wA/X,

where A is the distance between points of twice
minimum power. If A is very small, then the
points of four times minimum power may be em-
ployed. This corresponds to a 6 db displacement
from the voltage minimum and S =
where A' is the distance between points of four
times minimum power.

The observed widths must be corrected for the
air line attenuation.’5

Some Typical Results. (1) Water.— Water pro-
vided a check of the accuracy of the apparatus
and method for a high dielectric constant, medium
loss liquid. The variation of s and XOwith varying
depth is shown in Fig. 2. A study of these curves
which can be calculated for given dielectric param-
eters, serves to emphasize the variations in the
accuracy of the results likely to be achieved with
varying conditions, €.g., for different Xbkand dvalues.
The evaluation o: some of these results is shown in
Table I.

Tabte |

Values of e' and e" with Varying Liguid Depth for

Water at 900 Me. ana 18.5°

d(cm.) €

2.625 84.4 45 =0 .10
2.669 83.9 41 = 10
2.803 82.2 3.76 £+ .16
2.849 82.6 3.90 £+ .10
2.891 82.7 391 + .10
2.965 82.6 3.96 + ,10
4.463 80.7 3.70+ .10

The uncertainty quoted for the loss factor is that
involved in reading the von Hippel charts for this
system. The deviation of the €' values from 80.216
arises principally from two factors: the errror
owing to the meniscus in the depth (d), and the
air attenuation in the line which has not been taken
into account in the calculation of these results.
The former becomes less the greater the depth:

(16)
26, 156 (1957).
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E. H. Grant, T. J. Buchanan and H. F. Cook, J. Chem. Phys.,

Vol. 63

a 1% error in the liquid depth introducing an error
of 1.3 t0 3.5 % in ¢ and of 0.6 to 1.6% in t". The
latter is more significant at small s values.

Using these data to calculate r via

Vo, 9

gives with €» = 456 a value r = (8.9+£0.2) X
10~12sec. If we take e0o = 80.8,16 = 4.5 and
e" = (3.9 £ 0.1) the value becomes r = (9.0 £
0.2) X 10~12sec. At the same temperature, the
best value in the literature is (9.6 £ 0.4)I6. other
values are 9.5 at 20°17and 8.5 at 21°.18 Thus it is
evident that the experimental procedure and
method are suitable for the measurement of large
dielectric constants to an accuracy of about 2%
and the loss factor to about 4%.

Water was also investigated at 800 Me. using the
procedure described by Little.19 The dielectric
constant was accurate to + 1.5%, the loss factor
to *5%. The relaxation time calculated from
the loss factor was (9.8 £ 0.5) X 10*12sec., which
is in good agreement with the results quoted above.
However, the experimental procedure is extremely
tedious compared with the Roberts-von Hippel
method, and cannot be recommended for general
application.

@
ane.—A 1.03 X 10“2 M solution of the salt was
examined as an example of a low dielectric constant,
low loss medium. The dielectric constant values
were accurate to = 0.5%, and the loss factors to
+ 1%. The frequency range 300 to 900 Me. was
covered, and using a Hartshorn-Ward dielectric
test set, the range 6 to 30 Me. also was measured.
From the results it was found possible to construct
a complete Debye curve corresponding to a single
relaxation time. The accuracy of the relaxation
time is dependent upon the accuracy of (fO— «»).
The curve is shown in Fig. 3, where the measured

e'(max). is found to coincide with —— e for

the solution and r is 620 X 10“ 12sec.

(©) Other Systems,
of benzophenone in xylene was studied at 900 Me.
in order to test the reproducibility of t and «' as
the liquid depth is varied for a low dielectric con-
stant medium. The results are summarized in

Table IlI. The relaxation time was calculated
using the Debye dilute solution equation. The
Tabie Il
1.03 M Benzophenone in Xylene at 900 Me. ana 18°

102 X r, 1012 X T,

Sec. sec.

d(cm.) t e" (caled.) flit.)
2.99 3.65 0.230 £ 0.012 20.0 22 (20)
4.75 3.65 242 + .08 21.0 18.1(21)
5.32 3.65 254 + .10 21.7 20.4(22)

(17) C. H. Collie, J. V. Hasted and R. M. Ritson, Proc. Phys. Soc.,
(London), 60, 145 (1948).

(18) J. A. Saxton and J. A. Lane, Proc. Roy. Soc., (London), A213,
400 (1952).

(19) V. I. Little, Proc. Phys. Soc., (London), 66B, 175 (1953).

(20) D. H. Whiffen and H. W. Thompson,
42A, 114 (1946).

(21) F. J. Cripwell and G. B. B. M. Sutherland, ibid., 149 (1946).

(22) E. Fischer, Z. Naiurforschuny, 4a, 707 (1949).

Trans. Faraday Soc.,

Tetra-n-butylammonium Picrate in Diox-

(i) —A 1.03 M solution
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literature values refer to benzene as solvent;
the viscosity difference from xylene is negligible.

(ii).— Pure chlorobenzene was studied over the
frequency range 300 to 900 Me. at 12°. The re-
sults are shown in Table Il1.

Table Il

Pure Chlorobenzene at 12° for Different Air Wave

Lengths(AO

Xifcm.) e e 1" X <"/l
33.32 5.90 0.275 3.06
42.94 5.86 .200 2.86
49.84 5.83 172 2.86
74.73 5.81 124 3.10
99.28 5.81 .093 3.10

Taking the mean t //to be (3.0 0.1) x io-
and to be nl, i.e., (1.522)2 = 2.32, then using
equation 4, r = (13.6 = 0.5) X 10_12sec.

Hennelly, Heston and Smyth2 obtained 12.5 X

(23) E. J. Hennelly, W. M. Heston and C. P. Smyth, J. Am. Chem.
Soc., 70, 4102 (1948).
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10-12 sec. at 12° from the Cole-Cole circular arc.
It is to be noted that their value for t at this
temperature is 5.88 + 0.02, whilst the present work
obtains 5.84 + 0.03. This indicates the accuracy
to which low dielectric constants can be measured.

As this work was being completed the thesis of
F. C. De Vos2was recei/ed. This describes simi-
lar measurements using a coaxial line with a num-
ber of fixed filled cells having Teflon windows.
This thesis also provides an excellent survey of other
high frequency dielectric methods.

Grateful thanks are offered to Messrs. Courtauld’s
Educational Trust Fund for a grant which has
made this work possible The author also wishes
to thank Dr. Mansel Davies for his advice and
constant encouragemen; during this work. A
maintenance grant from the Department of
Scientific and Industrial pLesearch is gratefully
acknowledged, and also helpful correspondence
from Professor Bottcher and Dr. F. C. De Vos.

(24) F. C. De Vos, Thesis, Leicen, 1958.
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A number of useful modifications and correlations of current methods of evaluating the dielectric parameters for polar

liquids and solutions are described and illustrated by examples.

These include the comparison and correlation of the

“dilute solution” and “pure liquid” equations for the relaxation time, simple graphical met fods for determining the relaxa-
tion time and its distribution factor in the general cases, and the calculation of dipole moments via Guggenheim'’s relations

using Smyth'’s dielectric parameters.

The Dilute Solution and Pure Liquid Equations
for a Single Relaxation Time.— The general equa-
tions for the dielectric constant (e') and loss factor
(e") of a polar medium possessing a single relaxation
time (r) are

(1a)

€ —(@ € 4 s (Ib)

Here eois the static dielectric constant of the medium
and e» is its value at an angular frequency (W)
so high that all orientational polarization has
vanished.

For a dilute solution of a solute having dipole
moment Uin a non-polar solvent, Debye,1 twenty-
five years ago, made the approximation

, _ (€ + 2*Nir*C pit ‘

e 6750fcT A l+ a>Vv K’
In this relation ei is the static dielectric constant of
the non-polar solvent and c is the molar concentra-
tion.

We wish firstly to compare the relaxation times
deduced by the use of equations 1 and 2 for the
typical case of a 6.54 X 10-2 M solution of tri-n-
butylammonium picrate in m-xylene at 17°.
Measurements in these laboratories from 196
kc./sec. to 1700 Mc./sec. show that this system,

(1) P. Debye,
York, N. Y., 1929, Chapter V.

“Polar Molecules,” Chemical Catalog Co.,

New

after allowances for the small solvent absorption,
is precisely defined by a single relaxation time.
Of the various ways of evaluating the parameters of
equations 1, three convenient procedures due to
Cole may be quoted: (i) the circular arc plot of
e" against e'; (ii) the linear plot of e' against
e" X w; (iii) the linear plot of €' against e"/w.
All gave r = 353 + 6 X 10-12 sec. and the cor-
responding value of (e0o — ey = 0.99 + 0.0L.
Comparison of (Ib) and (2) gives
r Nt~C
6750 kT

where K = (ei + 2)2 Using the Debye dilute
solution equations we obtained y = 11.4 + 0.1 D:
Maryott2 found for the same solute in benzene
u= 11.7 D. Accordingly, using the above value of
(e0- e.),K = (to- e0)/5.89 X 10~2= 16.8.
Equation 2, in which K = (g, + 2)2 can be ar-
rived at in various ways.3 In one of them ti
replaces e' the real (and frequency dependent)
dielectric constant of the solution; in another
(ei + 2)2is substituted as an approximation for
(e0+ 2)(ta + 2). The values of these factors are
(tv+ 2)2= 18.8; (e' + 2)2= 29.2 to 19.6 over
the measured frequency range; (€0+ 2)(e» + 2)
= 243. It is clear that even the best of these
factors (18.8) would give a r-value 20% below that
(2) A. A. Maryott, J. Research Natl. Bur. Standards, 41, 1 (1948).

(3) C. J. F. Bottcher, “Theory of Electric Polarisation,” Elsevier
Publishing Co., 1952, p. 374.

(io —ea) —
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of the correct value from equations 1. Because of
the large dipole moment involved, this example
serves to emphasize the general conclusion thatr
values arrived at via equation 2 or its equivalents
can be markedly uncertain even at quite low con-
centrations.

One general difficulty in using equations 1 for
dilute solutions is that (e0— e,,) will be quite small
and the accuracy of r will be markedly dependent
upon the value taken for e», in which the un-
certainty is accentuated by the difficulties of meas-
uring € with sufficient precision at the highest
frequencies. One approximation which can be
(and has been) used for e, is, of course n@ where
no is the refractive index of the solution. The
inadequacy of this particular approximation, and
a better value for it, is deduced via the form of the
Debye equation for the dipole moment of a solute
in dilute solution advanced by Guggenheim4

, 6750KT w /AN
M Mtic, + 2)(nd + 2) X \c Jo

no and i are the refractive indices of the solution
and solvent, respectively; A = (€0—® — (ei—ni2);
and (A/c)o isthevalue of this ratio on extrapolation
to zero concentration, but we shall assume the solu-
tion to be sufficiently dilute to use the actual value
of the ratio.

If, for the moment, we assume (ei + 2) = (ni2
+ 2) for the non-polar solvent, combination of
equations 2 and 3 gives

(3)

Comparison of this with the general equation Ib

leads to
€0 —ed= A= (o —WD —(t; —W2
no2 +

i.e., Co, = (0 — w,2 (4)

Thus when equations 2 and 3 are simultaneously
valid, equations 1 and 2 would give coincident t

values if el = ni2and e. = n@ Primarily these
latter conditions reduce to d = ny, as for ade-
quately dilute solutions the conditions e,, = ei and

= N\ are likely to be closely approximated.
However, in practice « and NC can differ signifi-
cantly even for the conventionally “non-polar”
solvents;5 see Table |I. For carbon tetrachloride
the difference in these factors is nearly 5% and
for dioxane it is 10%. This will be the source of

discrepant r values if the assumption = no2
is used.
Tabile |
Solvent t, °C. ei ni*
Benzene 20 2.284 2.254
p-Xylene 20 2.270 2.236
Carbon tetrachloride 20 2.238 2.132
Tetrachloroethylene 25 2.300 2.270
p-Dioxane 20 2.209 1.991

As already emphasized, it frequently happens for
solutions that the uncertainty in the t values leads
to very appreciable error in (e0— tra). To elimi-
nate this factor for cases where equation Ib applies

(4) E. A. Guggenheim, Trans. Faraday Soc., 45, 714 (1949).
(5) A. Weissberger, et al., “Organic Solvents,”
lishers, Inc., New York, N. Y., 1955.
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the following procedure can be used to evaluate
. solely from the loss factor measurements. For
o< < 1 equation Ib becomes

tP= (e0 — tmior

.. 4
\a/ (@ —ea) (0 — &)
Here A is the “best” experimental value of t/u>

for ... < 1. At the higherfrequencies, cot> > 1, the
same equation Ib becomes

»_ (0 ~erd

r.

whence
(€0 _erd)
' B
and the “best” value of Bis readily evaluated.
Clearly

r = (AIB)*/,; (e, - e») = (AB)'B

As an example we may quote the results ob-
tained for a 1.03 X HP2 M solution of tetra-n-
butylammonium picrate in p-dioxane: we found
A = 183 X 10-Dsec.; B = 458 X 108sec.“L
Accordingly r = 630 X 10—2 sec. and (e0 — «»)
= 0.290. As e0 = 2.53 experimentally, we have
ea = 2.24. That this should be identical with the
value ei = 2.24 we measured for our sample of the
solvent is confirmed from equation 4 as the meas-
ured value of (n@ — wa? was (1.4248)2— (1.4241)2
= +0.002, i.e., itisin this instance negligibly small.

The Relaxation Time and its Distribution Factor.
— Cole and Cole6have provided one of the standard
procedures for determining an empirical factor
representing a distribution of relaxation times and
Cole7 has described equally convenient means of
graphically evaluating the relaxation time when
there is no distribution involved. The following
paragraphs show the application of the latter
method to the general case.

For a spread of relaxation times, the complex
dielectric constant is expressed as

. ,
V_oe, 4 O @ (5)

*

e _

Separating the real and imaginary parts

(to — tra)~1 + (cori)” cos -g-J
+ (61
1+ 2wTo)nCOS”N + (a1,
(to — tra)(wroJ” sin ~r-
(7)

1+ 2(o>To)" COS-g- + («To)lt
Let
+ (uro)" cos =g
j~l + 2(0>To)n COS -—f (wWro+J = ft
and ((Projnsin — =y
Thus equations 6 and 7 are
t' = tra+ (to—fra) “Jf" = (fO—fra) .
ft ft

(6) K. S. Cole and R. H. Cole, J. Chem. Phys., 9, 341 (1941).
(7) R. H. Cole, ibid., 23, 493 (1955).
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Rewriting
o(P —a) -m<
~ P ~
6/ P — &R
(0 —a)
Then
_ (t'ff — to« y (to —«")t
Cl® - «*)jp P —)
< JXQN)2' + (coro)* COS .= (t0 — ) (ueo) SIN -r-
t" ~(oirQn + COS = (to - t') sin *
Rearranging
1 r/to- t\ . nir nr\
“ =Do)"Li-s in T - cosTJ (8

Equation 8 may be used conveniently by plot-
ting to" against (e0 — «')/«' for various N values.
The “correct” value of N is quickly found as that
giving a straight line whose slope is (sin nir/2)/
()" and whose intercept is (cosn7r/2)/(ro)n. Not
only do these factors provide values of wbut their
agreement in this respect provides (together with
the linearity of the plot) a quantitative check of the
adequacy of equation 5 in representing the data.
A further check, is available by calculation of rO
at the different frequencies using the deduced
“n” value.

From the role of the factor («© — e")/«* it is
clear that the relation 8 will provide best discrimi-
nation in the region where the dispersion (or ab-
sorption) is appreciable.

Some alternative versions of (8) may be noted
before its use is illustrated. If the departures
from a single relaxation time, i.e, n = 100, are
small, it is convenient to write N = (1 — d)
With the approximations cos dir/72 — 1.00; sin
dir/2— dir/2 we then have

<Ke>ar -k-v)-v}

Here XOis the “critical” wave length (i.e., for maxi-
mum e") and Xis the wave length corresponding to
the e' and e" values measured at the angular fre-
quency @ The logarithmic version is

(I —d)log P — (1 —d)logx =

Plotting the r.h.s. (neglecting, in the first in-
stance, dir/2) against log Xleads to (1 — d) and X0
values but such log-log plots are notoriously poor
methods of detecting departures from algebraic
relations.

Reverting to (6) and (7) we have

D eoa) = Do Coo) (oc/P)
e" = (to — e&)(y/P)
or
Je’ —teay _a _ L1 + 1Ogras
Nto) oy (uto)* sin 5"
With the same approximations as above, one
finds
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Fig. 1—Anthrone in benzene (20°): 0, experimental
points. Full line corresponds ton = 0.86: t0= 26.3 X 10-12
sec.; clotted line correspondstoa = 0.86: r0= 24.8 X 10"R
sec. (Smyth, el al.9).

Fig. 2—Fluorenone in benzene (20°); o, experimental
points using n — 0.88; -0, experimental points using n =
0.87; o >experimental points using n = 0.86.
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(1 —d)log X— (1 —d) log X0 =

log ~t] (10)

This relation 10 is quoted by Grant, Buchanan and
Cook8and they have used it to obtain Xo from the
log-log plot. However, this is a less generally
useful version than (9) for, as those authors note,
the value of has to be assumed, as well as the
initial neglect of aie /2.

The use of equation 8 may now be illustrated with
the data due to Smyth, et al., who have represented
their results for various solutions in the form

e —d + afi
60 = 6] + Coft
«' = a"fi

Here /2 is the mole fraction of the polar solute:
e' is the frequency dependent dielectric constant of
the solution, ei and eothe static d.c.s. of the solvent
and solutions. Accordingly, equation 8 is tested
by plotting an against (a0 — a’)/a". Figure 1
shows such plots for anthrone in benzene7 at 20°.
Pitt and Smyth have deduced N = 0.86 and 0 =
248 X 10~12sec. The plot using add&gives a good
straight line whose slope and intercept correspond
to to = 26.3 X 10~12sec.: the line for N = 0.86 and
TO= 24.8 X 10-12 sec. is also shown. The slightly
higher value of «ois confirmed by individual calcu-
lations from equation 8 using N = 0.86: see Table
1.

Table Il

Relaxation Times fob Anthrone in Benzene (20°)
Calculated at Various Air Wave Lengths (X) from
E quation 8
1.25 3.22

26.3 26.9

X(cm.)
102 X r0, sec.

10.00
24.4

25.00 50.0
25.2 12

The poor value at 50 cm. emphasizes the un-
certainty in (a0 — a&')/a" (i.e, (€0 — «) and e"
are small).

For fluorenone in benzene at 20° Pitt and Smyth
find N = 0.87 and t0= 19.9 X 10~12sec. Figure 2
shows plots of equation 8 for n —0.88, 0.87, 0.86.
The differentiation over n = 0.87 = 0.01 is not
clear. The line drawn for N = 0.87 gave to =
20.9 X 10~12sec. from its slope: 20.4 X 10~12sec.
from its intercept. Accordingly Table Ill repre-
sents the variation in the rOvalues calculated at
various wave lengths for different N values. From
this the best values appear to be N = 0.87, t0=
20.7 X 10~12 sec. in agreement with Pitt and
Smyth’s deductions, although N = 0.88, 0 = 215
X 10-12 sec. is almost equally acceptable.

(8) E. H. Grant, T. J. Buchanan and H. F. Cook, ibid., 26, 156

(1957). Cf. Smyth, et al., 3. Am. Chem. Soc., 72, 3447 (1950).
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Tabte Il

Retaxation Times (in 10~12 Sec.) for Fluorenone in

Benzene (20°) Calculated at Various Air Wave
Lengths (X) for Assumed Values of n
n 1.00 0.90 0.88 0.87 0.S6 0.84 0.80
X(cm.) TO
1.25 199 20.8 209 209 209 212 21.2
3.22 252 229 224 218 214 208 19.1
10.00 33.7 23.0 20.4 19.6 18.20 16.1 12.6
25.00 54.1 28.0 229 204 1820 140 6.3
50.0 79.5 29.8 209 174 132 6.1 —ve
For fluorenone in benzene at 40° Pitt and
Smyth give N = 0.88, t0 = 14.9 X 10~12sec. The

slope and intercept of the plot of aD&8 against
(a0— a')/a" each give to = 15.5 X 10~12sec.

Calculation of Dipole Moments from Smyth’s
Parameters.— In addition to the relations already
guoted for the dielectric properties Smyth9has used
the relation

nZh = nZd, + aDf2

for the refractive indices (Nd) of solutions in terms of
that of the solvent (nm) and the mole fraction of
solute (/2. Smyth, etal.,Dthen calculate the dipole
moments from the Halverstadt and Kumler rela-
tions: we merely wish to indicate that they can,
equally conveniently, be deduced from Gug-
genheim’s version of the dilute solution equation,
see equation 3.  In that we now have
A = («0o — nD) — (ei — KDi2) = (a0 - an)/2

In the limit of very dilute solutions, /2 = cAG/I000p
where Mi is the molecular weight of the solvent and
p is its density. Thus, insofar as the Smyth
parameters represent the dilute solutions and A/c
is a constant, we have A/c = (a0— ud) (Mi/1000p).
Some values for benzene solutions calculated in
this way (po) are given in Table IV together with
those from Halverstadt and Kumler (ph”"k).

Tabte IV

Comparison of Dipole Moments Calculated inBenzene

Solutions (20°)

mo, debyes juht k, debyes
I-Nitronaphthalenel 4.00 4.00
Anthrone 3.62 3.63
Fluorenone 3.35 3.38
Phenanthraquinone 5.25 5.36

As both evaluations are based on the Debye
equation which is of limited significance for solu-
tions, the agreement is satisfactory.

Acknowledgments.— The author wishes to thank
Dr. Mansel Davies for his discussion of these points
and the D.S.1.R. for a Maintenance Award.

(9) D. A. Pitt and C. P. Smyth, ibid, so, 1061 (1958).
(10) R. W.Rampollaand C. P. Smyth, ibid., so, 1057 (1958); ref. 7.
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A THERMODYNAMIC STUDY OF SOME COORDINATION COMPOUNDS
OF METAL IONS WITH AMINES CONTAINING OXYGEN12
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Thermodynamic equilibrium constants have been determined by potentiometric titration at 10, 20, 30 and 40° for the
reactions of ethanolamine (1), 2-methoxyethylamine ('ll), 2-aminoethyl-2'-hydro.xyethyl sulfide (111), bis-(2-aminoethyl)
ether (1V), 18-diarnino-3,6-dioxaoctane (V) and |,8-diamino-2-oxa-6-thiaoctane (V1) witi H+ and Ag+; of III, IV, V

and VT with Cu++; and of IV and VI with Ni++.

The results indicate for the relative stability of metal-element bonds

the series N > S> O. Heats of reaction were found to be more important than entropy changes in determining stability.

Introduction

A recent publication for this Laboratory3sum-
marized the literature on the formation constants
of metal-amine complex ions and the kinds of prob-
lems which have received attention. Numerical
values for such constants may be found in a recent
compilation.4

In continuation of previous studies there are pre-
sented here values for ethanolamine, 2-methoxy-
ethylamine, 2-aminoethyl-2'-hydroxyethyl sulfide,
bis-(2-aminoethyl) ether, 1,8-diamino-3,6-dioxaoc-
tane and |,8-diamino-3-oxa-6-thiaoctane with sev-
eral metal ions at 10, 20, 30 and 40°. From these
data are calculated values for AF, AH and AS for
the association reactions.

Experimental

Ethanolamine.—The technical material (Union Carbide
Chemicals Co.) was twice distilled at reduced pressure, and
the distillate boiling at 75-76° (19 mm.) collected as product.
(The reported boiling point is 75-78° (15 mm.)).5 The
neutral equivalent, determined by titration with standard
acid, was 60.9 (calcd. 61.1).

2-Methoxyethylamine.—The amine was salted out of the
65-70% aqueous solution (Eastman Kodak Co.) with solid
sodium hydroxide. Drying with solid barium oxide and
distillation gave a product which boiled at 90.5° (727 mm.)
(reported 95° (756 mm.)).6 Because of the extremely hy-
groscopic nature of this amine, no reliable neutral equivalent
was determined.

2-Aminoethyl-2'-hydroxyethyl Sulfide—Forty-three
grams (one mole) of ethylenimine (Chemirad Co.) was
added dropwise with mechanical stirring at room tempera-
ture to 78 g. (one mole) of 2-mercaptoethanol (Eastman
Kodak Co.). Addition required about 1.25 hr. and stirring
was continued for an additional 3 hr. The reaction mixture
was distilled at 3 mm. and the material boiling at 116-120°
(mainly 117-119°) was collected as product. The amine
weighed 101.5 g. (83.9%) and had a neutral equivalent of
120.8 (calcd. 121.2).

Bis-(2-aminoethyl) Ether.—This amine was prepared from
bis-(2-chloroethyl) ether by the Gabriel synthesis as modi-
fied by Ing and Manske.7 This compound proved to be
difficult to isolate and purify, and reliable physical con-
stants could not be determined. However, the dihydro-

(1) This investigation was carried out under contract N6-onr
26913 between The Pennsylvania State University and The Office of
Naval Research.

(2) A portion of a thesis presented by John R. Lotz in partial ful-
fillment of the requirements for the degree of Doctor of Philosophy,
June, 1954.

(3) C. R. Bertsch, W. C. Fernelius and B. P. Block, This Journal,
62, 444 (1958).

(4) J. Bjerrum, G. Schwarzenbach and L. G. Sillen, “Stability Con-
stants of Metal-lon Complexes. Part I. Organic Ligands,” Special
Publication No. 6, The Chemical Society, Burlington House, London
W 1, England, 1957.

(5) E. Abderhalden and Il. Brockman, Fermentforschung, 10, 159
(1928).

(6) W. Traube and E. Peiscr, Der., S3, 1507 (1920).

(7) H.R. Ingand R. H. F. Manske, J. Chem. Doc., 2348 (1926).

chloride contained 40.3% CI (calcd. 40.0%) as determined
by the Fajans method.

1,8-Diamino-3,6-dioxaoctane.—This compound was syn-
thesized from triethylene glycol through the dichloride and
phthalimido compound. Since this amine was prepared,
Dwyer and co-workers8 have given details of an essentially
similar synthesis. The product boiled at 105-109° (6-7
mm.) (reported 95° (1 mm.)).8 The neutral equivalent was
75.1 (calcd. 74.1) and the iipicrate melted at 94-96° (re-
ported 97°).8

1,8-Diamino-3-oxa-6-thiaoctane.—This amine was pre-

pared by the method of Dwyer, et al.s The product boiled
at 120-121° (2-3 mm.) and its dipicrate melted at 157—
158°. The reported values are 120-121° (1.5 mm.) and
157°, respectively.8

The preparation of reagents, the procedure for making
the measurements, and the method of calculation were the
same as previously reported.7

Results

Logarithms of equilibr um constants and thermo-
dynamic quantities derived from the constants are
presented in Table I. The logarithms of the con-
stants are the average of four values, and the 95%
confidence limits are given. The slope of the log K
8. I/T curve, used in tie evaluation of AH, was
calculated by the method of least squares.

Dashes in the table indicate systems for which
precipitation occurred. Mercuric ion solutions
were titrated with all of the amines at all four tem-
peratures. Attempts to calculate equilibrium
constants gave values which depended upon which
points were taken for the calculation. Data for
mercury are therefore net reported, since it is ap-
parent that its reactions with the amines used in
this study are different frim those of the other met-
als.

Discussion

The values of AF for tie addition of a proton to
an amine are nearly constant, and in all cases the
entropy contributions are small. Thus it is evi-
dent that the strength if the N-H bond is not
greatly influenced by the nature of the organic
group bonded to the nitrogen, and that the stability
of the protonated species is primarily due to the
heat effect. Probably because of electrostatic re-
pulsion, AF2for the diami res is slightly smaller than
A/'V  These observations are in agreement with
Mclintyre's work.9

Ethanolamine and 2-methoxyethylamine coor-
dinated only with silver im, and the AF values for
these reactions are somewhat greater than half
those for some typical diamines.3 The terminal

(8) F. P. Dwyer, N. S. Gill, E. C. Gyarfas and F. Lions, J. Am.
Chem. Soc., 75, 1526 (1953).

(9) G. H. Mclintyre, Jr., Ph.E, Thesis, The Pennsylvania State
University, 1953.
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oxygen in these compounds is evidently too weakly Bis-(2-aminoethyl) ether .
bound to the metal ion to have a significant effect log Ki log K'3 .
il 10 10.20 9.16 593 6.0l 9.26 4.58
on the stability cf the complex. £0.01 +0 04 +0.01 +0.12 +0.01 +0 .23 *0 07
Table | 20 9.88 8.82 5.75 559 894 429 350
t, °C. H+ Cu++ Ni++ Ag+ H+ Cu++ Ni++ Ag+ +0.01 +0 .05 +0.01 +0..09 +0.03 *0.14 =0 .06
; 30 959 858 554 531 862 435 3.19
log K\ Ethanolamine log Ki +0.02 £0 .06 +0.01 +0..10 +0 .02 +0 .24 *0 .06
1
10 0.97 3.36 3.92 40 933 834 5.41 491 828 4.25 3.8
£0.02 +0.19 +0.20 0.0l £0.05 £0.01 +0.20 +0 .01 +0.19 =0 .06
20 9.66 3.29 3.63 — AFi (kcal./mole) — AFi (kcal./mole)
+0.03 +0.07 +0.09 10 13.2 11.9 7.7 7.8 120 5.9 4.8
20 0.36 3.07 357 20 13.2  11.8 7.7 7.5 12.0 5.8 4.7
+0.02 +0.13 +0.22 30 133 119 7.7 7.4 119 50 4.4
N - T 40 13.4  11.9 7.8 7.0 119 6.1 4.6
40 9.11 2.98 3.41 i .
+0.02 +0.15 +0.21 - AHi (kcal./mole) - AHi (keal./mole)
(keal./mole) 10-40 11.7  11.0 7.1 145 132 3 1.5
- AFi {kcal./mole) —AF2 (kcal./mole . .
A5 I./mole-de; ASi (cal./mole-deg.
10 12.9 4.4 5.1 i (cal./mole-de;a) ( mole-deg.)
20 130 4.4 4.9 05 3 2 24 -4 g -10
30 13.0 4.3 5.0 20 5 3 2 -24 -4 7 -10
20 131 43 4.9 30 5 3 2 -24 -4 8 -10
’ ’ ' 40 5 3 0 .24 -4 8 - 9
-AHi kcal./mole) —AHi (kcal./mcle) . R .
1040 115 55 6.4 1,8-Diamino-3,6-dioxaoctane )
log K\ log Ki
A<Si (cal./'mole-deg.) AS2 “cal./mole-deg.) 10 10.14 8.13 8.38 9.16
10 5 -4 -5 £0.02 %0.07 £0.02 £0
§8 g j g 20 9.88 7.97 8.04 8.87
) : +0.02 +0.07 +0.02 +0.02
40 5 -4 -5
30 9.57 7.82 771 8.60
2-Methoxyethylamine £0.02 *0.02 £0.01 *0.02
log K\ log Ks 40 9.30 7.53 7.41  8.35
10 9.89 3.44 3.72 £0.02 +0.05 £0.02 #0.02
+0.01 +0.04 +0.07 AFi (kcal./mole) —AFi (kcal./mole)
20 9.61 3.16 3.81 10 13.1 105 10.9 11.9
+0.02 +0.08 +0.12 20 13.2  10.7 10.8  11.9
30 9.28 3.18 3.37 30 13.3 10.8 10.7  11.9
+0.01 +0.08 +0.14 40 13.3 108 10.6  12.0
40 9.03 2.99 3.43 - AN (kcal./mole) —AHj (kcal./mole)
+0.01 +0.01 £0.01  10-40 11.4 7.9 13.2 110
—AFi (kcal./mole) —AFi (kcal./mole) ASi (cal./mole-deg.) ASi (cal./mole-deg.)
10 128 45 4.8 10 6 9 -8 3
20 12.9 4.2 5.1 20 6 10 -8 3
30 12.9 4.4 4.7 30 6 10 -8 3
40 12.9 4.3 4.9 40 6 9 -8 3
Al (keal./mole) AHI (keal./mole) 1,8-Diamino-3-oxa-6-thiaoctane
10-40  11.7 5.5 5.3 log Ki log Ki
ASI (caiymolc-deg.) ASi (cal./mole-deg.) 10 10.08 9.54 6.61 8.80 9.14
10 4 -4 -2 +0.02 +0.03 *0.02 *0.09 *0.02
20 4 -4 -1 20 9.74 9.18 6.38 842 881
30 4 -3 -2 £0.01 +£0.01 +0.04 #0.10 *0.02
40 4 -4 -1 30 9.46 886 6.17 8.2 854
2-Aminoethyl-2'-hydroxyet.hyl sulfide +0.02 +0.03 +0.00 +0.08 %0.03
leg K\ log Ki 40 9.18 857 6.01 7.71 8.24
10 971 553 518 515 424 £0.02 +0.03 +0.01 #0.11 +0.01
+0.01 *0.05 +0.05 +0.01 +0.04 -AFi (kcal./mole) —AFi (kcal./mole)
20 9.41 5.37 4.97 4.96 4.11 10 131 12.4 8.6 11.4 11.8
+£0.01 +0.03 £0.05 £0.01 £0.02 20 131  12.3 8.6 11.3 11.8
30 9.12 5.26 4.78 4.85 3.95 30 131 123 86 11.3 11.8
+0.01 +0.02 +0.02 +0.04 +0.02 40 3.1 123 8.6 11.0 11.8
40 8.85 _ 4.52 3.80 AHi (kcal./mole) —AHi (kcal./mole)
£0.01 __ +0.01 £0.02  10-40 12.0 13.1 8.2 14.4 12.0
— AFi (kcal./mole) -AFi (kcal./:mole) ASi (cal./inole-deg.) ASi (cal./mole-deg.)
10 12.6 7.2 6.7 6.7 5.5 10 4 -3 -1 -1
20 12.6 7.2 6.7 6.7 5.5 20 4 -3 -1 -1
30 12.6 71 6.6 6.7 5.5 30 4 -3 1 -10 -1
40 12.7 6.5 5.4 40 4 -3 ro-12 -1
—AHi <«cal./mole) —HAI (kcal./mole) « For 10-30°.
10-40 11.7  5.1° 8.8 5.9¢ 5.9 . .
_ . The reaction of HOCHZXZHZCHZXHNH2 with
ASi (cal/mole-deg.) ASi (cal./mole-deg.) silver ion is peculiar. For equilibria involving sim-
10 B - . . .
o . ; ! : f ple monoamines and silver ion Kx< K2 For ex-
30 3 7 7 3 S ample, log Ki = 3.30 and log K? = 3.84 for the re-
40 3 -7 -2 action of silver ion and ethylamine at 30° in 0.5 M
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KNO31 Gonickul observed that the reverse is
true in the reaction of CHEISCH2CH2NH2 with
silver ion (log K\ = 4.17, log K2 = 2.71 at 30° in
1.0 M KNO3) and postulated chelate formation in-
volving both nitrogen and sulfur. Table I shows a
similar situation with HOCH2CH2SCH2CH2NH 2.

As is discussed later, oxygen appears to coordi-
nate very weakly as compared to nitrogen. This is
borne out in the apparent behavior as unidentate
ligands of IIOCH2CH2NH2 and CHI-OCH2CH2NH?2
with silver ion. It is thus likely that the oxygen
atom in HOCH2CH2SCH2CHAZNH2 is coordinated
weakly as compared to nitrogen. It is probable,
however, that the unusual behavior of both of these
amines toward silver ion can be explained in terms
of the common presence of the -SCH2CHZNH2
group.

A 5-membered chelate ring, such as would be
formed if both nitrogen and sulfur are coordinated,
would be badly strained because of the normal 180°
bond angle of the silver ion. Schwarzenbachx
concluded that ethylenediamine and silver give the
cyclic dimeric complex [Ag2(HANCH2CH2NH22]++
which should be essentially strainless.

It is reasonable to assume that amines such as
CHISCHXCH2NH2 or HOCH2CH2SCH2CH2NH2
would behave similarly to give complexes with the
structure

r o I
NHj—Ag—S
CH2 ch2
\ /
S— Ag— N il
Sl

(where Q = CH3or HOCH2CH2, and that con-
tinued addition of ligand would open the ring (pre-
sumably at the Ag-S bonds) to give the usual
amine-silver complex, [Ag(HZNCH2CH25Q)2]+.

Table 11 lists log K values for the reactions of sil-
ver and nickel ions with several amines analogous
in structure to those used in this study. Thermo-
dynamic constants would have been preferable to
equilibrium constants, but were not available for
all cases. Several of the systems were studied in
neutral salt solution.

Size difference between oxygen and sulfur atoms
might account for the different stabilities of the sil-
ver ion complexes with S(CH2CH2NH22 and
O(CH2CH2NH22 Models of both complexes can
be made, but the oxygen compound involves consid-
erable strain if the usual 180° bond angle of the sil-
ver ion is to be satisfied. The slightly larger sulfur
atom lengthens the chain just enough to relieve the
strain

The low Ki for the reaction of (-CH~SCIbC/-
NH2 may be anomalous. With the other three
amines of similar structure the constants are about

(10) G. A. Carlson, J. P. McReynolds and F. H. Verhoek, J. Am.
Chem. Soc., 67, 1334 (1945).

(11) E. Gonick, W. C. Fernelius anc B. E. Douglas, ibid., 76, 4671
(1954).

(12) G. Schwarzenbach, H. Ackermann, B. Maissen and G. Ander-
egg, Helv. Chim. Acta, 35, 2337 (1952).
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Table Il

Log K,, Values at 30° in the Absence of Neutral Salt
Unless Otherwise Noted

log Ki log K,
Amine Ag+ Ni++ Ag+ Ni++

HN(CHZH2NH2?2 0.1° 10.81b 8.146

S(CHXHNH2?2 7.00c 7.27* 6.10*

O(CHZXH2NH22 5.31¢ 5.54* 3.19“

(-CHNHCHZHXNH2)  7.7* 14.346 5.G3b

(-CHXSCHZXHNH2?2 5.08f 7.90*

(-CHDCHXHNH22 7.

chdchZhZ2h?2

chidchZh2nh?2 8.12“ 0.17“

» Ref. 13; 20° in 0.1 M KNOj 6Ref. 14; in 1.0 M
KCI-KNO,. *Ref. 11; in 1.0 M KNO3. dThis work.

*Ref. 15; in 0.1 M NaNO03

the same, suggesting that only the nitrogen atoms
are coordinated and that the chains are sufficiently
long so that size differences between N, S and O
atoms do not significantly affect the stability of the
complexes.

Discussion of the nickel complexes is limited to
comparison of log K, values. The decrease in sta-
bility in the order N > S > O is quite evident.

Table 111 fists —AH values for the coordination
reactions of a number of amines with copper(ll)
ion. Using Mclntyre’so value of about 6 keal. for
a single metal-nitrogen bond as a standard, it is
apparent that sulfur or oxygen bonds to copper are
considerably weaker.

Tabte Il

Heats of Reaction in Kcal./mole for the Stepwise
Coordination of Various Amines with Cu++ lon at 30°
Neutral salt absent unless otherwise noted.

Ref. and
Amine - A ffi -Aff, notes
HN(CH2ZCH2ZNH2?2 18.9 6.3 9
S(CHZHINH2)?2 11 13 11;¢
O(CHZXH2NH2)?2 11.0 3.7 This work
/CH ZHANH2
s (
~CHoCHjOH 51 59 This work
(-CHNHCHZXZCH2NH22 22 14; 6
(-CHXSCH2XCH2NH2), 15.5 9
(-CH2ODCH2XCH2NH22 79 This work
chZochXZhzh?2
chXlchZhZXhh2 13.1 This work

“In1.0M KNO3. 6In1.0M KCI-KNO3.

With both S(CHXHNH22 and O(CHZXH2
NH22 —A/7, is approximately twice the value for a
single Cu-N bond. Thus it appears that neither sul-
fur nor oxvgen is coordinated with strength compar-
able to nitrogen. With IIOCIUCHA~CH.CII.MT,,
—Aifi is slightly less than the standard value for
nitrogen alone. This amine apparently behaves
here as a monodentate ligand, only the nitrogen
being coordinated, and loses a small amount of bond
strength through failure of chelation to occur.6

(13) J. E. Prue and G. Schwarzenbach, ibid., 33, 985 (1950).

(14) H. B. Jonassen, G. G. Hurst, R. B. LeBlinc and A. W. Mei-
bohm, This Journa 1. 56, 16 (1953).

(15) G. Schwarzenbach, Helv. Chim. Acta, 33, 974 (1950).

(16) cf. c. G. Spike and R. W. Parry, J. Am. Chem. Soc., 75, 3770
(1953).
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It should be possible to add a third and fourth
molecule of this amine to the copper ion, but con-
stants for these reactions could not be calculated.
Probably the amine concentrations used in this
study were too low to give appreciable concentra-
tions of the tri- and tetraamine complexes.

The tetradentate amine ((CHINHCH2XHINH22
shows normal Cu-N bond strengths. For its disul-
fur analog ((CHZISCHZHINH22 AH\ exceeds that
for two Cu-N bonds by 3 or 4 kcal. On this basis,
the strength of a Cu-S bond is of the order of 2 kcal.
The mixed compound HNCHZHXSCH2XZH:OCH2
CH2NH2has —AHXxgreater by only 1 or 2 kcal. than
that for two Cu-N bonds. This figure is in good
agreement with the estimate of —AH just given for
a single Cu-S bond, and suggests that, as was the
case with 0(CH2XHANH22and HOCHZHXSCH2
CHZNH2 oxygen is not bound strongly enough to
give a measurable —AH.

R. Nelson Smith, James Swinehart and David Lesnini
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The low -AHi for (CHDCHXHNH2?2 is
somewhat surprising. Even if the oxygens are
very weakly coordinated, a —AHz of about 12 kcal.
for the two nitrogens would have been predicted.
It is possible that the 8-membered chain between
the amine groups is flexible enough to allow rather
free movement over a considerable area. This
would tend both to weaken the Cu-N bonds and to
hinder the approach of a second ligand molecule.
The behavior of HNCHXHSCHZH2DCHZXH2
NH2 is in line with this hypothesis. The Cu-S
bond, even though comparatively weak, is sufficient
to restrain free movement of the amine molecule
with respect to the copper ion, and the strength of
the Cu-N bonds is preserved.

Acknowledgment.—The authors are indebted to
Miss Helen A. Carbone for assistance with the
calculations involved in this work.
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Below 200° NO reacts with an ashless sugar charcoal to give N2and carbon-oxygen surface complexes, the reaction ceasing

when the surface is saturated with complexes.

kcal./mole, depending on the nature of the surface.

In the temperature range 450-600° the reaction is first order, proceeds con-
tinuously, and yields N2 C02 CO and carbon-oxygen surface complexes.

The activation energy varies from 15.0-18.3

It is postulated that a NO molecule reacts with another adsorbed at the
site of a surface oxygen complex to give N2and C02 and an oxygen complex on an adjacent carbon atom.

The new oxygen

complex usually serves as a site for further adsorption of NO and continuing reaction, but its location may be unstable and

CO may be the product instead.
reaction.

A previous studylof the adsorption of nitric ox-
ide on carbon showed that adsorption isotherms at
temperatures above about —150° were without
meaning because of the very rapid reaction of NO
with the carbon to form N2gas and carbon-oxygen
surface complexes. This paper reports a further
study of this complicated reaction of NO with car-
bon at elevated temperatures where the additional
reaction products are CO and C02

Experimental

The reaction system provided for the continuous circula-
tion of NO through a heated bed of carbon, and in design
it was much the same as that used in earlier work.2 The
major portion of the reaction proceeds with no pressure
change and the reaction products vary with conditions so
that rate measurements cannot be made manometrically.
Instead, samples were removed at regular intervals for
analysis by gas chromatographic methods.3 The decrease
in pressure which would have occurred after the removal of
each sample was prevented by adding an equal volume of
mercury to a compensation bulb. The design of the com-
pensation bulb and circulation system was such as to elimi-
nate dead space. A small dead volume of about 2 ml. (in
a system volume of about 600 ml.) existed where a man-
ometer was connected to the system. This manometer
was used to ascertain when a proper volume of mercury had
been added in compensation for sample removal, and to
follow any small changes in pressure which occurred during
the course of the reaction.

(1) R. N. Smith, D. Lesnini and J. M00i, This Journa 1 60, 1063
(1956).

(2) R. N. Smith and J. Mooi, ibid., 59, 814 (1955).

(3) R. N. Smith, J. Swinehart and D. Lesnini, Anal. Chem., 30,

1217 (1958).

H2treatment of the surface decreases the rate, and Oj-treatment increases the rate of

An activated sugar charcoal of extremely low ash content
(less than 0.005%) was prepared from Confectioners AA
sugar furnished by the California and Hawaiian Sugar Re-
fining Corporation, San Francisco, California. It is desig-
nated as Su-60 and the method of its preparation and ac-
tivation is described elsewhere.2 The BET nitrogen surface
area is 1060 m.2 per gram. An 0.85-g. sample was used.
For many of the runs the sample wias “H2treated” prior to
the addition of the nitric oxide. This hydrogen treatment
consisted of three approximately 15-minute treatments with
H2 gas at 1000°. The H2was pumped out between each
treatment and after the last treatment the sample was
cooled slowly with continuous pumping.

Nitric oxide was prepared by the method of Marqueyrol
and Florentin4following a detailed procedure described else-
where.1l The analytical method used showed this gas to be
pure NO. Initial pressures of 200 mm. or less were used in
each run.

Carbon monoxide was obtained by dropping powdered,
outgassed sodium formate onto outgassed concentrated
sulfuric acid in an evacuated system. The CO so produced
was passed through a Dry Ice trap before storing in a Pyrex
reservoir. The analytical method used showed this gas
to be pure CO.

Results

The rate of disappearance of NO is most rapid on
an 0 2treated surface (one which has been treated
with 02and outgassed for several hours at the same
temperature as the run), and least rapid on a H2
treated surface. Regardless of the nature of the
carbon surface, the rate of disappearance of NO is
first order with respect to the partial pressure of NO.

(4) M. Marqueyrol and D.
11, 804 (1912).

Florentin, Bull. soc. chim. France,
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Figure 1 shows typical first-order plots for a variety
of temperatures on a surface that had already been
exposed to and had reacted with NO. This sur-
face is designated as an “oxide surface” to distin-
guish it from a H”-treated surface which has no car-
bon-oxygen complexes or an 02treated surface
which has a very high concentration of carbon-oxy-
gen complexes. The initial rate on an Os-treated or
an oxide surface is always somewhat greater than
the first-order rate by which the reaction continues
after this short initial period. Table | gives the
rate constants for this reaction for a variety of tem-
peratures at a variety of surface conditions. The ac-
tivation energy for this reaction over the tempera-
ture range 450-600° varies from 15 kcal./mole on
an 02-treated surface to 18.3 kcal./mole on a En-
treated surface. It should be emphasized that the
rate constants for both the 0 2treated and the Ha-
treated surfaces, as well as the activation energies
calculated from them, must be considered as quali-
tative only since the nature of the surface is continu-
ally changing during the course of these runs. It is
also of interest to note that at 600° the rate is sub-
stantially the same regardless of the form of surface
pre-treatment.

Table |
Rate Constants
R k (sec.-1g.-9

Type oi surface Temp. ¢°c1) X 10°

02-treated 450
500 19.2
550 38.5
000 38.9
Oxidized 450 51
(Run after that on 02-treated 500 13.0
surface) 550 22.4
600 36.7
Hi-treated 450 51
500 7.2
550 20.2
600 35.6

Oxide 450
(Run after that on H2treated 500 9.0
surface) 550 19.1
600 355

The products of the reaction of NO with carbon
vary with temperature and the previous treatment
of the carbon surface. From below Dry Ice tem-
peratures to approximately 200° the sole products
are N2 gas and carbon-oxygen surface complexes
(which can be removed from the surface only at
higher temperatures in the form of carbon dioxide
and carbon monoxide). With increasing tem-
perature above 200°, more C02gas appears as one
of the major products and carbon-oxygen surface
complexes become less important as a product.
The approximate percentage of NO which is used in
making oxygen complexes varies with temperature
as follows: 200° and lower, 100%; 250° 75%,
450°, 35%; 500°, 32%; 550°, 16%; 600°, 7%. If
the carbon surface has been H2treated prior to the
addition of NO, no gaseous products other than N2
and C02appear up to a temperature of 500°. At
550° and higher, CO also appears as a product;
at 600° about one-tenth of the oxygen from the de-

Oxidation of Carbon by Nitric Oxide

545

Fig. 1.— A typical semi-log plot of PP vs. time showing,
at various temperatures, the first-order nature of the reac-
tion on an oxide surface. P} = initial pressure of NO and
P = partial pressure of NO at time t. O, 450°, -, 500°,
©, 550°, ©, 600°.

composed NO appears as CO. If the outgassed
carbon surface possesses carbon-oxygen complexes
as a result of previous reaction with NO, the addi-
tion of NO will cause production of some CO at
temperatures as low as 450°. At 450°, 8% of the
oxygen from the decomposed NO may be combined
as CO, while at 600° there may be as much as 20%
as CO. CO isformed even more readily if, prior to
the addition of NO, the carbon surface has been
treated with oxygen (and also outgassed). The ra-
tio of CO to C02is much greater in the initial stages
of a reaction carried out over an oxidized surface
than over a H2treated surface (see Fig. 2). It is
not possible to make precise statements about the
fraction of the NO which reacts to form CO because
NO also reacts with CO at these temperatures in
the presence of carbon surfaces to produce N2and
C02 Thus during the course of a given run, the
partial pressure of CO builds up rather rapidly dur-
ing the early stages of the reaction, levels off during
the middle portion, and then decreases during the
later stages (see Fig. 3). An equimolar mixture of
CO and NO passed over carbon at 550° reacts
in such a manner that about one-half of the NO re-
acts with the carbon surface and one-half with the
CO. Higher temperatures and excess CO favor the
reaction with CO.

Discussion

Certain conclusions about the mechanism of the
reaction of NO with carbon may be quickly drawn
from the experimental observations.

1. The first step in the reaction must be the
formation of carbon-oxygen surface complexes, for
if these are not already present on the surface the
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Fraction of reaction time.

Fig. 2—The ratio of the partial pressures of CO and CO»
as a function of reaction time on a variety of surfaces at
550°: ©, Oj-treated surface; 0, run following a runon 02
treated surface; e, oxide surface; O, H»-treated surface.
There is essentially no difference between an oxide and a Hi-
treated surface.

Fig. 3.—The partial pressure of CO, in mm., as a function
of reaction time on a variety of surfaces at 550°: ©, Os-
treated surface; 0, run following a run on an O»-treated
surface; e, oxide surface; O, Hi-treated surface. There is
essentially no difference between an oxide and a H,-
treated surface. Initial NO pressure in each case was ap-
proximately 150 run.

initial reaction product is only N 2at temperatures
below 200°, or at higher temperatures N2along with
insufficient CO> to account for all the NO decom-
posed.

2. Carbon-oxygen surface complexes are im-
portant intermediates in the reaction, as evidenced
by the fact that (a) the rate on a H2treated sur-
face is slowest, (b) the initial important process on
a H2treated surface is the production of N2 with-
out C02 (c) there isan excess of oxygen in the prod-
ucts (over that contained in the NO which decom-
posed) if the reaction is carried out on an oxygen-
treated surface.

3. The complexes from which CO is produced
must be more stable or less reactive than those from
which C02is produced as evidenced by the fact
that (a) CO is produced only at temperatures
above 500° on HZ2treated surfaces, whereas C02
production on similar surfaces commences at about
200°, (b) less CO is always produced than C02 (c)
in the thermal decomposition of carbon-oxygen sur-
face complexes C02is the predominant product at
lower temperatures and CO at higher temperatures.
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4. CO does not arise from the thermal decompo-
sition of carbon-oxygen surface complexes, for a
well-outgassed oxidized surface which has resided
in a closed system for several hours at a given tem-
perature without giving any gaseous products will
subsequently react with NO to give CO.

5. CO, once produced, may react with NO to
produce N2and CO02as evidenced by the fact that
(@) CO will not react at the temperatures of this
study with carbon or with carbon possessing car-
bon-oxygen surface complexes, (b) CO is con-
sumed when mixed with NO and passed over car-
bon at these temperatures, especially readily when
CO is in excess, (c) the CO content of the reaction
mixture increases during the initial part of the re-
action, and then decreases during the latter part of
the reaction when the CO becomes large relative to
the NO.

6. The carbon-oxygen complexes made by oxy-
gen seem to be somewhat greater in quantity and
somewhat different in nature from those produced
by NO as evidenced by the fact that (a) the reac-
tion goes fastest on an 0 2treated surface, (b) with
an 0 2treated surface there is an excess of oxygen in
the products over that available in the initial NO
used, (c) the ratio of CO to C02in the gas products
from the O 2treated surface is greater, and that
(d) in a succession of reactions, the first being over
an 0 2treated surface, the reaction rate and the
CO-to0-C02 ratio approach those observed with a
non-oxygen-treated surface in about three runs.

These six reaction steps appear to account for
all of the observed experimental data

2NO + [C' + C"] — > [(C'O) + (C"0)] + N2 (1)
NO + [(C'O) + C™] [(CO-+ON) + C™] (2
NO + [(C'O-1-ON) + C™J — >

(C™0) + CO» + Nj (3)
NO + [(C'O) + C""] [(CO- +-ON) + C""] (4)
NO + [(C'O-1-ON) + C""] — >

C""0 + CO»+ N2 (5)

2NO + 2C""0 — 2C""02+ N2 (6)

Step 1 occurs readily at temperatures from below
—80° and up, and below 200° it is the only step
which leads to the formation of N2. [C' + C-"]
represents two adjacent surface carbon atoms, and
[(C'O) + (C"0)] represents the oxygen complex
on C' and C". The oxygen complexes may then
serve as sites for physical adsorption of NO, and
thus steps 2 and 4 are reversible. It is believed
that it is the oxygen atom of the NO molecule which
is held to the surface. The only difference between
steps 2 and 4 is in the nature of the adjacent carbon
atoms, C'""andC"". Itisnot known just what the
real difference between C'" and C"" is, but it is
postulated here that C "" will yield CO gas, whereas
C " will form just another surface complex, (C'0),
with the same properties as (C'O) and (C"0). |If
no CO gas were formed, steps 1, 2 and 3 would be
sufficient to explain the reaction at temperatures
above 200°. Since considerably less CO is formed
than CO» it is apparent that C "" atoms are not die
most common, and perhaps they are located at
corners, edges, or cracks. Step 6 will not take place
homogeneously at the temperature studied for it
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has an activation energy of 49.6 kcal./'mole.5 It
is catalyzed by carbon surfaces and hence step 6 is
really a summary step for a reaction which needs
further study. Steps 4 and 5 represent a minor
fraction of the over-all reaction, and step 6 involves
only part of the CO produced in steps 4 and 5.

Steps 3 and 5 seem reasonable if NO is adsorbed
by the oxygen end of the molecule and if the carbon
atoms C'and C' or C'and C "" are adjacent. In
this way two nitrogen atoms may conveniently
unite, oxygen atoms from two different NO mole-
cules are available to a single carbon atom for C02
and the necessary intermediate carbon-oxygen sur-
face complex is regenerated for further reaction by
steps 2 and 4. This mode of adsorption of NO and
the decomposition of the resulting complex is dif-
ferent from that which Shah6 suggested to explain
the low-temperature formation of a trace of N02

This mechanism also satisfactorily accounts for
the first-order nature of the reaction. On a surface
which has not been H2treated step 1is unimportant
because the complexes (C'O) and (C"0) have al-
ready been made in previous reactions, and step 6
is also unimportant in the over-all picture. Omit-
ting steps 1 and 6 from serious consideration, then,
leads to the rate expression

- = he'P + Ki$"P ()

where P is the partial pressure of NO, and O and
8" are the fractions of the surface holding NO by
the [(C'O) + C'™] and [(C'O) + C""] complexes,
respectively. Applications of the simple Langmuir
concept for the fraction of the surface covered leads
to

cLP = kP>

dt 1+ feP
If k3 and K3® are both substantially greater than

unity, then equation 2 reduces to the simple first-
order expression

K,P>
1+ KP K1

-~ =kiP+KIP = KP @)
Step 1is interesting in that it goes quite rapidly,
even at very low temperatures, but at each tem-
perature below 200° it comes to a standstill when
the surface carbon atoms which are capable of form-

(5) C. P. Fenimore, J. Am. Chem. Soc., 69, 3143 (1947).
(6) M. S. Shah, J. Chem. S0C., 2076 (1929).
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ing oxygen complexes at the given temperature have
obtained their oxygen. In the temperature range
of this study, the total amount of nitrogen produced
by step 1 is small compared to that produced by
steps 2 to 5 of the continuing reaction. Thus, even
on a H2treated surface, step 1 is not important in
the total picture for the continuing reaction of NO.
An additional term should be added to equation 3 to
include the removal of NO by step 6 but, as pointed
out earlier, this step plays a minor role (in the later
stages of the reaction) in the over-all reaction, and
the nature and order of this reaction are not suf-
ficiently well-known to include such a term.

When the surface has been treated with oxygen
(and outgassed) prior to the addition of NO, the
surface has more than the usual concentration of
(C'O) and (C'"0) and the rate is greater. In addi-
tion there are apparently more sites involving C '"'
atoms because the rate of production of CO is
greater.

It is of some interest to compare NO with N2
with respect to oxidation of carbon. Though both
processes require carbon-oxygen surface complexes
as intermediates, the N2 oxidation mechanism is
far simpler.7 This is due primarily to the fact that
in N2 both nitrogen atoms are already joined to-
gether and the reaction is merely a two-step trans-
fer of oxygen atoms to carbon to form C02 The
first step is

ND + C—
and the second is

N2 + (CO) — > C02+ N2

(CO) + n2

Physical adsorption of N2 does not seem to be in-
volved as it is with NO.

The oxidation of CO by N2 over carbon2in-
volves the physical adsorption of CO at some “ac-
tive carbon” atom, not a carbon-oxygen complex,
and it may be that the oxidation of CO by NO re-
quires a similar active site. Further study will be
needed to determine this.
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(1957).
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Onsager’s equation for the dieleetric constant of solutions of polar molecules in polar or non-polar solvents has been recast
to express the relation between the dipole moments of the polar molecules present and e, — e® the orientational contribution

to the dielectric constant, where e3is the static dielectric constant and e® is the high frequency dielectric constant.

The

new form of Onsager’s equation is convenient to use and is valid over the whole range of solution concentrations, within the

limitations of Onsager’s model.

The effect of the free volume of the solution has been included.

It is shown that serious

errors can be introduced by the usual assumption that the volume actually occupied by the molecules is equal to the volume

of the solution.

The new equation is particularly useful in studies of short-range forces that lead to directional correlations

between polar molecules, or in studies of the asphericity of molecules.

Introduction

A new form of Onsager’s2 equation for the di-
electric constant of solutions of polar molecules
has been developed in connection with a study of the
detailed structure of copolymers.3 It is believed
that the new equation presents sufficient advantage
under wide enough circumstances to justify a
separate discussion. The result obtained pre-
viously has been generalized to include cases where
the volume fraction actually occupied by the
molecules of the solution is less than unity, and it
is presented here with revised notation.

There are several advantages in the use of On-
sager's equation for the determination of dipole
moments of molecules in solution.

First, the equation is derived rigorously from a
model, which, though incomplete in certain re-
spects, is clearly defined. Hence, differences
which are observed in the values of the dipole
moment of a given polar molecule, when measured
in the vapor phase and in various solvents can be
attributed to factors not included in the model,
viz., molecular asphericity and directional correla-
tions arising out of short-range intermolecular
forces, instead of attributing them to “solvent-
effects,” aterm which is not very meaningful.

Secondly, Onsager’s equation is valid over the
whole range cf solution concentrations. This
simplifies the experimental task of determining
dipole moments by permitting measurements in
solutions of sufficient concentration that the dipolar
contribution to the dielectric constant be large
enough to be measured easily. In addition, the
dependence of the measured value of the dipole
moment on concentration can be used to study
short-range forces4 in the liquid and molecular
shape.5 In contrast to this, equations6 based on

(1) The research reported here was started at the Plastics Labora-
tory, Princeton University, Princeton, New Jersey, under joint spon-
sorship of the Army and Navy under Signal Corps Contract No. DA-
36-039sc-70154; ONR 356-375. Sponsorship has been continued
at The Pennsylvania State University by the Atomic Energy Com-
mission under Contract No. AT-(30-1)-1858.

(2) L. Onsager. J. Am. Chem. Soc., 58, 1486 (1936).

(3) R. N. Work and Y. Tr6hu, J. Appl. Phys., 27, 1003 (1956).

(4) J. G. Kirkwood, J. Chem. Phys., 7, 911 (1939).

(5) F. Buckley and A. A. Maryott, J. Research Natl. Bur. Standards,
53, 229 (1954).

(6) C. J. F. Bottcher, “Theory of Electric Polarization,” Elsevier
Publishing Co., Houston, Texas, 1952; C. P. Smyth, “Dielectric
Structure and Behavicr,” McGraw-Hill Book Co., Inc., New York,
N. Y., 1955. These authors give comprehensive reviews of the many
equations for the static dielectric constant of solution of polar molecules
in non-polar solvents.

the Mossotti internal field do not take into account
the dipole-dipole interaction force, and hence
they are valid only in the limiting case of dilute
solutions of polar molecules in non-polar solvents.
This leads to certain difficulties. First, the orien-
tational contribution to the dielectric constant of
the polar molecules in a dilute solution is small,
making difficult the measurement of this quantity.
This difficulty is partially alleviated by methods6
making use of several measurements in the region
of higher concentration and extrapolating to
infinite dilution. But, the extrapolation laws are
uncertain because there is no clear way to separate
the effects of dipole-dipole interactions, short range
forces and molecular shape. Finally, the require-
ment that measurements be made only in dilute
solutions eliminates the possibility of using the
variation of the dipole moment with concentration
to study molecular association.

Onsager’s equation has not been widely used for
the calculation of dipole moments from measure-
ments on solutions because the calculations, in-
volving Onsager’s eq. 35 or 36,2are rather cumber-
some. In addition, the question of how to take
into account the free volume of the solution has
been left open.

In the following, a new form of Onsager's
equation is derived that is relatively easy to use and
the question of the free volume is examined
guantitatively.

Derivation

Onsager’s equation is derived from a model in
which each molecule of the j'tli kind is represented
as a homogeneous and isotropic sphere of radius a,,
having an index of refraction M, corresponding to
the atomic and electronic polarizabilities of the
sphere, immersed in a medium of dielectric constant
es, and containing a rigid dipole /q = /qv(?q2 —
2)/3 at its center. Here, pjvis the dipole moment
of an isolated molecule.

In the following it will be necessary to distin-
guish between the moment /qvand Gqgv)oa the latter
being the value obtained by applying Onsager’s
equation to measurements of the dielectric constant
of solutions.

The new equation was developed to express
<(/W@v)on>Av in terms of the orientational con-
tribution to the dielectric constant es — f, rather
than es — 1. The average-square dipole moment
is given by the expression <(/nv)ouw>Av =



April, 1959

(mV)On, where X} is the mole fraction of com-
ponent j. The static dielectric constant €a is
determined by making measurements at frequencies
sufficiently low that the distribution of dipolar
vectors is always in equilibrium with the applied
alternating field; while the high frequency dielec-
tric constant e« L determined at a sufficiently high
frequency that the distribution of dipolar vectors
does not change under the influence of the field.

In deriving the new equation, we begin with
Onsager's2eq. 35. This gives the static dielectric
constant es of a solution containingj = 1,2, e=,n
molecular species, each having a dipole moment as
determined in the vapor phase of My, and a con-
centration of AT molecules per unit volume. Froh-
lich7has re-expressed the equation as

_y f4j(p2vonv [/ 2As+ 1

1~ L 3KkT \2lga+ redj X
251

.7 2ea+ fg(ni-1) [ I»w] (1

where K is the Boltzmann constant and T is the

absolute temperature. We will use the symbol

§O to represent n,2 and (Mjvlon to emphasize the

fact that the conditions of Onsager’s model are not

always fulfilled.

Representing (4/3)xa,Wj, the volume fraction
actually occupied by the jth kind of molecule by
\f, and defining the apparent moment (uj)app by
the relation

1=

., _, S 2fafG GoF?2
(Mj)app —— (A'jvjon ci 1 € o0 S

we have, with some rearrangement of the terms in
eq. 1

1= 3e X-> r 47r(/x2jiappA’j 2t3 4- 1

iS 2« + ~N o 3kT 2es +
2e, F e
2fa F «a
where is the high frequency dielectric constant of

the solution. The quantity (Mj)app has no simple
interpretation in terms of a physical model. By
making use of the identity

2iIsF @
m(¢j- - D —1F ZCL'IE—f—j%BtU« - Coo)

za F
&)
Eqg. 3 can be rearranged to yield the expression
3n by "*47r(/jj2apAi

T 2aF 3Ft n
(2ca F coo) £ v, “T’](D F
ar +  Eo- (v - ull )

where V = 2v, is the volume fraction actually
occupied by the molecules. Finally, using the
relations Nj = Na (p/M)x\ and <(Mj2aPP>Av =
ACj (Mi2apP where p is the density of the solution,
M is its average molecular weight, Na is Avogadro’s
number, and X, is the mole fraction of component
j, we have, on rearranging eq. 5

3kTM 2 e
F(pi2appF AV — 4 ¢ 3 e €o1
76V a p €3
265+ 1 (1 - qu« 1) - 3fa5>, a (6)

(7) H. Fréhlich, “Theory of Dielectrics,” Oxford University Press,
London, 1949, eq. 6.38.
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Discussion

The discussion of eq. Ggiven here is divided into
three parts. First, suitable methods are described
for evaluating the qua itities in eq. G which are
not directly measurable. Second, the error that is
introduced by assuming that the sum of the molec-
ular volumes is equal to the volume of the solution
is considered quantitatively. Finally, some further
advantages in the use of the modified version of
Onsager’'s equation are pointed out.

Evaluation of e,, and V.— In eq. 6, the quantities
Vj, and hence V, and q, are the only ones that are
not directly measurable. Now, the molecular
radius a, and the high frequency dielectric constant
cjoo of the molecular sphere can be treated as con-
stants, since they depend only slightly on tempera-
ture. Hence, a single determination of the value
of a; or goo, for each pure liquid, at a convenient
temperature suffices to establish these quantities
for any mixture. Hence, the ratio of the density
of the pure liquid at tie temperature of interest
to the density of the pi re crystalline phase can be
taken as an adequate approximation of Vj, the
volume actually occupied by the molecules in the
pure liquid at the given temperature.

The relation between Vj, e, and ej, can be estab-
lished by considering eq. 6. Since we are interested
here only in the atomic and electronic contributions

to the dielectric constant, we can set es = e» and
obtain the relation
(- E)c. - 1 _ o
2e0 F 1 = Tv, ~L F o» ™
Whence, itfollows that
o —1) =30 j(9- - D G)

F «i»

and hence fora pure liguid

(tj, - ) =0» - 1)1 _ SeFl - 171/(2*« -fT)

©

Thus, using eq. 9, an estimate of V, from density
measurements, and a measurement of e, of the
pure liquid, one can obtain an estimate of
The relation V = XjVj, establishes the value of V.

Magnitude of the Free Volume Effect.—In
order to simplify the calculations whenever pos-
sible, it is of interest to determine the conditions
under which the effect of the free volume can be
neglected.

By making use of eq. 8 and 9, it is possible to
recast eq. 6 into the forn

w & Vv, _ 3kTM 2fa Ffao, vi —m ii

F(pj )app>Av = - A (fa eoc) (!l w (19)
4pp.* A tie.

where

c=2 3fa(fa»-L)QI V)

(2es F et») (2fa F 1 (2eeF 1) F
r, 'Fs (ijeo ri2
(2ece F ejco)(2e, F fay)

Also the left-hand-side of eq. 10 can be written as

<(m),p>av= X>j (POl

Anmg )
di)
(LF CT2

. F.2 F
(i*V)Oon -3

2es + et |
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Fig. 1.—Values of C and C (see eq. 12) for a pure polar
liquid as a function of the free volume fraction for various
values of the high frequency e, and static e, dielectric con-
stants.

FREE VOLUME FRACTION.

Fig. 2—Values of the fractional error In the dipole
moment introduced by the usual assumption that the vol-
ume of the liquid equals the sum of the molecular volumes
as a function of the actual free volume in the liquid.

where
A'j(l - y) v,
1 1- - FilF,
o 2(ca — IXi'm — 1)3«'®
Al~ (2e', + I)(d, + 2)(2es +
and

D _ 2(ea— «®)(«® — 1)

AN (28 ®-{- I)(2ts T« ®)
Here e*m is the macroscopic high-frequency di-
electric constant of the pure liquid j.

It will be seen later that in many, but by no
means in all, cases the factor G and sometimes even
C are negligible leading to a considerable simpli-
fication of the computations. In intermediate
cases the second term in G (eq. 11) is negligible
leading to a lesser simplification.

To investigate the magnitude of the terms C and
C\ it is convenient to consider a pure polar liquid.
Then eqg. 11 can be simplified by using eq. 8 and 9
to express £i®in terms of V}. The resultis

/3 Y 3KTM 2 + <®

NN \eo + 2/ ammNy 3

(&> — «»)

1-c
a+cy
with now, the factors C and A, given by the ex-
pressions

(12)

= A{1- V)/V

1- BX- V)V

Richard N. Work
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and

. _q 3«a(«ro 1)2 .
n N(2«a+t «,)(2«<a+ D2«® + 1)

The significance of B and C is the same as in eq.
11 except that g®and e®are here identical.

Values of C and C are shown in Fig. 1 as a func-
tion of the free volume fraction Vf for different
values of esand e® Curves for e, = and e =
e® give the limiting values of the factors C and C
for the cases of very large and very small dipole
moments, respectively. The limit of C, as g,
becomes large, is zero in all cases. In Fig. 2 values
are given of C" where 1 — G" = [(1 — C)/(l +
C")21- The quantity C" represents the fractional
contribution to (p>)on obtained by taking into
account the free volume of the pure liquid.

The calculation of the factor C for solutions can
often be simplified by neglecting the second term
in C (eq. 11). This term is important only if es
is not much larger than e® and the free volume frac-
tion Vf is large. In addition, the term C itself
rapidly becomes negligible with respect to C’ as
es becomes large. The factor C represents the de-
pendence on molecular size of the enhancement of
the molecular polarization in the direction of the
applied field due to the polarization of the sur-
roundings. Its magnitude depends on the values
of &, e®and each e®, and in the case of mixtures,
C is the weighted sum of the contributions of all
molecular species present. The factor C'j repre-
sents the enhancement of the dipole moment of the
jth species through the polarization of the molecule
in the direction of the dipole vector by the dipole
part of the internal field. That is, the dipole
/q, by polarizing the surroundings, produces an
additional electric field at the molecule which
further polarizes the molecular sphere of dielectric
constant eje, thus increasing the moment of the
molecule. This factor depends only on e, e® and
g@ of the particular molecule of the jth kind.
Therefore the correction C'\is calculated separately
for each species of molecule in the solution.

It is true that the free volume error is not the
only source of the difference between /qvand (/qv)on-
In fact, deviations of molecular shape from the
assumed spherical shape can lead to errors of up to
40%,4 and short range forces that are responsible
for directional correlations between polar groups
can also introduce considerable difference between
lgv and (jiijyJOn- Hence, unless the latter effects
are known, there is still no assurance that the cor-
rection for free volume will lead to true values of
the dipole moment. The use of the corrected value
will however usually lead to a significantly better
value of the dipole moment. In studies of molecu-
lar shape or molecular association a knowledge of
the correction is important.

Further Advantages.—As mentioned previously
the ratio of (/Yv)on to (ujv) can be used to study
molecular shape factors and short-range inter-
molecular forces. These effects can be separated
because they depend in different ways upon solu-
tion compositions. The shape factors depend only
upon es, and they are essentially constant for values
of e8> 10. On the other hand, the effect of di-
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rectional correlations arising out of short-range
intermolecular forces depends only upon the average
separation of the interacting molecules, and hence
upon their concentration. Thus, by appropriate
variations of solution compositions, either effect
can be made constant (or negligible in the case of
interactions) while the other can be varied. The
validity of Onsager’'s equation for any solution
composition makes its use highly desirable in such
studies, and the relative simplicity of the new form
makes its application practicable.

Since the new form of Onsager’s equation relates
(wv)on to es — e. in a way that is nearly linear,
i.e., by a linear equation with nearly constant co-
efficients, the quantities p, «sand e» in the coeffi-
cients, need only be determined to precisions cor-
responding to that of es — This contrasts with
the requirements of methods6 using increments of
molar polarization where p and X must be deter-
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mined to unusually high precisions because the
increment is usually a sirall difference of two large
numbers. In any case, the quantities c,« and V
need be determined only to nominal precisions
since C and C are usually small compared to one.

Sometimes fs and t» can both be determined
from measurements of a single specimen in a single
cell, e.g., bulk polymers. In this case, the dif-
ference (es — fa) can be determined to an accuracy
comparable with that of efor  leading to improved
accuracy of the result in spite of the fact that (es —
fa) represents a small difference between two larger
numbers. This is because the same cell constants
apply in the calculation of (ea— ea) from a capaci-
tance increment as in the calculation of es or e»
separately, and the capacitance increment can be
calibrated to the same accuracy (about 1 part in
1000) as the total capacitince, providing it is of the
order of 1ppf. or greater.
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As shown earlier,3-5 the McMillan-Mayer statistical theory enables one to express the osmotic pressure and the salt die-

tribution in a Donnan system in terms of expansions in powers of the colloid concentration.

The (virial) coefficients in thess

expansions are formulated with the help of “cluster integrals” depending on the potential of average force between the rele-

vant particles.

In this paper the second and third virial coefficients in the above expansions are evaluated by numerical

integration for the case of spherical, highly charged colloid particles, surrounded by a Gouy-Chapman type of ionic double

layer.
outer part of the double layer.
in evaluating the cluster integrals.
bility of the results.

1. Introduction

In a recent paper,3 various approaches to the
osmotic pressure, salt distribution and membrane
potential in a Donnan system were compared, all
charged species being treated as point charges.
In particular, the application of the statistical
theory of McMillan and Mayer4 to the Donnan
equilibrium was discussed.

In another paper,5the McMillan-Mayer treat-
ment was applied to the more general situation in
which two species, though present on both sides of
the membrane, are not in equilibrium across the
membrane, while the other species are in equi-
librium. Specialization of the general results led
to the (equilibrum) salt distribution in a more con-
ventional Donnan system (one non-equilibrium
species).

The present work deals with calculations of the

(1) This work was supported by a research grant from the Heart
Institute of the U. S. Public Health Service.

(2) Western Utilization Research and Development Div., Albany 10,
Calif.

(3) T. L. Hill, Faraday Soc. Disc., 21, ZI (1956).
by I.

y(4) W. G. McMillan and J. E. Mayer, J. Chem. Phys., 13, 276 G945).

(5) T. L. Hill, 3. Am. Chem. Soc., SO, 2923 (1958).

Hereafter denoted

It is shown that the value of the virial coefficients depends mainly on the (Debye-Hiickel) potential field in the
This justifies the use of an approximate Debye-Hiickel type of potential of average force
The calculations are put in “corresponding states” forrr which generalizes the applica-

osmotic pressure and of the salt distribution in a
Donnan system, using 'he McMillan-Mayer ap-
proach and a model for highly charged colloid
particles. Features of particular interest are:
(1) unlike the treatment in Section 4 of I, we are
able here, through the use of reference 5, to express
both the osmotic pressure and the equilibrium salt
distribution in terms of appropriate cluster inte-
grals. Thus, the entire discussion is put on a firm
statistical mechanical foundation. (2) A conse-
quence of this situation is that the concept of
“membrane potential” does not enter the discus-
sion at all. (3) The calculations below can be
put in “corresponding states” form and hence are
rather general in applicability (though restricted,
of course, to the model chosen).

We consider two solutions separated by a semi-
permeable membrane. The solvent and the ionic
species 1, 2 . . .j have the same chemical poten-
tials in both solutions, but colloid particles are
present on one side of the membrane only (the
“inside” solution). The concentrations (number
densities) of small ions are denoted pi, p2. . . p,
and pi*, p*. . p* in the inside and in the outside
solution, respectively. In the inside solution the
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colloid concentration p gives rise to an osmotic
pressure . .  The small ions are considered as point
charges and the colloid particles as spheres whose
charges are compensated by ionic double layers
of the (xouy-Chapman type.

2. Review of Statistical Results

The osmotic pressure can be expressed in the form
of a virial expansion in p. McMillan and Mayer6
have shown that the virial coefficients in such an
expansion depend on “cluster integrals” (as in
imperfect gas theory) in which the int.ermoleculm-
potent,ial is here the potential of average force
between colloid particles in the limit p — 0 (he.,
in the outside salt solution of the Donnan system).
Thus

- p+ B+ Bapa+ .. .. (1)
where p is expressed as the number of colloid
particles per unit volume. The virial coefficients
are functions of the temperature and of the chemi-
cal potentials of the species in the outside salt
solution.

Let IT2 be the potential of average force between
two spherically symmetrical colloid particles in
positions rxand r2 respectively. Then

B,= - ~ fvfuv dr,*, (2)

where V is the volume of the system. The third
virial coefficient concerns the interaction between
three colloid particles. If the interaction is as-

sumed to be pairwise additive

1)(e-ir,,*r _ ])dr,dr,dr3 (3)

The virial coefficients Bnalso suffice to determine
the (number density) activity coefficient of the
colloid ions in the inside solution4

IN7 = - B+ 2B:P +

The McMillan-Mayer method does not give
direct, explicit information on any equilibrium
species, as these are treated as part of the suspend-
ing medium for the non-equilibrium species. In
treating the equilibrium distribution6 of small
ions, therefore, it is necessary to assume first that,
besides the colloid species, one species of small
ions, say the feth species, is not in equilibrium.
Subsequently one considers the limiting case in
which the activity difference of species k across the
membrane vanishes. This procedure permits one
to express the equilibrium ratio pk/pk*asa power
series in p (viz., eq. 27 of reference 3 with p* =
0)

- 1+

bup + (bn — 262L i)p2 + .... (4)

Pk

As in eqg. 1, the coefficients in expansion 4 are
related to cluster integrals. 6n depends on the
interaction between one colloid particle and one
small ion, integrated over positions rx and r3
respectively. Using definitions in reference 5 one
obtains

(fi) Compare T. L. Hill, “Statistical Mechanics,” McGraw-Hill
Book Co., Inc., New York, N. Y., 1955, eq. (25, 21) and p. 278.
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bn=¥ fvf rie4In"KIr- D *1*.

where W i3 is the potential of average force between
a colloid particle and a small ion in the limit p—0
(outside solution).

The coefficient of p- in eq. 4 relates to an integral
of the interaction between two colloid particles,
say at r, and r2 and one small ion, at r3 With the
help of the relevant expressions of reference 5 and,
as in B:, the assumption that interaction forces are
pairwise additive, we find
bn = 2ben = 5 v fvf rf r (e-Ww*“"IT -

V (e~w™ "kT -~

e~,ri2,irdridr..dr3 (Gj

Incidentally, we have used eqg. 5 and 6 to check
the corresponding coefficients (obtained by a
method which included the use of the membrane
potential) in eq. 89 of I. In thiscase W = W =
e-e~K/tr, where e is the dielectric constant.

It should, perhaps, be emphasized that, except
for the assumption of pair-wise additivity, eq. 1 to
6 are formally exact in classical statistical me-
chanics. Further errors are introduced on adopting
a model and approximating IFand W for the model.

3. The Potentials of Average Force

Our choice of the interaction potentials is based
upon detailed consideration of the electrostatic
potential field around a colloid particle. Let us
consider a spherical colloid particle with radius a
and surface potential ypimmersed in a salt solution
containing p* ions of valency z per unit volume.
For sufficiently low values of fc, the electrostatic
potential at a distance r from the center of the
particle is given by the well known Debye-Hiickel
expression

ip = e~*br-a) (7)
« Is the reciprocal thickness of the ionic double
layer defined by

For high surface potentials, expression 7 is no
longer valid. For some values of e®./kT and «a
the potential-distance relation has been evaluated
by Hoskin7with the help of an electronic computer.
The results aie fairly well represented by an
analytical expression of the form

11 + (y - De-2,fr-a)] 9)

Tr
The parameter y is somewhat larger than unity and
depends on expo/KT and on na  Far from the
particle surface, where 2k(t — 0))>>1, the factor
in brackets approaches unity and expression 9 sim-
plifies to
P= =~ -e“«(r-a) (10)

7r
This equation is consistent with the fact that in the
outer part of the double layer, where the potential
is low, the potential is indeed correctly represented
by a Debye-Hiickel field. In relating this field to
the electric properties of the colloid particle the

(7) N. E. Hoskin, Trans. Faraday Soc., 49, 1471 (1953).
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proportionality constant is to be adjusted properly,
that is, in eq. 7, is replaced by ipo/J to obtain
eq. 10. In an earlier paper8 an accurate method
was developed for interpolating y between Hoskin’s
values.

The electrostatic interaction between two colloid
particles at large distances may now be dealt with
on the basis of expressions developed by Yerwey
and Overbeek.9 They derive for the potential of
average force W(U) between two identical colloid
particles surrounded by a Debye-Huckel potential
field

e-«c(

v Zeav Wy (ID

where R is the distance between the centers of the
particles. / is a factor less than unity, the value of
which depends on KR and on the assumption
made when the particles approach, constant /-0 or
constant particle charge. At large distances of
separation, KR — 2a)>>1, one has/ = 1

In view of eq. 7 and 10 we adapt eq. 11 to the case
of high surface potentials by substituting oy

for yio

WR)=e2(Jj e " 12)

We turn now to the virial coefficients in eq. 1
It will be noted in eq. 2 and 3 that the interaction
appears in factors of the form (e~w/kKT — 1).
These factors take the value —1 for close approach,
when W /kT»l, or particle overlap, W/kKT =
oo. Thus the virial coefficients are very insensitive
to the actual value of W{R) in this range. In
physical terms, the probability of close approach
is very small and hence even an appreciable error
in W{R) in this range does not change the over-all
distribution significantly.

In the next section, eq. 12 for W(R) with/ =
1is used to evaluate B2and B3 numerically. We
now discuss the errors resulting from this ap-
proximation to W (R).

As stated above, the factor/in eq. 12 differs from
unity significantly for small values of R — 2a
The effect on B2can be illustrated with a numerical
example. We consider particles with a radius
of 20 A. in an aqueous 0.025 M solution of a 1-1
electrolyte at 25°. Then . = 5 X 106cm.-1 and
Ka = 1 Furthermore we assume e\d/kT = 4,
corresponding to yo & 100 mv- For these data
the value y = 1.145 can be derived from Hoskin’'s
tables,7and eq. 12 becomes

M - 2526 —— f
kT 1

In Fig. 1, W(R)/KT is plotted vs. kR. To obtain
curve 1, values of / were taken from the work
of Verwey and Overbeek (ref. 9, table XVII) for
the case that remains constant when two par-
ticles approach. Curve 2 was constructed with /
= 1in the entire range. If it is assumed that not
ipl but the particle charge remains constant, the
corresponding W(R) curve lies between curves 1
and 2. Figure 2 shows the function 1 — e~W{R)/KT,

(8) D. Stigter and K. J. Mysels, This Jocrmal, 59, 45 (1955).

(9) E. J. W. Verwey and J. Th. G. Overbeek, "Theory of the Sta-
bility of Lyophobic Colloids,” Elsevier Publishing Co., Inc., Amster-
dam, 1948.
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kR.

Fig. 1.—Wn/KT vs. kR according to eq. 12: curve 1, / for
Yaconstant; 2,/ = 1

0.8
0.6
« 0.4

0.2

kR

Fig. 2—Plot of 1 — e~w”KT vs. nR for WA/KT from Fig. 1

idr —a).
Fig. 3.— Potential distance plots for eip/kT —4 and ks= 1
curve 1, eq. 10, Debye-Huckel; 2, eq. 9, Hoskin.

which is virtually the same for the three TF(i!)
curves under discussion. In fact, changing from
curve 1to curve 2 in Fig. 1increases B2by only 1%.
The correction is somewhat larger for lower surface
potentials when the particles may approach more
closely.

In addition there is a second error to consider.
Equation 12 assumes a Debye-Huckel potential
field around the colloid particles, as illustrated by
curve 1, Fig. 3, for the data discussed above.
Actually the potential in the interior of the double
layer is somewhat higher since it reaches the value
Yo at the surface, curve 2 in Fig. 3, instead of i/oly.
Now, changing from the actual potential-distance
curve to the Debye-Huckel potential, implicit in
eqg. 12, lowers B2 slightly. The relative error is
small compared with 72 — 1 and is expected to be
of the order of a per cent.

In summary, the use of eq. 12 for W(R), with /
= 1, introduces two minor errors of opposite sign
in the virial coefficients.
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We now turn to the coefficients in eq. 4. bu
resembles the mixed second virial coefficientina two
component gas mixture. For the potential of
average force between an ion with charge 2e and
a colloid particle, W13 = zfip is introduced, where
mpis given by eq. 10. Only the distribution of co-
ions is considered, Wn> 0. This suffices to de-
termine also the distribution of counter ions (Wa
< 0) from the colloid charge and the condition of
electroneutrality.

The use of eq. 10 instead of the correct potential
causes a slight error, similar to the one in B>
discussed above. For the data in Fig. 3, the rele-
vant error in bn was found to be only 0.5%.

In the interaction between three particles (the
coefficients of p2in eq. 1 and 4) the conventional
but approximate assumption of pairwise additivity
of interaction potentials impairs somewhat the
precision of our results. This error, though dif-
ficult to assess, is not expected to be large.

4. Calculations and Results

In the prececing section it was demonstrated
that the virial coefficients are insensitive to the high
part of the interaction potential curve. This
justifies the use of eq. 12, with/ = 1, for R~ 0 and
of eq. 10 for r~0, which means in fact that the
colloid particles are treated as point charges. This
feature is convenient for generalizing the results.
Specifically, in the case of eq. 1, it leads to a two
parameter “law of corresponding states.”

In the case of spherical particles, with KR = x
as the dimensionless variable, eq. 2 for B, (in
cc./molecule) is transformed into

sIB; = 2wJ “ (1 - e-W(X)/KT)xidz (13)
where
W{x) e~Xx
kT =F x a
and

KB2has been computed from eq. 13 by numerical

integration. The results for a number of F values
are presented in Table I.
Tabte |
F 0.5 1 2 5 10 20 50
2.86 588 9.8 212 361 575 102
F 100 200 500 1000 2000 5000 10,000
KBi 150 216 332 447 589 825 1040

The equation for Bh given in (3), may be con-
verted into (seel)

KB3= A f" (1 -
0

o e-W(x)/KkT)x dx JfO @ -

e~W(V)/KT)ydy I(1 — e-H®/*2)d* (15)
J'.x-y

where X, y and z are the interparticle distances
expressed in units of 1/«. As for B4 we use (14),
and analogous expressions for W{y) and IF(z).

The triple integral in (15) was evaluated numeri-
cally for a number of F values and the results are
given in Table II.

For hard spheres the ratio B¥B2 = 0.625. It
is seen in Table Il that for increasing F this ratio
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Tabite Il
F 10 20 50 100
KBz 338 1014 3830 9330
B 0.259 0.307 0.369 0.413
B,J : ’ ' :
F 300 1000 3000 10,000
KBz 31,700 100,700 248,000 596,000
El
0.466 0.504 0.529 0.548
B

approaches slowly the hard sphere value, as ex-
pected. For intermediate values of F, B> and B3
may be obtained from the above data by interpola-
tion on logarithmic plots.

For calculating bu, eq. 5 is written as

KBh = —4rd~ (1 —e W(x)/KT)xidi  (16)
where
W'(x) _ _e-*
kT X (17)
and
o = ZieKa }]oe*gl

As pointed out earlier only the interaction between
colloid particles and co-ions is considered, G > 0.
Comparison with eqg. 13 and 14 shows that the
integrals for s 2and ». are of the same form, the
difference being a factor —2 and the substitution of
G for F. Thus Table | may be used for reading
—VVfrn (instead of K52 as a function of G
(instead of F). From eq. 14 and 17, the relation
between Gand Fis
8 - N4 (18)
The coefficient of plin eq. 4 follows from eq. 6,
which reads, after transformation of co-ordinates

HARL - 26506) = 42
|- eINUATY Y | e M)ATZdz (19
Ix—wW

Jo

-

x/k and y/n are the distances between the small
co-ion and the centers of the two colloid particles,
respectively, while ./« is the distance between the
centers of the colloid particles. W '(x) is given in
eq. 17, W'(y) is of the same form, and eq. 14 de-
fines W(z) (substituting z for x). The results of
the numerical integration of eq. 19 are shown in
Table Ill. The parameters were chosen so that
in the case of a 1-1 electrolyte in water at 25° the
set of G values for each F corresponds to it = 3
X 10s, 106 3 X 106and KFcm.-1

In the case of hard sphere colloid particles sa
equals the volume per colloid particle and bn —

:bzobu Vanishes. This agrees with the results in
Table 11l where the ratio (vn — b2 bu)sbn+ tends
to zero for Fand G—m» .

Discussion
It is interesting to compare our results for the ion
distribution with a less general approach, first
advanced by DavisDand by Klaarenbeek,1112 which

(10) L. E. Davis, soil Science, 54, 199 (1942); 59, 379 (1945).
(11) F. W. Klaarenbeek, Thesis, Utrecht, 1946.
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Fig. 4—Local ion concentrations near positively charged
colloid particle.

Fig. 5.—Distribution of coions for colloid particles witha = 25 X 10~8cm., eo/KT =

Theory of the Doxxan Membrane Equilibrium

pt /(1 —e ti/KT)dr

The average concentration cf co-ions, p+, in a solu-
tion containing p colloid particles per unit volume,
is therefore

P+ = pt“[l + p fie-rt/kT _ i)dr] (p-» 0)

The comparison of eq. 20 with eg. 4 and 5 shows
that pzx° is to be identified with p* and ziip With

In order to demonstrate the relative importance
of the terms in eq. 4 we have calculated the ion
distribution in the case of colloid particles with
exl/o/KT = 3anda = 25 X 10_scm., and immersed
in an aqueous 1-1 electrolyte solution at 25°.
Figure 5 shows the ratio pt/pk* of co-ions verms p

(20)

3 and aqueous 1-1 electrolyte solu-

tion at 25°.

Tabte Il

Values of K§(62i — 2M>U) and, in brackets, of (62 — 28AKii)/&,2as a Function of F and G

0 — 0.403 0.845 1.404 2.07 4.03 8.45 14.04 40.3 84.5
F 10 9.49 29.5 81.5 235
\ (0.328)  (0.336)  (0.347)  (0.362)
100 39.5 123 320 906
(0.169)  (0.189)  (0.203)  (0.230)
1000 117.6 341 875 2370
(0.075)  (0.086)  (0.101)  (0.125)
10000 247 718 1830 4820
(0.028)  (0.038)  (0.049) (O 065)

considers the local ion concentrations in the vicinity
of a colloid particle in the limit p—0. In Fig. 4
this situation is sketched for a 1-1 electrolyte and a
positively charged colloid particle. Far from the
colloid the concentration of the ionsis px°. In the
double layer the counter ions are accumulated and
the concentration of co-ions is decreased, the local
concentrations being pzx'eel/kr and pz°e~el/KT, re-
spectively. The deficit of co-ions (the “negative
adsorption”), as indicated by the shaded area in
Fig. 4, is

12
Chemistry,” Vol. G Pergamon Press, London, 1956, p. 57.

J. Th. G. Overbeek, "Progross in Biophysics and Biophysical

for various values of . which correspond roughly
to salt concentrations of 10 1 M (k = 107 cm.-1),
10-2 and 10~3 M. As seen in Fig. 5, the linear
term, bnp, in eq. 4 describes the ion distribution
down to rather small values of pk/pk*, in particular
for high salt concentrations. This agrees with
Klaarenbeek’s experiments on the Donnan equi-
librium of gum arabic and NaBr (or Nad). 1,2
Since gum arabic is a (branched) long chain poly-
electrolyte, quantitative agreement with the present
model was not obtained.

Some results on the osmotic pressure, calculated
with eq. 1 for the numerical data used in Fig. 5,
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indicated that the quadratic term becomes im-
portant at colloid concentration about 1/10 as large
as is the case in eq. 4. This also is in quali-
tative agreement with Klaarenbeek’s results on
gum arabic.9

The present results for B>may be compared with
earlier work based on a hard sphere model, where
the surface of the sphere, replacing the colloid
particle and its double layer, was defined as the
surface on which the interaction energy W(R)
equals KT.13 In Table 1V the results for (NoM)/B2
are given in the case of micelles of sodium lauryl
sulfate in aqueous NaCl solutions at 25°, No being
Avogadro’'s number and M the micellar weight.
It will be observed in Table IV that the hard
sphere values of B2are consistently too low, show-
ing that the hard sphere cut off should have been

(13) D. Stigter, Ree. trav. chim., 73, 593 (1954).
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chosen at some surface where W(R) < kT. In any
case, the hard sphere model is rather poor since
W (R) decreases with R over a considerable range.

Table IV

Comparison op Different Calculations of B2 for NaLS

Micelles

CNacl, (Aro/M)Bo, cc./g.
mole/1. Hard sphere Present work
0 80 143

.03 24 34.8

1 12 15.6

Finally, it should be recalled that the McMil-
lan-Mayer (virial expansion) approach fails at
very low ionic strength. In the limit k— O, the
potentials of interaction W(R) and W'(r) fall off
as I/R and 1/r, respectively and, as a consequence,
the virial coefficients become infinitely large.

VAPORIZATION CHARACTERISTICS OF p-DIBROMOBEXZENE

By J. H. Stern and N. W. Gregory

Contribution from the Department of Chemistry, University of Washington, Seattle, Washington
Received August 19, 1958
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Vapor pressures of p-dibromobenzene have been measured in the temperature range —45 to 74° using effusion, gas satura-

tion and static techniques: log Patm = —3850T-1 + 8.80.

Condensation coefficients, estimated from effusion pressure

dependence on cell geometry, range from near unity at the lowest temperatures to ca. 0.025 at 13°.

Recently the use of the effusion method as a
means of determining the condensation coefficient
of iodine has been described.1 A similar study of p-
dibromobenzene has been made to test further the
applicability of the method. Its properties are
well-suited for an effusion study. Only a limited
study of its vapor pressure appears in the literature2
(there is a general paucity of low vapor pressure
data for simple aromatic compounds). In the
present work effusion, gas saturation (transpira-
tion), rate of vaporization and static vapor pressure
measurements have been made in the temperature
interval —45 to 74°.

Experimental

Samples of p-difcromobenzene from two sources (Mathe-
son, Coleman and Bell, Reagent Grade; Eastman Kodak,
White Label) were used. Melting points of both samples,
before and after recrystallization from 95% ethanol, were
the same, 86-87°. The small quantities transported at
low vapor pressures in the dynamic methods were deter-
mined by spectrophotometry, using solutions of p-dibromo-
benzene in 95% ethanol. Quantities of the order of a mi-

cromole were determined at 2710 A. (Beckman D.U.); the

more strongly absorbing region at 2400 A. was used for
smaller amounts; as little as 5 X 10~8 mole easily could be
determined within 5% uncertainty. Beer's law appeared
valid at both wave lengths.

Effusion.— Measurements were made with the same cells
and technique described fully in the recent publication on
iodine. Cell numbers on Fig. 4 and cited in the discussion
correspond to those listed in ref. 1.

Gas Saturation.—The first measurements using this
technique were made in the very low vapor pressure range,
10“5 atmosphere or less; poor reproducibility and an ap-
parent dependence on carrier gas was noted. These diffi-
culties disappeared at higher vapor pressures, but the carrier

(1) J. H. Stern and N. W. Gregory, T his Journal, 61, 122G (1957).
(2) F. W, Kuster, Z physik. Chem., 51, 222 (1905).

gas dependence was examined fully, using helium, argon,
chlorotrifluoromethane (F-13), hydrogen and air. All
gases (except air) were taken directly from commercial re-
agent grade tanks. Air was displaced from a five liter flask,
driven at a constant rate by adding water from a constant
level column above the flask. The carrier gases were dried,
passed through a flow meter for qualitative indication of rate,
into a thermal equilibration tube and then through the
saturator. The latter two were immersed in a thermostat;
the saturator column consisted of a simple Pyrex trap, about
20 mm. o.d. and 20 cm. in length, with the inner surface of
the outer walls coated with p-dibromobenzene, previously
sublimed in under high vacuum. The saturated gas mix-
ture then left the thermostat region via a heated tube lead-
ing to a U tube where the vapor was condensed (U tube
cooled with liquid oxygen, or with a diethyl malonate slush
bath (—55°) when F-13 was used as the carrier gas). The
carrier gas then passed through an additional drying tube,
to prevent back diffusion of water, and into a Mariotte
flask where it displaced a measured volume of water. The
latter was used to determine the flow rate. The sample
collected from a given run was dissolved in ethanol and re-
moved from the U tube for analysis.

The saturation column was evacuated before changing
flow gas and flushed each time with gas flowing in reverse to
the normal direction before initiating a run. Carrier gas
pressures were kept near atmospheric pressure. Flow rates
were varied between 4 and 84 ml./minute without notice-
able variation in the calculated vapor pressures. Most runs
were for periods less than one hour.3

Static Pressure Measurements.—p-Dibromobenzene was
not observed to react with mercury at temperatures below
its melting point. A modification of a mercury gauge sug-
gested by Pearson,4Fig. 1, was used to make direct meas-
urements of the vapor pressure in the range around one
millimeter. Tube A, containing the sample, was connected
by a multiple bore stopcock, lubricated with Apiezon T, to
B, the null-point reference tube of the gauge. B is also
connected to C, a precision bore tube of diameter 25.42 mm ,

(3) Details of these and other experiments may be found in the
Doctoral Thesis of John Hanus Stern, University of Washington,
Seattle, 1958.

(4) T. G. Pearson, ibid., A156, 86 (1931).
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a uniform capillary tube D, 2.68 mm. diameter, and a mer-
cury reservoir E. The entire gauge was initially evacuated
and the level of the mercury adjusted by a stainless steel
valve F so as to just close an electrical circuit between
vertical and horizontal tungsten electrodes in the null-
point tube. The electrodes were attached to an electronic
indicating device. The entire apparatus was immersed in
a water thermostat. To measure the vapor pressure, the
sample vapor was allowed to enter B, depressing the level
of mercury. Air was then admitted to D to displace suffi-
cient mercury to restore the initial level in B. The volume
of mercury displaced from D is equal to that added to C;
from the known ratio of cross-sectional areas of the two
tubes (giving a multiplication factor of 90) the small pressure
may be calculated from the relatively large change in height
observed in D. The mercury and glass must be cleaned
carefully to minimize abnormal capillary displacement
effects.

Rates of Free Vaporization.—A limited number of meas-
urements of the rate of vaporization into vacuum of powder
and pressed tablets was made in the same manner as de-
scribed for iodine.1 The irregular surface changes on single
crystals undergoing free evaporation were recorded at vari-
ous intervals by macrophotography.3

Results and Discussion

Pavalues, calculated from the equationl
Pa(atm) = n(MTy/i(44.38A0tK)~1 (1)
where n is the number of moles of molecular weight
M collected in time tat T° (Kelvin), Agthe orifice
area and K the cell geometry factor, from effusion
cells 3, 4, 5 and 6 are shown in Fig. 2. Between ca.
—13 and —45° results from all cells were indistin-
guishable, indicating that the condensation coef-
ficient is near unity in this low temperature range.
At higher temperatures a dependence of steady-
state pressures on cell geometry becomes apparent;
data from the various cells may be correlated with
the equationl

P. =

Pe - ap.ict 2

where / is the ratio of cell orifice area to cross-sec-
tional area, Pe the apparent equilibrium pressure
and a the condensation coefficient. Pe values se-
lected to give the most consistent set of a values
for all cells were only a few per cent, larger than
steady-state pressures observed in cell 6. Con-
densation coefficients so determined are summa-
rized in the table

ax 10¢
Cell 47 30 13 0 -C -15°C.
3 23 28 50
4 2l 25 60 110 >200
5 16 19 32 90 180 >200
6 16 18 29

Effusion measurements were made up to the
millimeter pressure range (1.5 X 10-3 atm.). At
pressures above 10-6 atmosphere (ca. 10°), how-
ever, Psfor cells 3 and 6 calculated from equation 1
lie above those indicated by gas saturation and
static measurements as equilibrium pressures, shown
as the dotted line on Fig. 2. This appears to be a
manifestation of the breakdown of molecular flow
conditions; it is concluded that Pe values based on
(2) are too high at temperatures above 13° leaving
doubt as to the validity of a values tabulated at 30
and 47°.

Results of the gas saturation and static pressure
measurements are shown in Fig. 3. Ideal gas be-
havior was assumed. The various carrier gases
all gave vapor pressures in good mutual accord

V aporization Characteristics*!)!' p-Dibromobenzexe
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Fig. 2.— Vapor pressures measured by effusion: 6, 0;3 ,<__>;
4, -©, 5, &, Ptrass. static, * =

above 20° (v.p. ca. 5 X 10-5 atm. and higher) and
are seen to be in excAlert agreement with the
static pressure measurements. An extrapolation of
the line shown in Fig. 3 correlates very well with
effusion data between —13 and —45°, the range in
which a is near unity; the combined data lead to
the equation
log P(atm) = —3850P-1 + 8.80 3)

giving a mean standard heat and entropy of sub-
limation of 17,650 cal. mole“ 1and 40.3 cal. deg.-1
mole-1, respectively. P Bfrom cell 6 is shown at two
temperatures on Fig. 3 ~o indicate its relationship to
the equilibrium line in the high pressure region.
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Fig. 3.—Vapor pressures measured by gas saturation and
static methods.

Pressures reported by Kiister are considerably
lower than those predicted by equation 3.

The continuous rise of the effusion apparent equi-
librium vapor pressure curve above the correct line
(at higher temperatures), 30% higher for cell 6 at
55° (p = 1.1 mm.) is in contrast to the behavior ob-
served with iodine. lodine cell 6 pressures agreed
closely with transpiration data of Baxter, Hickey
and Holmes5in the pressure region near one milli-
meter. At higher temperatures a rather sudden
fall-off, or flattening, of the In P vs. I/T curve was
observed; the pressure at which this occurred was a
function of cell geometry, 1.2 mm. for cell 6, 0.1
mm. for cell 5. The fall-off in the case of iodine is
thought to be due principally to the self-cooling of
the sample at the relatively large net rates of vapori-
zation from the effusion cells at the highest pres-
sures; however, a similar phenomenon was not
observed with p-dibromobenzene. Molecular di-
ameters, mean free paths and heats of vaporiza-
tion are quite similar for the two substances; hence
the fall-off in the case of iodine seems to be deter-
mined by solid characteristics rather than a mo-
lecular flow problem. It is concluded that the
breakdown of the Knudsen equation at pressures
above 10~2 mm. may result in a rise of apparent
pressures above the actual values as viscous flow
becomes more important, as predicted by Dushman,6
or, depending on the heat conduction properties of
the solid, a fall-off due to lowered surface tempera-
tures produced by self-cooling. A fortuitous com-
bination of these effects may result in close corre-
spondence of effusion pressures with correct values
at pressures up to the millimeter range.

The condensation coefficient of p-dibromoben-
zene, like that of iodine, appears to decrease as the
temperature is increased. Equation 2 is of little
value for its estimation below temperatures of 0°,
where a becomes materially larger than 0.1, because
of the small difference between Pe and Ps. While

(5) G. P. Baxter, C. H. Hickey and W. C. Holmes, J. Am. Chem.

Soc.. 29, 127 (1907).
(fty F. Dushman, “Vacuum Technique,” Chapt. 2, John Wiley and
Sons, Inc., New York, X. Y., 1949.
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effusion data at temperatures higher than 13° ap-
pear to correlate well with equation 2, the break-
down of the Knudsen equation at the higher pres-
sures makes the significance of the a values ques-
tionable (the deviation from molecular flow condi-
tions would be different in each cell). A plot of
the apparent @ values vs. 1/ T shows considerable
curvature and does not give a suitable basis for es-
timation of activation energy and entropy. The

E ffusion Data

Cell 3

(T, 21.2 X 10“3cm.2 /25.0 X 10'4 K 0.97)

Temp., °C. Time (min.) P X 105 (atm. )
35.1 15 49 22.4
25.3 19.82 8.57
11.2 13.33 1.88
0 33.65 0 473
0 22.77 AT6

-12.9 47.25 .0927
—37.5 91.03 .00349
-37.4 49.19 .00328
-45.2 124.78 .000777
Cell 4
(.to 13.3 X 10~3cm.2/ 51.8 X 10-4; K 0.98)
38.3 14.65 26.8
26.2 19.01 8.82
21.0 21.88 4.93
11.5 34.07 1.72
0 48.88 0.445
0 55.12 .458
-12.6 56.01 101
-37.3 77.74 .00269
Cell 5
(T, 16.7 X 10'3cm.2 / 135 X 10“4; K 0.96)
48 21.37 41.4
42 13.86 27.2
28.5 30 76 8.91
215 33.55 4.29
17 21 .60 2.65
13.1 17.38 1.84
7.2 36.18 0.946
0 26.89 443
-12.8 35 52 0821
-21 91.30 .0263
-45 156.64 .000868
Cell 6
(To 4.23 X 10“3cm.2 f 5.97 X 10“4; K 0.97)
55 28.68 147
51 19.28 106
40 12.80 42
36.7 29.79 28.9
33 33.60 20.4
31 16.78 16.9
26 26.45 10.5
23 31.39 8 15
20 35.38 5.04
20 24.92 4 94
5 33.00 0 832
0 35.10 .504
0 39 14 .502
-13.1 62 37 .0800
-13.1 62.93 .0800
-38 86.80 .00222
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general behavior is comparable to that found for
iodine, however, with a somewhat more rapid
change of a with temperature.

As with iodine, it does not seem possible to attrib-
ute the deviation of Ps values in the various ef-
fusion cells to surface cooling effects. For example
the net rate of vaporization from cell 3 is larger than
cell 5; yet the former yields Ps values larger than
the latter. Furthermore even in cell 3, which has
the highest rate of effusion (moles sec.” ), radia-
tion transfer alone is sufficient to keep surface
temperatures within less than a degree of the walls
at temperatures as high as 0°. Hence the Psto Pe
relationship has been interpreted as an a effect. It
should be emphasized that the absolute value of a
depends on the value selected for the sample area,
As; the latter has been taken as the cross-sectional
area of the cell; if in reality it is only proportional
to this, possibly much larger, then a may have a

lon-exchange Separation of Technetium and Rhenium

559

much smaller value, as averaged over the total sur-
face area. Photographs of freely vaporizing crys-
tals show vaporization occurs more rapidly at crys-
tal edges than on the faces.3 The condensation co-
efficient may well be different on the various crys-
tal surfaces.

The surfaces of freely vaporizing crystals were
seen to undergo irregular and chaotic disintegra-
tion; a reliable area of vaporization cannot be es-
timated under these extreme non-equilibrium con-
ditions. This area mus* be known if quantitative
interpretation of free vaporization data is to be at-
tempted for evaluation of vapor pressures or con-
densation coefficients by the free evaporation
method.
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Technetium and rhenium in their highest oxidation states can be separated by ion-exchange chromatography on the
synthetic resin Dowex 1, using perchlorate ion as the elutriant. In 0.1 and 0.2/ HC104solutions, the peak elution volumes
(in units of free column volumes) are 43.0 + 0.8 and 23.6 + 0.4 for Re04~ and 85.2 + 19 and 43.7 + 0.7 for TeO,-, re-
spectively. The trailing edges of the elution curves deviate markedly from the predicted C-aussian shape, and the observed
separation factors differ from those calculated from the plate theory of Mayer and Tompk ns, and Glueckauf, by factors of
102to 1018 Part of the discrepancy is due to a chemical cause, presumably radiocolloid formation, and can be eliminated
by appropriate chemical treatment. In addition, there appears to be a “residual” tailing-effect which can be reduced, butnot
eliminated, by changing the experimental variables. This effect, which appears to arise from the infrequent occurrence of a
second, slow exchange process, limits the maximum separation factors attainable to 10443, irrespective of the number of
theoretical plates. The mechanism of this process could not be established with certainty, although its dependence on flow
rate was consistent with the behavior expected if the chemical exchange reaction with the exchange site, rather than film or

particle diffusion was the rate-determining step.
ments studied, but occurs in other systems as well.

It appears that the “residual” tailing-eftect is not limited to the two ele-
At high acid concentrations, a broadening and distortion of the tech-

netium peaks was observed, indicating oxidation of the resin by pertechnetate.

Introduction

In conjunction with a search3 for naturally oc-
curring TcR a highly efficient method was needed
for the separation of trace quantities of Tc and Re.
Separations of these elements had been described
by Perrier and Segre,4 Sugarman and Richter,5
Rogers,6and Atteberry and Boyd.7

As shown previously,3 these methods suffered
from one or more of the following shortcomings:
low separation factors, low yields and failure at trace

(1) Presented before the 130th National Meeting of the American
Chemical Society, Atlantic City, September 19, 1956. This work
was supported in part by the U. S. Atomic Energy Commission.

(2) (a) Department of Chemical Engineering. Jadavpur University.
Calcutta, India; (b) Department of Chemistry and the Enrico Fermi
Institute for Nuclear Studies of the University of Chicago, Chicago,
Ilinois; (c) Department of Chemistry, Columbia University, New
York, N. Y.

(3) (@) E. Alperovitch, Ph.D. Dissertation, Columbia University
(January 1954); U. S. Atomic Energy Commission Report NYO-0139.
(b) E. Alperovitch and J. M. Miller, Nature. 176, 299 (1955).

(4) C. Perrier and E. SegriL J. Chem. Phys., 7, 155 (1939).

(5) N. Sugarman and H. Richter, Phys. Rev., 73, 1411 (1948).

(6) L. B. Rogers, J. Am. Chem. Soc., 71, 1507 (1949).

(7) R. W. Atteberry and G. E. Boyd, ibid., 72, 4805 (1950).

concentrations. For this reason, a new ion-
exchange procedure was developed33 using the
synthetic resin Dowex-1 as the exchanger, and
perchlorate ion as the (lutriant. Upon application
of this procedure, it was found, however, that the
rhenium content of the technetium fractions, as
determined by neutron activation analysis, was
frequently about 102108 times higher than pre-
dicted by the plate theory of Mayer and Tompkins8
and Glueckauf.9 For example, in the experiment
illustrated in Fig. 1, the technetium fraction cut at
71.5 free column volumes would have contained
>2.1 X 10~4of the initial amount of rhenium, com-
pared to values of 1.1 X 10“9and 3.0 X 10-7
calculated from the theories of Mayer and Tomp-
kins, and Glueckauf, respectively. (An even more
drastic case is shown in Fig. 4, where discrepancies
by factors of 2.4 X 10Band 1.3 X 1014 respec-
tively are found.)

(8) S. W. Mayer and E. R. Tompkins, ibid., 69, 2866 (1947).

(9) (a) E. Glueckauf, Tran'. Faraday Soc., 51, 34 (1955); (b) E.

Glueckauf in “ lon Exchange aid Its Applications,” Society of Chemi-
cal Industry, London, 1955, pp. 34-45.
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Table |
Eltution Parameters of Perrhenate and Pertechnetate
Resin Resin
Cross capacity
Resin Inkage  (meq./dry
type (% DVB) g) Elutriant CeQH CRe04_ Crcoi ~
Dowex-1 4 3.5 O.I/NH 4104+ 0.1/ NHj 935+ 2.0 490 £+ 1.0 191 + 0 06
Dowex-1 8 3.25 ,2IHCKX 43.7 £+ 0.7 23.6 £+ 0.4 1.85 + .041
Dowex-1 8 3.25 .2/ NH4C104+ 0.1/NH, 41.7 + 5 235+ 4 1.78 + .04
Dowex-1 8 3.25 .1/ HC104 85.2 + 1.9 43.0 £+ .8 1.98 + .06
Dowex-1 8 3.25 i/ nhdciod4+ o0.: 'NH., 79.8 + 2.0 424 + 1.0 1.88 + .06
Dowex-1 8 3.25 .2/N a salicylate 170
Dowex-1 10 3.11 .2/ HC104 442 +0.6 242 + 1.2 1.83 £+ .09
Dowex-2 10 3.0 .1/ HC104 57 + 2
wool plugs at the top and bottom of the column. The

Fig. 1.—Discrepancy between calculated and observed
cross-contamination. If a cut is taken at 71.5 v., the
rhenium content of the technetium fraction will be >2.1 X
10~4 compared to calculated values of 1.1 X 10“9 (Mayer
and Tompkins) and 3.0 X 10“7 (Glueckauf). Carrier-free
pertechnetate and 10 mg. of perrhenate refluxed with 0.5/
H2504for 21 hours and made basic to pH 9 before absorbing
on column. Dowex 1-X4, C104--form, 200-400 mesh;
column 23.0cm. X 0.204 cm.7. Eluted with 0.1/ NH4C104;
flow rate 0.75 cm./min.

This observation raised the question whether
the discrepancy was due to intrinsic shortcomings
of the theory, or to unfavorable experimental
conditions. We have been able to show that part
of the deviation was indeed caused by a number of
controllable experimental factors, and have suc-
ceeded in reducing the discrepancy by factors of
102 to 103 Beyond that, however, there appear
to exist at least two other effects. One of these is
peculiar to technetium, and apparently involves
a reduction of pertechnetate ion by the resin. The
other one, observed with both Re04~ and Tc04~,
is independent of nearly all experimental variables
except the flow rate, and appears to arise from the
presence of two different types of exchange sites
on the resin.

Experimental

Resins.—The synthetic anion-exchange resins Dowex-1
and Dowex-20were used in all experiments. The charac-
teristics of these resins are listed in the first three columns
of Table I and in the figure captions. Unless otherwise
specified, a fraction between 270 and 325 mesh was used.
The mesh sizes refer to wet-screened resin in the chloride
form. In several cases, the particle size of the perchlorate
form of the resin was measured directly by means of a mi-
croscope equipped with a micrometer eyepiece.

Columns.— Glass columns of 0.49 to 0.51 cm. i.d., 10-60
cm. long, were used. The resin was held in place by glass@

(10) Processed by the Bio-Rad Laboratories, Berkeley, California.

fractional void space of the columns was 0.40 + 0.01.

Tracers.— Carrier-free Rel84 and Tc% prepared by
deuteron irradiation of tungsten and molybdenum, respec-
tively, in the Washington University cyclotron, were puri-
fiediby distillation and ion exchange, and coprecipitated
with7CuS. The CuS was dissolved in NHj + H2 2 the
Cu++ removed by cation exchange, the solution evaporated
to dryness to remove NH: and the residue taken up in
water. Before use, the solutions were stored for a period
long enough to ensure complete decay of Re18 Tc%and other
short-lived activities.

Determination of Elution Curves.—One to four ml. of
Tc04_ or Re04_ solution was adsorbed on the column, and
eluted with 60-150 free column volumes of perchlorate solu-
tion. The effluent fractions (about 1-2 free column volumes
each) were collected in glass vials on a RINCO automatic
fraction collector, and counted on a low-level scintillation
spectrometer. The radiations counted were the 201 kev.
7-ray of Tc% and the K X-ray of Rel834. At these energies
the instrumental backgrounds ranged from 5-7 counts per
minute. In elutions of mixtures of Re04~ and Tc04~, the
cross-contaminated fractions were counted in both the rhen-
ium and technetium channels, and the amount of each
species calculated by means of simultaneous equations.
In this manner, fractions containing the two species in
ratios of 500:1 readily could be analyzed. The resolving
time of the circuit was so short as to make coincidence
losses negligible even at the highest counting rates en-
countered (~4 X 104counts per minute).

Elution Parameters.—The experimental data were ana-
lyzed according to the plate theory of Mayer and Tomp-
kins8 and Glueckauf.9 From the elution curve, such as the
one shown in Fig. 1, two quantities were determined: (1)
the peak elution volume C and (2) the number of plates p.

Some observed values of C are given in Table I. As
expected, the value of C for a given ion is roughly inversely
proportional to the elutriant concentration. In addition,
the ratio CTcor/Uiieor appears to be slightly dependent on
pH and elutriant concentration, possibly due to activity
coefficient variations and polyfunctional character of the
resin.

Flow Rate.— It had been shown by Mayer and Tompkins9
and by Glueckauf% that the number of plates increased with
decreasing particle size, and, under most conditions, with
decreasing flow rate. Although it soon became apparent
that the limiting factor in our separations was the residual
tailing-effect rather than the nominal number of plates, we
attempted nevertheless to choose experimental conditions
favorable to the attainment of high values of p. Most ex-
periments with the 270-325 mesh resin were conducted at
flow rates of ca. 0.3 cm./'min., which was about the lowest
value attainable by gravity flow. Even at twice this flow
rate, the elution peaks wore symmetrical, indicating that the
column was operating at near-equilibrium conditions.

Chemical Form of Resin.—When the resin was in the per-
chlorate rather than in the chloride form at the start of the
experiment, the initial adsorption bands of both rhenium
and technetium were broadened sufficiently to cause a marked
decrease in the number of theoretical plates (e.g., from 410
to 136). For this reason, many of the earlier experiments
were performed with chloride-form resin, although this
practice resulted in asymmetric elution curves, as discussed
in a later section.
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Results

(1) Freshly prepared rhenium tracer gives an
asymmetric elution curve with considerable tailing.
(Up to 25% of the total activity is found in the
tail.) The tailing sets in when the concentration
has fallen to about 0.6% o: the total amount of
tracer per column volume (curve I, Fig. 2). About
the same degree of tailing is obtained when the
sulfide precipitate is dissolved in cold coned.
IiNO3instead of N1I13+ HZXD2 In either case, it
can be greatly reduced, but not eliminated, by
refluxing the tracer with dilute H2S04 for several
hours (curve Il, Fig. 2). Suill, about 0.1% of the
total activity remains in the tail. Addition of
oxidizing agents, such as HNO03 Ce4+ MnCh-,
104~ H202 and S20s* during the refluxing pro-
duced no perceptible improvement. The tailing-
effect diminished with aging of the tracer solution,
and was reduced by about an order of magnitude
after four months. Technetium behaves almost
identically in all of these respects.

(2) When the tracer is redistilled from con-
centrated sulfuric acid, the distillate still gives
some tailing, about 0.01% of the activity per
column volume. Technetium again behaves simi-
larly.

(3) When some inactive rhenium is added to the
tracer solution, and the mixture put through
another sulfide precipitation cycle to facilitate ex-
change between active and inactive rhenium, the
resulting solution still shows tailing at a concentra-
tion of about 0.002% per column volume (Fig. 3).
A “residual” tailing-effect of this order of magnitude
persists in all rhenium and technetium elutions,
regardless of the presence or absence of carrier,
the type and duration of chemical treatment,
and the pH of the elutriant.

(4) Essentially the same degree of residual tailing
is observed when resin of different cross-linkage
(Dowex-1-X4, 8, 10; Figs. 1, 3, 4), or different type
(Dowex-2-X10), is used.

(5) Resin of larger particle size gives about the
same or a slightly lower degree of tailing (Fig. 3).
A definite conclusion could not be drawn, since the
flow rate and the width of the peak changed
drastically when the particle size was changed.

(6) When perrhenate is eluted from the same
column at two different flow rates, the degree of
tailing is higher at the lower flow rate, although
the nominal number of plates increases at the same
time (Fig. 4).

(7) If the resin is initially in the chloride form,
the rhenium peak is asymmetric, the leading edge
being sharpened and the trailing edge broadened.
If technetium is eluted in the same experiment, its
peak is appreciably less asymmetric, indicating
that the effect is not due to incomplete attain-
ment of equilibrium (Fig. 5).

(8) If the initial tracer solution is more than 1
normal in H+, the technetium peak shows con-
siderable flattening and broadening, while the
rhenium peak is much less affected (Fig. 6).
Moreover, at all acidities a small and nearly
constant amount of technetium (0.005% of the
activity per column volume) leaks from the column
long before the leading edge of the peak appears

lon-exchange Separation of Technetium and Rhenium
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Fig. 2.—-Reduction of tailing-effect by chemical treat-
ment: curve |, untreated Itel® tracer; curve I, tracer
refluxed with 0.5/ H2S04for 6 hours.

Fig. 3.—Dependence of “ailing-effect on particle size of
resin. Rel30 4~ 4- 0.5 mg. stable Re04_ refluxed with 0.5/
H2504for 21 hours; adsorbed on Dowex 1-X8, C104~-form.
Curve |, average particle size 48 n, column 12.1 cm. X 0.204
cm.2; eluted with 0.1/ HC104 flow rate 0.30 cm./min.
Curve I, average particle size 56 column 59.3 cm. X
0.197 cm.2 eluted with 0.1 f NH4C104; flow rate 0.51 cm./
min.

(Figs. 5, 6, 7). Rhenium shows no such behavior.

9) When untreated TcO04~ is eluted with 0.2

/ HCIOa4 instead of amnoniacal NH4CIlO4, the tail-
ing-effect is immediately reduced by about an
order of magnitude, €.J., from 0.4 to 0.04% per
column volume, whereas any further reduction
requires prolonged heading at higher acid concen-
trations.

Discussion

Any interpretation of the above experiments
must account for these four phenomena: (1)
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15 20 25 30 35 40 45
Free Column Volumes.

Fig. 4.—Increase in tailing-effect with decreasing flow
rate. Rel804~ — 0.5 mg. stable Re04~ refluxed with
0.5/ HZXS04 for 21 hours. Dowex 1-X10, C104”-form,
average particle size 21 n, column 30.0 cm. X 0.204 cm.2
elutriant, 0.2/ HC104. Curve I, flow rate 0.072 cm./min.;
850 plates. Curve I, flow rate 0.193 cm./min.; 310 plates.

If a cut is taken at 28.8 v. (Curve 1), the rhenium content
of the technetium fraction will be >2.5 X 10~3 compared
to calculated values of 1.0 X 10~2L (Mayer and Tompkins)
and 1.9 X 10~17(Glueckauf).

Fig. 5.—Elution of Re04_and Tc()4~with 0.1/ NH4C104
Tracer refluxed with 0.5/ HXS04for 6 hours, but made basic
to pH 9 before absorbing on column. Dowex 1-X8, Cl~-
form; column 24.5 cm. X 0.202 cm.2 flow rate 0.25 cm./
min.

the decrease of the tailing-effect upon chemical
treatment; (2) persistence of a “residual” tailing-
effect; (3) asymmetry of the rhenium peaks; and
(4) pU-dependence of the technetium peaks. For
the sake of simplicity, each of these phenomena
will be discussed separately.

1 Decrease of Tailing-effect by Chemical
Treatment.—It is proposed that this part of the
tailing-effect is caused by a radiocolloid, a thio-
anion, or both.

One can explain the observed shape of the elu-
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tion curves by assuming that rhenium and tech-
netium sulfides coprecipitated on CuS are not
completely converted to Re0O4 and Tc04-,
respectively, by NH3 and H22- Instead, a siz-
able fraction of the sulfide remains in the form of a
radiocolloid or a slowly hydrolyzable thioanion such
as Re0XI~. This species, whatever its nature,
is more strongly held by the resin than Re04~, and
remains at the top of the column, where it is slowly
attacked and converted to one or several less
strongly held species, e.g., Re04~, by the influent
perchlorate solution. Such a gradually decreasing
retention of activity at the top of the column was
actually observed in a high activity level tracer
experiment.

Although the presence of a thioanion cannot be
ruled out with complete certainty, most available
evidence is strongly in favor of a radiocolloid.
In particular, the decrease of the effect by two
orders of magnitude upon addition of carrier
rhenium (Results, § 3) is in far better accord with
the expected properties of a radiocolloid than with
those of a thioanion.

2. Residual Tailing.—In the experiments de-
scribed under “Results,” §1to 6 (c/. also Figs. 1, 3
and 4), a “residual” tailing-effect of 0.001 to 0.02%
has persisted under a wide variety of experimental
conditions. At least five different explanations,
only one of which is in accord with all experimental
observations, may be advanced to account for this
phenomenon.

a. Non-linearity of Exchange Isotherm.—
Asymmetric elution curves with long trailing edges
are obtained when the exchange isotherms are non-
linear. However, when the column is loaded to
only a small fraction of its capacity (less than 1%
in most of our experiments), only the linear region
of the isotherm is utilized, and symmetrical elution
curves should result.

b. Multiplicity of Chemical Species.—-Origi-
nally, the residual tailing was thought to be due to
yet another chemical species, but all subsequent ex-
periments have failed to lend support to this as-
sumption. For example, about the same degree
of residual tailing was observed in 10-14 and 10-6
| perrhenate solutions that had been treated with
05to 9f HSB04 1to 15/ HNO3 KMn04 K104
and Ce(lV); redistilled from coned, sulfuric acid
or scavenged with Fe(OH)3prior to adsorption on
the resin; regardless of whether the resin columns
were initially in the perchlorate or chloride form.
Even more surprising was the fact that pertechnetate
solutions treated similarly again gave nearly the
same degree of residual tailing. However, this
fact may not be relevant, since, as will be shown
below, Tc04 probably oxidizes the resin and
exhibits other anomalies as well.

c. Instrumental Effect.—One must also consider
the possibility that the residual tailing was caused
by an instrumental effect, for example, retention
of activity by the fraction collector siphon. How-
ever, this interpretation has been ruled out by
control experiments wherein fractions were col-
lected manually without use of the siphon. Es-
sentially the same degree of residual tailing was ob-
served.
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d. Chemical Reaction with the Resin.—It is
conceivable that a small fraction of the adsorbed
anions will be reduced by the resin during elution.
If the reaction product, presumably the dioxide,
were to migrate at a slower rate than the anions
themselves, tailing will result. In order to account
for the near-independence of the residual tailing-
effect of concentration, pH and nature of the ad-
sorbed species (e.g., Re04~ or Tc04~), this inter-
pretation leads to the implausible assumption
that the rate of the reaction is independent of all
these variables, and is the same for both elements
under discussion. The latter assumption is at
variance with experimental evidence, since condi-
tions have been found where Tc04~ but not Re04
reacts with the resin (e.g. Results, § 8 and Fig. 6).
Similarly, treatment of perchlorate-form resin with
NaOH causes very severe distortion of the tech-
netium but not the rhenium peak.1l

e. Two Exchange Processes.—One can explain
the observed shape of the elution curves by as-
suming that in addition to the regular exchange
process, a second type of process takes place at a
very much slower rate. An equivalent description
is the postulation of two types of exchange sites,
which we may denote by the symbols A and B.
Either because of their location in the resin struc-
ture,12 or the chemical nature of the exchanging
group,13 the rarer B-sites undergo exchange at a
much slower rate than the A-sites. Due to the
scarcity and slow rate of exchange of the B-sites,
only a few perrhenate ions will ever interact with
them. Those that do, however, will remain at
their sites much longer than the ions adsorbed at
the normal A-sites, and will consequently appear
in the effluent some time after the main peak. It
should be noted that this model contains the im-
plicit requirement that the B-sites do not, at any
time, reach equilibrium with the surrounding solu-
tion.

We may now inquire into the nature of the
postulated slow exchange process. Boyd, Adamson
and Myers17 have pointed out that three processes
can be rate-controlling in ion-exchange reactions:
diffusion through the liquid film surrounding the
resin particle, diffusion into the resin particle, and
the chemical reaction with the exchange group.
The first of these mechanisms, film diffusion, can-
not account for the occurrence of two types of
exchange processes without invoking the existence
of two types of liquid films. Since the “normal”
films are believed to be of a thickness comparable
to the diameter of the resin particles used in our
experiments,17 it is difficult to see how films of even
greater thickness, as required for a slow exchange

(11) R. N. Sea Sarma and C. A. Lovejoy, unpublished.

(12) D. Reichenberg and D. 3. McCauley, J. Chem. Soc., 2741
(1955).

(13) It is known that quaternary ammonium type anion-exchange
resins contain weakly basic ternary and binary ammonium groups.14-16
Conceivably, these groups might react at slower rates than the qua-
ternary groups.

(14) R. M. Wheaton and W. C. Bauman, Ind. Eng. Chem..,, 43, 1088
(1951).

(15) H. P. Gregor, J. Belle and R. A. Marcus,./. Am. Chem. Soc., 7s.
1984 (1954).

(16) H. A. Strobel and R. W. Gable, ibid., 76, 5911 (1954).

(17) G. E. Boyd, A. W. Adamsor. and L. S. Myers, Jr., ibid., 6o,
2836 (1947).
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Fig. 6.—Elution of Re04~ and Tc04_ with 0.1/ HC104
Tracer refluxed with 3/ H2504for 6 hours before adsorbing
on column. Dowex 1-X8, Cl“-form; column 14.0 cm. X
0.190 cm.2 flow rate 0.27 cm./min.

Fig. 7—Elution of perteehnetate at low' acidity. Tracer
refluxed with 0.5/ H2S04for 6 hours. Dow'ex 1-X8, Cl~-
form; column 13.5 cm. X 0.197 cm.2 Eluted with 0.2 /
HC104; flow rate 0.25 cm./min.

process, could arise in a tightly packed column.

The second mechanism, particle diffusion, does
indeed permit the existence of two types of ex-
change sites. It is conceivable that a small
fraction of the sites is situated in highly cross-linked
regions of the resin, where the diffusion constant is
smaller than in the regions of normal cross-link-
age.2 If only a single exchange site is located in
each of these inaccessible regions, the situation is
mathematically indistinguishable from one in
which the chemical reaction with the exchange
site, rather than diffusion zo the site, is the rate-
determining step. Only in the event that a large
number of exchange sites is situated within an
inaccessible region would particle diffusion have to
be treated as a separate process. This possibility
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is rendered very unlikely by the observed near-
independence of the tailing-effect on resin cross-
linkage and panicle size (Results, 884, 5), whereas
none of the observed facts seems to contravene the
third mechanism: chemical reaction noth the ex-
change group. However, since the experiments
reported in this paper were not particularly designed
to establish the mechanism of the slow exchange
process, we shall confine ourselves to a qualitative
comparison of our experimental data with a general
feature of the proposed mechanism: the dependence
of the tailing-effect upon flow rate (Results, §6).

The concentration of perrhenate in the tail will
be a function cf both the amount of perrhenate
adsorbed by the B-sites, and the rate of desorption.
It is therefore convenient to regard the history of
the B-sites during elution as consisting of two
separate stages, during neither of which is equi-
librium reached In the first stage, from the ar-
rival of the leading edge of the adsorption band
until some time after the passage of the peak, the
perrhenate concentration in solution will be
greater than the amount thatwould be inequilibrium
with perrhenate on the B-sites. The net effect
during this stage will therefore be adsorption of
perrhenate by the B-sites. During the second
stage, from some time after the passage of the peak
until the end of the elution, the reverse condition
will apply: the perrhenate concentration in solu-
tion will be smaller than the amount in equilibrium
with the perrhenate on the B-sites, and the net
effect during this stage will be desorption of pei-
rhenate from the B-sites.

For a given column, the quantity of perrhenate
that will be adsorbed on the B-sites during the pas-
sage of the perrhenate band through the column
will be inversely proportional to the flow rate.
After the passage of the perrhenate band, the
amount desorbed per unit volume from the B-sites
by the elutriant will also be inversely proportional
to the flow rate. Therefore, the concentration of
perrhenate in the tail should be approximately in-
versely proportional to the square of the flow rate.
That this is in fact observed may be seen in the
experiments depicted in Fig. 4 where a decrease in
the flow rate bs' a factor of 2.7 resulted in an in-
crease of the perrhenate concentration in the tail
of the order of 10.

It is clear that the Re04~/Tc04 separation
factors calculated from plate theory will remain
meaningless until the residual taihng-effect has
been eliminated. One may also wonder whether
this effect is limited to the two elements studied,
or whether it occurs in other systems as well.
It definitely has been observed in the elution of
chloroplatinate with perchlorate ion18 and in the
ion-exchange separation of the lithium isotopes
by Glueckauf, Barker and Kitt.u The first of
these systems again involves perchlorate ion, and
it may not be unreasonable to suppose that the
large size of the exchanging ions and the extreme
degree of dehydration of perchlorate-form resinb

(18) (a) S. S. Berman and W. A. E. McBryde, Can. J. Chem., 36,
835 (1958). (b) R. A. Naumann, private communication, (c) G. G.
Goles. unpublished.

(19) E. Glueckauf, K. H. Barker and G. P. Kitt, Disc. Faraday Soc.,
7, 199 (1949).
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combine to accentuate differences in the acces-
sibility2 or reactivity of exchange sites. In the
lithium isotope separation, these factors do not
apply; instead, the appearance of a tailing-
effect may well be a matter of observational selec-
tion, since the experiment was designed specifically
to detect very minute effects. It is quite possible
that the tailing-effect is a very general phenomenon,
but has been overlooked by previous investigators,
since it becomes noticeable in the systems studied
only after the concentration of the eluted species
has fallen to <10~3 of its peak value. Most
published elution curves terminate before this
point. Similarly, the fact that none of the pub-
lished rate studies show evidence for the presence
of slowly-reacting sites, may again be a matter
of observational selection. None of these were
performed with perchlorate-form resin, nor were
they designed to detect effects as small as the ones
under discussion.

3. Asymmetry of the Peaks.—This effect was
always observed when the resin was initially in the
chloride form (Fig. 5). It was definitely not due
to non-equilibrium operation of the column, since,
under identical conditions, perchlorate-form resin
always gave symmetric peaks.

A clue to the above behavior is provided by the
observation that the volume of the resin bed shrank
by about 18-20% during the elution, during and
after the conversion of the resin from the chloride
to the perchlorate form. This contraction also has
been observed by Gregor, Belle and Marcus.b
If particle diffusion is the rate-determining step in
the exchange process with the A-sites, then the
decrease in the internal diffusion constant during
the contraction and dehydration accompanying
the conversion of the resin to the perchlorate form
will decrease the rate of desorption to a greater
extent than the rate of adsorption. This will cause
a sharpening of the leading edge and a broadening
of the trailing edge, in accord with observation.

4. pH-Dependence of Technetium Peaks.—
The distortion and broadening of the technetium
peak at high acid concentrations (Fig. 6) may be
attributed to reduction of Tc04~ at low pH values.
Oxidation of the resin by oxyanions such as molyb-
date, chromate and permanganate has been
reported,Dand in view of the fact that the Tc02
Tc04 potential2lis about 0.2 v. more negative than
the Mo(V)-Mo(V1) potential in acid solution, it
seems reasonable to assume oxidation of the resin
by pertechnetate ion. The exact pH dependence
cannot be predicted without knowing the stoi-
chiometry of the oxidation half-reaction; however,
it was found empirically that the broadening was
considerable when the adsorbate was >3/in H2C)4
and negligible at /0.5 f 112504 (Figs. 6, 7). No
further improvement was observed when bokh
adsorption and elution were performed in amrno-
niacal solution (Fig. 5).

In addition to this pH-dependent broadening,
the technetium peaks exhibited a residual tailing-

(20) O. Samuelson, "lon Exchangers,” John Wiley and Sons, Inc.,
New York, N. Y., 1953, p. 93.

(21) G. H. Cartledge and W. T. Smith, Jr., T his Journal, 59, 1111
(1955).
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effect completely analogous to that observed in
the case of rhenium and, like the latter, independent
of pH. However, in contrast to rhenium, a small
and nearly constant amount of technetium also
appeared ahead of the main peak in every elution
(e.g., Figs. 5, 6, 7). The appearance of this activity
could not be correlated with any of the experi-
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mental variables.
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The CC and CH bond distances in non-aromatic molecules are correlated with the ir-bord orders of adjacent bonds, and
CC bond distances in condensed aromatic molecules with the bond order evaluated by weignting Kekule structures equally.

The agreement between observed and calculated distances is within about +0.01 A.

From the accumulating structural data derived
from X-ray and electron diffraction, and rotation-
vibration and microwave spectroscopy, it is ap-
parent that the CC single bond distance in hydro-
carbons is not constant but varies from 1.54 A. in
diamond to 1.38 + . for the central bond in biacety-
lene (see upper field of Table I). Further, the CH
bond distance is longest in saturated hydrocarbons
and shortest when adjacent to a triple bond as in
alkynes, with the distance :n the vinyl group being
intermediate. The other CC distances of interest
are those in aromatic and condensed ring com-
pounds.

It is the purpose of this note to show that CC
and CH distances in hydrocarbons can be systema-
tized on the basis of two simple notions—one for all
hydrocarbons other than the condensed aromatics,
and the other for the aromatics. In the case of the
non-aromatic hydrocarbons as may be seen from
Table I, the shortening of a CC bond adjacent to
a multiple bond is additive and seems to depend
only on the 7r-bond order of the adjacent bond.
The effect of the neighbor bonds on CC single bond
lengths has already been pointed out by Herzberg
and Stoicheff.1 If pi and p2are the ir-bond orders
of the carbon bonds adjacent to the C-C “single”
bond under consideration, the CC “single” dis-

tances for the situations g:venoin T:b1: | may be
represented to about = 1.0! 4. by the equation2
Rcc = 1542 - C.02pl + p2 @

Here, it is assumed that all single bonds whether
CC or CH have zero bond order and do not affect
the CC distance, and also that the effect of non-
adjacent bonds is negligible. Since we write a
Kekule structure for the benzene ring its effect on
an adjacent bond is considered to be the same as
that of a double bond. It is apparent that the
agreement between the observed values and those
estimated from equation 1is satisfactory.

(1) G. Herzberg and B. P. Stoicheff, Nature, 175, 79 (1955).

(2) The shortening of a CC bond by 0.04 A. per unit of bond order
in its adjacent bonds also has been recognized by McHugh. 1 am
grateful to Prof. V. Schomaker for sending me the Ph.D. thesis of J. P.
McHugh, Calif. Inst, of Technology, 1957.

Walsh3 proposed that increasing the s character
of a carbon hybrid orbital as one proceeds from sp3
to sp hybridization accounts for a stronger and

shorter bond. Analogous to equation 1 one
could write then
Rcc = 1.542 - 0.042[6 - m - n] (2)

where spmand spnare the states of hybridization of
the orbitals of the C atoms forming the CC bond
under consideration. According to the above
notion then, non-aromatic CC single bond dis-
tances do not take any mvalue between 1.38 and 1.54
+ . but are grouped very closely around the “magic”
distances 1.38, 1.42, 1.46, 1.50 and 1.54} .

\ /
For double bonds of die type C=C the 7r-bond
/ \
orders of the adjacent bonds are zero, so that a
linear relation of the above type would predict
all CC double bonds of this kind to have the same
length, namely, 1.344 . As far asone can ascertain
from the literature,4no experimental determination
of CC double bond lengths of this type in a variety
of molecules has given a length significantly dif-
ferent5 from 1.34 A. There are two other Kkinds
of double bonds, one kind as in allene, and the other,
the central bond in butatriene. The observed
distances8can be represented by the equation

Fcc = 134 - 0.03(pi + Vi) (3)

where pi + p2= 1 for allene, and 2 for the central
bond of butatriene.

On the basis of this notion, there is only one bond
length to be expected for the CC triple bond since

(3) A. D. Walsh, Disc. Faraday Soc.. 2, 18 (1947).

(4) Molecular orbital (MO) calculations yield a bond order of
0.894 for the double bond in butadiene.5 From the conventional
bond order/bond distance plot* a significant lengthening of the CC
double bond would be expected However, a more recent self-con-
sistent molecular orbital (SCMD) treatment of butadiene7 gives a
value of 0.96 for the bond order >f the double bonds which would pre-
dict a very small change in the CC double bond length.

(5) C. A. Coulson, "Valence, ' Clarendon Press, Oxford, 1952, p.
254,

(6) G. Wheland, "Resonance in Organic Chemistry,” John Wiley
and Sons, Inc., New York, N. Y , 1955.

(7) J. A. Pople, Trans. Faradcvjj Soc., 49, 1375 (1953).

(8) B. P. Stoicheff, Can. J. Phfjs., 33, 811 (1955); 35, 837 (1957).
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Tabte |
C-C Bond Distances

Pl P2

—C-C— Pi =2 Scaled
—c—c— 0 0 0 1.54
/ \
\ /
—c—c=c¢ 0 1 1 1.50
/
> ¢ -c¢ (3 0 1 1 1.50
ER) 0 2 2 1.46
1 1 2 1.46*
< 0 n 0
c= ¢ - < 3 1 1 2 1.46
2 1 3 1.42
c=c¢- ¢cO
\ /
c=c—c=c¢c 1 1 2 1.46
c=c—c=c 2 1 3 1.42
c=c—c=c 2 2 4 1.38
\ /
—c—c=o0 0 1 1 1.50
/
\ /
o=c—c=o0 1 1 2 1.46
/
c=c—c=o0 1 1 2 1.46
\ w
0=c—c( > 1 1 2 1.46
N=C—C=N 2 2 4 1.38

T£obad® Molecule

1.54 Alkanes, diamond

1.50e Propene, isobutene

1.50 p-Xylene

1.47 Methylacetylene

1.48 Biphenyl

1.44 irans-Stilbene 1,10-diphenyl-I1,3,5,7,9-deca-
pentane

1.40 Tolane

1.47 1,3-Butadiene

1.42 Pirylene

1.376s Biacetvlene

1.50e" Acetaldehyde

1.47 Glyoxal

1.46 Acrolein

1.48 Nicotinic acid

1.37 Cyanogen

° All internuclear distances unless otherwise indicated are from reference 4 and are usually quoted with an accuracy of

+0.02 A.
Jr., 3. Chem. Phys., 26, 1695 (1957).
*V. Schomaker, private communication, 1957.

its adjacent bonds have zero bond order. This
expectation9 is borne out by the experimental
results.106

It might be possible to extend these notions to
molecules other than hydrocarbons. In the first
instance, one might consider the effect of atoms
other than C and H on CC bond lengths. In some
cases (see the lower field of Table 1) the CC dis-
tances are not too dependent on the nature of the
other atom. In oxalic acid, however, the carboxyl
groups do not have the same effect as in glyoxal,
the central CC bond6being 1.54 A. This suggests
that electrons are Avithdrawn from the CC bond
into the carboxyl groups in keeping with the short
C =0 and CO distances observed.6

A discussion of CN and CO bonds is less satis-
factory than for the CC bonds due primarily to
mesomeric effects and the lack of equally reliable
experimental data.1l

The aromatic distances such as in benzene and

(9) Again MO theory gives a bond order of 1.92 for the triple
bond in diacetylene.l0 It is probable that a SCMO treatment for tiie
molecule would result in a higher bond order corresponding to very
little lengthening.

(10) B. Pullman and A. Pullman, “Les Théories Electroniques de la
Chimie Organique,” Masson et Cie, 1952, p. 371.

(11) C. H. Townes and A. H. Schawlow, “Microwave Spectros-
copy,” McGraw-Hill Book Co., New York, N. Y., 1955.

6J. H. Calloman and B. P. Stoicheff, Can. J. Phys., 35, 373 (1957).

R. W. Kilh, C. C. Lin and E. B. Wilson,

d This distance may be greater than 1.46 A. if the two phenyl rings are not coplanar.

graphite, and the different CC distances in naph-
thalene for example may be systematized on the
basis of the following simple notion. A bond order
is calculated considering only Kekuld structures
(all weighted equally), and neglecting all formally
bonded structures.612-14 This is essentially the
Pauling bond order (P). We assume also that the
CC distance under consideration may be given by
an equation of the type

P(double bond distance) +
(1 — P)(single bond distance) (4)

Mesomerism between the two Kekuld structures

Rcc =

for benzene yields a bond order of '/ In (i)
bond a is the same as the central CC bond in
butadiene and in (ii) it is a double bond. This

a a

(1) (i)
indicates that the value for the single bond dis-

(12) L. Pauling, L. O. Brockway and J. Y. Beach, J. Am. Chem.
Soc., 57, 2705 (1935).

(13) L. Pauling and L. O. Brockway, ibid., 59, 1223 (1937).

(14) C. K. Ingold, “Structure and Mechanism in Organic Chemis-
try,” Cornell University Press, Ithaca, N. Y.
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tance to be used’in equation 4 should be 1.46 A.
(corresponding to P = 0), and that for the double
bond distance, 1.34 A. (corresponding to P = 1).
The equation for aromatic CC distances is then

Rcc = 1.34p + 1.46( - P) (5)

which produces the observed distance of 1.40 A.
for benzene. A further test of this relation is ob-
tained for graphite. The bond order evaluated
from the Kekule structures is y 3 which upon
substitution in equation 5 gives a value of 1.42 A,
for the bond distance, in excellent agreement with
the experimentally determined value.6 In the
Kekule structures for naphthalene the bond orders
obtained by weighting structures equally are a =
‘A, b= Vs, c= 2sandd = 1A The observed CC
distances for naphthalene are compared with the
calculated ones in Table 1l. The values calculated
from equation 5 have a root mean square (r.m.s.)
deviation intermediate to that calculated by MO
and SCMO methods. A similar comparison for
anthracene shows that there is about the same agree-
ment between the results calculated by either
equation 5 or the SCMO method and the ob-
served data./ The MO estimates are not in as
good agreement, however.

It is instructive to compare the relation between
Pauling bond orders and those obtained by MO and
SCMO methods. In Fig. 1 this bond order cor-
relation is shown. For ethylene, benzene and
graphite the SCMO and MO bond orders are the
same, but they are quite different for the central
CC bond of butadiene. One might expect there-
fore to be able to estimate about the same values
for CC distances by either equation 5 or a SCMO
bond order plot.188 A significant difference would
be expected for SCMO bond orders below 0.28
since equation 5 predicts the largest possible
CC distanceo in condensed aromatic hydrocarbons
to be 1.46 A. whereas a SCMO bond order/bond
distance plot indicates a value of 1.476 A.

A reasonably reliable quantitative relation can be
developed for aromatic CN bonds as well. From
the CN distance of 1.34 A. observed in pyridine®
and symmetrical triazine'0 (corresponding to a
bond order of '/2, and the value of 1.28 A. usually
adopted for the CN double bond distance, the

(15)
the single bond distance was taken to be that found in ethane, viz.,
1.54 A.

(18) There is a small curvature in a SCMO bond order/bond dis-
tance plot whereas the P vs. R plot is linear. The departure from lin-
earity of the former plot, however, does not affect significantly the con-
clusion drawn.

(19) B. Bak, W. Hansen and J. Rastrup-Andersen, J. Chem. Phys.,
22, 2013 (1954).

(20) J. E. Lancaster and B. P. Sioicheff, Can. J. Phys., 34,
(1956).
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MO BOND ORDER p -—- >
Fig. 1.—The relation between Pauling bond order and
those given by molecular orbital theory: o, SCMO bond
order for butadiene.
Table Il

Calculated and Observed Bond Distances for Naph-

thalene

Paul-
bond —Calcd.—
Bond order Obsd.c'c 3q.5 MO SCMO«
bc a 1/3 1410 1.42 1.42 1.40
r Y | b 1/3 1.425 1.42 1.41 1.42
f d c 2/3 1.361 1.38 1.38 1.36
w d 1/3 1.421 1.42 1.40 1.42
r.m.s. dev. 0.011 0.017 0.006

“ Ref. 17, D. W. Cruickshank, Acta Cryst., 9, 915 (1956).
6Ref. 16, H. O. Pritchard and F. H. Sumner, Proc. Roy.
Soc. {London), a22e, 128 (1954). c¢SCMO calculations
given in ref. 16.

equation for aromatic CN bonds analogous to
equation 5 for aromatic CC bonds may be written
as

Ren = 1.28R + 1.40(1 - P) (6)

CH Bonds.—From the above considerations, the
CH distance may have three values only, in the

situations C—H, =C—H or —H,

and =C-H. The experimental distances7 can be
represented by the equation

Res = 1.10 - 0.02p Q)

where p is the ir-bond order of the bond adjacent to
the CH bond, or by

Ren = 1.10 - 0.02(3 - m) (8)

where spm is the state of hybridization of the C
atom. It is probable that equations analogous to
(7) and (8) also may be written for C-halogen
bonds.

Acknowledgment.—Helpful and illuminating dis-
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J. A. Pople and B. P. Stoicheff are gratefully ac-
knowledged.
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The chemical shifts of F19have been observed for a number of metal fluoride complexes in agueous solution.
correlation was found with the electronegativity of the metal ion or the stability of the complex formed.

No simple
It appears that

metal cations of high atomic number produce a strong decrease in the magnetic shielding and a rough correlation was ob-

tained with A/d, i.e., ratio of the atomic number of the metal ion to the interatomic distance in the complex.

In several

cases separate resonances were observed, and assuming that they represent species which exchange fluorines only slowly,

lower limits to the lifetime for exchange were calculated.

The position of the F19 nuclear magnetic reso-
nance in a number of metal fluoride complexes in
aqueous solution was investigated to determine
whether there was a correlation of the chemical
shifts with such properties as the stability of the
complex, electronegativity of the metal atom, its
charge, radius, etc. The results are shown in
Table 1. Included are several measurements
from the literature and values for the reference
compounds used in the present work. The data
are reported in terms of the chemical shift a,
defined as

where Hc and Hr are the field strengths at reso-
nance for the sample and the reference solutions,
respectively. The reference compound was fluo-
rine gas. Where possible, the formulas of the
principal spec.es were deduced from known
complexing constants from the references cited.

In a few cases more than one resonance was ob-
served and these have been interpreted as arising
from different fluorine-containing species which do
not exchange fluorines rapidly. From the sepa-
ration of the lines a lower limit can be set to the
exchange lifetimel2from the equation

| 10«

e A 2nS«a
where re is the exchange lifetime, Aw is the dif-
ference in angular precession frequencies, v is the
resonance frequency, and A< is the difference in
chemical shifts of the two species. These lower
limits to the exchange lifetimes are given in the
last column of Table I. In the case of aluminum
the two species are known to be A1F2+ and A1F+2,
respectively.3 The a values of 550 and 552 for
titanium and zinc, respectively, almost certainly
arise from fluoride ion. The 574 value for the
second silicon solution is likely an average of F~,
IIF and HF2_. The species corresponding to the
two tin resonances are unidentified.

The observed line widths at half intensity were
approximately the same as for the two aluminum
fluoride complexes3 i.e,, 0.6 p.p.m., except in the
case of the silver solutions where they were ap-
proximately 5.5 p.p.m. at 104 gauss. This broad-
ening with silver ion might be caused by an ap-

(1) H. S. Gutowsky and A. Saika, J. Chem. Phys., 21, 1088 (1953).

(2) P. W. Anderson J. Phys. Soc. Japan, 9, 317 (1954).

(3) R. E. Connick and R. FT Poulson. J. Am. Chem. Soc., 79, 5153
(1957).

propriat-e rate of exchange between F_ and AgF,
although other explanations are possible.

Saika and Slichter4 have proposed that the
chemical shift in fluorine compounds is due pri-
marily to the second-order paramagnetic term of
the electrons on the fluorine. Using this hypoth-
esis they explain the empirical correlation of
Gutowsky and Hoffman5 of' the F shifts with
electronegativity. The present work gives no
evidence for such a correlation.6 Our experiments
differ from those of Gutowsky and Hoffman in that
aqueous solutions rather than pure liquids were used
and the compounds were more ionic than theirs.

An examination of the data reveals no obvious
correlation with stability of the complexes. For
example, ThF+3 and AlF++ are much more
stable complexes than ZnF+ although the reso-
nance of the latter lies between those of the first two.
Neither does there appear to be a simple correla-
tion with the charge or radius of the metal ions, or
combinations of these two.

Perhaps the most striking effect is the large
decrease in shielding observed with thorium and
uranyl ions. It seems probable that the large
number of electrons in these atoms is somehow
producing a strong decrease in the shielding of the
F B nucleus. An even larver decrease in shielding
has been found for FO®in UFh7 Van Dyke Tiers8
has reported somewhat analogous effects for io-
dine, etc., altering the F Bresonance in substituted
alkvl halides, although he interpreted the results in
terms of steric interactions.

A plot of o vs. the ratio of the atomic number of
the metal ion and the approximate interatomic
separation of the metal and fluorine nuclei measured
in angstrom units, i.e., A/d is shown in Fig. 1 for
the complex ions in aqueous solution. There is a
rough correlation but its physical significance is
not apparent. Superimposed on the A/d depend-
ence, there may be an electronegativity depend-
ence. The silicon point deviates from that of
its more electropositive neighbors in the direction
of smaller shielding, as would be expected from

(4) A. Saikaand C. P. Slichter. 3. Chem. Phys., 22, 20 (1954).
(5) Il. S. Gutowsky and C. J. Hoffman, ibida., 19, 1259 (1951).

0) For a discussion of this point see R. E. Poulson, Thesis, Unber-

sity of California, Nov. 16, 1956; printed as University of California
Radiation Laboratory Report UCRL-3567. These various electro-
negativity values are given by Haissinsky (/. Phys. rada., [8] 7, 7
(1946); Si, 1.8; Ag, 1.8; Sb(ITT), 1.8; Sn(ll), 1.65; Ti(lV), 1.6;
Be. 1.5; Al. 1.5; Zn. 1.5; U(1V), 1.3, Th, 1.1.

(7) 1 N. Shoolery and H. E. Weaver, Ann. Rev. Phys. Chem., 6,
440 (1955).

(8) G. Van Dyke Tiers. J. Am. Chem. Soc. 78, 2914 (1956).
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Tabte |

Chemical Shifts of FI9in Metal Fluoride Complexes in Aqueous Solutions

Lower limit for
exchange time, t

Principal fluoride species Solution of (msec.)
ThF+3 1.0 M Th(N034 0.5 M NaF 336
UOoFT- 2.0 M UO2NO032 2.0 M NaF 395
uox2? 1.3 M UO2NO,)2 2.6 M NaF 401
cfXonh Pure CFL0XH (507.6)"
SnF+, SnF2V 0.8 M SnCI2 1M NaF, 0.3 M HF 527, 588 - 0.07
F- Dilute NaF or KF 547.7
F- 13.3MKF (549.2)
AgF, F-* 1M AgNO03 1M NaF 550 (very broad)
AgF, F -d 2M AgNO03 1M NaF 550 (very broad)
SiFs“ 2 (NH4=SiF6 (satd.) (557.3)4
SiF6~2 HF, F-, HF2- O .I1tf (NH4=SiF6 0.4 M HF, 0.4 M NaF 557.3, 574 0.3
TiF,+4~", F~? KZTiF6 (satd.) 573, 550 0.2
ZnF+, F - ZnF2 (satd.) 579, 552 0.2
BF, Dissolved in ether (583.2)6
AlF2+, ALF+2 1M A1(NO33 1 M NaF 587.0, 5S7.5 8
AlF2+, A1F+2 2M A1(N033 2 M NaF 588.0, 5S8.8 5
HF '48-51% ag. HF (596.9)6
" H. W. Dodgen and G. K. Rollefson, 3. Am. Chem. Soc., 71, 2600 (1949). bR. A. Day, Jr., and R. M. Powers, ibid.,
76, 3895 (1954). cR. E. Connick and Armine D. Paul, unpublished. Some Sn(1V) also present. dl. Leden and L.

Marthen, Acta Chem. Scand., 6, 1125 (1952).
italicized.
4809 (1952).

* Reference 3.

Gutowsky and Hoffman’sé correlation. The re-
mainder of the data, except perhaps for silver,
are consistent with such an hypothesis but provide
little substantiation for it.s

Experimental

The apparatus used is described elsewhere.3 The value
of 507.6 for ¢ of CFaCOsH9 was used to refer all values to
Fj. Values of «for the reference solutions SilV, BF3ether),
and HF(aq.) were obtained in the following way. The po-
sition of CF3COOH on Gutowsky and Hoffman's BeFj scale®D
was established as 102.6 p.p.m. by comparing the o's of the
organic fluorides reported in references 9 and 10, making
allowance for the correction reported in footnote 23 of ref-
erence 5. The positions of SiFs~, BF,,(ether), and HF(aq.)
were then known from reference 10. The consistency
of the assignment was checked by recording on the same
chart, using a 1.5 gauss sawtooth sweep, the resonances
of SiF6', BFJ3ether), HF(aq) and CF3 02, the solutions
being contained in 2 mm. o.d. glass tubes simultaneously
inserted in a sample tube. Taking the BF3ether) and
CF3C 0H values as fix points, the SiFj" and HF(aq.) values
were 0.6 p.p.m. less and 0.5 p.p.m. greater than Gutowsky
and Hoffman’'s values, respectively. The values for the
latter two solutions given in Table I are those measured here.
The above procedure also calibrated the 1.5 gauss sweep
field.

Where the sample resonance was within 10 p.p.m. of a
reference solution, the chemical shift between the two was
determined as described in reference 3. In other cases,
i.e., ThF+3, UOZF + and SnF+, the calibrated 1.5 gauss
sweep was used to refer the sample to trifluoroaeetie acid.
The 13.3 M KF solution also was measured by the latter
procedure. This solution and UOZ + were subsequently
used as secondary reference solutions. The shifts relative
to the nearest primary or secondary reference solutions are
believed to be correct to about +1 p.p.m., except for alumi-
num and dilute NaF and KF solutions where they are prob-
ably within +0.3 p.p.m. and for ThF+3 and UOZ + where
the uncertainty is +10 and +5 p.p.m., respectively.

(9) Footnote g. Table I.
(10) Footnote h, Table I.

1 See “Experimental” for accuracy.
0 Reference solution, H. S. Gutowsky, D. W. McCall, B. R. McGarvey and L. H. Meyer, 3. Am. Chem. Soc., 74,
AReference solution, H. S. Gutowsky and C. J. Hoffman, Phys. Rev., 80, 110 (1950).

The more intense line is

d A 10 11T 1 w1111 %1 g
- TbF uv
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30 - _
26 -
2 - SR e -
Ad. - SnF* 0
8 AgF
14 oZnF*  —
0. TIFo— 0
- w_..0
6 * SF aRtEd
t mmm 1. ... 1 AC™
400 450 500 550 600

a

Fig. 1.—Correlation of a of metal fluoride complexes with
ratio of atomic number A of metal ion to interatomic dis-
tance d in Angstrom units. The beryllium and antimony
points are from reference 5.

The relative accuracy of the reference solutions depends on
Gutowsky and Hoffman’s work® to which they assigned a
probable error of £1.5 p.p.m. The accuracy of all results
on the F2scale depends on the accuracy of the value for tri-
fluoroacetic acid.9 The authors gave no statement of ac-
curacy but it may be + 1% as given in some earlier work.5
Some earlier chemical shift values given for the present
work6are in error because cf oversight of the correction given
in footnote 23 of reference 5.

In some cases the samples were contained in 15 mm. i.d.
Lusteroid test-tubes rather than in Pyrex tubes. These
tubes gave a 30% increase in sample volume over the glass
tubes. They also fitted the Varian rf. probe insert snugly.
Positioning of the sample inside the receiver coil has a marked
effect on the balancing of the nuclear induction circuit when
large tubes are used and the circuit can be balanced more
readily if the tubes fit the probe insert well.
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Equations are derived relating experimentally measured ternary diffusion coefficients D\, with the appropriate phenome-

nological coefficients Lu of the thermodynamic theory of irreversible processes.
These equations, together with the measured values of D,

the Onsager reciprccity relations be satisfied is also given.

The necessary and sufficient condition that

and approximations for the required—-but unavailable—activity data, permit a preliminary test of the Onsager Reciprocity

Relations.
been experimentally determined.

I. Introduction

In almost all non-equilibrium situations where
thermodynamic variables have meaning, the Ther-
modynamic Theory of Irreversible Processes2
(TIP) can be applied successfully.3 In brief, this
theory says (1) the rate at which entropy is pro-
duced inside a system undergoing dissipative
processes a can be written as

TV = (1)

where T denotes the absolute temperature; J\
generalized flows, such as matter (moles cm.-2

sec.-1), electricity (faradays cm.-2 sec.-1), or heat

(cal. cm.-2 sec.-1); and X, generalized thermody-

namic forces such as temperature gradients, e.m.f.s,

or chemical potential gradients in terms of moles.

(2) The flows I\ of equation 1 are related linearly
to the forces X, of (1), i.e.

Ji= £ UY )
3
where La are the phenomenological coefficients.
These coefficients are related to electrical resist-

diffusion coefficients, heat conductivities,
etc. (3) If the J, are mutually independent, or
the X{ are, or both sets are,4 then the satisfy
the following relations, known as the Onsager
Reciprocity Relations (ORR); namely

ances,

Gi = Gi ©)

The ORR’s reduce considerably the number of
experimental quantities necessary to describe the
irreversible flows, and therefore the experimental
verification of (3) is of considerable interest. This
verification is at hand in a number of cases: e.g,
heat conduction in anisotropic crystals, thermo-
electricity, electrokinetic effects and e.m.f. and
transference in electrolyte solutions.5

The one outstanding case for which the ORR’s
have not been tested experimentally is isothermal
diffusion.6 Although there is a great quantity

(1) This work was performed under the auspices of the U. S. Atomic
Energy Commission. The derivations and some of the discussion are
given in more expanded form in a UCRL Report, No. 5332.

(2) S. R. De Groot, “Thermodynamics of Irreversible Processes,”
Interscience Publishers Inc., New York, N. A’, 1951.

(3) Chemical reactions are the only really poor cases since they do
not satisfy the linear laws (2) below.

(4) G.J. Hooyman and S. R. De Groot, Physica, 21, 73 (1955).

(5) These cases are discussed in more detail by D. G. Miller, Am.
J. Phys., 24, 433 (1956»; Ckem. Revs., in preparation.

(6) This case is particularly interesting in view of the controversy
over whether concentration gradients or chemical potential gradients
are the true driving forces for diffusion. Since the chemical potential
gradient characterizes diffusion in the TIP theory, the verification of

It is found that these relations are satisfied within the estimated error for eight of the nine cases for which D,, have
The activity coefficient approximations and their probable errors are discussed.

of excellent data for binary diffusion, there are no
ORR in this situation.2 Consequently, the test
must come from diffusion experiments in systems of
three or more components. In the past, there have
been no suitable data available. However, some
relatively good data on ternary solution systems
have been published recently. Therefore, it seems
worthwhile to set forth the necessary and sufficient
condition that the ORR be satisfied, as well as the
equations to determine the La, all in terms of re-
ported experimental quantities.7 Once these equa-
tions are at hand, the diffusion data together with
suitable activity coefficient data will provide an
experimental test of the ORR.

Unfortunately, activity coefficient data for the
ternary systems studied are not at hand. Con-
sequently, a rigorous test of the ORR cannot be
made yet. However, a significant preliminary
test of this important relation can be made by ap-
proximating activity coefficients. We shall find
that with such approximations, the ORR are verified
within the accuracy of the data and the estimated
error of the activity assignments.

The systems involved are of three types: two
electrolytes with a common ion in a neutral solvent;
one electrolyte and one non-electrolyte in a neutral
solvent; and two non-electrolytes in a neutral
solvent. The last is clearly a ternary system.
The other two are also, as will be shown in Ap-
pendix 1.8

Il. Derivations

We shall now derive equations for the L;j in
terms of the reported diffusion coefficients D\,
some useful miscellaneous relations valid for multi-
component systems, and expressions for the
(ViTp/dcj in terms of various tabulated quantities.
The quantity yuitp is the chemical potential per
mole at constant T and constant pressure P, and
d is the concentration in moles per liter (molarity).

@
sume one dimensional flow for convenience, and re-
strict the considerations to ternary diffusion. Let
1, 2 and 3 refer to solute 1, solute 2 and the solvent,
respectively. Then the entropy production be-
comes
the ORR'’s in this case would settle the argument in favor of chemical
potentials once and for all.

(7) This condition and the results to be described in detail below
were reported in a brief preliminary communication: D. G. Miller,
This Journal, 62, 767 (1958).

(8) A system such as NaOI-KBr—H20, however, is not a ternary
system for diffusion, although it is a ternary system with respect to equ.-
librium properties; cf. B. R. Sundheim, J. Chem. Phys., 27, 791 (1957).

Equations for Ln in Terms of b, .—As-
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Ta —JjXt ~r J:X: + IX3 )

In isothermal diffusion, the thermodynamic
force for each component is given by

_ 2>MiTP
1 [e)4
where x represents the position coordinate.
To obtain the ORR, the J\ or X] or both must be
independent. However, owing to the Gibbs-

Duhem equation, the forces (5) are subject to the
linear relation

sciXs = 0 (6)
Furthermore, these experiments are usually done
in such a way that there is essentially no volume
change during the course of the experiment. This
second condition may be written

SFi/i =0 7)

where V, is the partial molal volumes in cc./mole.
Consequently, equation 4 as it stands consists of
dependent Ji and A;, and is thus unsuitable for
setting up linear laws (2) to which the ORR apply.
By eliminating solvent terms, using equations s and
7, equation 4 can be brought to the form
Ta = ffiF, + JF2 ®)

where

=[] XiF M) X2- «Ab + BX, (9)
r2= MVSI_1 X, + Ll +g\ng X2=TTX, + sx2

and a, P, 7 and 5 denote the corresponding square
brackets. These J’'s and F’s are now independent,
and the linear laws (2 ) may be written
Ji — LnY1+
2= LaYi +j- R2Y2

Li2F2
(10)

For this set, the theory statesthat Lu = ¢ 21-

Owing to the difficulty in measuring chemical
potential gradients directly, ternary diffusion data
ordinarily are based on concentration (molarity)
gradients. The following generalizations of Fick’s
law have been used, 1011 and fully take interaction
effects into account

~ i @
lo=-A. o A i« oD
. dc2
Ji= -Onme A g

where DI} are the (molarity) diffusion coefficients

whose numerical values are reported. These

D\) have the units l/cm.sec. and are 1/1000.027
of the coefficients given in cm.z2/sec.
Extensive use will be made of the identity

= * i
Ir‘;ltfi >1/’\ (dlfj\ x{a!\\t/il Jt (12)

where/ = f(x1. . .xn), and XA = x\(b . . . tm).
To obtain the L, in terms of the D\\ we write

(9) An alternative restriction on the J\ is the condition of no mas8
flow. In this case ‘LJiMi = 0, where M is the molecular weight*
The equations derived below will be valid for this case when M\ is
substituted for W\

(10) R. L. Baldwin, P. J. Dunlop and L. J. Gosting, J. Am. Chem.
Soc., 77, 5235 (1955).

(11) P. J. Dunlop and L. J. Gosting, ibid., 77, 5238 (1955).

Ternary Isothermal Diffusion

571

equation 10 in terms of ori/0.-r and then compare
coefficients. By equation 12, A; can be written

3
3 (-:3)

where un denotes (cVixp/otj). Upon substituting
equation 13 into 10, rearranging and equating the
appropriate coefficients of (0c;/0X) in equations 11
we obtain
—Dn = [din + BU]Ln + [ + &™Ln =

aLn bL,2 (14)
—DR2—RMT LN + [IM —5Li2 = cLu  d\2
—Ai —ali2i bL2
—A2—do S
where a, b, ¢, and d denote the corresponding square

brackets. Solution of these equations for L\
yields
_ bDiz —did, i _cDn —abu (1i>)
il ad —be aa —be
bD2 —dDA T cAi —aD2
a ad —he M2 T agd —bhe

Clearly the necessary and sufficient condition that
Lio —Z21s
nA2f 6A2 = cAi - dDn
ad —be 0O

The chemical potential of the fth constituent can
be written as

(16)

M = + RTInQ 17)

where j;° is a function cf T only, R is the gas con-
stant, and a, the activity. Hence the expressions
for a, b, ¢, d, given for completeness, are

5Ins,

a=RT o T o@vi) o J
o Inai c2FA 0 Ina]
RT - A 18
[(:# o svj oo J a8
= RT aln a, Cz2VA Oln do™
- a Cczvj 2 J
d = RT olcr;ea,+ AFA 0 Inax
m : 0 C3F3 bd J
ad - be = (RTY 1+ — + CaF2
L a\3" ]

r/&1naA / Din aA [0 In oA (0 In OaM
N oi )Va) v @)V jJ
shown in appendix I11 that
b —c (19)
in all cases, and this relation is useful in checking
the calculations.

Exactly the same equations are valid for the
molality gradient description (i.e., ami/ax) when
4, c2 and cs are replaced by mi, m2 and 1000/Mz
wherever they appeal in equations s through 18.
The quantity nii is the number of moles of i per
kilo of solvent.

Hooymani2 and Sundheimis have derived certain
related results in a more general but less direct
way. Agaru also has obtained some similar equa-
tions.

(12) G. J. Hooyman, Phys”ca, 22, 751 (1956); Supp. Nuovo Cim., 1,
166 (1955).

(13) B. R. Sundheim, J. Chem. Phys., 27, 791 (1957).
(14) J. Agar, private communication.
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(b) Some Useful
ponent Solutions.—In an n-coniponent solution,
only n — 1 of the concentrations c\are independent.
Thus in a ternary system, c3 can be written as a
function of cxand c2in these two ways, among many
others

+ Civ2 + ¢c3Vv3
c-iM2 4- c3Ni3

1000 = c,F, (20)
-000p = Ci-lfi (21)

where p is the density in grams/cc. and Mi the
molecular weight of the fth constituent in grams/
mole. The solvent will henceforth be considered
as the nth component and its concentration as the
dependent variable.

Note also that m, and a can be written in terms
of each other in several ways

_ looQci
T own
1000poii

7n—1

1000 4- m.Mi

t=1

(22)

(23)

1000wi
(24)

1000 w

ain

+ E
1—

The derivation of the seven useful relations (25)
to (31) will now be sketched

where ¢ means that all the other independent
& k 1], n are held constant
1000 ( Q =M, M2

Kgg,)c Wi (27)
/o»n\ iooco r . Aril mr ciFj”"l
\ocj /¢ :cjin LU (28)
where <§, is the Kronecker delta
/0 Ci\ camnr. ciFil i r ciFj“l
VOOTj/im 1000L I Tfoooj omlL ' 1000d

(29)

where m means that all the other independent m\
are kept constant

where Fmis the denominator of equation 24, and
finally

P2G2 + MuCu — nidn
Cu

where c.j is the abbreviation for (dcj/dmj)m  Simi-
larly, (dmi/dcj)c will henceforth be denoted
by m,j.

Equations 25 are obtained from Duhem’s
equation for F with d M written in terms of the
independent dci, ...,dcn~1. But this result is a
null linearly independent form whose coefficients,
equations 25, must therefore be zero.

Differentiation of equation 20 and application of
25 yield equation 26. Analogously, the same order
of operations with equations 21 and 26 yields 27,
and with equations 22 and 26 yields 28.

ML =

(31)
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It can be shown from equations 22 and 20 that
Fm = 10002cnAfn. Equation 29 then comes from
the differentiation of 24 followed by the application
of Duhem’s equation, the above result for Fm and
22.

If the denominator of 23 is denoted by IFm then
p = IFMF m_ Differentiation of this plus Duhem’s
equation for F yields equation 30.

It is well known that

(ISp- (S).

a form not valid for derivatives with respect to the
molarity c. Equation 31 is derived by expanding
both sides of (32) by equation 12 and solving for
P.i- Note that by means of (29), equation 31 can
be written

Thus P2 will be nearly equal to pi2only if the F; are
small or in dilute solutions.

Hooyman212®6has presented some of these equa-
tions, but in gram units instead of mole units.

(c) Expressions for pi,—From equation 17

pu = RT (34)

(1) Non-electrolytes.—For non-electrolytes, the
activity may be written in several ways; in terms of
molarities 4, molalities m,, mole fractions IV), etc.
Concentration units are convenient here since
equations 11 are in terms of concentration gradi-
ents. Thus, the activity will be written

Oi = ctyi
where W is the concentration (molarity) activity
coefficient. In w-component systems. W\ will be

a function of the concentrations of all the constit-
uents. Thus

(35)

(36)

(2) Binary Electrolytes.—For binary electro-
lytes, the activity of the ith constituent is given in
general by

al = aurali»

&ic = Cic?%ic

Qa = ddlia

where aicis the activity of the cation, n0O is the num-

ber of cations resulting from the dissociation of the

electrolyte, cc is the concentration of the cations,

and Zicis the cation activity coefficient. Similarly,

the ia subscripts apply to the anion. Since JjiC

and zfia are not experimentally attainable by them-

selves, the mean activity coefficient Y\ must be
employed. Thus

a; =

(37)

Cijicanyli (38)
wherer, = ric+ naand yf' = Ziai’ zZliai*
Restricting ourselves to ternary systems, there
are two cases: (i) No common ions—in this case
Cic = 1icCij Cia = 7*aCi (39)
where 4 is the concentration of the electrolyte-as-
a-whole. Consequently

(15) G. J. Hooyman, Physica, 22, 761 (1956).
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& = JicroiarCi7iZirl (40)

and

o o if-F o+ ( « )
This analysis includes the systems non-electrolyte-
electrolyte or two binary electrolytes in a neutral
solvent. However, the latter is not a ternary
system for diffusion.s

(i) Common ion—suppose for definiteness that

the common ion isthe anion. Then
Cla = C2a = OaC; + rzaC2 (42)
dc T

and consequently

a = riChda* [ried —r2fq feini
The differentiation of this expression yields
freAj 23yl
Lg + + T m J
If the common ion
subscripts a and c.

(3) 9 Inyi/dcj in Terms of Tabulated Quantities.
—Ordinarily, activity coefficients are tabulated
in terms of the molality m and the molality activity
coefficient . To get d In y-/dcj in terms of 7,
equations 2.23 of Robinson and Stokesis are used.
Thus y and 7 are connected by this relation

7iPo _ 1a0goT
_"AlcOAh  CM"
P 10,i°

The differentiation of equation 45 and application
of (26) yields

(43)

Mi = RT (44)

OaCl +

is the cation,

"2aC2

interchange

(45)

6hun = Sky, A (46)
2g be; QVn
By equation 12
5Inyi n—i bini,
- N (47)
OCj k=1 amk
6In71 _ Vh 6 In 7i 48
ain, A& & (48)
Therefore
i —1
binji JT n .biInt,
+ ‘- 49
mx Cniln ch:| V\Iq avik ( )

using equation 47. Expressions for my were given
in equation 28.

The following results, useful in other connections,
are easily derived from equationsis similar to equa-

tion 45

bInj) _ bIny\ n - (V>/Vn)
bej bej n ©o
U re
1=1
b Infj_ binrt rj.'I'n
b»jj dm-, n~1 1)
1000 + AD ¢2 rm
=1
where /i is the mole fraction activity coefficient.
Note that for non-electrolytes, n = 1 Equa-
tions 45-51 are not restricted to ternary systems.
(10) R. A. Robinson and R. Il. Stokes, “Electrolyte Solutions,"

Butterworth Publications, London, 1955.
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With the foregoing equations, we can make use
of the A.tdata to compute the Zy as well as both
sides of equation 16. Partial molal volumes and
approximations for the as yet unmeasured activity
coefficients will also be required.

We consider the systems

(1) LiCl-KCI-H.01

(I LiCl-NaCl-HDu
(111) NaCl(0.25)-KCI(0.25)-H.0T
(IV) NaCl(0.-5)-KCI(0.25)-HD T

(V) NacCl(0.25)-KCI(0.5)-HD I7
(V1) NacCl(0.5)-KCI(0.5)-HD 7
(VI11) Raffinose-KkCKOhVIROB
(VII11) Raffinose-KCI(0.1)-H2D s
(1X) RafFinose-urea-HD ©

each system having components 1, 2, 3, in the order
as written above.2o

The Djj used for I and Il are from method IV of Fujita
and Gosting.2L Dunlop’sl8Pdata (VII, VIII and 1X) have
been recalculated to give mole units; the d\ in gram units
by the relation 2)ij = Mjdij/Mi (see Appendix Il).

I1l. Calculations of a, /2, 7 and §

All concentrations are in moles/liter; the apparent molal
volumes & aswell as Vareincc./mole. Tlie quantity c3was
computed using the relation

1000 —C};Ogl — Gt

3= (52)

where F3 was taken as 18.07ecc./mole.

The quantities <Kkci, $sacl, <i>Lici were taken from ref-
erence 11, and the 4¥’'s for raffinose and urea were calculated
from the values in reference 19. The quantities V, and V,
were calculated using the approximate relation (53) (based
on substituting ¢ for m)

2. _ s b<tAi b0ow2
?I =<+ A be. + czbc>|— (03)

It was assumed in I-V I that \was a function of the ionic
strength (ci 4- c2) only, and in VII and V111 that <owas_a
function of ionic concentration €2 only. The quantity V3
was computed from equation 20. These approximations do
not affect the results much since the V correction is relatively
small, and the same approximations were used in the calcu-
lations of the D,j from the raw data.11-17-19

The V data permit the computation of a, 0, 7 and 5, and
the relevant quantities are given in Table 1.

IV. Activity Coefficient Approximations

Unfortunately, there are no activity coefficient
data for these systems, and consequently approxi-
mations are necessary to compute m, These
approximations are the weakest links in the present
calculations.

Since the calculations of the Zy are sensitive to
the values of activity coefficients, it is necessary to
discuss in some detail the approximations used in
the three types of ternary systems.

(a) Two Binary 1-1 Electrolytes with One lon in Common.
—Cases |-V 1 are of this type. Although some ternary ac-
tivity coefficient data exist for these six systems, it is all at
much higher concentrations than those used in the diffusion
measurements.

(17) 1, J. O'Donnell and L. J. Gosting, Enlarged Abstracts of Sym-
posium on the Structure of Electrolytic Solutions. Electrochemical So-
ciety Meeting, May, 1957, Washington, D. C.

(18) P. J. Dunlop, This Journal. 61, 994 (1957).

(19) P. J. Dunlop, ibid., 61, 1619 (1957).

(20) There also exist two sets of Z>ij for g.ucose in 60% aqueous
sucrose; F. E. Weir and M. Dole, 3. Am. Chem. Soc., 80, 302 (1958).
However, their solutions were so concentrated that there is no hope of
any reasonable activity approximation.

(21) H. Fujita and L. Gosting, ibid., 78, 1099 (1956).
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Table |

Data for Nine Ternary Diffusion Systems

| 1 11 v
a 0.25 0.25 0.25 0.5
Q 0.20 0.20 0.25 0.25
a 54.8 54.8 54.69 54.43
Mi 42.40 42.40 58.45 58.45
m2 74.56 58.45 74.56 74.56
M3 18.02 18.02 18.02 18.02
I 0.45 0.45 0.5 0.75
\VA| 0.6708 0.6708 0.7071 0.8660
Du X 10s 1.134 1.099 1.372 1.414
DIl X 10s -0.001 0.100 -0.0053 -0.0116
D21 X 10» 0.215 0.198 0.1429 0.0959
D2 X 10» 1.811 1.351 1.826 1.824
Vi 18.62 18.60 18.71 19.22
AV 28.70 18.44 28.96 29.49
Vi 18.05 18.08 18.07 18.06
a 1.005 1.005 1.005 1.010
R 0.00376 0.00376 0.00473 0.00489
7 0.00725 0.00465 0.00733 0.01500
h 1.006 1.004 1.007 1.008
CM 2 987.50 987.50 985.51 980.82
cl?2 989.14 990.78 988.26 983.02
fti\ 0.253 0.253 0.2537 0 5098
m2 0.2025 0.2025 0.2537 0 2549
S 0.4555 0.4555 0.5074 0.7647

At the ionic strengths used in the diffusion measurements
(0.45-1.0), the Debye-Huckel theory is well outside its
region of validity, calculated values often having the wrong
sign. Therefore, the best approximation for electrolyte
activity coefficients in ternary systems is based on Harned's
Rule.182 This rule is valid to good approximation at con-
stant total molality m = mi + m2 and is written

Inyi = Iny,"” —2.303aim2
In y2 = In 722 —2.303a%ii (54)

where 71° and 72° are the activity coefficients of each salt in
pure water at molality m. The a;, denoted by ay in Harned
and Owen,2are functions only of the total molality m.

The problem of estimating a, is discussed in Robinson and
Stokes, 6 Chapter 15, and the most general approximation
for ai in terms of data for the pure salts is

2.303ai = ~ 0i° (55)
m
where Ok° are the molality osmotic coefficients of the pure
salts at molality m. Equation 55 is strictly valid only if
ai = —a2 This will not be the case in general, but no
better approximation is available.2

Thus from (54) and (55), we have
(0-1° - 0;°)Wj

m

The differentiation of equation 56 yields the required ex-
pressions for d In namely

IN7,=Iny0 (56)

(22) H. S. Harned and B. B. Owen, "Physical Chemistry of Elec-
trolytic Solutions,” Third Edition, Reinhold Pubi. Corp., New York,
N. Y., 1958.

(23) An estimate of 7i can be obtained from just yi° data as fol-

lows. Under the further assumption that 701 = 702, it can be shownis
that
2 303<*i <ftic — <¢° _ In (7iQ7i°)
m 2m

where 701 is the activity coefficient of component 1 infinitely dilute
in a solution of component 2 at molality m, and similarly for 7o2.
Upon substitution of this equation into (54), one obtains

B inTo,B /In71° + In 72°
m 1 m\ 2

This equation ordinarily gives a fairly reliable estimate.

m7i

Vol. 63
\Y% VI Vil Vi IX
0.25 0.5 0.0149 0.0149 0.0149
0.5 0.5 0.5 0.1 0.5
54.29 54.02 54.2 54.9 53.9
58.45 58.45 504.4 504.4 504.4
74.56 74.56 74.56 74.56 60.06
18.02 18.02 18.02 18.02 18.02
0.75 1.0 0.5 0.1
0.8660 1.0 0.707 0.317
1.343 1.389 0.4309 0.4303 0.421
-0.0010 -0.0102 0.000975 0.000325 0
0.2053 0.1536 0.221 0.0636 0.0924
1.838 1.841 1.815 1.828 1.321
19.25 19.67 307.2 307.2 307.2
29.52 29.97 27.34 26.52 44.29
18.06 18.05 18.09 18.08 18.07
1.005 1.010 1.005 1.005 1.005
0.00982 0.01008 0.1568 0.0311 0.1575
0.00753 0.01537 0.000415 0.000309 0.000677
1.015 1.0154 1.014 1.003 1.023
978.31 973.44 976.68 989.30 971.28
980.43 975.18 980.47 992.59 973.97
0.2555 0.5136 0.01525 0.01506 0.01534
0.5111 0.5136 0.5122 0.1017 0.5143
0.7666 1.0273 0.5122 0.1017
dinyi dIn70 mi, nh Q0
dm, dm m2"" Tm dm
am7t Om7ie Till mz QA0
+ A+
m2 dm m2 m dm 57)
872 Om7> ni mi 00
omi dm m2 m dm
oIn72 Oin72 _ nil nil QA0
om2 dm m2 m dm
where A0 = 02 — <.
By means of the relation®
din7 _0 + do (58)
dm dm
equations 57 can be shown to satisfy the condition
oOlnyt_ 0oInT72
(59)

£n dm.

derivable from equation 32 and valid for the 1-1 electrolyte
mixtures considered here. In the calculations, equation 58
is used as a check on the differentiations of the experimental
data and (59) as a check on the arithmetic of (57).

The values of d In y,°’/dm, d<t>i°/dmand O; were obtained
numerically by means of Bessel's or Stirling’s interpolation
and differentiation formulas2t up to third differences. All
data were taken from the compilation of Robinson and
Stokes.5 The value of m at which the derivatives were
evaluated was obtained from values of mi and m2calculated
with equation 22.

The estimated error of the numerical differentiations is
0.001, based on the spread of values obtained from Newton’s
Forward, Newton’'s Backward, Bessel's, and Stirling’s in-
terpolation formulas for the same derivative. Besides this,
there is of course the error resulting from employing the
approximation of equation 55, possibly 10%. Conse-
quently, the over-all error in d In y\/dm} is assumed to be
0.001 or 10%, whichever is larger.

(24) K. S. Runs, “Numerical Analysis,” McGraw-Hill Book Co.,
Inc., New York, N. Y., 1957.

(25) Reference 16, appendices 8.3 and 8.10. Inspection of the
differences shows that these data are not as smooth as might be desired.
Thus, the NaCl and KC1 data, ostensibly good to 4 significant figures,
resulted in deviations from equation o8 as high as 0.001. Similarly
the values of d In 7/dm for LiCl evaluated at the values of m = 0.1,
0.2, etc., did not form a very smooth curve.
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The values of mu are now obtained from the values of
b Iny-/b raj by means of equations 49 and 44.

(b) One Non-electrolyte-One Binary Electrolyte.—The
raffmose-KCI-H2D systems (V11 and VII1) are of this type.
No experimental data exist for this system. Therefore, to
determine the required four mu>it is necessary to approxi-
mate three of them or three related quantities such as
&Iny,/om-,

We shall assume that, although In yi and In mO are no
doubt different in KCI-H2 and in pure HD, the curves of
In 7! and In 71° vs. rai will be almost parallel at constant ra>
Consequently

bIn7! _ 6In7°

(0)[0] bm (60)

the derivative being evaluated at the same ionic strength in

the binary system as in the ternary mixture. A similar
assumption is made about component two; i.e.
bIn72 _ biIn72
(61)

bm'i bm
Here this approximation is very reasonable indeed, since
raffinose is quite dilute (0.015 mole/1.), and consequently
the system is for all practical purposes KC1 dissolved in
“almost pure” HD.

The data for KC1-H2 are available,5 and the value of
b In 72°/bm was obtained numerically as described in sec-
tion (a) above with an estimated error of 10%.

Unfortunately, there are no suitable measurements on
the raffinose-H2 system. A few osmotic pressures were de-
termined by Hess and Suranyi,®Bbut these are not sufficiently
precise to yield significant values of b In 71°/dm.

However, an approximation for b In 7x°/dra can be ob-
tained from an estimate of the hydration number of raffi-
nose. It has been shownZ#Bthat the activity coefficients of
certain non-electrolytes in pure water can be described
fairly well up to 2-3 molal by the expression

In71°= -In [1 —0.018(* - lyra] (62)

where h is an empirically determine dhydration number.
Thus

biIn7l° = 0.013(* - 1)
bm 1 —0.018(* — lra

IkedaZ noted that for solutions of other sugars such as glu-
cose, sucrose, etc., hwas approximately equal to the number
of free hydroxyl groups. Raffinose has 11 such groups.
Assuming that this correspondence is valid for raffinose too,
at 0.015 molal we find

alnTlP”~ 20 = blInyi
bm ~ bm1

Here the absolute error is assumed to be 0.1.

It still remains to get a cross derivative such as b Iny,/
bc2. This can be obtained if the salting out coefficient of
the non-electrolyte is known. This coefficient *,, a measure
of the effect of an electrolyte on the activity of a non-electro-
lyte, is given by the empirical relation®

log 21 = kc2+ RO\ (65)

where *1 is a numerically small coefficient. It is found ex-
perimentally that ki and *. are nearly independent of con-
centration. Consequently

(63)

(64)

" 2-303fc (66)
Unfortunately, k, for the raffinose-KCI-H2D system has
never been determined; moreover, no other sugar systems
have been investigated either.3 However, examination of
various non-electrolyte-KCI-H2 systems listed in Long and
McDevit®shows that k, varies between 0.05 and 0.3. As a

(26) K. Hess and L. Suranyi, Z. pkysik. Chem.,

(27) T. lkeda, Repts. Lib. Arts. Fac., Shizuoka Univ., Series B,
No. 1, (1950); Bull. Chem. Soc. Japan, 24, 101 (1951).

(28) D. G. Miller, This Journal, 60, 1296 (1956).

(29) A comprehensive review of the salting out effect has been
given by F. A. Long and W. F. McDevit, Chem. Revs., 61, 119 (1952).

(30) The freezing point measurements of A. C. D. Rivett, Medd.
Vetenskapsakad. Nobelinst., 2, No. 9 (1911), are insufficient to calculate

184A, 327 (1939).

ks for sucrose-KCI-HjO, the only sugar system recorded by Long and
McDevit.**
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representative value, we have chosen ks to be approximately
0.1, or more exactly3L

2.303k = 0.25 (67)
This choice is further supported by consideration of the

following equation, due to McDevit and Long.2 In our
notation, it is
* vxv>* - W) v f dt \
2.303%. (30RT \di £ ay 69

where V,aand V2 are the partial molal volumes of pure
components 1 and 2 at infinite dilution, V2 is the “ liquid”
salt volume, @is the compressibility of the solvent, d, and d2
are the diameters of solutes 1 and 2, respectively. If we
approximate <h/(di + <h) by (F,0Xi/[(VI)/i + (V.0)¥*]
and use the value 10 for the (F.i — UZ2) of KC1,2 then
(68) yields

2.303*. = 0.83 (69)

However, this equation is valid only for non-polar non-
electrolytes. Polar non-electrolvtes have values of *»
smaller by a factor of 2-3. Thus the polarity correction
brings the value of 2.303*. estimated from equation 69
close to 'he previously estimated value. An error of 0.1
has been assumed for 2.303*..

We may now obtain M2from equations 67 and 36.

We compute b In yi/Zbci by means of equations 46, 64 and
4g withi = j = 1. Equation 36 and v In j/i/dci yield mu-

The calculation of na is more complicated. From equa-
tions 47, 32, 48 and 46, an expression for b In y2/bc2 can be
obtained

b In yj (ni-/bIny, /alnyl
bz /rA\ oci 2N &
b In 72
brre (70)

in which all the quantities are in Table | or were given or
computed above. From this result and equation 36, yn
is obtained.

Finally tin is obtained from /in, M2 and ti2 by means of
equation 31.

(c) Two Non-electrolytes.—The raffinose-urea-H2 sys-
tem (1X) is of this type.

We assume, for the same reasons as in the previous case,
that

b In 7j bIn7i°
bm, -~ bm (71

The value for raffinose is that given in equation 64 with the
same estimated error. The d In y-i'/bm for urea was evalu-
ated numerically from the data of Scatchard, et al.,3 at
the same molality of urea (0.5143) in the binary system as
in the ternary system. A 10% error is assumed.

The estimation of a cross derivative such as b In y./bm.,
is more difficult. We reason crudely as follows. Assume
that components 1 and 2 do not interact with each other ex-
cept indirectly through their respective interactions with
the solvent. It has been shownZ Bthat a positive hydration
number can be assigned to non-electrolytes whose activity
coefficients increase with increasing concentration. In sec-
tion (b) above, it was estimated as approximately 11 for
component 1. Thus if component 1 is added to a solution
of component 2, part of the water formerly available for
dissolving component 2 is now solvated with component 1.
Consequently the “effective” concentration of component 2
is larger than would be considered otherwise. The activity
coefficient of component 2 will thus be that characteristic
of the “effective” concentration. Hence in our system,
the activity coefficient of urea is smaller in the presence of
the solvated raffinose, since the 7 of urea decreases as its
concentration increases. Thus, b In y-i/bm, should be
negative.3* A similar conclusion would be reached if there

(31) After 0.1 was chosen as approximately correct, the value in
equation 67, equivalent to ka = 0.109, was taken because it gave good
agreement in system VIII.

(32) WL F. McDevit and F. A. Long, J. Am. Chem. Sue., 74, 1733
(1952).

(33) G. Scatchard, w. Hamer and S. Wood, ibid.. 60, 3061 (1938).

(34) The same sort of argument predicts that if 71° and 71° both
increase or else both decrease as the concentration increases, then
din yz/dmi will be positive in the ternary (non-electrolyte) mixture.
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Table 1l
Quantities Involved in the Calculation of bu
1 i v \% VI Vil VIl IX
Wil 1.0177 1.0177 1.0195 1.0295 1.0272 1 0377 1.0290 1.0159 1.0347
nr 0.00734 0.00471 0.00744 0.01529 0.00770 0.01579  0.00425 0.000402  0.000697
v 0.00381 0.00381 0.00480 0 00499 0.01004 0 01036 0.1605 0.0314 0.1622
mn>2 1.0187 1.0167 1.0221 1.0272 1.0376 1.0431 1.0382 1.0138 1.0532
(e} 0.9826 0.9826 0.981 0.971 0.9736 0.964 0.972 0.984 0.966
az .00708 -- .00455 -- .00714 -- .01446 .00722 - .0146 - .000398 - .000391 - .000640
(] .00367 -- .00367 -- .00461 -- .00471 .009416 - .00957 - .1501 - .0306 - .1490
@ .9816 .9836 978 9736 .964 .959 .963 .986 .950
aln21
. .0238 0.1090 -- .1208 -- .0435 .0401 - .0041 .553 .553 516
oci
aln’l
oo .0974 -- 0666 -- .1550 -- .0746 .0714 - .0331 .250 .250 .00348
aln22
. -085 -- .0670 - .1050 - .08501 .0818 - .0440 .389 .397 .202
oci
OInx
oo 2304 -- .1526 - .1994 - 1165 1134 - 0735 - .1916 - .8106 - .0346
«1/RT 6.270 6.260 5.758 3.246 5.253 -2.992 67.85 67.85 67.811
M/RT 2.028 2.089 1.690 1.184 1.191 0.9337 0.250 0.250 0.00348
ti2i/RT 2.005 2.088 1.670 1.163 1.170 0.9119 0.779 0.794 0.262
H-n/RT 6."62 6.917 5.601 5.100 3.107 2 853 3.617 18.38 1.965
Table Il
Quantities Involved in the Calculation of L m
1 1 1l v \% VI Vil Vil 1X
aa 6.309 0.299 5.793 3.284 5.290 3.031 68.31 68.21 68.19
b 2.063 2.126 1.724 1.221 1.227 0.9719 0.8179 0.8237 0.3136
c 2.063 2.126 1.727 1.221 1.227 0.9719 0.8184 0.8228 0.3131
d 6.817 6.954 6.115 5.185 3.162 2911 3.668 18.43 2.011
ad —be’ 38.75 39.29 32.45 15.44 15.22 7.88 249 89 1256.4 137.00
-LR 0.200 0.189 0.259 0.473 0.279 0.514 0.00632 0.00631 0.00618
—Li2 - .0605 - .0434 - 0739 - .114 - 109 - .175 - .00114 - .000265 - .00096
—TA - .0586 - .0380 - .0702 - .112 - .105 - .170 - .00269 - .000264 - .00166
-La .283 .206 .318 .380 .622 .689 495 .0992 .657
a RT has been factored outin a, b, ¢, d. b (RT)2has been factored out. ¢ 10 8/RT has been factored out of all L,j qu:
tities. The L\\/RT have the units, moles/em. sec.

is some direct interaction, such as hydrogen bonding, be-
tween the N of the urea and the O of the raffinose hydroxyl

groups. The numerical value is probably somewhere be-
tween zero and d In72/d m2= —0.076. We choose
0. n72 aln71
Iy - -0.04 72
O%i awe (72)

with an estimated error of £0.04.
The values of juii were calculated by means of equations
47, 49 and 36, and checked using equation 31.

V. Results and Discussion

The values of d In yisbcj based on the foregoing
approximations are given in Table Il along with the
values of gt and the resulting values of mgRT.
The calculated values of g b, cand d, as well as ad
bcand the Ly, are in Table Il1. The computations
of band c were checked by equation 19.

In Table IV are the assumed errors in the D».
Finally in Table V are desired values of the rhs and
Ihs of the necessary and sufficient condition, equa-
tion 16. Included also are the differences between
the rhs and lhs as well as the probable error based
on estimated errors in the measured b, and the
approximated activity derivatives.

Electrolyte mixtures are more complex since In yi° goes through a

minimum, but the hydration part of the argument seems to be quali-
tatively correct here as well in predicting the sign of ¢) In 7 i/dmj.

The probable error in equation 16 was determined
asfollows. Letr be defined as

R = (abi2 + bDa) — (cbn -|- dDa) (73)
Then r is a function of the experimental quantities
ek such as the V, p,j, d In y,'dag or d In yisdcj,

and the c,. If 5k is the probable error in Gg then
the probable error sr of (16) isgiven byz

“-Vs I H R <>

A typical term of the sum in (74) is (aspbn)-, for
example. No errors were assumed for the W and
Ci.

Table IV
Errors Assumed for Zb,
| 11 1l v \% VI VIl Vili IX
Du 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Dn .01 .02 .01 .01 .01 .01 .0002 .0001 .001
Du .02 .02 .01 .01 .01 .01 .02 .01 .02
Lhz .01 .02 .01 .01 .01 .01 .02 02 .02

Of the nine systems considered, the activity
approximations are the best in the electrolyte sys-
tems, I-VI, and it is felt that the test of the ORR

(35
Chemistry,” D. Van Nostrand Co., New York, N. Y., 1943, p. 498.

H. Margenau and G. Murphy, “Mathematics of Physics and
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Table V

Test of the Onsager Reciprocity Relations

11 11 IV& \% Vi VIl VI IX
lhs (16)“ 3.73 3.50 3.12 2.19 2.25 1.76 1.55 1.53 0.41'
rhs (16)° 3.80 3.71 3.24 2.22 2.30 1.80 1.16 1.53 .32'
Difference 0.07 0.21 0.12 0.03 0.05 0.04 0.39 0 .09
Probable error 17 .20 12 .08 .07 .05 .21 27 .10

a 10~2RT has been factored out.

in column 1V differ slightly from those reported in reference 7.

values, differing slightly from those reported earlier.7

here is more significant than in the other examples.
Equation 16 is clearly verified very well for systems
I, 1V, V, VI and is just on the border line for sys-
tems Il and Ill. Note, however, that the com-
parison of fringe deviation graphs for 1 and 1l
(Figs. 3 and 4, reference 21) shows that the re-
ported Dij give a much poorer fit for the borderline
case Il. Unfortunately, fringe deviation graphs
are not as yet available for 111-VI.

For the non-electrolyte-electrolyte cases, VII
and VIII, the verification for VIII is good, with
a reasonable value of the salting out coefficient a
Case VII, however, is off somewhat more than the
estimated error. Since the same value of ka
should be valid for both systems and since the error
in £In y2/dm2 is not large, a simultaneous solution
of the equations Ln = Ln for both systems should
lead to values of ksand 5 Inyisdc-,. The resulting
values, however, give d In yizdct an enormously
large and completely unreasonable value. From
this, it must be concluded that VII and VIII are
inconsistent. Again inspection of the fringe
deviation graphs (Fig. 2, ref. 18) shows that the
assumed A j for VI give a very poor fit for the bad
case VII, whereas for VIII the fit is quite good.
It seems reasonable to assume, therefore, that the
errors in D\ for VII are much larger than the
estimates given in Table 1V; how much larger is
not known.

For case I1X, the verification is quite adequate
considering the complete lack of knowledge of
activity coefficients. The fringe deviation graphs
show a reasonably good fit for the reported Dn.
Consequently, one expects the inexact assignment
of activity coefficients to be the principal cause of
error. This case is especially sensitive to the
values of D zand d In yi/dm2

It may thus be concluded that the agreement of
both sides of equation 16 within the estimated
error for 8 of the 9 cases considered constitutes the
preliminary justification of Onsager Reciprocity
Relations in ternary diffusion.

It should be emphasized that an absolute test
still remains to be accomplished. At present,
systems or concentrations for which activity
data are available and systems or concentrations
for which diffusion data are available form
mutually exclusive sets. For the rigorous test, it
would be very desirable for experimentalists to (a)
supply activity data for the nine systems investi-
gated so far, or (b) do the diffusion experiments on

36
val(ue)of dInyi/dci, indicates raffinose is salted in rather than salted out.
Added in Proof.—Dr. P.'J. Dunlop has stated (private communica-
tion) that errors in Dij for V 11 are in fact somewhat larger than were
assumed in Table IV, which helps explain the discrepancy between
VIl and Vv IIl.

bAn error in activity coefficient derivatives has been corrected.

In fact a backwards computation on V II, using any reasonable

The corrected values
¢ An improved estimate of activity coefficients gives these

systems in the range of concentrations for which
activity data are known.

Note Added in Proof:—Recently P. J. Dunlop and L.
J. Gosting, This Journal, 63, 86 (1959), here reported
similar calculations on systems I11-V1. Their work also in-
volves activity coefficient estimates, since they assume the
value of /Y =0) valid from 2-5 molal is also valid from 0.25-1
molal. It is gratifying that our numbers are so close and
our conclusions the same.

Appendix |

The Ternary Systems for Diffusion.— There are
eight types of ternary system with respect to equi-
librium properties which can be formed from non-
electrolytes (n) and binary electrolytes (). These
are (i) 3n, (i) 2n — le, (iii) In — 2e (ionin common),
(iv) In — 2e (nocommon ion), (V) 3e (ion common
to all 3), (vi) (ion common to 2), (vii) 3e (2 common
ions each common to 2), and (viii) 3e (no common
ion). The first four are exemplified by the systems
we have been considering; the last four by molten
salt mixtures. Cases (i), (ii), (i) and (v) are
ternary systems for diffusion and are characterized
by three or four diffusing species. The remaining
cases are not ternary systems for diffusion, even
though (vii) has 4 diffusing species also.

Case (i), like raffinose-urea-EhO, is clearly a
ternary system for diffusion. In this appendix, we
will shew in detail that case (ii) is also. The
arguments for cases (iii) and (v) are analogous and
will be indicated very briefly.

Case (ii), like the raffinose-KCI-IRO system, has
four diffusing species: the non-electrolyte solvent,
the non-electrolyte solute and the two ions. It is
intuitively clear that owing to electroneutrality
the cations and anions must move together in their
stoichiometric ratios. The formal justification,
easily generalized to cases (iii) and (v), is given.

From equation 1

TV = JK,, + + J, X, + IJX3 (1A)

where c refers to the cation and a refers to the anion,

1is the neutral solute and 3is the solvent. Suppose
component 2, the electrolyte ionizes as
CA — rcC™> + raAz» (2A)

where CA represents the electrolyte-as-a-whole,
rcand rathe stoichiometric coefficients of C and A,
and zc and za the charges on C and A with due
regard to sign. Then

MCA = M = rcwb + faMa (3A)
0 = (4A)
Furthermore, since no current 1 flows in this system

0=7 = ZJc + Zala (5A)
Equation 5A is equivalent to electroneutrality.
Finally, for a charged particle, the thermodynamic

force is given by1

~,ZC + ra«a
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©6A)

where r and ¢ are the value of the faraday and the
electrical potential, respectively.

Now consider only the ionic terms.
6A

AX. + AX*=" ~ + A +

By equation

¥+

(zdc + ZaAF 4 (7A)

However, by (5A), the electrical term vanishes.
The substitution of (5A) solved for ,/ayields

dM Zo Civir]
bx 2a bX\J (SA)
The application of (4A) and (3A) to (8 A) now yields
IX. imwax. ¢ (9A)
rc bx

But Jc/rc is precisely the amount of cation which
would flow if it were tied up as the compound CA.
Consequently

— =32 (10A)

c

Thus the ionic terms have reduced to J2 (d~/dx).
Hence To may be written as J jXi + ./2X2+ J3X3
which was the starting point of the derivations in
section I1.

Cases (iii), kke NaCl-KCI-H20, and (v), like
NaCl-KCI-LiCl, are verified in the same way.
Thus the generalized form of (5A) is used to get
rid of the «terms and to solve for ./a Then the
equations like (3A) and those like (4A) are sub-
stituted in, and again the flows will be in the form
of (10A), yielding the desired results.

Appendix n

Relations between Gram and Mole Descriptions
of Diffusion.—Some of the diffusion dataiso
have been reported in gram units instead of mole
units. In this appendix we investigate the equa-
tions in terms o: gram units.

For the fth component, let ji be the flow in
g./cm.2 sec., Ji the flow in molcs/cm.2sec., pfi the
chemical potential per gram, m the chemical po-
tential per mole, v, the partial specific volume,
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vi the partial molal volume, efi the concentration in
g./h, g the concentration in moles/'liter, X, the
thermodynamic force in gram units, Xi the ther-
modynamic force in mole units, mi the molecular
weight, da the diffusion coefficient in gram units,
Aj the diffusion coefficient in mole units,

the Onsager coefficients in gram units, and Aj

the Onsager coefficients in mole units. Then we
have immediately

Ji = jaMi  (11A) M = (14A)

Vi = MiSi  (12A) Xi = MiXi (15A)

d = a*/Mi (13A)

From these equations, one can very easily prove
by substitution that

To = 2J|X| = xjixi (16A)
Sc; dvi = 2 GiBdwmis (17A)
XJ,vi = Xjivi (18A)
Di, = da{M,/Mi) (19A)
La = li,(MMi) (20A)

The gram unit expressions of (16A), (17A) and
(18A) are identical in form to the mole unit ones.
Hence, all the results obtained earlier in terms of
mole units are equally valid for gram units upon
substitution of gram quantities for mole quantities.
The relation between gram coefficients and mole
coefficients is given by (19A) and (20A). Equa-
tion (19A) was originally stated by P. J. Dunlop.3

Appendix 111

Proof that b = c.—We prove that for ternary sys-
tems, the b and c of equations 18 are equal.

From the definitions of b, ¢, a, 3 7, 5 equations
14 and 9 and equation 20 ,we have

c,Vd = AAmu + (1000 - cfi)M:i (21A)

The substitution of the rhs of equation (33) for
M and cancellation of (1000 — CiFi) yields

GVsl) = ci Kenu + (1000 —CK)miz —
GEmu+ GEM] (224)
Again the use of (20) yields

Av3l= 3+ civhm: + GViIM: =
caD"Mi: 4 ive] —GRC (23A)

Cancellation of caF3gives the desired result.
(37) Cf. Reference 20, footnote 0.

IN AN ACETYLENE AIR DIFFUSION FLAME

By M. E. Milberg

Scientific Laboratory, Ford Motor Company, Dearborn, Michigan
Received September 11, 1958

The rate of soot issue from an aeetylene-air diffusion flame has been measured as a function of pressure and air/fuei

ratio.

The soot ha3 been analyzed for soluble and volatile constituents by infrared and ultraviolet absorption spectroscopy

and mass spectrometry. The rate measurements can be explained on the basis of a soot formation rate which varies linearly

with pressure and is independent of air/fuel ratio.
genated aliphaties.

process.

Introduction
Considerable interest in the nature of the
mechanism of combustion deposit formation has
been evidenced for quite some time. This interest

The analyses showed the presence of polynuclear aromatics and oxy-
The rate and analytical results are consistent with a pyrolysis mechanism of carbon formation involving
polymerization of acetylene to large aromatic molecules followed by carbonization.

Oxygen may be involved in the pyrolysis

has, in part, manifested itself in efforts to elucidate
the mechanism of carbon formation in explosions
and burner flames, principally by flame spectroscopy
and analysis of soot for intermediates in the forma-
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tion process. Although the rate of carbon forma-
tion would be expected to provide some information
of value toward elucidation of the formation
mechanism, relatively little work along these lines
has been reported. There are no reports of
measurements of sooting rate as a function of
pressure and air/fuel ratio for diffusion flames,
although measurements of soot yield have been
made in premixed flames.1

In the present work the rate of soot issue from an
acetylene-air diffusion flame has been measured
as a function of pressure and air/fuel ratio. Con-
comitant with the rate measurements, some anal-
yses of the soot and its solvent extracts have been
made. Acetylene was chosen as the fuel because
of its chemical simplicity and high C/H ratio, and
because of its rather special position as a common
intermediate in Porter’s suggested mechanism of
carbon formation,2 recently contradicted by the
results of Ferguson.3

Sooting rates were measured by collecting the
soot issuing from the flame for a measured time
interval and determining the weight collected.
Several methods of analysis were employed. These
included extraction of the collected soot with or-
ganic solvents, followed by infrared and ultraviolet
spectral analysis of the extracts, mass spectro-
metric analysis of distillate from the soot, and in-
frared and ultraviolet spectral analysis of conden-
sate from the flame exhaust. The experimental
results can be explained on the basis of a soot
formation rate which is linear with pressure and
independent of air/fuel ratio and are consistent
with a mechanism involving polymerization of
acetylene to polynuclear aromatic structures with
subsequent degradation to a carbonaceous residue.

Experimental

The prime consideration in setting up the burner system
was that it permit the collection of soot in an essentially
complete and reproducible manner under controlled con-
ditions. The burner, which was similar to that of Parker
and Wolfhard,4is shown in Fig. 1. It consisted of two con-
centric tubes whose diameters were such that at the desired
air/fuel ratio, the linear flow rates of fuel and air were es-
sentially equal. The burner proper was enclosed by a shield
which permitted operation at pressures other than atmos-
pheric. Three interchangeable stainless steel burner tube
assemblies providing equal linear flow rates at air/fuel vol-
ume ratios of 15.1, 12.3 and 9.0, respectively, were used.
The tube diameters are given in Table I. A small point
was provided on the inside of the top edge of each outer tube
to permit a spark to be jumped from the outer to the
grounded inner tube for ignition. The stainless steel block
with two 24/40 standard taper holes for holding the soot
collecting tubes was arranged to slide between guide strips
on the top plate in such a manner that at each end of its
travel one of the collecting tubes was aligned with a con-
centric hole in the top plate. Each collecting tube, as
shown in Fig. 2, had a shoulder ground into the inside of the
standard taper joint, against which a soot collecting car-
tridge, also shown in Fig. 2, was sealed by means of an O
ring. All glass wool packing was delubricated before use.
The flow, purification, metering and exhaust system, as well
as the burner, is represented schematically in Fig. 3.

The rate measurements were made as a function of pres-

(1) C. P. Fenimore, G. W. Jones and G. E. Moore, “Sixth Sym-
posium (International) on Combustion,” Reinhold Publ. Corp., New
York, N. Y., 1957, p. 242.

(2) G. Porter, “Fourth Symposium (International) on Combus-
tion,” The Williams and Wilkins Co., Baltimore, Md., 1953, p. 248.

(3) R. E. Ferguson, Combustion and Flame, 1, 431 (1957).

(4) W. G. Parker and H. G. Wolfhard, J. Chem. »Sec., 2038 (1950).
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Fig. 3.—Schematic diagram of complete experimental setup.

T able |

Burner T ube Diameters

Air/fuel
ratio for equal

Inner :ube, in.
linear flow rates d. Ld.

Quter tube, in.
.d 1.d.

151 0.250 0.180 0.875 0.745
12.3 .315 .243 1.0 .908
9.0 313 .249 1.0 .810
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PRESSURE, mm
Fig. 4.—Pressure dependence of sooting rate.

sure at air/fuel volume ratios 0f9.0,12.0 and 15.0. For each
air/fuel ratio the mass flow rates were maintained constant,
the acetylene flow rate being kept at 60 cc./min. STP
throughout. The rate measurement technique was the same
throughout the investigation. The system was flushed with
nitrogen and brought to the desired pressure, the air and
acetylene flow rates adjusted to their proper values, and
the igniter spark coil turned on. Until the flame reached
its stable configuration, a blank collector tube packed with
glass wool was maintained in position over the flame.
When the flame became stable, a collector tube containing
a packed, dried and weighed cartridge was positioned over
the flame by means of the sliding block. Soot was collected
for a measured time interval of from five to ten minutes,
generally eight minutes, in the cartridge. Next, the blank
tube was repositioned over the flame and the cartridge re-
placed with a fresh one. By repetition of this procedure
three or four collections were made at each pressure. The
cartridges then were dried and reweighed, and the sooting
rate determined from the weight increase and the known
collection time. All weighings were made with an analytical
balance. The rates are the averages, then, of three or four
measurements. Rates were measured from the cut-off
pressure to 401 mm. for the 12.0 air/fuel ratio, to 153 mm.
for the 9.0 air/fuel ratio, and to 402 mm. for the 15.0 air/
fuel ratio. The 12.0 ratio maximum pressure was limited
by the tendency of the soot to clump and become difficult
to collect above about 400 mm. At the 9.0 ratio, the nat-
urally open shape of the underventilated flame prevented
soot from issuing in a fine stream at pressures much above
150 mm., thus preventing complete collection. The maxi-
mum pressure for air/fuel ratio 15.0 was maintained ap-
proximately the same as that for air/fuel ratio 12.0. The
low pressure cut-off was not actually observed for air/fuel
ratio 9.0 because the flame blew off the burner below 66 mm.
For the other air/fuel ratios, the cut-off pressure was taken
as that at which a visible but unweighable quantity of soot
was obtained.

For soot extract analysis, the soot containing cartridges
were extracted with organic solvents in modified Soxhlet ex-
tractors and the extracts were subjected to infrared and ul-
traviolet absorption spectral analysis. The solvents used
were acetone, carbon tetrachloride and benzene. One ace-
tone extract was separated into three fractions with the aid
of chromatography before the analysis. The extract was
evaporated to an oily yellow material which was treated with
10 ml. of boiling benzene. The benzene solution was poured
onto a 08 X 2 cm. column of 50-200 mesh alumina and
eluted with 20 ml. of benzene followed by 15 m|l. of methanol.
The portion of the original material which was insoluble
in boiling benzene was dissolved in acetone. It was noted
that several of the extracts showed a blue fluorescence in
ultraviolet light and that the fluorescence of the benzene
eluate from the chromatographed extract was quite strong.
From five to ten per cent, of the soot was extracted by the
solvents. The quantity extracted was quite insensitive to
the production and collection conditions.

Two soot samples heated at 500-550° in a stream of nitro-
gen for 3.5 hours lost 13% of their weight, somewhat more
than the weight loss on extraction. In order to obtain ad-
ditional information concerning the nature of this relatively
volatile portion of the soot, samples were examined mass
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spectrometrically wuth the aid of a heated inlet system for
the mass spectrometer. The examination consisted of
heating the soot samples from about 100 to about 450° in
several stages, and analyzing the material evolved from the
soot at each stage.

Since it was considered that a knowledge of the nature
of constituents of the products from a sooting flame which
were too volatile to be retained on the soot would also be of
value, the flame exhaust was passed through a cold trap at
about —150°, and the collected material was subjected to
analysis by infrared and ultraviolet absorption spectros-
copy. For infrared analysis, the water had to be evapo-
rated from the sample beforehand, probably causing the
loss of the most volatile fraction.

Examination of the soot with the electron microscope in-

dicated that the particle size ranged from 200 to 500 A. and
seemed to be independent of formation conditions.

Results and Discussion

The rates of soot issue, hereafter referred to as
sooting rates, in mg./min. as a function of pres-
sure in mm. for air/fuel ratios of 9.0, 12.0 and 15.0
are represented graphically in Fig. 4. It wiL be
noted that the curve for the ratio 12.0 is essentially
linear down to a pressure of 145 mm. and then
turns down sharply to zero at a pressure of 101
mm. The dashed portion of the curve is a continu-
ation of the linear portion of the 12.0 ratio curve,
and not one drawn as the best fit for the 9.0 ratio
points. Nevertheless, the points for the air/fuel
ratio of 9.0 do fit fairly well this extrapolated line.
The curve for the air/fuel ratio of 15.0 cuts off at
the much higher pressure of 195 mm. and appears
to approach the 12.0 curve gradually.

The linearit}7of the curves for air/fuel ratios 12.0
and 9.0 is reminiscent of the inverse linearity of
maximum smoke-free fuel flow with pressure re-
ported by Schalla and McDonald.6 However,
their explanation, based on the inverse proportion-
ality of the diffusion coefficient to pressure, is not
applicable to the present case because the mass
flow rates of fuel and air were maintained constant
and the diffusion rates should have been essentially
independent of pressure. Furthermore, since the
measured sooting rate represents the difference
between the rates of soot formation and consump-
tion in the flame, the pressure dependence of the
rate of soot formation is not necessarily the same as
that of the sooting rate. However, the fact that
the rate curve for the underventilated flame is
essentially an extension of the linear portion of the
stoichiometric curve to lower pressures, and that the
rate curve for the overventilated flame seems to
approach the stoichiometric curve at higher pres-
sures, makes somewhat attractive the hypothesis
that the formation rate is essentially independent
of air/fuel ratio.

It is indeed possible to account qualitatively for
the curves on the basis of a soot formation rate
which varies linearly with pressure and is independ-
ent of air/fuel ratio. The deviations from lin-
earity of the sooting rate curves are then accounted
for as resulting from the variation of the soot con-
sumption rate with pressure and air/fuel ratio.
Considering the stoichiometric curve on this basis,
the greater slope at low pressures than at high
pressures would be reflection of a smaller increase

(5) R. L. Schalla and G. E. McDonald, “ Fifth Symposium (rnrer-

national) on Combustion,’* Reinhold Publ. Corp., New York, N. Y.,
1955, p. 316.
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in soot consumption rate with pressure at low
pressures than at high pressures.

Now, it would be expected that the soot consump-
tion rate should increase regularly with pressure,
provided that the residence time of the soot in the
region where it is consumed were either independent
of pressure or increased regularly with pressure.
It is, however, known that as a result of the
balance between combustion reaction and dif-
fusion rates, the reaction zone of a diffusion flame
is quite thick at low pressures, and that the thick-
ness of this zone decreases with increasing pressure
to a very small essentially constant value at mod-
erate and high pressures. At low pressures, then,
the thickened reaction zone can provide a greater
residence time for soot consumption than at high
pressures, and this residence time will decrease
with increasing pressure to a constant value. The
result of superimposing this residence time effect
on the chemical consumption rate is a net consump-
tion rate which increases more slowly (or perhaps
even decreases) with pressure at low pressures than
at high pressures, and a pressure dependence of
sooting rate of the type observed in the stoichio-
metric case. An increase in air/fuel ratio might be
expected to increase the consumption rate generally,
thereby decreasing the sooting rate and moving the
low pressure cut-off to a higher pressure. A
decrease in air/fuel ratio would be expected to move
the cut-off to a lower pressure and perhaps change
the pressure dependence at lew pressures, since the
open shape of the reaction zone of an underventi-
lated diffusion flame6 undoubtedly affects the
residence time available for scot consumption.

It must be emphasized that these considerations
are extremely qualitative. The picture of the
process as consisting of two separate steps, pro-
duction and consumption, is an obvious over-
simplification. It is quite probable that reactions
tending to prevent soot formation, such as combi-
nation of soot intermediates with oxygen, occur,
and that these reactions have the net effect of soot
consumption. Furthermore, the omission from
consideration of the effect of temperature on the
reaction and diffusion rates may certainly lead to
error, particularly since not only the temperature,
but the spatial temperature distribution, varies
with experimental conditions. Nevertheless, it is
believed that the qualitative picture given may be
of some utility in working back toward the mech-
anism.

The infrared absorption spectra of the soot ex-
tracts and chromatographic fractions were very
similar to those reported by Thorp, Long and
Garner7and by Arthur and Napier.8 They were
consistent with those of fairly large saturated
aliphatic hydrocarbons containing carbonyl and
hydroxyl substituents and ester groups along with
unsaturated and aromatic constituents, or, perhaps,
aromatics with substituted aliphatic side chains.
The infrared absorption spectrum of the cold trap

(6) S. P. Burke and T. E. W. Schumann, Ind. Eng. Chem., 20, 998
(1928).

(7) N. Thorp, R. Long and F. H. Garner, Fuel, 34 SI (1955).

(8) J. R. Arthur and D. H. Napier, "Fifth Symposium (Interna-
tional) on Combustion,” Reinhold Publ. Corp., New York, N. Y.,
1955, p. 308.
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condensate, after evaporation of water, was quite
similar to those of the extracts. Ultraviolet ab-
sorption spectra of the extracts and the cold trap
condensate showed only a broad continuous ab-
sorption with no well defined maxima. No indi-
cation of fulvenic constituents was observed.

The mass spectrometric analysis of the soot
indicated strongly that the major species present
in the material volatilized from the soot were poly-
nuclear aromatic hydrocarbons with 2, 3, 4 and 5
rings and related materials, such as acenaphthylene.
There was some evidence of aliphatic and alicyclic
fragments. Indications were that there was a
greater quantity of 4 ring species than 3 ring, and
more 3 ring than 2 ring, but with 5 rings, the
quantity decreased again. However, the rela-
tively low volatility of the 5 ring compounds may
account for the smaller quantity observed.

The detection of polynuclear aromatics and re-
lated compounds brings to mind the mechanism
proposed by Rummel and Veh,9wherein soot was
formed by the laydown of polycyclic structures
formed by the pyrolysis and dehydrogenation of
fuel hydrocarbons. The work of Parker and Wolf-
hard3 on benzene-air diffusion flames, in which
it was found that the benzene band spectrum
disappeared low in the flame and was not replaced
by those of naphthalene, anthracene, etc., ap-
parently contradicts this proposed mechanism.
However, Campbell and Johnson® have shown
this to be a temperature effect and not susceptible
to interpretation in terms of the absence of aro-
matic constituents. In addition, Norrish, Porter
and Thrushll have observed spectra characteristic
of polynuclear aromatics in carbon-forming ex-
plosions of acetylene. In view of this, it seems
quite likely that the observed aromatic hydrocar-
bons are indeed intermediates in the process of
carbon formation. It is then necessary to consider
that the oxygen containing compounds detected
were formed from the reaction of soot intermediates
with oxygen, either in competition with or as a part
of the pyrolysis process. This is in essential agree-
ment with the results of Arthur and Napier on
reversed flames,8since they found oxygen contain-
ing compounds in soot formed under conditions
where contact of oxygen with the soot itself was
very unlikely. It is perhaps also possible that
aromatic intermediates were formed by condensa-
tion of oxygen containing aliphatics, in the manner
of the condensation of acetone to mesitylene.

The sooting rate data themselves do not permit
a definite decision to be made on the question of
oxygen involvement in the mechanism. However,
if the hypothesis that the rate of soot formation is
independent of air/fuel ratio is accepted, then the
indication is that oxygen is not involved in a rate
controlling step of the process.

Conclusions

Measurements of the rate of soot issue from an
acetylene-air diffusion flame and the results of

(9) K. Rummel and P. O. Veh, Arch. Eisenhiittenwesen, 14, 489
(1941).

(10) C. E. Campbell and I. Johnson, J. Chem. Phys., 27,316 (1957).

(11) R. G. W. Norrish, G. Porter and B. A. Thrush, Proc. Roy.
Soc. {London), ZZ27A, 423 (1955).



582

analysis of the soot for soluble and volatile con-
stituents are consistent with a pyrolysis mecha-
nism of carbon formation involving polymerization
of acetylene to large aromatic molecules. The
question of oxygen involvement in the mechanism
cannot be settled on the basis of this work, but
there are indications that it does not take part in
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a rate-controlling step of the mechanism.
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MICROWAVE ABSORPTION AND MOLECULAR STRUCTURE IN LIQUIDS.
XXVI. THE DIELECTRIC RELAXATION TIMES OF TWO LARGE OBLATE
ELLIPSOIDAL MOLECULES IN BENZENE SOLUTION12
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The dielectric relaxation times of metal-free heptaphenylchlorophenyl-porphyrazine and of ferric octaphenylporphyrazine
chloride have been determined in benzene solution, based on dielectric constant data at 1.25, 3.22, 10.0, 25.0 and 50.0 cm.
wave lengths at temperatures of 20, 40 and 60°. The dipole moment of the chloroporphyrazine lies in the plane of the great
ring, while that of the ferric complex is perpendicular to the molecular plane. The relaxation time of the former is close to
that calculated by equations taking into account the microscopic viscosity. The ferric complex, with a relaxation time 5/2
that of the chloroporphyrazine, is better described by a relation involving the macroscopic solvent viscosity. It is evident
that relaxation occurs through two different modes of orientation. The dipole moments, atomic polarizations and the
energies and entropies of activation for dielectric relaxation are given. A new dielectric measuring apparatus is described,
consisting of a coaxial line resonant cavity. The transmission-line equations provide a simple derivation of the trans-
mission of power through the cavity as a function of the cavity dimensions and of the dielectric properties of the liquid

filling the cavity.
dielectric constant and loss of dilute solutions.

The theoretical model3for dielectric relaxation of
a solute molecule orienting in a continuum can be
approached through investigations of solutions in
which the molecular size of the solute is much
greater than that of the solvent. In the past,
solubility considerations have limited such studies
to polymeric materials. While aqueous solutions
of proteins4 behave electrically as large rigid el-
lipsoids in a continuous medium, polymers in non-
polar solvents shoYV predominantly segmental
orientation. The octaphenylporphyrazine com-
plexes possess adequate solubility in benzene to
allow the measurement of their dielectric relaxa
tion, and are of well-defined, roughly ellipsoidal
shape.

Two of these complex planar molecules have
been prepared. The dipole moment is located in
the plane of | and perpendicular to the plane of 11.
The dielectric relaxations in benzene solutions of
these ellipsoids of revolution have been investi-
gated and will be discussed in terms of their shapes
and the positions of their dipole moments.

(1) This research has been supported by the Office of Naval Re-
search. Reproduction, translation, publication, use and disposal
in whole or in part by or for the United States Government is per-
mitted.

(2) This article represents a portion of the work submitted by
Donald A. Pitt to the Graduate School of Princeton University in par-
tial fulfillment of the requirements for the degree of Doctor of Philoso-
phy.

(3) P. J. W. Debye, “Polar Molecules,” Chemical Catalog Co., New
York, N. Y., 1929.

(4) J. L. Oncley, “The Electric Moments and the Relaxation Times
of Proteins . . in E. J. Cohn and J. T. Edsall, “Proteins, Amino
Acids, and Peptides,” Reinhold Publ. Corp., New York, N. Y., 1943.

The apparatus is usable over a wide frequency range and is especially applicable to measurements of the
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Experimental Methods

The static dielectric constant eowas measured with hetero-
dyne-beat apparatus5-8 at a wave length of 577 meters, and
the density was determined with an Ostwald-Sprengel
pycnometer.9 Wave guide measurements of dielectric con-
stant and loss at 1.25 and 3.22 cm. wave length were carried
out on apparatus previously described, 1311 using the stand-
ing wave ratio technique.

Resonant Coaxial Cavity Apparatus.—The cavity, as
illustrated in Fig. 1, consists of a water-jacketed & a inch

(5) C.
(1928).
(6) G. L. Lewisand C. P. Smyth, 3. chem. Phys., 7, 1085 (1939).
(7) L. M. Kushner and C. P. Smyth, 3. am . soc., 71, 1401
(1949).

(8) A. J. Petro, C. P. Smyth and L. G. S. Brooker, ibid., 78, 3040
(1956).

(9) G, R. Robertson, ind. Eng. chem., Anal. Ed., 11, 464 (1939L

(10) H. L. Laquer and C. P. Smyth, 3. am. Soc., 70, 4097
(1948).

(11) W. M. Heston, A. D. Franklin, E. J. Hennelly and C. P. Smyth,
ibid., 72, 3443 (1950),

P. Smyth and S. O. Morgan, 3. Am. chem. SoC., 50, 1547
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i.d. tube, lapped after fabrication for uniform bore, a short-
circuit fitting, and ¥ minch o.d inner conductor, all silver
plated. The center conductor is drilled and tapped for a
polytetrafluoroethylene spacer which provides an open-
circuit termination of low loss. While a short-circuit could
also have been used, the cavity length necessary for a given
number of resonances would thereby be increased. En-
ergy is introduced and sampled for detection, through two
small rotatable magnetic coupling loops very near the short-
circuit. The degree of coupling is kept as low as possible,
consistent with a detectable output signal. The cell is
fitted with a standpipe to allow filling from the bottom,
with flow through perforations in the polytetrafluoroethylene
plug and the short-circuit fitting. The micrometer system,
Fig. 2, utilizes a 12 inch precision-ground hardened steel
screw of 1 mm. pitch, and a similarly ground bronze bush-
ing. A revolution counter, reading in mm., is provided,
and the head is divided to allow estimation to 10~4 cm.
The assembly is mounted on a heavy supporting member
with guide rods and a loading device to minimize backlash.

Four square-wave modulated high-frequency generators
are in use with this cavity. Two are tuned concentric-line
oscillators, the Hewlett-Packard Model A (range 500-1300
Mc.p.s.) and the Hazeltine Model 1050-B (range 900-1300
Mc.p.s.), the latter having greater R.F. power. Their
frequency is adjusted to give a minimum audio beat fre-
quency with the 50 Mc.p.s. signal of the Hazeltine Model
1134 frequency calibrator. This unit contains a 10 Mc.p.s.
crystal-controlled oscillator and a quintuple]’ circuit, and
is calibrated by beating against the 10 Mc.p.s. transmission
of radio station WWYV, National Bureau of Standards,
Washington, D.C. Two Kklystrons, a type 707B {ca.
3,000 Mc.p.s.) and a type 2K23 (ca. 4,850 Mc.p.s.), are
operated at fixed frequencies from stabilized power supplies.
The 2K23 feeds into a wave guide section having a tunable
capacitative feed to coaxial cable. The cavity is matched
to each generator and to the 1N21 crystal detector with
triple stub tuners, and the transmitted power is measured
with a Hazeltine Model 1052-A tuned amplifier.

Cavity Transmission Function.—The weak coupling be-
tween the coupling loops and the cavity cell, with negligible
loop-loop interaction, permits the analysis of the microwave
circuit in terms of an equivalent low-frequency circuit having
a constant coefficient of mutual inductance. By this means,
it can be shown12that the output meter of the tuned ampli-
fier will show a deflection proportional to the square of the,
cavity admittance seen at the short-circuit, looking toward
the open circuit. The part of the cell past the center con-
ductor appears as a circular wave guide beyond cut-off, and
the use of the spacer gives a low termination loss essentially
independent of the loss of the liquid dielectric. The resonat-
ing portion of the cell is, therefore, only that part between
the short-circuit and the end of the inner conductor. The
cavity admittance, for an inner conductor depth d, and a
characteristic admittance Yoof the coaxial line, is

Y = YQYQ+ YOtanh yd)/{Ya+ 15*tanh yd) =
YOtanh yd (1)

As a result of the open-circuit design, its admittance Toc is
neglected. In these expressions, y = a + j&is the propaga-
tion constant of the wave in the medium, a is the attenua-
tion constant, and /3 = 2ir/X is the phase constant.

The cavity resonates when the susceptance given by eq. 1
is equal in magnitude and opposite in sign to the susceptance
in the direction of the short-circuit. This occurs when

dn = (2n - 1) ir2/3 = (2n - 1)X/4 2)
where dn is the depth, measured from the short-circuit, at
the rath resonance. This is applicable when dnis consider-
ably greater than 25 mm., the length of the sliding contact
fingers. The admittance at the point of resonance is given
by

Yn — To ctnh ccdn 3)

The power transmission through the cavity may be expressed
as the function Tn, the ratio of the power at a depth d to that
transmitted at the nth resonance peak,

Tn= tanh2yd tanh2adn 4)

Measurement Technique.—The distance between reso-
nance peaks, from eq. 2, is X/2, a half-wave length in the di-

(12) D. A. Pitt, Ph.D. Dissertation, Princeton University, 1957.
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Fig. 1.—Half section view of the coaxial resonant cavity
cell: 1, inner conductor; 2, short circuit; 3, glass-Kovar
liquid seal 4, rotatable magnetic coupling loop; 5, poly-
tetrafluoroethylene open circuit fitting; 6, reservoir cover;
7, sample reservoir; 8, type N coaxial fitting; 9, stuffing
box; 10, water jacket.

electric. Measurements must be conducted at depths well
beyond the contacting fingers of the short-circuit fitting.
Dielectric loss in the medium introduces a slight asymmetry
of the resonance peak, and hence some error in locating d,.
This may be neglected within the limitations on attenuation
mentioned below.

While the peak is sharp only for low-loss media, the
phase change through a resonance is seen from eq. 4 to be
rapid, and largely independent of less. The interferometric
technique of Branini3 may be applied for materials of tan
S> 0.05 by the introduction of a phase reference signal be-
tween the cavity output stub tuner and the crystal detector.

The half-power widths of these resonance peaks are used
to evaluate t" for low-loss dielectrics. The distance (3d),
between dnand the points at which Tn = 0.5 is found by
expansion cf eq. 4. This gives, for (&d)n <<dn

sin[2/3(Sd),] = sinh(2ad,,) 57

Neglecting terms in /3(5d), and ad, higher than the first,
order, this simplifies to

(5d\ = lich (6)

where « = a/t3is the absorption index. This approxima-
tion may be used to 1% accuracy for ad < 0.1, and to 5%
for ad < 0.2. Since the termination losses and coupling
losses are independent of «, while the loss of the medium
and cavity walls «total increases with d, the absorption index
of the dielectric « is found from

(25rf/X),, = 2(5d/X),,_; = «toui
=« + «@ ()
where «, is the wall loss, obtained from measurements on the

empty cell.
The complex dielectric constant, s = e —je", is related
to the propagation constants by the equations

e = (xOXri)A1 - «2 (8)
« = 2(XOXdV (9)

(13) F. H. 3ranin, J. Appl. Phys., 23, 990 (1952).
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Fig. 2—The resonant cavity cell, micrometer and mount-
ing: 1, micrometer divided head; 2, pulleys; 3, counter-
weight; 4, inner conductor guide; 5, guide rods; 6, resonant
cavity; 7, revolution counter; 8, micrometer screw; 9,
micrometer bushing; 10, inner conductor; I, glass sample
reservoir; 12, fill and drain pipes and valve.

where Ad is the measured wave length of the high-frequency
wave in the dielectric, and Xo is the equivalent free-space
wave length.

The data necessary to characterize the dielectric constant
of low-loss liquids are the micrometer readings at the half-
power points at as many resonances as are within *he range
of the cell and micrometer. The intercomparison of the
peak positions (the average of a pair of half-power points)
gives values of Xd/2 (eq. 2) while a plot of 2Sd vs. the ordinal
number of the resonance, n, has a slope of XdKtotai, which is
then corrected to yield k(eq. 7).

Dilute Solution Technique.—A differential technique for
dilute solutions, in which the solvent used to make up the
solutions is measured at each temperature and frequency
immediately before or after the solution measurements,
yields a considerable increase in precision. For a wave
length and absorption Xi and /d of the pure solvent, and Xi2
and «2 of the solution, the complex dielectric constant of
eq. 8 and 9 may be expressed as

Pi* = <AX/XDZAL - KD/(1 - 1S) (10)
A GiAJAD2 (11)
Vi2 = 2e'AXVADRW (I - *i¥) (12)
= 2¢e'iid2 (13)

where €'i is the real part of the dielectric constant of the sol-
vent. Alternatively, the slopes a' and a" (vide infra, eq.
18 and 19) may be obtained directly from the following rela-
tions, in which Qis the concentration of solute.

N HIECXN/X))2 - 1]/C2 (15)
a' = 2ej[(AilAi2)ki2 — ki]/c21 — (ti2) (16)
— 2(e,i2d2 — *'iKi)/cz a7

This procedure removes the effect on the slope of variations
in the electrical quality of the solvent used, and obviates
the determination of X0 for which effective cell thermo-
stating is difficult.
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Preparation of Materials.—Diphenylmaleonitrile, the
intermediate from which the porphyrazines were prepared,
was synthesized from phenylacetonitrile according to the
procedure of Cook and Linstead.14

Metal-free heptaphenylchlorophenylporphyrazine was pre-
pared by heating four parts diphenylmaleonitrile with
one part of freshly prepared cuprous chloride. A salt-bath
of 1:1 NaNO03:KNO.i was used to maintain a temperature
of 250-260°. The ground reaction product was extracted
in a Soxhlet with pyridine, from which the porphyrazine
was obtained by precipitation in boiling water. This was
taken up in a minimal amount of benzene, extracted with
alkali and washed. After filtering and drying, it was placed
on a column containing alumina treated according to Weitz,
et al.lb Material from the main band was recovered and
recrystallized from benzene into shining black platelets
giving opaque green solutions. Before use, the porphyra-
zine was thoroughly dried in vacuo at 100° in an Abderhalden
pistol. The molecular weight of the monochlorinated com-
pound is 957.5. Anal. Calcd.: C, 80.28; H, 4.32; N,

11.70; ClI, 3.70. Found: C, 82.17; H, 4.06; N, 11.38;
Cl, 2.39.
The ferric octaphenylporphyrazine chloride conden-

sation was carried out at 280-295° with 3 parts of hydrated
ferric chloride per 8 parts of diphenylmaleonitrile. This
was purified by the same procedure, but crystalline material
could not be obtained from the benzene solution, which had
a dark brownish green color. The calculated molecular
weight is 1012.4. Anal. Calcd.: C. 75.93; H, 3.98; N,
11.07; CI, 3.50; Fe, 5.52. Found: C, 79.41; H, 4.41;
N, 9.00; ClI, 2.26; Fe, 4.83.

The benzene used as solvent was the Baker and Adamson
reagent grade product. It was carefully protected from
exposure to the atmosphere, but was not further purified.
The measured physical properties at 20, 40 and 60° are
ra> 1.50094, 1.48874, 1.47625; <9 2.2854, 2.2454, 2.2055;
d 0.8783, 0.8572, 0.8358.

Experimental Results

The dielectric relaxation properties of solutions
of the porphyrazine complexes in benzene were ob-
tained by determining the slopes of dielectric
constant and loss as a function of the mole fractions
of solute. Denoting solvent by the subscript 1,
solute by 2, and solution by 12, the slope of the
linear plot at each wave length is given by

eh2 = «i + a'c2
e"i2= a"a

(18)
(19)

where the concentration C is in mole fraction.
Solutions measured were in the concentration range
of 0.0003 to 0.001 mole fraction. All slopes, as
given in Table I, were calculated with the use of
the static dielectric constants of benzene. The
solution technique described above (eg. 15 and 17)
was used.

The dependence of the static dielectric constant
and specific volume on concentration are given
by aoand /3 according to

e —« + al
Vn — Vi + P'ci

(20)
(21)

The most probable relaxation time r is obtained
graphically from the Argand diagram of the
slopes.18l7 The spread of relaxation times about r
is indicated by the parameter a, and a* is the in-
finite frequency arc intercept. Both are obtained
from the plot. These constants are shown in Table
1.

(14) A. H. Cook and R. P. Linstead, J. Chem. Soc., 929 (1937).

(15) E. Weitz, F. Schmidt and J. Singer, z. Elektrochem., 46, 222
(1940).

(16) K. S. Cole and R. H. Cole, J. Chem. Phys., 9, 341 (1941).

(17) A. D. Franklin, W. M. Heston, E. J. Henneliy and C. P. Smyth,
J. Am. Chem. Soc., 72, 3447 (1950).
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Table |

Slopes for the Dependence of Dielectric Constant

and L0SS of Benzene Solutions on Mole Fraction of

Solute
200 e 40°------- . e 60°------- .
0 a an a' a" a' a"
Metal-free porphyrazine compie:X
1.25 9.6 0.8 10.0 0.7 10.0 0.8
3.22 10.1 1.1 10.2 1.3 10.5 1.2
10.0 11.2 2.3 11.4 2.5 11.7 2.3
25.0 12.8 3.0 13.2 2.9 13.5 2.7
50.0 14.4 3.3 14.8 2.9 14.9 2.6
Iron porphyrazine complex
1.25 12.2 2.2 12.5 2.1 12.9 2.3
3.22 13.6 3.4 135 3.9 14.5 3.7
10.0 16.4 6.1 17.2 6.0 17.7 6.4
25.0 21.1 9.0 21.9 9.6 22.5 9.8
50.0 25.8 10.7 27.0 10.7 27.9 10.7
Table Il

Slopes for the Dependence of Static Dielectric Con-
stant and Specific Volume on Mole Fraction, with
Intercepts, Distribution Param-
(102 Sec.) and Dipole

Moments (10-18 e.s.u.-cm.)

Infinite Frequency

eters, Relaxation Times

( °C. ao °co R’ a T P*
Metal-free porphyrazine
20 20.53 9.0 -3.745 0.35 302 2.92
40 19.20 9.4 -3.875 .31 212 2.78
60 18.07 9.6 -4.075 .28 159 2.73
Iron porphyrazine complex
20 58.04 10.7 -4.861 0.38 706 5.79
40 53.85 10.9 -4.993 .36 500 5.82
60 49.89 11.3 -5.275 .34 367 5.82

In the calculation of the dipole moment, the
Halverstadt-Kumler18 equation was used to ex-
trapolate for the total polarization p from the
variation of eowith concentration. The distortion
polarization, P d, was found by a similar calculation
from a» values. The dipole moment is then given

by

n = 0.01281 X 10-BI(P - Pd)T]'/j

Direct measurement of the electronic polariza-
tion of these substances was not possible due to the
opacity of the solutions. The D-line molar refrac-
tions were evaluated from the atomic refractions
given by Fajans®9 and from the molar refraction
of pyrrole (20.40 cc.) and of benzene (26.14 cc.),
as determined in this Laboratory. Exaltation was
neglected in view of the possible effects of resonance
in the great ringZ02l and of the omission of extrap-
olation to infinite wave length. The calculated
molar refraction values are 280.55 cc. for the metal-
free porphyrazine, and 290.1 cc. for the ionic

(18) 1. F. Halverstadt and W. D. Kumler, ibid., 64, 2988 (1942).

(19) N. Bauer and K. Fajans, “Refractometry,” in “Physical
Methods of Organic Chemistry,” Vol. | (A. Weissberger, editor),
Interscience Publishers, Inc., New York, N. Y., 2nd ed., 1949, chap.
XX.

(20) G. D. Dorough and K. T. Shen, J. Am. Chem. Soc., 72, 3939
(1950).

(21) J. A. Leermakers and A. Weissberger, “ Constitution and Physi-
cal Properties of Organic Compounds,” in “Organic Chemistry” (H.
Gilman, editor), John Wiley and Sons, Inc., New York, N. Y., 2nd ed.f
1943, chap. XXI11.
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structure of the ferric complex. The refractions
due to the central ferric atom are by Fajans and
co-worksrs.2 The total polarizations, distortion
polarizations and atomic polarizations P a are given
in Table I11.

Table |11

Moltlar Polarizations (cc.)

Solute t, "C. p Pd Pa
Metal-free 23 538 368 87
porphyrazine 43 530 379 99
63 524 387 107

Iron porphyrazine 23 1075 386 96
complex 40 1049 396 106
60 1020 407 117

Discussion of Results

The dipole moment cf the metal-free porphy-
razine complex, which was calculated by extrapola-
tion from the relaxation data, exceeds by a con-
siderable margin the dipole moment of chloroben-
zene,B 1.58 X 10-18. In the reaction of cuprous
chloride with diphenylmaleonitrile, Cook and
Linstead¥4 conclude that the monochlorinated
porphyrazine is the only product. While both
ortho and para positions would be expected to be
reactive, the ortho substitution is sterically hindered
by the adjacent phenyl groups, especially when
coplanar with the great ring. The dipole moment
will therefore be in the plane of the porphyrazine
ring independent of the degree of the chlorination.
The planarity of quadridentate ligands of the
porphyrazine structure has been established by X-
ray diffraction studies. 24

The dipole moment of the iron compound as
given in Table Il is of the magnitude to be ex-
pected from the iron-chlorine bond. By analogy
to the structure of the ferrineme chloride molecule, B
the dipole moment should be perpendicular to
the large ring, with ionic bonding.

The values of atomic pclarization given in Table
Il may be considered as approximate since the
extrapolation of the points on the Cole-Cole arc
to infinite frequency could involve an error of
several cc. in pd. The apparent increase in Pa
with temperature is, therefore, without significance.
The values observed, 87-117 cc., are considerably
higher than the atomic polarizations reported for
smaller chelate compounds, such as 67.8 cc. for
thorium acetylacetonate. B

The dispersion region of "these complexes is
characterized by a rather large distribution of
relaxation times. Such distribution is contrary to
the Perrin theory, which deduces a single relaxa-
tion time.Z The departure of these molecules
from spherical symmetry may be the cause of the
finite distribution,Beven though the dipole moment
lies parallel to a principal axis of the molecule.

(22) K. Fajans and G. Joos, Z. Physik, 23, 1 (1924);
and R. Luhdemann, Z. physik. Chem.-t'B29, 150 (1935).

(23) C. P. Smyth, “Dielectric Behavior and Structure,” McGraw-
Hill Book Co., Inc., New York, N. Y., 1955.

(24) J. M. Robertson, J. Chem. Soc., 1195 (1936).

(25) L. Pauling and C. D. Coryell, Pros. Natl. Acad. Sci., 22, 159
(1936).

(26) A. E. Finn, G. C. Hampson and L. E. Sutton, J. Chem. Soc.,
1254 (1938).

(27) R. C. Miller and C. P. Smyth, T his Journal. 60, 1354 (1956).
(28) N. E. Hill, Proc. Phys. Soc. {London), 67B, 149 (1954).

K. Fajans
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The relaxation times to be expected of these
molecules may be calculated by several equations.
The method of Spernol, Gierer and Wirtz®
and two methods of Chau, LeFAvre and Tardif®
have been reasonably successful in calculating the
relaxation times of smaller ellipsoidal solutes.3
The molecular dimensions of the porphyrazines
shown in Table V are based on the X-ray measure-

Table V

Motlecular Dimensions (A.) and Activation Energies,

kcal./mole, and Entropies for Dielectric Relaxation

SISl e e«
A 6.25 7.15a
B 20.3° 19.0
C 19.0 19.0
AHe 25 2.6
ASe -6.4 -7.9

“ Axis parallel to the dipole moment.

ments by Robertson242of structures in the phthalo-
cyanine series, with additional data from Stuart-
Briegleb models. An equation of Chau, et al.,
involves the mean polarizability, which was derived
from the infinite frequency intercept a. as measured
from the arc plots obtained in this study. The
calculated relaxation times as indicated on lines
1. 2 and 3 of Table VI are somewhat below the
observed values for the metal-free compound, and
much below those for the iron compound.

Tabte VI

Retaxation Times (10~12 Sec.)

M ethods of Spernol,

BY THE
Gierer and Wirtz,2© of Chau,

Calculated

LeFevre and Tardif,334 and of Fischer4

Metal-free Iron porphy-
I, °C. Equation porphyrazine razine complex
20 1 206 223
2 218 232
3 149 200
4 1016 889
Obsd 302 706
40 1 143 154
2 156 166
3 110 148
4 719 629
Obsd 212 500
60 1 104 112
2 117 125
3 85 114
4 537 470
Obsd. 159 367

The relaxation equation derived by Debye3 for
spherical molecules was modified by Perrin3
and Fischer34to

r = 4:mjnabcf/kT
where a, b and c are the semi-axes of an ellip-

(29) A. Spernol and K. Wirtz, Z. Naturforach., 8A, 522 (1953);
A. Gierer and K. Wirtz, ibid., 8A, 532 (1953).

(30) J. Y. H. Chau, R. J. W. LeFévre and J. Tardif, J. Chem. Soc.,
2293 (1957).

(31) D. A. Pitt and C. P. Smyth, J. Am. Chem. Soc., 80,
(1958).

(32) J. M. Robertson and I. Woodward, J. Chem. Soc., 36 (1940),

(33) F. Perrin, J. phys. Radium, 5497 (1934).

(34) E. Fischer, Physik. Z., 40, 645 (1939).
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soidal molecule, is the microscopic viscosity
coefficient, and / is a friction factor due to th3
geometry of the ellipsoid. When 2, is set equal
to jji, the solvent viscosity, the relaxation be-
havior of proteins is adequately described.4 With
the dimensions of Table V, values of / from the
tabulations of Budo, Fischer and Miyamoto,® and

= m, the relaxation times on lines 4 of Table VI
were calculated. These are somewhat higher than
the experimental values for the iron complex, and
very much higher than those for the metal-free
porphyrazine.

The position of the dipole moment perpendicular
to the plane of the great ring necessitates turning
of the iron complex molecule about an axis in the
molecular plane. Since this involves displacement
of the neighboring solvent molecules, the macro-
scopic viscosity of the solvent may be expected to
have importance in determining the relaxation
time.3d It may thus be expected that with the use
of the macroscopic viscosity coefficient, the Fisch 3r
equation should be applicable.

The chloroporphyrazine has its dipole moment
in the molecular plane, and orientation can take
place about any axis in the plane perpendicular to
the moment direction. At one extreme this enta.ls
the same motion required of the iron complex, and
at the other involves wheeling of the molecular
ellipsoid on its axis of revolution. The latter
process depends primarily on the much weaker
internal friction forces predominant in the relaxa-
tion of smaller and more nearly spherical mo.e-
cules,¥and calculation methods 1-3 are apropos.

The orientation of the ferric compound involves
afactor not taken into account in the Debye theory,
viz., the work of displacement of solvent molecules
by the rotation of the solute. One would expect
the metal-free ligand to orient predominantly by
rotation in the molecular plane with a shorter re-
laxation time, since such displacement is involved
to a lesser extent. Considerable differences in the
relaxation behavior of the polar metal-free and
ferric porphyrazines would not be expected on the
basis of over-all molecular size and shape. The
disparity in relaxation times by a factor of 5/2
evidences a fundamental difference in the modes of
orientation of the two molecules arising from vhe
different positions of their dipole moments. This
disparity is similar in size and cause to that found3
between the relaxation times of paraldehyde and
collidine.

In a paper published after the initial completion
of the present paper, Meakins® has concluded
that when the solute molecule is at least three
times as large as the solvent molecule, the solutions
give good agreement with Debye’s simple equation,
which is based upon a system of spheres moving in
a uniform viscous medium. The use of this equa-
tion with a molecular volume calculated as an addi-
tive quantityd gives 410 X 10~12sec. for the re-

(35) A. Budo, E. Fischer and S. Miyamoto, ibid., 40, 337 (1939).

(36) A.J. Curtis, P. L. McGeer, G. B. Rathmann and C. P. Smyth,
J. Am. Chem. SOC., 74, 644 (1952).

(37) C. P. Smyth, This Journal, 58, 580 (1954).

(38) R. C. Miller and C. P. Smyth, ibid., 60, 1354 (1956).

(39) R. J. Meakins, Trans. Faraday Soc., 54, 1160 (1958).
(40) J. T. Edward, Chem. and Ind., 774 (1956).
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laxation time at 20° of the metal-free porphyra-
zine molecule in benzene solution, which agrees
with the observed value 302 X 10-12 as well as
or better than any of the calculated values in
Table VI. Since the volume of the iron porphyra-
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zine complex is almost the same as that of the metal-
free molecule, the relaxation time calculated for
this molecule by the Debye equation is consider-
ably too small, but not as much too small as three of
the four different calculated values in Table VI.

DISSOCIATION PRESSURE AND STABILITY OF BERYLLIUM CARBIDE!

By B. D. Pollock

Contribution from Atomics International, A Division of North American Aviation, Inc., Canoga Park, California.
Received September 11, 1958

Equilibrium pressures for the reaction V2Be2C(s) =
1669°K. by the Knudsen technique.

Be(g) +
The dissociation pressure in this temperature range is given by the equation log

"M X 8) were measured in the temperature range 1430-

P(atm.) = 7.026 + 0.347 — (19,720 + 537)/T. The heat and free energy of formation of beryllium carbide were derived
from the above equation in combination with the literature vapor pressure data for solid beryllium.

Introduction

Beryllium carbide is of potential interest in
atomic power applications because of its nuclear
properties; however, experimental thermodynamic
data concerning it are meager. Krikorian2 esti-
mates heat, free energy and entropy of formation
of BeZ at 298°K. to be —13.0 £ 5kcal.,, —12.4 *
5kcal., and —2.0 £1.0 entropy units, respectively,
and Quirk3estimates —7.83 kcal. for the free energy
of formation at 2400°K. However, the latter
quotes, for various temperatures, estimated vapor
or dissociation pressures of beryllium carbide%
which are equal to or greater than those of pure
liquid beryllium.166 These pressures are inconsist-
ent with a negative free energy of formation for a
compound having no stable gaseous carbide species.?
The absence of such species and the observation
that beryllium carbide loses beryllium preferen-
tially at elevated temperatures with deposition of
graphite3 indicate that the carbide dissociates ac-
cording to the reaction

7 BeX(s) = Be(g) + y,C(s) (1)

Thus a determination of the dissociation pressure
as a function of temperature for this compound
would yield results which could be combined with
data on the vapor pressure of beryllium metal from
the literature to obtain the free energy and heat of
formation of the solid compound.

Experimental

Dissociation pressures were measured by the Knudsen
method and the experiments were performed in the vacuum
induction furnace illustrated in Fig. 1. The power source
was a 6 kilowatt arc-type high frequency converter. The
vacuum system was capable of maintaining residual gas
pressures in the range 10~610~6mm. during the major part
of each run following the initial warm-up. Knudsen cells
and orifice plates were turned from National Carbon Com-
pany ATZ grade graphite. Temperatures were read with a

(1) This work was carried out as part of Contract AT-11-I-GEN-8
with the United States Atomic Energy Commission.

(2) O. H. Krikorian, “High Temperature Studies; Part Il, Thermo-
dynamic Properties of the Carbides’” UCRL 2888, Apr. 1955, p. 82.

(3) J. F. Quirk, “Beryllium Carbide,” AEC-TIS Reactor Handbook,
3, Section 1, Ch. 1.5 (1955).

(4) Jacob Kielland and Leif Tronstad, “Det Kongelige Norske
Videnskabers Selskab,” Vol. V111, No. 42, 1935, pp. 147, 150.

(5) R. B. Holden, R. Speiser and H. L. Johnston, J. Am. Chem. Soc.,
70, 3897 (1948).

(6) E. A. Gulbransen and K. F. Andrew, J. Electrochem. Soc., 97,
383 (1950).

(7) W. A. Chupka, J. Berowitz, C. F. Giese and M. G. Inghram,
This Jocbnal, 62, 611 (1958).

disappearing-filament type optical pyrometer by sighting
into black-body holes in the bottom of the Knudsen cell,
through a prism and optical window. The instrument,
made by the Pyrometer Instrument Company of Bergen-
field, New Jersey, was calibrated against a secondary stand-
ard which consisted of a tungsten ribbon lamp for which
current versus temperature data had been obtained at the
National Bureau of Standards. The window and prism
correction was checked periodically. These corrections
did not change significantly during the investigation. The
over-all uncertainty in temperature measurements was esti-
mated to be about 10°.

A layer of beryllium carbide was formed on the interior
of the effusion cell prior to a group of experiments by heating
a few pellets of metallic beryllium in the apparatus to about
1400° for a few minutes and then removing the excess metal.
The carbide formed in this manner was hard, dense and ad-
herent to the graphite. Spectroscopic examination showed
only trace amounts of iron and silicon and X-ray diffraction
showed BeZZ and no detectable amount of BeO. The in-
terior of the cell was inspected visually after each run to
ensure the presence of a large evaporating surface of beryl-
lium carbide throughout each experiment. The surface area
of the carbide layer was estimated to be at least 100 times
the orifice area in all cases.

Vapor effusing from the cell was condensed on the in-
terior of the quartz vacuum cell and no detectable deposit
was found on the glass below the level of the top of the
graphite cell. This observation showed that no error oc-
curred by virtue of diffusion of beryllium through the
graphite. It was found that the deposit adhered to the
glass if it were less than about 3 mg., otherwise there was a
tendency to flake off. Accordingly, variables were chosen
so as to obtain beryllium losses of about 1 mg. After the
run, the deposit was dissolved easily in a few cc. of dilute
HC1 and the amount of beryllium determined by a spectro-
photometric method8with an estimated accuracy of 2-3%.

Results and Discussion
The vaporization data are summarized in Table
I. The pressure of beryllium was calculated by
use of the equation

P(atm) = 0.02254(toM )(K )-1{T/M)'/c  (2)

where (m/at) is the rate of effusion in g./cm.”sec-
ond, k is the Clausing orifice correction, and T and
M are the temperature in degrees Kelvin and the
atomic weight of beryllium, respectively. Results
of these calculations are listed in the last column of
Table I and also shown in Fig. 2.

A least squares treatment of the data yielded the
equation

log P(atm) = (7.026 + 0.347) -

the slope of which corresponds to a mean enthalpy

(8) M. E. Smith, “A Spectrophotometric Method for Determining
Small Amounts of Beryllium in Uranium” LA-1585, August, 1953.

(19,720 + 537)/T (3)
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PRESSURE Be (ATM)

Fig. 2.—Dissociation pressure of Be2C.

change of 90.2 + 2.5 kcal. for reaction 1 in the tem-
perature range 1430-T669°K.

For the data to be used for calculation of ther-
modynamic quantities, the identity of the gaseous

B. D. Poltock

Vol. 63
Table |
Orifice  Claus-
Exp Temp., Time, Wt. loss area. ing
no. °K. sec. Be, mg. cm.2 factor P (atm.)

2 1669 4680 1.60 0.0085 0.69 1.79 X 10“6
1 1659 4260 1.50 .0085 .69 1.83 X 10-*
4 1647 4500 0.94 .0085 .69 1.08 X 10“6
3 1643 6120 1.00 .0085 69 8.5 X 10«
13 1628 4980 0.83 .0085 69 8.6 X 10“6
11 1590 6720 0 50 .0085 .69 3.80 X 10-*
16 1580 9600 2.80 .0324 81 88 X °7
12 1578 4200 0.45 .0270 .65 2.18 X 10-6
7 1536 10,800 .45 .0085 .69 2.08 X 10“6
1515 12,600 .95 .0270 .65 1.25 X 10-6
8 1446 27,600 .29 .0270 .65 1.72 X 10~7
14 1442 26,900 .33 .0270 .65 2 00 X 10-7
10 1434 25,000 .14 .0085 69 2.72 X 107
9 1430 23,450 .09 .0085 .69 1.86 X 10“7

and condensed phases must be known and the exist-
ence of equilibrium between the solid and vapor
during the experiment must be shown. Chupka,
Berkowitz, Giese and Inghram showed in a mass
spectrometric study that Be(g) is the only impor-
tant gaseous species above BesC at approximately
1900°K.7 This was confirmed by an experiment
performed at 1580°K. in this Laboratory in which
the gross weight loss of a Knudsen cell was found
to be equal to the amount of beryllium in the sub-
limate. Solid solubility in beryllium carbide is as-
sumed to be negligible. The existence of equilib-
rium is shown by the non-dependence of measured
pressures on orifice area. Thus, equation 3 may be
used for thermodynamic calculations.

The standard free energy of formation of beryl-
hum carbide may be obtained by combining the
data for reaction 1 with data for the vapor pressure
of beryllium by the usual thermodynamic treat-

ment
2Br(g) + C(s) = Be2C(s) AF° = 2(4.576r) log P (4)
2Be(s) = 2Be(9) A = 2(4.576T) log P° (5)
2Be(s) + C(s) = Be2C(s) AF° =

9.152T(log P - log po) (6)

The vapor pressure of solid beryllium is5
16,734 (+80)
T
Q)
If equations 3 and 7 are substituted in (6) one ob-
tains for the free energy of formation of Be=C
AF°(f) = (7.688 + 3.176)F -
1.331 X 10~3T2- 27,328 (+500) (8)

The heat of formation may be obtained from the ex-
pression

log P°(atm.)  6.18G + 1.454 X 10"4T -

d(AF*/T) - aH°
dT T*

which gives
Ai7°(f) = 1.331 X 10~3T2- 27,328 (+5000)

The entropy of formation may be obtained from
the expression

AH« = AF° + TAS®
At 1500°K., the approximate mid-point of the ex-

perimental temperature range, these equations give
—18.8 kcal. for AF°(f), —24.3 kcal. for Aff°(f) and



April, 1959

—3.7 e.u. for AS8(f). For reactions in which re-
actants and products are solids entropy changes are
usually small, i.e., 1-2 e.u. per gram atom of con-
stituents. Thus the value found above indicates
that the magnitude and temperature dependence of
the pressures measured in this investigation are
consistent.

To obtain values of Ar-igs and A//°Znin the ab-
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sence of high temperature heat capacity data it is
assumed that ACPfor reaction 6 is zero and the ap-
proximate expression
AF(T) = affZ3B- T(AStm)

will be used together with Krikorian's estimate of

S28(f)- These assumptions lead to a value of
—21.8 + 5.0 keal. for ¢ F“», and —21.2 + 5.0 for
A28

IN THE SYSTEM CARBON

TETRACHLORIDE-CYCLOHEXANE-BENZENE

By J. Rex Goates, Ralph J. Suttivan and J. Bevan Ott

Contribution from, the Department of Chemistry, Brigham Young University, Provo, Utah
Received September 11, 1958

Heats of mixing were measured calorimetrically for the three binary solutions that can be formed from carbon tetra-

chloride, cyclohexane and benzene at several temperatures in the range of 10-40°.

The heats 0: mixing in the two systems

containing benzene varied appreciably with temperature, (dAAH~/dT)v at the equal mole :raction composition being 0.33

cal. mole-1 deg.-1 for CCU-CcHe, and —2.00 cal. mole-1 deg.-1 for C8Hi2C6Hs.

independent of temperature over the 25° range investigated.
of temperature and composition were derived.

The heat of mixing of CCli-CsH,, was
Analytical expressions for the heats of mixing as a function

These equations were combined with free energy data from the literature

to obtain free energy expressions from which all the thermodynamic properties at constant pressure can be calculated.

Heats of mixing at 25° are also reported for the two ternary systems CC14C 8&H12C6H6and CCIli-CHCI3CH 12

In the

first system a ternary term that accounts for 3-4% of the total heat of mixing is necessary ,0 adequately describe the data.
The heats of mixing in the second system were found to be within 1% of the values predicted from the properties of the

binaries.
phase diagrams could be constructed.
heat of dissociation of approximately 3.5 kcal./mole.

Freezing point measurements of the binary solutions of CCh, CdlI2 and CeH6 were made, from which partial
The CCU-CeHs diagram showed the existence of a 1:1 addition compound, with a
It is suggested that Zbonding between the aromatic ring and the
empty 3-d level of chlorine may be responsible for this complex.

Replacing benzene with jj-xylsne to increase the electron

density of the ring increased the heat of dissociation of the resulting complex to a value of approximately 6.3 kcal./mole.
On the other hand, either decreasing the electron density of the ring by using nitrobenzene, or decreasing the electronega-
tivity of the chlorine atoms by substituting CHCI3for CCU prevented complex formation.

Some years ago Scatchard, Wood and Mochell
made a careful study of the vapor-liquid equilibria
of the three binary systems that can be formed from
carbon tetrachloride, cyclohexane and benzene.
From these data they calculated the thermody-
namic properties at constant pressure and ex-
pressed this information analytically as functions
of both composition and temperature.

Later Wood, et al.,- measured the volumes of
mixing of these systems over a wide temperature
range, making possible the calculation of the ther-
modynamic properties at constant volume. Very
extensive use of the information obtained in these
two studies has been made in the evaluation of theo-
ries of solutions. We felt that additional data on
the heats of mixing, especially the effect of tempera-
ture on the heat of mixing, were needed; and have
measured calorimetrically 'he heats of mixing for
these systems in the temperature range of 10-40°.
The heats of mixing in the systems containing ben-
zene were found to vary appreciably with tempera-
ture, while CCh Cellii showed no detectable change
over the 25° range that was investigated.

Solid-liquid equilibria also were investigated.
Our original intention vas to calculate the free en-
ergies of mixing from these data. Formation of
solid solutions, however, precluded the use of the

(1) (@) G. Scatchard, S. E. Wood and J. M. Mochel, This Journal,
43, 119 (1939); (b) J. Am. Chem. S o 61, 3206 (1939); (c) 62, 712
(1940).

(2) (a) S. E. Wood and J. P. Brusie. ibid.. 65, 1891 (1943); (b)

S. E. Wood and A. E. Austin, ibid., 67, 480 (1945); (c) S. E. Wood
and J. A. Gray, 111, ibid., 74, 3729 (1952); (d) 74, 3733 (1952).

freezing point measuren' ents for this purpose. This
part of the study did, however, prove to be reward-
ing, for the phase diagrams show the formation of a
compound in the system CCls+C@H6 The phase
diagram evidence of compound formation, together
with the effect of temperature on the heat of mixing,
shows that this system is considerably less ideal
than it was formerly tho ight to be.

Experimental

Reagent grade chemicals were purified by both fractional
crystallization and distillaton and then stored under an
atmosphere of dry nitrogen gas. Indices of refraction of the
final products agreed to the fourth decimal place with those
given in the Dow Chemical tables3, and the mole per cent,
impurities, calculated from freezing points, were less than
0.02%.

The calorimeter consisted of two 15-ml. stainless steel
compartments separated b> an aluminum or tin foil disc.
Mixing was accomplished by causing a steel plunger inside
one of the compartments to pierce the metal foil. The cal-
orimeter is so constructed that no vapor phase needs to be
present; however, by purposely leaving a small (approxi-
mately 2% vapor space) changes in pressure brought about
by volume changes in mixing are minimized, and the effect
of pressure on the heat of mixing becomes insignificant.
The heat effects produced by change in composition of the
vapor during mixing are calculated to be less than 0.1 cal./
mole. Further details have been published previously.4
The over-all uncertainty of these calorimetric measurements
is calculated to be less than either one calorie, or one per
cent., whichever is larger.

The freezing point data were obtained from cooling curves.
A calibrated 10 junction thermocouple connected to a 10

(3) R. R. Dreisbach, "Physical Properties of Chemical Substances,”
Dow Chemical Cq., Midland, Michigan, 1952.
(1) J. R. Goates and R. J. SuBivan. This Journal, 62, 188 (1958)
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Fig. 1.—Thermodynamic properties of CCh-CeH,...

myv. recorder made possible equilibrium temperature meas-
urements to within 0.05°. The solution to be frozen was
sealed from the atmosphere to prevent evaporation and, more
important, to prevent condensation of water vapor into the
system.

Results and Discussions

Carbon Tetrachloride-Cyclohexane— Of the
three binary systems CCh-CeH”™ was the least
complex. The heats of mixing per mole of solution,
A//”, at 15, 25, 35 and 40° are recorded in Table 1.
When these data are plotted versus mole fraction,
they fall nicely on the slightly distorted parabola
of equation 1, in which Xj is mole fraction of CGU,
and xz is mole fraction of CaHi2

AH™ = Six2[160.S + 18.9(xi — X2 —
20.2(xi - x2 (1)

The deviations of the experimental points from (he
plot are given in Table I.  Within the limits of the
experimental data, Afit' of this system is independ-
ent of temperature over the range 15-40°. This
fact, together with the relatively low values of A//",
shows the system to be fairly close to an ideal solu-
tion.

If the excess free energy of mixing per mole, AR®)
data at 40° of Scatchard, et al.,1 are expressed in the
same form as equation 1, and then combined with
equation 1 in such a way that [d(AF/T)/5T]p =
—AH /T2 an equation for AF® as a function of
both composition and temperature (eq. 2) is ob-
tained that is based on the directly determined
A//* data of this study.

AFf = xjxdIGO.S - 0.31172' + (18.0 -
0.04892)(xi - x2) - (20.2 - 0.06452)(x, - x2:] (2)

Table |

Vol

Calorimetric Heats of Mixing of

Carbon Tetrachloride (1)-Cyclohexane (2)

%.

15

25

35

25

35

25

40

XA
0.4221
.6185

0.2714
4542
.5019
.5599
7746

0.4011
0.4138

0.4073

xt
0.2066
.3551
.3843
4460
4766
4795
.5292
.5434
.5504
5710
7324

0.2359
.2511
4253
4721
.5086
.5616
.6941

0.4323
4403
4866

Carbon Tetrachloride (1)-Benzene (3)

0.1803
.2056
.3590
.3595
4204
.5238
.5703
.5859
7172
7761
7774
.8175
.8377

0.2313
4113
4460
5456
.7056

0.4566
.6084
5899

Dev. from
Ahm, e(). 1,

cal./mole cal./mole
39.0 0.6
38.9 .2
29.2 .0
39.8 4
40.1 1
39.9 .0
28.9 1
37.2 .3
37.9 .2
37.1 7

Cyclohexane (2)-Benzene (3)

. Dev. from
AHI', eq. 3,
cal./mole calﬁmole
145.8 1.2
193.6 3.7
194.0 0.6
199.7 4
201.4 .2
202.8 1.6
199.3 0.6
199.3 0.4
197.4 1.0
196.4 0.2
161.3 10
137.7 1.6
141.2 0.1
177.9 .2
181.0 .0
182.3 9
178.9 .2
157.7 .3
159.2 1.9
161.4 3.4
160.1 0.9

Aldl, Deg/(j.fg)m
cal./mole cal./mole
11.9 0.5
12.6 1
18.6 .3
19.1 .2
20.1 2
21.0 .0
20.7 .0
20.1 .3
16.9 .0
14.5 2
14.5 2
12.4 2
11.0 .0
16.6 0.2
24.7 1
25.3 .2
25.9 1
21.9 1.1
30.8 0.2
28.0 1.2
29.3 0.5
28.8 1.4

.3621
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Such an equation represents a summary of the ther-
modynamic properties at constant pressure, since
the other thermodynamic properties of mixing and
the relative partial molar quantities may be ob-
tained from it by differentiation with respect to
either temperature or composition. Graphs of three
of these thermodynamic properties are shown in
Fig. 1

Strictly speaking, equations 1 and 2 apply only
in the temperature range of 15-40°. However,
since the change in AH=* with temperature is so
small in this system, one would expect to be able to
extrapolate fairly accurately to higher and lower
temperatures. For example, equation 2 fits the
70° measurements of Scatchard, et al.,1 to within
0.1-0.4 cal./mole.

The heat of mixing at the equal mole fraction
composition found in this study is 40.2 cal./mole,
which is 2.2 cal./mole higher than the calorimetric
value reported by Scatchard, et al.6 at 20°, and
0.8 cal./mole lower than that reported by Noordtzij6
at 15 and 30°.

Cyclohexane-Benzene.—-The heats of mixing for
CeHj2 CgH6are several times higher than those of
the previous system, less symmetrical with mole
fraction and highly dependent on temperature.
Table | contains the AH" data and the deviations
of the experimental points from analytical equation
3

Aff* = r2x3[3105.0 - 7.98007' - (1303.0 - 4.37007’) )
(*2- x,) + (1738.0 - 5.48607")(x2- *32 (3) Molo fraction cyclohexane.

. "o . Fig. 2.—Thermodynamic properties of C6H12C6HG.
The form of equation 3 (AH" linear with tempera- 9 y prop

ture) is based on the assumption that the difference
in heat capacity before and after mixing remains
constant over the 25° temperature range. Since
the shape of the AH" versus mole fraction curve
changed with temperature, all three parameters
were expressed as linear functions of temperature.
Using the same procedure as described in the
previous system, we combined the 40° vapor-liquid
datal with equation 3 to obtain equation 4, which
applies over the temperature range of 15-40°

ATT = xX33105.0 - 54.8777 + 7.98007' InT -
(1303.0 - 29.2297' + 4.37007' In T)(xt - x3 +
(1738.0 - 37.0627' 4- 5.48607' In 7)(x2 - *37 (4)

Plots of equations 3 and 4 and the excess entropy
of mixing calculated from (3) and (4) are shown in
Fig. 2.

Scatchard, et al.6 reported the value of 196.5
cal./mole for the heat of mixing of the equal mole
fraction composition at 20°.  For the same temper-
ature and composition, equation 3 gives 191.5 cal./
mole. Noordtzij6 reported the value of 200 cal./
mole at 15°, which should be compared with the
value of 201.3 from equation 3. The close agree-
ment here, however, would appear to be partly
fortuitous, since the experimental points in refer-
ence 6 are widely scattered. In an early study
of this system, Baud7 reported 188 cal./mole at
temperatures somewhere between 15 and 20°.

Carbon Tetrachloride-Benzene—The AH" data

(5) G. Scatchard, L. B. Ticknor, J. R. Goates and E. R. McCartney,
J. Am. Chem. Soc., 74, 3721 (1952).

(6) R. M. A. Noordtzij, Helv. chim. Acta, 39, 637 (1956).

(7) E. Baud, Bull. soc. chim., [I1V] 17, 329 (1915). Fig. 3.—Thermodynamic properties of CCfi-CJfr,.

Mole fraction car oon tetrachloride.
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Fig. 4—Freezing points of CC14-C&H6

Fig. 5.—Freezing points of CCl4p-(CH 324

for CCU-CeHe are given in Table I, and are sum-
marized by equation 5

Aif* = x,x3-293.5 + 1.3333T - (8.04 - 0.04137") X
(xi - x3) + (375.6 - 1.3667D (x: - x32 (51

Several studies of the heat of mixing of CCl14
Ca@H6 have been made.lc6 u The results at 25°
range from 21-30 cal./mole at the equal mole frac-
tion composition. Our data are in best agreement
with those of Cheesman and Whitaker.1 Equatiin
5 deviates from their experimental data at both
17.80 and 24.70° by an average of somewhat less
than 0.5 cal./mole.

Proceeding as with the two previous systems, we
obtained equation 6 which applies over the range
10-40°.

AFf = x,x3[-293.5 + 8.843471- 1.3333TIn T -
(8.04 - 0.26127' + 0.04137' In 7)(x, - X3 +
(375.6 - 9.0558T + 1.36677' In T)(x, - la)] (6)

Figure 3 shows a plot of equations 5 and 6. The
AH" values are the lowest of the three systems
studied, which fact considered by itself suggests
near-to-ideal behavior. The drop in A/// as tae
temperature decreases, however, suggests the for-
mation of an exothermic complex.

The results of the freezing point measurements
on this system do show the existence of such a com-
plex. Figure 4 is the phase diagram constructed
from the freezing point data. The compound peak
is at a mole fraction of 0.524 CCh, roughly 1 CCl4to
1 CaH6 Calculated on the assumption that the
compound was present in an ideal solution,1? the
heat of dissociation is 3.5 kcal./mole.

Figure 4 is in general agreement with phase dia-
grams that were obtained previously by Baud13and
Linard.4 The freezing points of the pure compo-
nents that were found in these early investigations,
however, are as much as 1° lower than the pres-
ently accepted values, so ho more detailed com-
parison can be made.

Spectrophotometric evidence for complexes be-
tween aromatic compounds and 121516 Br2l7a and
IC11b has been reported. In such complexes the
aromatic compound appears to be an electron donor
to the halogen molecule. It may be that the same
explanation applies to the CC14C«Hs complex.
Here there might be ir-bonding between the elec-
tron cloud of the benzene ring and the empty 3-d
level of the chlorine atoms in CCla.

Assuming such bonding, one would predict that
the formation of the complex would be enhanced by
substituents in the benzene ring that would increase
the electron density of the ring and be hindered by

(8) IlI. Hirobe, J. Faculty Sci. Imp. Univ. Tokyo, 1, 155 (1925).

(9) R. D. Void, J. Am. Chem. Soc., 59, 1515 (1937).

(10) C. G. Boissonnas and M. Cruchaud, Helv. Chim. Ada, 27, 994
(1944).

(11) G. H. Cheesman and A. M. B. Whitaker, Proc. Roy. S0z.%
{London), A212, 406 (1952).

(12) 1. Prigogine and R. Defay, “Chemical Thermodynamics,'*
Longmans Green & Co., London, 1954, p. 375.

(13) E. Baud, Ann. chim. phys., 29, 124 (1913).

(14) J. Linard, Bull. soc. chim. Belg., 34, 363 (1925).

(15) (a) H. A. Benesi and J. Il. Hildebrand, J. Am. Chem. Soc., 70,
2832 (1948); (b) 71, 2703 (1949).

(16) J. H. Hildebrand, H. A. Benesi and L. M. Mower, ibid., 72,
1017 (1950).

(17) (a) R. M. Keefer and L. J. Andrews, ibid., 72, 4677 (1950);
(b) 725170 (1950).
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substituents that withdraw electrons from the
ring. As one check on these predictions, we made
freezing point measurements on the systems carbon
tetrachloride-p-xylene and carbon tetrachloride-
nitrobenzene. The freezing point data for the
first system are in Fig. 5, which shows that the pre-
dicted behavior was realized. The pronounced
compound peak occurs at the equal mole fraction
composition. The heat of dissociation of the com-
plex was found to be 6.3 kcal./mole, almost twice
the value for the CC14 C dHscomplex. Also in agree-
ment with the predictions, CCh-CeHsNCh did not
form a complex.

Freezing points of CHCIl3p-(CH23)2CeHa4 solutions
were also taken. No complex was evident in this
system. Since the size of the CCl4 molecule is just
right for three of the chlorine atoms to sit on a flat
side of a benzene ring, one might expect—if such
were the structure—that the three chlorine atoms
in chloroform would do likewise. The explanation
may be based on the difference in the electronega-
tivities of the chlorine atoms in CCu4 and CHC13
On the basis of an inductive effect one would pre-
dict that the net negative charge of a Cl atom in
CHCIzwould be greater than that in CC14 Smith
and Eyring’ss quantitative calculations of this dif-
ference shows that it is quite significant. This
larger negative charge may prevent the Cl atom
from accepting further electrons.

Equal Mole Fraction Mixtures.— Table Il gives
the values of some heat content and entropy func-
tions of the three binary systems at the equal mole
fraction composition. The heats of mixing for both
of the systems containing benzene are shown to be
appreciably dependent on temperature. The —2
cal. mole-1 deg.-1 change for the CsFI™-CeHe sys-
tem, on a percentage basis, is actually slightly less
than that found in the CCls#Cd¥6 system. The
drop in AH " as the temperature is lowered in the
CCl14<Cells system is in agreement with what one
would expect as the amount of the exothermic com-
plex that was found in this system increased at the
lower temperature.

Tabie Il

Heat Content and Entropy Functions for the Equal
Mode Fraction Mixtures at 25°

A/l” (15°), cal./mole 40.2 201.4 22.7

Ait* (25°), cal./mole 40.2 181.5 26.0

Aif* (40°), cal./mole 40.2 151.5 31.0

(OAHX/06T)p, cal./mole, 0.0 -2.00 0.333
deg.

AS® (25°), e.u. 0.0778 0.356 0.0221

L ecu (25°), cal./mole 44.9 27.1

TceHi2(25°), cal./mole 35.5 181.5

(r-6He (25°), cal./mole 181.5 24 9

«Seen (25°), e.u. 0.0902 0.0258

Gtk (25°). e-U- 0.0657 0.367

Scms (25°), e.u. 0.345 0.0181

The symmetry of the A//“ versus composition
curves of the solutions containing CeHe is also meas-
urably affected by temperature. As the tempera-
ture increases, the maximum in the A//"" -molc frac-

(18) R. P. Smith and H. Eyring, ibid., 74, 229 (1952).
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tion curve shifts toward the benzene-poor compo-
sition in both systems.

Since the A//“ and AA® versus mole fraction
curves are fairly symmetrical at 25° in all three
systems, there are no large differences in either the
L or 5* values of the two components of any of
the equal mole fraction solutions. The contribu-
tion of CClsa to both Aand is slightly
higher than that of the other component; and the
contribution of CeHe is either equal to, or lower
than, that of the other component in each of the
binary solutions.

Ternary Systems.—(a) Carbon Tetrachloride-
Cyclohexane-Benzene.— Heats of mixing for six
compositions of the ternary system CCuCeHI2
CeHeare reported in Table I11.  Scatchard, et al.,Icfi
and Redlich and Kisterio have proposed that the
thermodynamic properties of symmetrical systems
may be obtained as the sum of the properties of the
binaries. The fourth column in Table Il is the
difference between the experimental value for the
ternary and the value predicted from the binaries.
Inasmuch as there is a fair amount of asymmetry
in the binary solutions containing benzene, the
agreement between the measured and estimated
heats is fairly good; the greatest deviation ob-
served is less than 5%. A ternary term, such as
has been added in equation 7, is necessary to de-
scribe the data more accurately.

ami3= Mm + Mm + Aim +
iia2T128 + 161(ii —xi) — 1636(xi —X%F] (7)
The fifth column in Table 111 is the difference
in the experimental values and this equation.
Tablte Il

Calorimetric Heats of Mixing of

Two Ternary Systems at 25°
De*\ from

M sum of Dev. from
. All* binaries, eq. 7,
Xi xt cal./mole % %
Carbon tetrachloride (I)-Cyclohexane (2y-Benzene (3)
0.213 0.574 109.7 3.6 0.2

.233 .534 115.3 08 .9

.280 440 120.5 2.7 9

.306 .388 118.2 2.7 1.3

.325 .350 117.2 A.6 0.7

.500 .000 25.8 0.0 .0

Dev. from
All*, eq. 8,
Xl xt cal./mole %
Carbon tetrachloride (I)-Chloroform (2)-
Methylene Chloride (3)

0.0000 0.5000 4.3 0.0
.1870 4065 63.2 2
3146 3427 87.3 .6
4128 .2936 96.2 0
4966 2517 100.9 2.6
4968 .2516 99.9 16
.5500 2250 95.8 0.9
5512 2244 96.9 2
8178 0011 57.0 A4

(b) Carbon Tetrachloride-Chloroform-Methyl-
ene Chlorid!.-—Cheesman and Whitakeru have
reported AH" values for the binaries that can be

(19) O. Redlich and A. T. Kister, 1ni. Eng. Chern., 40, 431 (1948).
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formed from CCIl4+CHCI3-CH2Cl2. Since these
binary solutions were reported as very nearly sym-
metrical, we were interested in the ternary solution.
The third column of Table 111 reports our experi-
mental heats for the ternary, and the fourth column
is the deviation of these values from the sum of the
binary data of Cheesman and Whitaker, which is
given in equation 8.

All.T = 220.4xix2 +

Xixs[665 — 33.1(xi —x3] + 17.0xXa (8)

BEATS OF IMMERSION. I

A. C. Makrides and N. Hackerman
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The deviation is about the order of the experi-
mental error. It is possible, therefore, to predict
A H values for this ternary as accurately as the
binaries were measured.
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The heat of wetting of Si02by water depends on temperature of evacuation and on thermal treatment of the Si0O2powder.
Available data suggest that the heat of wetting may depend on the specific surface area of the powder.

Introduction

A number of heats of wetting of silica powders
with water have been reported.1-7 Values for rela-
tively coarse powders (<3 m.B®g-) are generally
greater than those obtained with powders of large
specific surface area (>100 m.2/g.) and with gels by
a factor of about 2 or more. Data for coarse pow-
ders are restricted, however, to a single tempera-
ture of evacuation and, in a number of cases, refer
to powders of unspecified impurity content. Heats
of wetting of silica powders variously pretreated
are reported here.

Experimental

Calorimeter.—Heats of wetting were measured with a
twin microcalorimeter similar to the instrument of Evans
and Richards.8 A major modification was the use of ther-
mistors for measuring temperature changes (see below).

Two closely similar Dewar flasks of 500-cc. capacity
served as the calorimeter vessels. They were attached to a
nickel-plated brass plate with aluminum rings equipped with
Neoprene gaskets. Both vessels were enclosed by a bright
nickel-plated jacket which was also attached to the brass
plate through an intervening gasket.

The calorimeter assembly, suspended with Bakelite rods
from an aluminum plate* was immersed in a constant tem-
perature bath. A thyratron circuit temperature controller
with a thermistor as one arm of an a.c. (60 c.p.s.) bridge
regulated the bath temperature within +0.001° over 24-
hour periods.

Heat exchange between vessels and bath took place across
the brass plate. Heat transfer across the air space between
vessels and jacket was comparatively negligible. A Neo-
prene sheet and a Lucite plate, inserted between the brass
plate and the Dewar flasks, reduced heat exchange to a de-
sirable level.

(1) G. E. Boyd and W. D. Harkins, 3. An. Chem. Soc., 64, 1190
(1942); W. D. Harkins and G. E. Boyd, ibid., 64, 1195 (1942).

(2) F. L. Howard and J. L. Culbertson, ibid., 72, 1185 (1950).

(3) A. C. Zettlemoyer, G. J. Young, J. J. Chessick and F. H. Healy,
This Journal, 67, 649 (1953).

(4) A. V. Kiselev, N. N. Mikos, M. A. Romanchuk and K. D.
Shcherbakova, Zhur. Fiz. Khim., 21, 1223 (1947).

(5) W. A. Patrick, quoted by R. K. Her, ' The Colloid Chemistry
of Silica and Silicates," Cornell University Press, Ithaca, N. Y., 1955,
pp. 240-242.

(6) F. E. Bartell and R. M. Suggitt, This Journa®, 58, 36 (1954).

(7) M. M. Egorov, K. G. Krasil'nikov and E. A. Sysoev, Doklady
Akad. Nauk S.S.S.R., 108, 103 (1956).

(8) D. F. Evans and R. E. Richards, J. Chem. Soc., 3932 (1952).

Each vessel included a heater, a stirrer, a sample holder
and breaker and a thermistor.

The calorimeter heaters were wound non-inductively
from manganin wire. They were coated with Glyptal resin
and enclosed in gold containers friction-fitted on Teflcn
plugs inserted in the brass plate. Transformer oil increased
thermal conductivity between heater and container.

Both calorimeter stirrers were driven at 150 r.p.m. ty
a single Bodine precision motor with attached reducticn
gear. A Gilmer positive-drive belt, with associated pulleys,
was used to ensure constancy of stirring.

A Bakelite section, threaded at both ends, reduced heat
conduction along the stirrer shaft. Bakelite gave air-tight
seals with Neoprene O-rings placed in recesses drilled in the
brass plate. The Bakelite sections were replaced every two
or three runs, while O-rings were changed after every run.

The breaker rods were in two parts, both ending in Bake-
lite sections. The upper part rested against the Neoprene
sheet, while the lower end extended from just beneath the
sheet to the bulb. The bulb was broken by pressing the
upper section against the flexible Neoprene sheet.

Electrical Cricuits.—The calorimeter vessels were cali-
brated electrically. The potential drop across the heater
and across a series standard resistance was measured with
a precision (0.05 mv.) Rubicon potentiometer. Current
was drawn from a Willard cell which had been stabilized by
discharge, for at least 3 hours, through a resistance equal to
that of the heating circuit. A double-throw, double-pole
microswitch closed the heating circuit and simultaneously
actuated a precision timer (0.01 sec. sensitivity). The
timer was driven by a constant frequency (60 c.p.s.) source.

The electrical circuit used in conjunction with the ther-
mistors consisted of a Muller bridge, a 70 ohm input im-
pedance Liston-Becker DC 14 breaker amplifier and a Brown
potentiometer. The initial (small) difference in resistance
between thermistors was compensated on the bridge, the
output of which was fed to the amplifier and the signal re-
corded on the potentiometer. With the amplification ratio
generally used, a resistance difference of 0.01 ohm gave 100
myv. deflection. The corresponding temperature sensitivity
was 20 X 10-6 °C./mv. and the equivalent heat input sen-
sitivity 0.01 cal./mv.

Thermistors.—The high sensitivity of thermistors as
compared to other temperature-sensitive devices offers a
major advantage in calorimetric application. Microcal-
orimeters employing thermistors have been described.36
Thermistors sometimes lack stability, particularly over
long periods of use. With some precautions, however,
stable and reproducible behavior was obtained.

Disk-shaped thermistors of 100 ohm nominal resistance
were used in pairs matched within 0.1%. They were pre-
pared by Victory Engineering Corporation by aging in a
constant temperature bath (25°) for about 3 months. They
w'ere coated with Glyptal resin, air-dried and then baked at
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Table |
% Loss % min.
Pownder w AaCa % F2B % TiCa ignition SiOF Other

A 0.22 0.05 0.034 0.13 99.56 Trace MgO, CaO
B4 .04 .016 .008 .09 99.92 Trace MgO, CaO
C .049 .019 99.82 0.031% MgO
Dc FeD 3+ AI203 .01 0.2-1.0 99.0-99.7
Ed .014 .0017 Nil CaO <0.0003;

MgO <0.0007

“ Supplied by New Jersey Silica Sand Corporation (200-mesh Silica Flour).
¢ Supplied by Godfrey L. Cabot, Inc. (Cab-O-Sil).

Silica).
Company (Quartz Crystal Powder).

120° for 1 hour. The electrically-insulated thermistors were
inserted in gold containers having a “ pocket” at one end
with about 0.1 mm. clearance on each side. Wood's metal
filled this space and covered the thermistor to a depth of
about 1 cm.

Stability of thermistors prepared and mounted in this
fashion was satisfactory. Calibrations over a three-month
period showed a mean deviation of 0.8% with no apparent
trend. The deviation is within the range expected from the
precision with which the amplified voltage was recorded
(0.5 mv. for total changes of 50 to 100 mv.).

Operation of the Calorimeter.—The calorimeter was left
to equilibrate overnight in the constant temperature bath.
A reference line with a drift of aoout 20 X 10~6 °C./min.
generally was obtained. Three calibrations were performed
before a sample bulb was broken and three after. Changes
of drift during a run generally were small. Corrections for
drift did not exceed 10% of total deflection. Uncertainties
in drift correction because of changes of slope were less than
1% of total deflection. Oscillation of the reference line
about its mid-point was +0.5% of total deflection.

Heat of Bulb Breaking.— Some difficulty was experienced
in preparing sample bulbs. It was required that bulbs break
in a manner promoting complete wetting of the powder and
that the heat of bulb breaking be small and reproducible.
Attempts to prepare bulbs of thin, uniform wall thickness
by etching in hydrofluoric acid proved fruitless. Thin-
walled bulbs blown from Pyrex glass in groups of 24 or more
finally were used. Bulbs of nearly equal volumes and vol-
ume-weight ratios were selected. Even with these precau-
tions, however, the reproducibility of the heat of bulb break-
ing was only 30%.

The heat of bulb breaking made a small but significant
contribution to the over-all heat effect observed. The heat
of bulb breaking, Ah, was approximated by

Ah = (Al)bsd - CAP

where (A/QObRI is the total heat (absorption) for breaking an
empty bulb, AT the volume of the bulb (-~18 cc.) and C =
—0.0561 joule/cc., a constant calculated from the heat
of vaporization of water. The average for six runs with
empty bulbs was Ah = 0.40 + 0.14 joule. This may be
compared with 3.2 joules6and 0.2 to 0.4 joule3obtained by
others.

All measurements of heats of wetting were corrected by
adding to the observed heat evolution the quantity —
(CAv + 0.40), wffiere Av = AT — (wt. sample/density
Si0j). The correction amounted to about 0.3 joule.

Material.—The reported bulk impurity content of the
silica powders is given in Table I.

Powder C was prepared by sedimentation from water
from powder available under the trade name Super-X-
Microsil. The fraction in suspension after 10 minutes was
retained. The filter pad was washed with MeOH.9 The
powder subsequently was heated in air at 800° for 24 hoursi0
to remove any adsorbed MeOH. It then was rehydrated
by exposure to saturated water vapor for two weeks.

Powder E was treated with hydrochloric acid to remove
iron particles apparently introduced in the crushing opera-
tion. It subsequently was washed repeatedly with triply
distilled water, the total volume of water used being about

(9) The powder was fractionated and washed by Dr. J. W. Whalen
of the Magnolia Petroleum Co. Field Research Laboratory and he
kindly supplied us with a sample.

(10) W. Stober, G. Bauer and K. Thomas, Ann., 604, 101 (1957);
N. N. Avgul, O. M. Dzhigit, A. A Lirikyan, A V. Kiselev. and Iv.
D. Shcherbakova, Doklady Akad. Nauk S.S.S./i., 77, 025 (1951).

1Supplied by C. A. Wagner, Inc. (No. 111
dSupplied by Cleveland Quartz Works, General Electric

Fig. 1.—The heat of wetting of powdered quartz as a func-
tion of temperature of evacuation: open circles, powder A;
full circles, powder B.

4 liters per g. of powder.
for weighing.

Samples were selected to give a total area of 10-20 m.2.
Their weight varied from 0.1 to 25 g., while total heat evolu-
tion was 3 to 8 joules. The calorimeter vessels contained
450 cc. of water in all cases.

Samples were evacuated for 24 hours at 10 5mm. Water
was triply distilled, one distillation being out of dilute
KMnO, solution.

Heats of wetting, per unit area, of 5-, 10- and 20-g.
samples of powder A were the same within experimental
error. Dispersion of sample into the liquid presented some
difficulty at first. Use of thin-walled bulbs described above
eliminated this difficulty. The bulbs shattered on breaking
and the powder was dispersed completely in the stirred
liquid.

qReproducibility was generally better than +4% . Thus,
the heat of wetting of powders A, B and C evacuated at 120°
was, respectively, 460, 450 ergs/cm.2; 450, 445 ergs/cm.2
300, 275 ergs/cm.2. The uncertainty in the heat measure-
ment (including corrections for the heat, of bulb breaking)
was about £+3% . The probable error did not exceed 5%.
The accuracy of the absolute value for the heat of wetting is
probably less since it includes an uncertainty in the absolute
area. Specific surface areas were determined from Kr ad-
sorption using the BET method. Although this method is
the best now available, it yields values that are probably
uncertain to within 10%.

The powder was dried at 110°

Results and Discussion

The total heat change observed on immersion of
silica powder in water is the sum of the heat of wet-
ting and heat of dissolution. Both the solubility
and the solution rate of silica are small.l1 There-
fore, unless the heat of dissolution is particularly
large, its contribution may be neglected.1-3 This
assumption is supported by the observation that
heat evolution on dispersing a sample in water was
complete in about 1 min. No significant changes
in drift, expected if dissolution were appreciable,
occurred after immersion.

Heats of wetting by water at 25° of powders A

(1) I* F. Holt and D. T. King, J. Chem. Soc., 773 (1955).
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Table Il
Heats of Wetting of Silica Powdebs bt Water at 25°
sursfgiglgf‘ea - Heat of wetting (ergs/cra.) at temp. (°C.) of evacuation
Powder (m.Vg.) Thermal pretreatment 15° 170° 230° 300° 360
A 0.91 None 460 530 630 690 635
B 91 None 450 520 570 650 560
B .85 Heated in air at 700° 440 410 550 425
for 24 hr.*
B .83 Heated in air at 1100° 425 600 320 260
for 48 hr."

° Rehydrated by exposure to saturated water vapor for 1 week.

and B evacuated at temperatures between 120 and
360° are given in Table Il. The heat of wetting
shows a broad maximum at about 300° (Fig. 1).
Differences between powders A and B are small and
are evident only on evacuation at temperatures
above 200°.

Fig. 2.—The heat of wetting of powdered quartz (powder
B) as a function of temperature of evacuation: open circles,
powder pretreated by heating in air at 700° for 24 hours; full
circles, powder pretreated by heating in air at 1100° for 48
hours. In both cases, samples were rehydrated by exposure
to saturated water vapor for 1 week.

Heats of wetting of powder B, pretreated by
heating in air at 700° for 24 hours and at 1100° for
48 hours, followed by rehydration by exposure to
saturated water vapor for 1 week and subsequent
evacuation at indicated temperatures, are also given
in Table 1. Comparison of Figs. 1 and 2 shows
that thermal pretreatment changed little the heat of
wetting of powders degassed at 115°. However,
significant differences appeared at higher tempera-
tures. The maximum in the heat of wetting was
displaced to a lower temperature (ca. 230°) and was
more sharply defined. The heat of wetting for
temperatures of evacuation above 230° was con-
siderably less than for powders which had not been
thermally pretreated.

It is interesting to note that even at 1100° no
appreciable loss of surface area occurred. It may
be concluded that any decrease in surface area for
samples evacuated at temperatures up to 360° was
negligible. The thermal stability of these powders
may be contrasted with that of Si0O2gels, the area
of which decreases appreciably on heating above
700°.7

Heats of wetting of powders C and D evacuated
at 120° are given in Table 111 together with results
of other investigators.

The heat of wetting of silica powders varies
within wide limits (Tables Il and I11). It is appar-
ent that surface structure and composition not only
differ from powder to powder but are also signifi-
cantly modified by the conditions under which
samples are prepared. Some of the factors that
may be responsible for this diversity of results are
discussed below.

Impurities.— The influence of impurities has not
been studied in any detail. Figure 1 suggests that
the heat of wetting is not a sensitive function of
impurity content for bulk impurity concentrations
of about 0.08 to 0.4%.

There is little doubt (see below) that SiO2 sur-
faces chemisorb -OH groups and that subsequent
adsorption is dependent on the extent of surface
coverage by hydroxyl groups. Surface trivalent
ions (Fe+3 Al+3 also have tightly bound hydroxyl
groups. With a more or less fully hydroxylated
surface, obtained at low temperatures of evacua-
tion, the effect of impurity cations should be sec-
ondary. At higher temperatures the surface is
progressively dehydrated and impurities are sx-
pected to have a proportionately larger effect. Re-
sults presented in Fig. 1 show this general behavior.

The significantly higher heat of wetting of pow-
der E is probably not associated with its somewhat
higher purity. Trivalent impurity ions are gener-
ally expected to increase the heat of wetting (com-
pare powders A and B) rather than decrease it.
A possible cause for the higher heat of wetting of
powder E is discussed below.

Surface Hydration.—As noted above, recent
experimental work1213has substantiated Carman’s4
suggestion that SiO2 surfaces adsorb hydroxyl
groups irreversibly. The extent of surface cover-
age by hydroxyl groups has a pronounced influence
on subsequent reversible adsorption of polar
adsorbates. For example, the extent of adsorption
of water vapor diminishes with increasing dehydra-
tion of the surface.12-15 The decrease is approxi-
mately equal to the loss of hydroxyl groups, sug-
gesting a one to one correspondence between ad-
sorbed HZ molecules and surface hydroxyl
groups.b5

Si02 surfaces may be dehydrated by heating

(12)
(1955).
(13) S. P- Zhdanov, ibid., 115, 938 (1957).
(14) P. C. Carman, Trans. Faraday Soc., 36, 9G4 (1910).

(15) V. A. Dzis’ko, A. A. Vishnevskaya and V. S. Chesalova, Zhur.
Fiz. Khim., 24, 1416 (1950).

S. P. Zhdanov, Doklady Akad. Nauk S.S.S.R.. 100, 1115
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Tabie Il
Heats of Wetting of Silica Powders and Gels
. Specific surface Degassing com itions AH w
Material area (m.!/g.) T (°C.§J P (mm.) (ergs/ cm.2
Boyd and Harkinsl i 2.33 400-600 1c*5 600
Howard and Culbertson2 b 2.13 300 - 880
Zettlemoyer, Young, Ches- ¢ 0.96 400 - 560
sick and Healy3
This work d 082 115 10-6 1450
This work ¢ 91 115 10~6 450
300 10“6 650
This work f 5.5 115 10~6 290
This work 0 190 115 10-5 160
Kiselev, Mikos, Pomanshuk Gel6 300 400 Ic-5 220
and Shcherbakova4
Patrick6 > 188 ® ° 175r
i 240 130
Gel* 800 160
Bartell and Suggitt6 i 328 300-350 10-5 260
Gel™ 366 300-350 10-5 260
Egorov, Krasil'nikov and Gel” 275 300 5X 10“4 200*
Sysoev? Gel” 400 300 5 X 1044 175
GeP 695 300 5X 10"4 150
° Described only as “powdered crystalline quartz.” 6 Prepared from “carefully selected natural quartz crystals.” «New
Jersey Silica Sand “silica flour” (same as powder A of Table I). dPowder E of Table I. <Powder B of Tablel. / Powder

C of Table I. " Powder D of Table I.
solution and water; subsequent calcining at 500°.
from burning ehlorosilanes.
1Linde Silica powder (#2669-95B).
and dried at 300°. n Silica gel from hydrolysis of SiCU.
to wetting unspecified.

h Coarse silica gel obtained by washing commercial silica gel with hydrochloric acid
Pore volume, 0.87 cc./g.
" Flarox Silica prepared by burning ethyl silicate.

Mean pore dianeter, 100 A. *Linde Silica
k An otherwise unspecified silica xerogel.

mCommercial silica gel (Davison Chemical Company) cigested with HNO3 washed
°'v “Purified” commercial silica gels.
r The heat of wetting decreased with dehydration of silica.

5 Sample preparation prior
Values given are averages. ller®

calculates from these data 190 ergs/cm.2for a completely hydrated surface and 130 ergs/cm.2for a completely dehydrated

surface. *The heat of wetting was a maximum at 300°.

plied by the manufacturer (see Powder D of Table I).
above 200-300°.55 It has been postulated that at

higher temperatures-~? Si-OH groups are replaced
by X B

Si< 0 > < or ~>Si=0 groups.I2IS

The first of the last two structures appears unlikely
from crystallographic considerations.I/ However,
its existence has some experimental support.i8

Rehydration of thermally dehydrated SiO2 does
not restore completely the surface to its original
condition.1213 A permanent decrease occurs in the
maximum number of hydroxyl groups per cm.27
Precise kinetic data on the rehydration reaction are
not available. It is known, however, that rehy-
dration proceeds slowly.71213

Heat of Wetting and Surface Hydration.—Ad-
sorption energies for water vapor on the two types
of surface at least present on thermally treated Si02
differ significantly, as is indicated by difference in
extent of adsorption.121316 The heat of wetting,
which includes the integrated heat of adsorption,
necessarily reflects these differences.

The dependence of the heat of wetting of pow-
dered quartz on temperature of evacuation and
thermal pretreatment parallels that for silica gels7
and may be accounted for in a similar way.

The large specific surface area of gels makes
relatively simple the determination of the number

(16) S. P. Zhdanov and A. V. Kiselev, Zhur. Fiz. Khtm., 31, 2213
(1957).

(A7) W. A. Weyl, Research, 3, 230 (1950).

(18) A. Weiss and A. Weiss, Z. anorg. allgem. Chem., 276, 95 (1954).

For temperatures less than 300°, AH, decreased by not more than
25 ergs/cm.2 At higher temperatures (up to 800°), a decrease up to 50 ergs/cm.2was noted.
“ Pressure not specified.

1Specific surface area sup-

of chemisorbed -OH groups per unit area. With
thermally pretreated gels, subsequently rehydrated
to varying degrees and evacuated at 300° the heat
of wetting is a linear function of the number of hy-
droxyl groups per unit surface area.7 With gels
not thermally pretreated, the heat of wetting is a
maximum on evacuation at 300°.72D The heat
of wetting on evacuation at T < 300° is smaller
and at temperatures above 300° larger, than ex-
pected from the linear relation. The maxima (at
300°) lie on the straight line portion. These re-
sults suggest that on evaluation at temperatures
below 300° not all molecularly adsorbed water is
removed, leading to smaller than expected heats of
wetting. At higher temperatures, an additional
heat effect from reaction of water with a partially
dehydrated surface is included in the over-all heat
effect observed.

Powdered quartz gives similar results, in spite of
the fact that its absolute heat of wetting is greater
than that of gels by afacto: of 2to 3.2

The maxima in Figs. 1 and 2 probably corre-
spond to fully hydroxylated surfaces with all mo-
lecularly adsorbed HD removed. The decrease of
the heat of wetting on evacuation at higher temper-
atures is attributed to increasing dehydroxylation
of the surface. An undetermined, but probably
small, heat evolution from, rehydration is included

(19) R. K. ller, “The Colloid Chemistry of Silica and Silicates, *
Cornell University Press, Ithaca, Nbw York, p. 241.

(20) A maximum in the heat ot wetting vs. temperature of pre-
treatment of gels also was observed by Bartell and Almy.*1

(21) F. E. Bartell and E. G. Alrry, This Journal, 36, 475 (1932).
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in the apparent heat of wetting of powders evacu-
ated at temperatures above 200-300°.

Thermal pretreatment at 700 and 1100°, fol-
lowed by rehydration, displaces the maximum to a
lower temperature (ca. 230°), indicating easier re-
moval of molecularly adsorbed water. The curves
are also displaced toward lower values for the heat
of wetting, suggesting that thermal pretreatment,
followed by rehydration, results in a surface having
fewer hydroxyl groups per unit area than the orig-
inal one.

Specific Surface Area and Heat of Wetting.— The
heat of wetting apparently decreases sharply when
the specific surface area, s, exceeds about 3 m.2/g.
(Table 111). Heats of wetting of powders with s
< 3m.2g. generally are between 450 and 700 ergs/
cm.2, corresponding values for powders with s >
100 m.2g. and for gels are in the range 100-250
ergs/cm.2

Egorov, Krasil’'nikov and Sysoev7found that the
heat of wetting of a group of gels, evacuated at the
same temperature, decreased with increasing spe-
cific surface area. The number of hydroxyl groups
per unit area also decreased with area. If this re-
lation is assumed to be general, the larger heats of
wetting of small specific surface area powders may
be attributed to a greater number of hydroxyl
groups per unit area.

A variation in the maximum number of chemi-
sorbed hydroxyl groups implies differences in the
spacing of surface Si atoms. X-Ray studies indi-
cate that the surface of quartz crystals is disturbed
appreciably by grinding or abrading.2225 The
presence of partially amorphous surface layers on
powdered quartz is also suggested from solubility,
solution rate, density and differential thermal anal-
ysis studies.B%6Z The extent of departure from
what might be termed a “crystalline surface” in-
creases with prolonged grinding.B It is, therefore,

(22) D. D'Euatachio, Phys. Rev., 70, 522 (1946).

(23) D. D’Eustachio and S. Greenwald, ibid., 69, 532 (1946).

(24) E. J. Armstrong, Bell. System Tech. J., 25, 136 (1946).

(25) J. G. Gibb, P. D. Ritchie and J. W. Sharpe, J. Appl. Chem,, 3,
213 (1953).

(26) D. W. Clelland, W. M. Cumming and P. D. Ritchie, ibid., 2,
31 (1952).

(27) P. B. Dempsted and P. D. Ritchie, ibid., 3, 182 (1953).
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likely that surface layers with structures approach-
ing amorphous silica are present on powders, and
that the degree of amorphicity depends on che
method of preparation. The existence of partially
amorphous layers would lead to differences in
spacing of surface hydroxyl atoms and, conse-
quently, to differences in the heat of wetting.

It is uncertain whether the substantially higher
heat of wetting of powder E is associated with its
relatively small specific surface area. In this in-
stance, the powder was washed with hydrochloric
acid prior to evacuation. It has been suggestedll
that silica powders exposed to acid solutions ad-
sorb silicic acid. The effect, if any, of adsorbed sili-
cic acid on the heat of wetting is not known. Fur-
ther experimental work on this point wonld be of
interest.

Conclusions. -The heat of wetting of silica de-
pends, among other factors, on temperature of
evacuation and thermal pretreatment of the pow-
der. The heat of wetting of powders used here
has a broad maximum at about 300°. Thermal
pretreatment at 700 and 1100°, followed by re-
hydration, displaces the maximum to approxi-
mately 230° and leads to smaller heats of wetting
at evacuation temperatures above 230°.

Data for a wide variety of powders and gels show
that for any temperature of evacuation, the heat of
wetting of powders with s > 100 m.2/g. is hot much
different from that of gels. For s < 3 m.Zg., the
heat of wetting is greater by a factor of 2to 3. It is
not possible to decide from available data whether
the transition from large to small heats of wetting is
gradual or abrupt.
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(28) D. W. Clelland and P. D. Ritchie, ibid., 2, 42 (1952).
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EFFECT OF STRUCTURE AND CRYSTALLINITY ON WATER SORPTION
OF DEXTRANS

By N. W. Taylor, H. F. Zober, N. N. Hetiman and F. R. Senti

Contribution from the Cereal Crops Laboratory, Northern Utilization Research and Development Division,1 Peoria, lllinois
Received September 22, 1958

Water absorption and desorption isotherms were determined for 17 dextrans differing in their contents of 1,6-like, 1,4-like
and 1,3-like linked units, but all initially amorphous as demonstrated by X-ray diffraction patterns. The absorption iso-
therms were identical up to 85% relative humidity, thus demonstrating no specific sorption effect assignable to the known
structural elements. Above 85% relative humidity, water absorption varied with dextran type. X-Ray diffraction ex-
periments showed that high water absorption above 85% humidity corresponded to a continued amorphous state, while de-
pressed water absorptions corresponded to crystallization of the dextrans. Generally, the presumably less branched dex-
trans with high proportions of 1,6-like linked units crystallized at high humidity. All amorphous dextrans which did not
crystallize at high humidity were nearly identical both in absorption and desorption isotherms; above 75% humidity no

water sorption hysteresis was observed.

A large number of dextrans from various strains
of microorganisms were prepared and examined
recently by A. Jeanes, et a'..2 Dextrans are bac-
terial polysaccharides composed of glucose joined
predominantly as a-l,6-glucosidic linked units.
It is clear from their periodate oxidation analysis
that dextrans as a group show wide variation in
the proportions of 1,6-like, 1,4-like and 1,3-like
linked units. The term *“like” indicates an un-
certainty of alternative structures in interpretation
of the analyses.3 These dextrans are a source
of variable chemical structures with which some of
the effects of structure on water sorption may be
investigated.

The following factors might be expected to
influence water sorption in this comparison: the
nature of the water-binding groups or sites, the
presence of a crystalline component in the sense
used for high polymers, molecular branching and
association of molecular groups in the polymer.
Because the general water solubility of these
dextrans indicates that they are not strongly
associated when amorphous, the effects of chemical
structure and crystallinity or. water sorption should
not be obscured by this factor.

Periodate oxidation analyses indicated that
variable proportions of 2-, 3-, 4- and 6-hydroxyl
groups were present in individual dextrans. It
was anticipated that the proportion of 6-hydroxyl
groups might affect water sorption. Assaf, et ah,4
suggested that in glucose polymers, specifically
cellulose, the primary 6-hydroxyl group formed
stronger hydrogen bonds than any others, and was
assumed by them to be the main site for binding
water at low humidities.

Northcote5 determined the water sorption iso-
therms of several polysaccharides, including a
dextran. He found similar water sorption behavior
at low relative humidity in the dextran, which con-
tained few primary hydroxyls, and in several
glycogens which contained a relatively larger
number. This similarity is suggestive that the
primary hydroxyl group is not a markedly stronger
water-bonding group. There is some uncertainty,

(1) One of the Divisions of the Agricultural Research Service, U. S.
Department of Agriculture. Article not copyrighted.

(2) A. Jeanes, etal., 3. Am. Chem. Soz., /5 5041 (1954).

(3) J. C. Rankin and A. Jeanes, ibid. 76, 4435 (1954).

(4) A. G. Assaf, R. H. Haas and C. B. Purves. ibid., 66, 66 (1944).

(5) D. H. Northcote, Biochim. Biopkys. Acta, 11,471 (1953).

however, in this conclusion. A principal difficulty
in a comparison of water sorption behaviors is that
any relatively permanent association between
water-sorbing groups might obliterate behavior
characteristic of the particular groups. There-
fore, comparison should be among samples that are
all amorphous to minimize influence on sorption of
the specific associations which .exist in the crystal-
line state. The profound effect of crystallinity
in cellulose on its water-sorbing capacity6is well
known.

The extent of crystallinity in Northcote’s dex-
tran remains unknown. It is known? that by ap-
propriate treatment some dextrans develop crystal-
line material, as shown by X-ray diffraction pat-
terns. It was desirable, therefore, to investigate
the sorption properties of known amorphous
samples to define more clearly the relative contri-
bution of the primary hydroxyl.

In addition to the effects of specific water-
absorbing groups, molecular branching might also
influence water sorption. The structure analyses2
allow the possibility of large variations in degree
and types of branching among the individual
dextrans. Meéthylation and hydrolysis studies8
of a few dextrans show clearly that both degree
and types of branching are important variables in
the structures of dextrans. It was desirable also
to investigate the influence of branching as a factor
in water sorption, although to some extent the
contributions of branching and water-absorbing
groups might be undifferentiable in these dextrans.

Experimental

Dextrans.—The 17 different types and subfractions of
native dextrans were selected for this investigation and made
available by Dr. Aliéné Jeanes of this Division. They were
purified2 and fractionated9as previously reported. They
were dehydrated in ethanol or by lyophilization. All had
amorphous X-ray diffraction patterns except one (dextran
type NRRL B-1433).

Sorption Isotherms.19—About 0.5 to 1.0 g. of each dex-
tran was weighed into each of two bottles. The bottles

(6) P. H. Hermans, “Contributions to the Physios of Cellulose
Fibres, ' Elsevier, Amsterdam, 1946.

(7) A. Jeanes, N. C. Schieltz and C. A. Wilham, J. Biol. Chem,,
176, 617 (1948).

(8) R.J. Dimler, R. W. Jones, W. C. Schaefer and J. W. Van Cleve,
Abs. Papers Am. Chem. Soc., 129, 2D (1956).

(9) C. A. Wilham, B. H. Alexander and A. Jeanes, Arch. Biochem.
Biopkys., 59, 61 (1955).

(10) The water sorption measurements were made by Mrs. Mary
Rose.
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76 85 92 97 100

Fig. 1.—Water absorption (ascending) sequences of dex-
trans: upper diagram, humidity range 76 to 100%, as shown
on the upper scale; lower diagram, humidity range 0 to 76%,
as shown on the lower scale. The numbers on the scales
indicate the humidities investigated.

were separated into two sets, undergoing absorption (con-
secutively higher humidities) and desorption (consecutively
lower humidities) experiments. No duplicates were made
because of the scarcity of some of the dextrans. All the
samples were dried to constant weight in a vacuum oven at
105°. About 5 mg. of sodium pentachlorophenate was
added to each sample to minimize growth of organisms.

Relative humidity (relative vapor pressure) was controlled
by using saturated salt solutions in evacuated desiccators
which were set in an insulated box in a room controlled at
25 db 1°. Although this arrangement does not give the
highest precision, the data should allow comparison be-
tween samples. The insulated box retarded temperature
fluctuations, and it can be assumed that samples and salt
solutions were at the same temperature within a few tenths
of a degree; fluctuations in relative humidity consequently
should be small. Except for the highest and lowest hu-
midities, water sorption results are estimated to be accurate
within about 1% water content.

Weighings were made twice a week until weights were con-
stant within 2 mg. The weights became constant in 2 to 6
weeks depending on the relative humidity. The absorption
set was placed successively in desiccators at higher humidi-
ties. Desorption samples were first wet with an excess of
water, placed in the highest humidity and then successively
in the lower humidities.

X-Ray Diffraction Patterns.—X-Ray diffraction patterns
were taken using a conventional powder diffraction unit,
with flat film technique: 5-cm. film to sample distance, 1.5
hours exposure, with Ni filtered Cu radiation. Patterns
were termed “amorphous” if only broad, diffuse halos
could be seen, “crystalline” if the line pattern was more
evident than the halo and “trace of crystallinity” if the
line pattern was weak compared to the halo. Even a fairly
strong X-ray line pattern does not imply more than about
30% of the crystalline material, and weak line patterns can
result from only small fractions of crystalline material.

Results and Discussion

Water Absorption Isotherms.— Absorption data
for all samples are presented for comparison in

N. W. Taylor, H. F. Zobel, N. N. Helilman and F. R. Senti
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Fig. 1. Data obtained at 76% and higher humidi-
ties are shown in the upper part of the figure. The
lines connect data from each sample of dextran, to
indicate individuality of dextran types and not
the estimated isotherm. All data obtained below
76% humidity are included between the two lines
shown in the lower part of Fig. 1. The most
salient feature of the isotherms in the humidity
region below 85% is their close similarity. Dif-
ferences between samples are nearly insignificant
up to 85% humidity, except for the lowest sorbing
sample at 85% humidity (dextran B-1355 Frac. S).
In this relative humidity range it would appear
that the considerable variability in physical and
chemical properties2 among the various dextrans
is not reflected in absorption behavior. This point
will be discussed further below.

At humidities over 85% the water-absorption
data (Fig. 1) diverge markedly. Although all
dextrans cannot be distinguished in Fig. 1, the
samples can be divided rather arbitrarily into 8
highly absorptive dextrans (H), 6 low-absorbing
dextrans indicated by the essentially horizontal
lines joining water sorption values at 85 and 92%
humidity (L) and 3 of intermediate absorption ().
In view of the known crystallizability of some types
of dextran7 it appeared likely that the lowered
absorption of some of the dextrans at high humidify
was the result of crystallization of dextran in these
samples as humidity was increased.

Crystallization of Dextrans.—In line with the
above reasoning the crystallization of the dex-
trans was investigated. A separate set of dextran
samples was dried and given a sequence of humidby
treatments of 1 week each at 85, again at 85 and
finally at 92% relative humidity (R.H.). X-Ray
diffraction patterns of the dextran samples were
obtained in the condition as received, and again
after each humidity treatment. Results of this
experiment are given in Table I, which lists the
dextrans in order of descending absorption at
92% R.H. The first 8 dextrans compose the group
(H) in Fig. 1, the last 6 dextrans are the group
(L) and the other 3are ingroup (I).

The patterns were either amorphous (A in Table
I) or crystalline. The crystalline-type L-l pat-
terns were identical to those previously reported7
by others. The L-3 patterns were identical to the
previously reported patterns except that the di-
ameters of the diffraction rings on the films were
about 3% smaller. Two other patterns were ob-
served, which were termed L-5 and L-6. The L-5
pattern appeared to be identical to the pattern
observed for dextran B-523 by Jeanes, et al.,7 but
was more intense. It had Bragg spacings at 9.7-
(m), and 4.2(m) + . and an additional diffuse ring
at 52(m) +. The L-6 pattern was very diffuse
and had spacings at 20.6(s), Il.I(m), 8.4(w),
45(s), 3.8(w) and 3.3(w) +. The letters s, »
and w indicate relative intensities of strong, me-
dium and weak.

It is evident that all the dextran samples except
B-1433 were initially amorphous. This one dextran
had the L-5 pattern. The observed pattern was
weak, indicating only a trace of observable crystal-
linity.
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Table |

X-Ray Diffraction Patterns of Humidified Native Dextrans
————————————————— X-Ray diffraction patternsoO-

absorp- Dextran Before
tion at NRRL humidi- 85% R.H. 85% R.H. 92% R.H. . —Linka?es}
92% R.H. strain Fraction fication 7 days 14 days 7 days i-6 1-4 1-3
High
54 B-1424 A A A A 72 28 0
53 B-1377 A A A A 84 7 9
53 B-1525 A A A A 83 17 0
51 B-742 L A A A A 81 19 0
51 B-1299 L A A A A 58 36 6
51 B-1433 tr L-5 tr L-5 tr L-5 63 30 7
50 B-1398 A A A tr L-3 70 1 19
49 B-1254 L A A A A 69 31 0
Intermediate
43 B-742 S A A tr L-3 L-3 57 17 26
42 B-1254 M-R A A A tr L-I oC 4 6
41 B-1355 S A L-6 L-6 L-6 58 6 36
Low
37 B-1355 L A tr L-1 L-I L-I 89 1 0
34 B-1254 B-4F A tr L-1 L-I L-I A 4 2
34 B-512-E A A A L-I % 5 0
34 B-1146 A A L-I L-I1 97 3 0
33 B-1064 A tr L-I L-I L-I 96 4 0
32 B-1308 A A L-I L-I 94 6 0

“ A, amorphous; tr denotes a 'Tace of pattern.

Over the course of the equilibration the dif-
fraction patterns of the high absorption dextrans
remained the same, or developed only very faint
traces of crystallinity. The diffraction pattern
of dextran B-1433 remained weak.

In contrast, all other dextrans developed crystal-
linity on continued exposure to water vapor, and
most developed good crystalline patterns. It is
evident that the depressed water-absorbing power
shown by the intermediate and low-absorbing
dextrans at high R.H. is directly correlated with
the development of X-ray diffraction crystallinity.
It can be inferred, therefore, that the main ob-
servable factor which affected water sorption in
dextrans was the presence of crystalline material;
the various structural types appear to be nearly
equivalent in water-sorption power, except as they
affect crystallinity.

There are some points of comparison between
water sorption and crystallinity of individual
dextrans. After 1 week at 85% R.H. dextran
B-1355 Frac. S developed relatively good crystal-
linity, in agreement with the observed lowest water
sorption at 85% R.H. visible in Fig. 1. In contrast
after 2 weeks at 85% R.H. 6 dextrans developed
at least moderately good crystallinity, but only 1
dextran, the B-1355 Frac. S, showed relatively lower
water sorption than most dextrans at 85% R.H.
Thus, there are some minor exceptions to the
parallelism of depressed water sorption and
crystallinity. It is possible that the very small
samples used for the X-ray analyses might have
reached equilibrium more quickly, or possibly
humidities were not controlled sufficiently ac-
curately. Further, at lower humidities crystal-
lization should be slower; therefore, the apparent
break in the isotherms of the dextrans which
crystallize may be mainly a matter of comparing

the time duration of the sorption experiments with
the time for an appreciable amount of crystalliza-
tion to occur.

Data in Table | show there is some correlation
between structure, as given by the proportions of
different linked units, and the crystallizability of
the dextrans. In general, the dextrans which
crystallized best were the most nearly “linear”;
i.e., they contained the highest proportions of 1,6-
linked units. Further, “branching,” as indicated
by lowered proportions of 1,6-linked units, ap-
peared to hinder crystallization, as might be ex-
pected. In general highly branched high polymers
crystallize poorly.

Dextran B-1355 Frac. S developed crystallinity
on humidification, although the proportion of 1,6-
linked units was low. Evidence from complex
formation with cuprammoniuml and from methyl-
ation techniques8has been offered that this dextran
has some 1,3-linked units in the linear chain seg-
ments and contains roughly as many branch points
as dextran B-512. Thus, this dextran is less
branched than the maximum consistent with the
periodate analysis. Its crystallizability is con-
sistent with this relative linearity.

The behavior of dextran B-742 Frac. S was un-
expected. It crystallized on humidification and the
water sorption was depressed; yet it had a rela-
tively low content of 1.6-like linked units, and
tentative methylation evidence8indicated that this
dextran was highly branched, and even had some
doubly branched units. There appeared to be only
about 28% of 1,6-linked units; the remainder were
end units and branch points. Information from
hydrolysis experiments8suggested a large humber
of short branches. The question, then, arises as

(11) T. A. Scott, N. N. Heilman end F. R. Send, J. Am. Chem. Soc.,
79, 1178 (1957).



602

Fig. 2.—Water desorption sequences of dextrans which
crystallized at high humidity compared to the mean amor-
phous desorption isotherm. The two solid lines enclose
the data of all crystallizable dextrans.

to what structure could crystallize in this dextran.
Perhaps the molecular structures composing crystal-
line regions are regular sequences of single unit
branches arranged along the main chains. The ob-
served L-3 pattern raises the question whether the
crystalline regions might in fact be composed of
[,6'-linked chains because this type of pattern
was observed in B-512 dextran preparations.7
This alternative scheme requires that the relatively
few 1,6-linked units be disposed consecutively in
segments long enough and numerous enough to
crystallize. Molecular heterogeneity is a third
possibility to explain this anomalous behavior.

Water Sorption of Amorphous Dextrans.— X-Ray
studies showed that the eight dextrans which ab-
sorbed the most water at high humidities did not
crystallize appreciably. This evidence for no
structural changes during humidification indicates
that the water sorption data for these dextrans
were near the true equilibrium values at all humidi-
ties. Because of the experimental identity of their
water absorption sequences as evident in Fig. 1,
these “amorphous” dextrans can be most simply
described by their mean absorption values at each
humidity, which are given in Table Il. Since all
dextrans were initially amorphous, the absorption
means up to 75% relative humidity include all
dextran data. At higher humidities the absorption
values include only data for the highly absorbing,
“amorphous” dextrans. Means of the data (x)
and their coefficients of variation 100 s/x (percent-
age of mean value) are given in Table Il. Stand-
ard deviations (s) were computed with allowance
for small numbers of samples. Coefficients of
variation of the mean absorption isotherm, only a
few per cent, at each humidity, demonstrate the
nearly identical behavior of the dextrans on ab-
sorption.

Desorption data of the eight amorphous dextrans
were also similar.2 Their mean desorption values
appear in Table Il. The coefficients of variation
of the desorption data are larger than the absorp-
tion values. This may be the result of maintaining

12
It (Wa)s higher by approximately 3% of water sorbed o”er the entire

measured range. This discrepancy is probably an error of measure-
ment as only one sample was involved.

N. W. Tayltor, Il. F. Zober, N. N. Hellman and F. Tl. Senti

The desorption isotherm of dextran B-1377 was exceptional.
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the desorption samples at high moisture content
with subsequent development either of traces of
crystallinity or of compact masses which lost water
too slowly to observe.

Table Il

Mean Sorption Isotherms of Amorphous Dextrans

e Absorption-------- . - Desorption-------- *

R.H., X, % water, 100 S/X, X, % water 100 S/X,

% dry basis % of X dry basis % of .Y
11.2 5.4 4 10.1 12
22.6 9.0 3 13.3 9
32.5 11.0 3 16.0 8
43.5 13.1 3 18.4 7
56.4 17.7 3 20.6 7
75.4 23.5 2 24.0 6
85.0 325 3 33.1 5
92.5 51.7 3 52.9 5
97.0 84.6 5 88.6 5

Considerable hysteresis in water sorption at low
humidities is apparent in the data in Table 1l
but virtually none was present at 75% R.H. or
higher. The mean of the differences between
individual desorption and absorption pairs is 0.3%
water sorbed at 75% R.FIl., if one dextran is ig-
nored,2 and 2.6% water sorbed at 56% R.H.
Thus, the character of sorption changes abruptly
in this humidity range. The disappearance of
hysteresis above 76% R.H. is one indication of
essentially solution behavior. Most of the dex-
trans examined were in fact water soluble. Other
experiments13 have shown that the high humidity
sorption can be interpreted according to the
theory developed by Flory and Huggins to de-
scribe random coil high polymers in solution.4

The continuation of such solution behavior to is
low as 24% water (dry basis) probably means that
the dextran molecules associate only slightly,
even in concentrated solutions, or that they are
relatively flexible.

Water Sorption of Crystallizable Dextrans.— The
crystallizability of the intermediate and low water-
absorbing dextrans is well correlated with their
diminished water absorptions at high humidity.
Their desorption isotherms were obtained after
wetting the samples with excess water; presum-
ably these isotherms represent the behavior of the
partly crystallized dextrans. The two solid
lines in Fig. 2 enclose all the desorption data
of the intermediate and lower absorbing dextrans.
The dashed line shows the mean desorption iso-
therm of the “amorphous” dextrans. Most data
fall below the average amorphous dextran desorp-
tion isotherm. Such depressed sorption would be
expected if the samples had crystallized.

Northcote’s5 recently reported absorption and
desorption isotherms of a dextran showed consider-
ably less water absorption at high humidities than
the amorphous dextrans reported here. This dif-
ference may be the result of crystallinity present
in Northcote’s dextran. His desorption isotherm
lies within 1% water content of our lowest observed
desorption isotherms, indicated by the lower solid
line in Fig. 2.

(13) N. W. Taylor, J. E. Cluskey and F. R. Senti, observations t) be

published.
(14) M. L. Huggins, Ann. N. Y. Acad. Sci., 44, 431 (1943).
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Site-bound Water and Relationship to Dextran
Structure— The general interpretation of the con-
vex (to the humidity axis) portion of the isotherm
at low humidities is that in this region water is
absorbed on some localized ‘surface” or hydration
sites. Various theoretical treatments give meas-
ures of these sorption sites in the sample. The
treatment developed by Hailwood and Horrobinkb
can be applied in the region of the lower half of
the humidity scale, and it was used by Northcote6
in characterizing his polysaccharides.

In the Hailwood-Horrobin treatment, three
parameters are determined by a curve fitting pro-
cedure.’5 From these can be deduced the weight
of dextran associated with 1 mole of theoretical
water-binding sites. From our mean “amorphous”
isotherms were determined the values of 177 g.
from absorption and 123 g. from desorption.
These values are only approximate; because of a
rather irregular shape of the isotherm, curve fitting
was not precise. When these values are compared
with the molecular weight of the glucose residue,
162, the calculated figures roughly agree with the
concept that every glucose residue is accessible

(15) A. J. Hailwood and S. Horrobin, Trans. Faraday Soc., 42B, 84
(1940).

(16) C. H. Nicholls and J. B. Speakman, J. Textile Inst., 46, T264
(1955).
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and can form a hydrate with 1 molecule of water.
However, the significance of this agreement is
obscure.

The fact that the absorption isotherms of all
dextran samples were nearly identical at low humid-
ities is evidence in agreement with Northcote6
and contrary to the concept that the primary
6-hydroxyl groups are the principal water-binding
sites. From the analyses of Jeanes, et al.,2 pre-
sented in Table I, these dextrans range in primary
hydroxyl content from as low as 5% to at least
40% of the number of glucose residues, if it is as-
sumed that the various types of linked units have
the meanings suggested by Rankin and Jeanes.3
A directly proportional variation should be found in
numbers of sorption sites and, hence, in water
absorption at low humidities if the primary hy-
droxyls were the principal binding sites for water.

This investigation does not rule out a relatively
stronger hydrogen bond in primary hydroxyl in-
teractions.  First, the most reactive groups should
be saturated at low humidities, and perhaps an
investigation of lower humidities would discover
differences in sorptive power among the dextrans
before saturation is complete. Moreover, it is
possible that the most reactive water-binding
groups are satisfied to a correspondingly greater
extent by bonding to other polymer groups.

HEAT STABILITIES AND VOLATILITIES OF METAL CHELATES DERIVED
FROM 8-HYDROXYQUINOLINE

By Robert G. Charles and Alois Langer

Westinghouse Research Laboratories, Pittsburgh 35, Pennsylvania
Received September 24, 1958

The behavior of eighteen metal 8-hydroxyquinolates upon heating in vacuo has been investigated. Many of the com-
pounds were observed to sublime completely, without appreciable decomposition, over fairly narrow temperature ranges.
The temperature range of volatilization was found to be a function of metal ion electronegativity for the divalent metal 8-
hydroxyquinolates. In contrast to this behavior, nearly all of the trivalent metal 8-hydroxyquinolates volatilized over the
same temperature range, 250 to 350°. Sublimation of the Ca(ll) and Bi(lll) 8-hydroxyquinolates was accompanied (or
preceded) by significant decomposition, while the Ba(ll), Sr(ll1) and La(ll1l) compounds did not sublime appreciably, but

decomposed at sufficiently high temperatures.

Recent interest1” 3in metal chelate polymers has
made desirable a more complete knowledge of the
heat stabilities characteristic of the various metal
chelate ring systems which might be incorporated
into such polymers. A number of workers46
have investigated the heat stabilities, in air, of the
metal 8-hydroxyquinolates I, chiefly from the
standpoint of establishing suitable drying tempera-
tures for these compounds. Under the conditions
used by these authors the chelates may be sub-
jected to oxidative attack as well as to pyrolysis.
It was the purpose of the present investigation to
determine the behavior of the 8-hydroxyquinolates
when heated in the absence of oxygen.

(1) W. C. Fernelius, Wright Air Development Center,
WADC 56-203 (Oct. 1956).

(2) J. P. Wilkins and E. L. Wittbecker, U. S. Patent 2,659,711
(Nov. 17, 1953).

(3) K. V. Martin, 3. Am. Chem. Soc., 80, 233 (1958).

(4) C. Duval, "Inorganic Thermogravimetric Analysis,”
Pub. Co., New York, N. Y., 1953.

(5) M. Borrel and R. Paris, Anal. Chim. Acta, 4, 267 (1950).
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The experimental method used in this work
involved following sample weight loss in vacuo as a
function of temperature, as the temperature was
increased linearly with time. Because of the ap-
parent non-volatility of most of the 8-hydroxy-
quinolates in air, it was hoped that, under the
present conditions, decomposition would occur at
temperatures below those required to volatilize
the unchanged chelates. In practice this has been
found to be true for only a small humber of the
compounds examined.

Experimental

Preparation of Compounds.—The metal 8-hydroxyquino-
lates were prepared in high purity by precipitation from
aqueous solution, using conventional analytical procedures.9

(6) R. G. W. Hollingshead, ‘Oxine and Its Derivatives,” Vols. |
and 11, Butterworths Publications, London, 1954.



604

Fig. 1.— Weight loss curves for metal 8-hydroxyquinolates
in vacuo. Fifty-mg. samples were used. For clarity curves
are displaced along the ordinate.

The chelates were collected in sintered glass crucibles and
washed thoroughly with hot water to remove excess 8-hy-
droxyquinoline. To facilitate handling, the chelates were
dried by allowing to stand at room temperature in the open
air for a period of one week (protected from dust and
strong light) and then stored in stoppered vials. Most of
the compounds contained water of hydration after this
period, although the amount of water may not have been
the same as initially present in the air-dried precipitates.
The water contents for a number of the compounds were es-
tablished by drying weighed portions of the hydrated com-
pounds in air in an oven maintained at the approximate mid-
point of the temperature ranges recommended by Duval4to
obtain the anhydrous compounds. Per cent, weight losses
obtained were: Ca, 5.8; Ni, 9.9; Co, 9.7; Zn, 9.4; Cd,
9.7; Mn, 5.0; Mg, 11.5; Ca, 12.6; Al, 3.1; In, 1.9; Fe,
0.5; Cr, 1.9; La, 1.0.

Apparatus.—An automatic recording vacuum thermobal-
ance constructed in these laboratories was used for the
present studies. The sample to be heated was contained
in a shallow platinum crucible which was suspended by a
fine nichrome wire from one end of a light quartz beam.
This load was balanced at the other end of the beam by a
small cylindrical permanent magnet suspended within a
solenoid. The beam was supported by jewel bearings.
Weight changes were recorded automatically as a function
of time in terms of the current supplied to the solenoid to
maintain balance. Weight changes of 0.1 mg. could be
detected readily.

The entire balance, and the sample, were surrounded by
a glass and quartz envelope which could be evacuated to
10“6mm. The tube surrounding the sample was of quartz
and was contained in a cylindrical tube furnace mounted
vertically. Temperature was plotted automatically as a
function of time, using a thermocouple in close proximity to
the sample. The temperature of the tube furnace was
varied with time by means of a Variac variable transformer
driven by a synchronous motor and reducing gear system.
By starting a run at a voltage setting of 30, a nearly linear
temperature-time plot was obtained.

Procedure.—The apparatus was assembled using a 50.0-
mg. sample of the 8-hydroxyquinolate (finely powdered as
obtained by precipitation). The system was evacuated
and heating begun. After the run was completed any ap-
preciable residue remaining in the sample container was
stored in a desiccator for analysis. Where possible, any
sublimate on the walls of the tube surrounding the sample
was scraped into a vial with a wire. The sublimate was
then dried in a vacuum oven at 100° for an hour to remove
any water adsorbed from the air during the scraping proce-
dure and finally the infrared spectrum (3-15 n) of the sub-
limate was determined in KBr. The resulting spectra were
compared with those of the authentic anhydrous 8-hy-
droxyquinolates. The latter were obtained by drying the
chelates in air at the temperatures recommended bv Du-
val.47

(7) Duval4does not give suitable drying temperatures for the Pb
and Ga compounds. In the present work these were dried in a vac-
uum oven at 100°.
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The weight-time and temperature-time curves obtained
from the runs were used to construct the curves given in
Fig. 1. The latter curves are for typical runs. Most of
the runs were made in duplicate. Duplicate curves were
reproducible to about +4° throughout their more vertical
portions, when plotted as in Fig. 1.

Results and Discussion

Figure 1 shows the weight loss-temperature
curves obtained for the metal 8-hydroxyquinolates
in vacuo. These curves are very different from
those reported for the same chelates in air.46

Weight losses up to a temperature of about 20C°
in Fig. 1 are due in all cases to loss of water of
hydration. That this is true is shown by close
correspondence of the weight losses up to 200°
in Fig. 1 with the weight loss data obtained by
heating the compounds 0o constant weight in air
(Experimental section). Similar initial weight losses
due to water of hydration are observed in the curves
obtained in air by other workers.46

The nature of the curves above 200° in Fig. 1
permits dividing the 8-hydroxyquinolates into
two classes. The first group of compounds, de-
rived from Cu, Ni, Co, Zn, Cd, Mg, Pb, A,
Ga, In, Fe and Cr volatilize almost completely
over fairly narrow temperature ranges. The re-
maining 8-hydroxyquinolates volatilize only par-
tially over the temperature range studied.

The volatilization of the first class of chelates
involves simple sublimation of the unchanged 8-
hydroxyquinolates. For all of these runs ap-
parently homogeneous but non-crystalline subli-
mates formed on the quartz tube above the furnace
throughout the temperature ranges corresponding
to weight loss in Fig. 1. The sublimates had the
colors expected for the anhydrous 8-hydroxy-
quinolates. Only traces (0.5 mg. or less) of black
residue remained in the sample containers at the
end of the runs.

The design of the apparatus, and the small size
of the samples, made recovery of the sublimed com-
pounds difficult. For the Cu, Co, Mn, Zn, Cd.
Mg, Pb, Al, Ga, In, Fe and Cr compounds, how-
ever, sufficient sublimed material was recovered to
permit obtaining infrared spectra. These spectra
were found to be essentially identical with the
spectra of authentic samples of the anhydrous 8-
hydroxyquinolates which had been dried in air.7
With the exception of the copper compound no
additional peaks were noted in the spectra of the
sublimed compounds which could be ascribed to
decomposition products. A small absorption peak
at 726 cm.-1 was present in the spectrum of the
sublimed copper chelate which was not found in the
spectrum of the air-dried material. Since the
remainder of the two spectra were identical, this
peak may be due to a difference in crystal structure
between the two samples rather than to the
presence of impurities in the sublimed material.

The Ca and Bi 8-hydroxyquinolates also sub-
limed to some extent, but for these compounds
significant amounts of black residue were left in the
sample container at the conclusion of the runs.
Large amounts of black residue were left by the Sr,
Ba and La chelates. The latter three compounds
were not observed to sublime appreciably and the
weight losses observed were due to decomposition.
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Elemental analyses were obtained for the resi-
dues from the Ca, Sr, Ba, La and Bi compounds.8
Unlike the results found in air,46 where the ulti-
mate residues are usually the metal oxides, the
residues obtained here contained considerable
amounts of carbon and nitrogen, and some hy-
drogen, as well as metal. An attempt was made
to determine the infrared spectra of the Ba and Ca
residues in KBr pellets. No recognizable absorp-
tion peaks were observed in the wave length region
3 to 15 n, indicating that complete destruction of
the starting chelates had occurred. It is striking
that decomposition of the Ba and Sr chelates pro-
ceeds with only a small loss of weight. Most of
the decomposition products must therefore be
non-volatile.

Because of the observed volatilities of the un-
changed chelates it is difficult to compare the heat
stabilities of the 8-hydroxyquinolates among them-
selves under the conditions used here. It is also
difficult to compare the stabilities in vacuo with
those observed in air.45 It is interesting, however,
that some of the 8-hydroxyquinolates (notably
the Mg and Mn compounds) show no decompo-
sition at temperatures in excess of 400°.  Insofar as
a comparison is possible, the 8-hydroxyquinolate
chelates appear less stable in air than in vacuo.
This is reasonable in view cf the possibilities of re-
action with molecular oxygen in air.

From Fig. 1 it will be noted that, for the diva-
lent metal chelates which sublime, the temperature
range over which sublimation takes place is a
function of the metal present. In contrast to this
behavior the trivalent metal 8-hydroxvquinolates
all sublime in the same temperature range, 250 to
350°.

According to the Langmuir equation9 1 the rate
of evaporation of a subliming substance in vacuo

(8) Elemental analyses of the residues left by the 8-hydroxyquino-
lates of the indicated metals (% C, H and N, respectively): Ca, 03.1,

3.1, 7.6; Sr, 53.5, 1.6. 5.5; Ba. 43.1, 2.1, 6.1; La, 50.7, 1.7, 2.0;
and Bi, —,—, 3.1. Only N was determined for the Bi residue.

0) A. Weissbergcr, ed., “ Technique of Organic Chemistry,” Vol. 1V,

Interscience Pub., Inc., New York, N. Y., 1051, p. 501.
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at a given temperature should be a function of
the vapor pressure, molecular weight and surface
area of the substance. Since the molecular weights
of many of the divalent metal 8-hydroxyquinolates
are similar, the observed differences in temperature
range for these compounds in Fig. 1 must be due
primarily to differences in vapor pressure and/or
surface area.

Q = P/y/2rMRT (1)

where Q is the evaporation rate per unit area, P is
the vapor pressure of the compound, m is the molec-
ular weight, r is the gas constant and T is the abso-
lute temperature.

It is interesting that a relationship appears to
exist between the temperature rar_ge of sublima-
tion for the divalent metal 8-hydroxyquinolates
and the electronegativitiesIC (Xm) of the bonded
metal ions. The order of decreasing X m for these
metals is Cu > Ni > Co>Pb>Zn,Cd > Mn > Mg >
Ca. With the exceptions of Pb and Zn this is also
the order of increasing temperature of sublimation.
Since no relation between Xm and surface area
would be expected, the observed relation between
Xm and sublimation temperature probably is the
consequence of a relationship between Xm and
vapor pressure for these compounds. Since the
vapor pressure is determined, at least in part, by
intermolecular forces in the solid compounds, these
forces must decrease with increasing values of X m-
The lack of dependence upon X m of he sublimation
temperature range for the trivalent metal 8-hy-
droxyquinolates may be due to the additional
shielding of the metal atom by the third 8-hydroxy-
quinolate residue present in these molecules.
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(10) W. Gordy and W. .1 O. Thomas, J. Cuem. Phys., 24, 430
(1056).
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Heats of formation from the elements of anhydrous ferrous chloride, ferric chloride and manganous chloride were deter-

mined by measuring appropriate heats of solution and reaction in hydrochloric acid.
ferric chloride, —05.7 + 0.2; and manganous chloride, —115.19 + 0.12 (kcal./mole at

ferrous chloride, —81.86 + 0.12;
298.15°K.).

Previously existing23values of the heats of for-
mation of the chlorides of iron and manganese are

(1) Formerly physical chemist, Minerals Thermodynamics Experi-
ment Station, Bureau of Mines, Region 11, Berkeley, Calif.

(2) F. D. Rossini, D. D. Wagman, W. Il. Evans, S. Levine and I.
Jaffe, Natl. Bur. Standards Circ. 500, 1952.

(3) O. Kubaschewski and F. L. Evans, “Metallurgical Thermo-
chemistry,” John Wiley and Sons, Inc., New York, N. Y., 1956.

The results obtained are as follows:

based upon rather old and somewhat uncertain
thermochemical measurements. It is difficult to
appraise the accuracy of these values. (Selected
data in the two references cited differ by as much as
3.3 kcal./mole.) As a consequence, new deter-
minations appeared desirable. The present paper
reports new values for anhydrous ferrous chloride,
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ferric chloride and manganous chloride, obtained by
solution calorimetry.

Materials.—Iron powder was prepared from ferric hy-
droxide, obtained by dissolving pure iron wire in sulfuric acid
and precipitating with ammonia. The ferric hydroxide was
washed, dried at 140° and crushed to —100 mesh. It then
was reduced with hydrogen for 5.5 hr. at 500°, after which
the metallic clumps were broken up and again treated with
hydrogen for 5.5 hr. at 500°. The oxygen content of the
product as it was used in the measurements ranged from 0.10
t0 0.22%.

The ferrous chloride was prepared by Kelley and Moore.4
It was retreated before use in the present measurements by
drying in a stream of hydrogen chloride for 5 hr. at 450°
and 6 hr. at 460-475°. Tests for ferric iron (thiocyanate
method) indicated 0.005% (equivalent to 0.015% ferric
chloride). Analysis gave 44.06% iron and 56.10% chlorine,
as compared with the theoretical 44.06 and 55.94%.

Ferric chloride was prepared by the reaction of high-
purity iron wire and dry hydrogen chloride gas near 350°.
The ferric chloride sublimed in the hot zone and condensed
downstream on the cooler parts of the tube wall. The con-
densate was removed and resublimed in dry hydrogen chlo-
ride. Tests for ferrous iron indicated 0.006% (equivalent
to 0.014% ferrous chloride). Analysis gave 34.41% iron
and 62.42% chlorine, as compared with the theoretical
34.43 and 65.57%.

Reagent grade hydrogen peroxide was used at concentra-
tions of 12.76 to 13.73%. Analysis of the hydrogen per-
oxide will be discussed later.

The manganese was an electrolytic product furnished by
the Boulder City, Nev., Station of the Bureau o: Mines.
The purity was stated to be 99.92%. It was degassed by
heating in a stream of pure helium for 1.5 hr. at 990-1020°.

Manganous chloride was prepared from reagent grade
manganous carbonate by K. C. Conway of this Laboratory.
The carbonate was dissolved in hydrochloric acid and the
solution was filtered and then evaporated until a good crop
of crystals of the hydrated chloride was obtained. The
crystals were transferred to a Pyrex tube and dehydrated
by prolonged treatment with a stream of hydrogen chloride
and nitrogen at 350°. Analysis of the product gave 43.71%
manganese and 56.37% chlorine (theoretical values, 43.66
and 56.34%).

Methods and Results

The heats of formation of ferrous and manganous
chlorides were obtained by calorimetric reaction
schemes involving solution of the chlorides and the
metals in hydrochloric acid. In the case of ferric
chloride, an additional reaction step (the oxidation
of ferrous ion by hydrogen peroxide) was necessary.

All measurements were made with previously de-
scribed apparatus.88 The results are expressed
in defined calories (1 cal. = 4.1840 abs. joules).
All sample weights were corrected to vacuum and
all formula weights accord with the 1954-1955 Re-
port on Atomic Weights.7

All reactions were conducted in 1936.2 g. of
4.360 m hydrochloric acid; the preparation and
standardization were discussed previously.8 The
amounts of the other substances were 0.03 mole for
the reactions used to obtain the heats of formation
of the iron compounds and 0.02 mole for the reac-
tions used to obtain the heat of formation of man-
ganous chloride.

Each individual heat of reaction measurement
was accompanied by a calibration of the calori-
metric system. The calorimeter surroundings were

(4) K. K. Kelley and G. E. Moore, J. Am. Chem. SOC., €5 1264
(1943).

(5) J. C. Southard, Ind. Eng. Chem., 32, 442 (1940).

(6) J. P. Coughlin, J. Am. Chem. SOC., 77, 868 (1955).

(7) E. Wichers, ibid., IS, 3235 (1956).

(8) J. P. Coughlin, ibid., 78, 5479 (1950).
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maintained 30.00 = 0.01°, and all results were cor-
rected to exactly 30.00° (303.15°K.).

Ferrous Chloride.—Table | gives the equations
for the reactions used to determine the heat of
formation of ferrous chloride and the mean values
of the heats and the precision uncertainties. Re-
actions 1 and 2 were measured consecutively in
the same batch of acid; reactions 3 and 4 were
measured consecutively in another batch of acid.
Thus the final solutions after conducting reactions
1 and 2, and after conducting reactions 3 and 4, are
identical and AHi + AH2 — AH 3 — AHt Yields the
heat, aAHi, of the resultant over-all calorimetric re-
action.

Table |

Heat op Formation of Ferrous Chloride

Ai7ac3i6,
Reaction cal.

(1) Fe(a) + 2HHsoln) = Fe f(soln)  -20,820 + 40
+ HZQ)

(2) 2(HC1-12.731R>0)(1) = 2H+Hsoln) 0+ 10
+ 2CI“(soln) + 25.462HD (soin)

(3) FeClZAc) = Fe++(soln) + -15,000 £ 20
2Cl~(soln)

(4) 25.462HD(1) = 25.462H,0(soln) - 2,030 £20

(5) Fe(a) + 2(HCM2.731HD)(1) = - 3,790 £50
FeCl2c) + HZg) + 25.462H,0(1)

At 298.15°K.; AHb= -3,790 - 270 = -4,060 = 50

Six determinations of reaction 1 were made,
yielding —20,860, —20,780, —20,780, —20,850,
—20,810 and —20,870 cal. These results contain a
correction of —338 cal. for heat absorbed in vapor-
izing water and hydrogen chloride by the escaping
hydrogen and a correction of 4 cal. for the heat
evolved in reducing a small amount of chloroplatinic
acid used as a catalyst for the reaction. The correc-
tion for the oxygen content of the metal ranged from
—3to —8 cal., depending upon the time of storage
of the sample.

Reaction 2 is necessary to maintain stoichiome-
try. Only a single heat measurement was made to
confirm previous work9in which substantially this
same reaction was measured and found to have
virtually zero heat effect.

Six measurements of the heat of reaction 3 were
conducted, the values being —14,980, —14,980,
-15,000, -15,000, -15,010 and -15,000. The
calculated correction for the ferric chloride content
of the ferrous chloride is about 1 cal., a negligible
amount.

Substantially the same reaction as reaction 4 has
been investigated previously.9 Two additional
heat determinations were made to confirm the pre-
vious results. In the first, the water was added to
the calorimeter in three equal portions. The
measured heats were —676, —672 and —666 cal.,
making a total of —2,014 cal. for 25.462 moles of
water. In the second, the total required amount of
water was added in one step, and —2,060 cal. was
the measured heat effect. These two measure-
ments and the three previous ones9lead to —2,030
+ 20 cal. as the heat of reaction 4.

Reaction 5 represents the formation of ferrous

(9) J. P. Coughlin, This Journal, 62, 419 (1958).
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chloride, water and hydrogen from iron and hydro-
chloric acid. The heat was corrected to 298.15°K.
by means of the heat capacity data of Kelleywoand
Rossini. 11

The heat of formation of ferrous chloride from the
elements was obtained from the heat of reaction s
and the literature valuez of the heat of formation of
the hydrochloric acid (—38,900 + 50 cal./mole).

Fe(«) + Cl2g) = FeCl2c)

Aff28i5 = -81,860 + 120cal. (6)

Ferric Chloride.—-Table Il summarizes the re-
actions used to obtain the heat of formation of
anhydrous ferric chloride. Reactions 7-10 were
conducted consecutively in the same batch of hy-
drochloric acid and reactions 11 and 12 likewise
were conducted in another batch of acid. The
summation, AH7 + AHs+ AH9+ AHo — A//u —
A//,2 gives A1z for the over-all calorimetric reac-
tion.

Table Il

Heat op Formation op Ferric Chloride

A#RIG
Reaction cal.

(7) Fe(oi) + 2H+(soln) = Fe+h'soln) -20,820 = 40
+ HIAQ)

(8) 2(HC1-12.731HD)(1) = 2H+(soln) 0+ 10

2CI“(s°In) + 25.462H2D (soln)

(9) Fe++(soln) + ‘/AH2212.580H20)(l) -31,350 + 40
+ H+(soln) = Fe+++(soln)
+ 7.290H2(soln)

(10) (HCM2.731HD)(1) = H Hsoln) 0+ 10
+ Cl"(soln) -f 12.731H2D(solu)

(11) FeCk(c) = Fe+++(soln) + 3Cl1~ -24,460 +20
(soln)

(12) 45.483HD(1) = 45.483HD(soln) 3,630 = 10

(13) Fc(«) + 3(HCM2.731HD)(i) + -24,080 = 70
Vs(HD 212.580H2)(I) =
FeCk(c) -(- HAg) + 45.483HD(1)

At 298.15°K., AHu = -24,080 - 410 = -24,490 + 70

Reactions 7 and s are identical with reactions 1
and 2 of Table I, and the same heats apply.

In studying reaction 9 (the oxidation of ferrous
ion by hydrogen peroxide) weighed amounts of the
peroxide solution were sealed in glass bulbs, which
were broken in the calorimeter at the proper time.
It was arranged that the amount of peroxide was
slightly less than that required to oxidize all of the
ferrous ion present. Determinations of the ferrous
ion content of the calorimeter solution before the
peroxide was added, and immediately after reaction
9 was complete, served to determine the actual
amount of peroxide used in reaction 9. This pro-
cedure was necessary because of the inherent insta-
bility of the peroxide. There always was some de-
composition during filling, sealing and storing of
the bulbs. This made it impossible to know their
exact peroxide contents, even though accurate
weighings were conducted. Six measurements of
the heat of reaction 9 gave —31,340, —31,370,
-31,410, -31,370, -31,280 and -31,350 cal.

Reaction 10 involves the necessary additional

(10) K. K. Kelley, U. S. Bur. Mines Bull. 477, 1950.
(11) F. D. Rossini, J. Research Natl. Bur. Standards, 4, 313 (1930).
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acid makeup after reaction 9, to maintain rigid
stoichiometry. A single measurement was made to
confirm that the heat of reaction 10 was virtually
zero, as for the similar reaction 8.

Six measurements of reaction 11 gave —24,440,
-24,470, -24,450, -24,480, -24,460 and
—24,440 cal. The calculated correction for the fer-
rous chloride content of the ferric chloride is negli-
gible (co. 1 cal.).

Three measurements of reaction 12 gave —3,630,
—3,620 and —3,630 for 45.483 moles of water.

Reaction 13 represents the formation of ferric
chloride, hydrogen, and water from iron, hydro-
chloric acid and hydrogen peroxide solution. Cor-
rection of the heat to 298.15°K. was made by means
of the heat capacity data of Kelley,10 Rossini,1l
and Giguere and co-workers. 11

The heat of formation of ferric chloride from the
elements was obtained from the heat of reaction 13
and literature values2 of the heats of formation of
hydrochloric acid (—38,900 + 50 cal./mole), wa-
ter (—68,320 = 10 cal./mole), and hydrogen per-
oxide solution (—45,660 = 200 cal./mole).

Fe(ar) + 3/2Cl2g) = FeCl3c)

AHZmis = -95,700 + 200 cal. (14)

Manganous Chloride.—Table 111 summarizes the
measurements for obtaining the heat of formation
of anhydrous manganous chloride. Reactions 15
and 16 yield the same end products and concen-
trations as reactions 17 and 18. Consequently,
AHIO = AH1-j- A/li6— A/l17 — Aifis.

Table Il

Heat op Formation of Manganous Chloride

AHEBIS
Reaction cal.

(15) Mn(a) -F 2H+(soln) = Lin++ -51,610 40
(soln) + H2ZQg)

(16) 2(HC1-12.731HD1(1) = 2H+(soln) 0+ 10
+ 2Cl-(soln) + 25.462HD (soln)

(17) MnCl.(c) = Mn++(soln) + 2C1~ -12,470 £ 20
(soln)

(18) 25.462H2(1) = 25.462H:0(soln) 2,010 + 10

(19) Mn(a) + 2(HCIT2.73IHjO)(I) = -37,130 + 50
MnClj(c) (- H.(g) + 25.462H2(1)

At 298.15°K., A = -37,130 - 260 = -37,390 + 50

Six measurements of the heat of reaction 15 gave
-51,650, -51,540, -51,(50, -51,590, -51,620
and —51,590 cal. These results include a —329
cal. correction for vaporization of water and hydro-
gen chloride by the escaping hydrogen.

The heat of reaction 16 would be expected to be
virtually zero, in view of results for similar reaction
2. A single measurement was made to confirm this.

Six heat determinations were made of reaction
17.  The results were —12,470, —12,450, —12,460,
-12,460, -12,480 and -12,490 cal.

Three determinations of the heat of reaction 18
were made, —2,010, -2,0.0 and —2,000 cal. It
is to be expected that the heat of this reaction would
be virtually identical with that of similar reaction 4.

Correction of the heat of reaction 19 :,0298.15°K

(12) P. A. Giguere. B. G. Morisse to, A. W. Olmos and O. Knop,
Can. J. Chem,, 33, 804 (1955).
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was made, using heat capacity data from the lit-
erature.l811 Combination of heat of reaction 19
with the heat of formation of hydrochloric acid2
yields the heat of formation of manganous chloride
from the elements.
Mn(a) + Cl2g) = MnCh(c)

Aif285 = -115,190 +

Discussion of Results

It is believed that these new heat of formation
values are an improvement over previously existing
data, especially from the viewpoint of assigning un-
certainties. The value for ferrous chloride is —360
cal./mole more negative than the result listed in
previously mentioned compilations.23 However,

120 cal. (20)

S. V. R. Mastrangelo
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it is virtually identical with the value (—81,900
cal./mole) selected previously in connection with
thermochemical measurements of fayalite,13ferrous
oxideX and ilmenite.’6 The value for ferric chlo-
ride is identical with the selection of Kubaschewski
and Evans,3but 1,100 cal./mole more positive than
that of Rossini and co-workers.2 On the other
hand, the value for manganous chloride checks the
selection of the latter workers and is 3,190 cal./mole
more negative than that of the former.

(13) E. G. King, J. Am. Chem. Soc., 74, 4446 (1902).

(14) G. L. Humphrey, E. G. King and K. K. Kelley, U. S. Bur.
Mines Rept. of Investigations 4870, 1952.

(15) K. K. Kelley, S. S. Todd and E. G. King. U. S. Bur. Mines
Rept. of Investigations 5059, 1954.
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An equation of solubility has been derived for two component systems which possess one or more similar interactions per

molecule.

The equation predicts the number,/, of interactions per molecule and the equilibrium constant, K. Good agree-

ment with experimental data on the solubility of chlorofluoromethanes and ethanes in tetraethylene glycol dimethyl ether

and of chloroform in acetone is shown.

The solubilities of a number of simple chloro-
fluorocarbons have been measured in tetraethylene
glycol dimethyl ether. Interaction presumably
occurs by formation of hydrogen bonds. All of
the systems studied gave a linear plot when the
activity coefficient, yT of the solute was plotted
against its activity, ar (defined as the ratio (P/Po)
of its vapor pressure above the solution to the
vapor pressure of the pure liquid solute at the same
temperature). This linear relationship held in the
region: 0 < aT< 0.5. When ar > 0.5, a down-
ward curvature was noted in most cases. As-
suming two experimental parameters, this sug-
gests an equation of the form shown by equation 1

Tr = A, + K2a, + f(KItK2W 1)

where K\ and Ki are constants. Since an equation
of this type allows experimental solubility data to
be plotted directly and correlated very simply, it
was felt that some theoretical justification might
not only yield some needed insight on solubility
theory in general but also provide a useful interpre-
tation of the constants of equation 1

Statistical Model.—The model which fits the sys-
tems studied regards the solvent as a number,
fN e, of energetically identical sites, where N is the
total number of solvent molecules in solution and /
is the number of active sites per molecule. For
example, the solvent used was tetraethylene glycol
dimethyl ether. This molecule has a theoretical
maximum functionality, /, of 5, one for each un-
hindered ether link, when a simple solute such as
diehlorofluoromethane (CHCFF) is used. The
total number of solute molecules in solution is
taken as NT, of which Z are bound to some of the

/A), solvent sites and (iVr — Z) are free to occupy
positions near the bound molecules in a manner
that is energetically and statistically equivalent to
that of the pure solute liquid.

It is to be noted that in this rather simplified
model, the elements of the solvent molecule which
are not part of the active sites, e.g., the methylene
groups in tetraethylene glycol dimethyl ether, are
ignored. The fNB available ether oxygens are
considered as separate entities. Use of a co-
ordinationl number is thus avoided.

Derivation of the Solubility Equation.—Deivva-
tion of the solubility equation follows simply by
application of standard methods of statistical
thermodynamics. For this purpose, the “ quasi-
chemical” treatment of Fowler and Guggenheim
(p. 358)2 was used with the “harmonic oscillator
model” (p. 325)2for the liquid. The details of this
treatment, using the proposed model, are straight-
forward after stating the partition functions for
the bound and free solute molecules. These may
be written according to equations 2 and 3, re-
spectively.

n (/a)! r, X + KT-

v (a.+z@\L p kt F @

n. (Ar - 1) [A [* + KTY](Vr2z)
@ (N.-2(Z- D[/ P( kT JJ 5
where ®)
= ® )

(1) E. A. Guggenheim, “Mixtures,” Chapter XI, Oxford Univer-
sity Press, Amen House, London, 1952.

(2) R. H. Fowler and E. A. Guggenheim, “Statistical Thermo-
dynamics,” Cambridge University Press, Cambridge, 1939.
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Except for the symbols defined previously, the
nomenclature is essentially that of Fowler and
Guggenheim.2 By application of standard meth-
ods, it can be shown that the “quasi-chemical”
type equation (cf. eq. 409.1)2 for this system is
given by equation 5.

(-V. - Zm){N, - Zm) = vZnR2 (5)
where = JWJexp((X0—X/KT and Zmis the value
of Z which maximizes the partition function.
It also can be shown that equation 6

results simply from expressions for the chemical
potentials of the solute in solution and of the pure
liquid solute derived from the partition functions.
Substitution of equation 6 into equation 5 results
in equation 7.

(A + Dar[/A". - AT(I - A\(l - a,)2 (7)
where (A+1) = 1/?;. Equation 7 is homogeneous

in N, so that the following substitutions may be
made easily after dividing both sides by NT+ Na

Nr

cr)] =

R ONr s N ®

X — —i Y
8—ah+ N. | Ar ©)
Tr _—=flr/A.p (10)

This leads to the solubility relationship given by
equation 11

7r = A, + Kaar+ (1 - Ki - Ki)a,2 (1D
where
v 1
1 /(1+ K) (12)
and
K 14 K- 1
14 /(1+A) (1)

Equation 11 is exactly the expression (equivalent
to equation 1) which has been sought.

Refinements.—One obvious refinement of this
treatment is to consider that the free solute mole-
cules move in a potential field that is different from
that of the pure liquid. It can be shown then that
an additional parameter is required in the solu-
bility expression such that equation 15 now obtains.

gyr = A, + KyaT+ (1 - Ki —K2(ga,y (15)
where g = JU¥Ji exp (xo — xi/KT). The zero
subscripts refer to the free solute molecules and the
“1" subscripts refer to the pure liquid solute. If
the interactions become non-specific, / = 1 and
K = 1, so that this treatment becomes equivalent
to Guggenheim’s (p. 30)1zeroth approximation for
regular solutions. This leads to the familar
logarithmic relationship shown by equation 16.

InTr = Br(1 - Xry
where Bris a constant.

Ordinary Thermodynamic Treatment.—Equa-
tion 11 can be derived by application of ordinary
thermodynamics. Consider the equilibrium speci-
fied by equation 17

(1%

r+ s rs 17)

such that
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_aﬁa (18)
where r and s represent (Nr — Z) moles of solute
and (fNa— Z) moles of solvent, respectively, and
rs represents Z moles of the bonded species. The
values of alB ar and aa are defined below as effec-
tive concentrations.

Nt ~ Z X, - Zz 19

“l Nr+JdN .-z I+ @ - fyxr - Z (19)
= IAY, - Z fX. - z _

Nr +fN. - Z [/ + (1 - f)yxr- Z (20)

a" Nr + fN. - z f+@-"HXr-2z2 { >

where Z = Z/Nr+ Na The right-hand terms of
equations 19 to 21 were obtained by multiplying
numerator and denominator by NT + Na and
making the substitutions prescribed by equation 8
and 9. This treatment differs from the usual
chemical equilibrium treatment3 in that the
probability expression, eq. 18, for the equilibrium
constant does not distinguish between solute
collisions with reacted and unreacted molecules.
The usual expression for this latter situation is
given by equation 22

&3

K = (22)
for the equilibrium expressed by equation 23
fr + s < >rfS (23)

Equations 22 and 23 lead tc rather complex ex-
pressions for the solubility relationships. However,
the very simple expression, given by equation 11,
may be derived by substituting equations 20 and
21 into equation 18 to yield equation 24

7 _ KfX.a,
1+ KCr

and eliminating Z between equations 19 and 24.
The expression for the activity coefficient of the
solvent can be derived in an analogous manner.
This is given by equation 25.

ro,, - di _ _Kf
=£+~1 + L1+ K+ 1J 8 KT T

Experimental Plots of Activity Coefficient vs.
Activity.—Equation 11 shows that a plot of
7rvs. ar will yield a straight line in regions of low
activity (0 < ar < 0.5). Table I lists the least
squares values of K+ (intercept) and AY (slope) ob-
tained by application of equation 1 to a series of
chlorofluorohydrocarbons in tetraethylene glycol
dimethyl ether. The quadratic term was ignored.
These data appear in another publication.4 The
number of experimental points, their average and
maximum per cent, deviation and the range of
activity also are listed. In most cases the data fita
straight line to within the experimental error of
+ 2%.

In order to calculate the functionality, /, and the
equilibrium constant, K, it is necessary to know the
initial slope of the curve. Tnis may be accom-
plished simply by calculating the quadratic co-
efficient of equation 11 and extrapolating back over

(3) J. H. Hildebrand and R. L. Scott, “ The Solubility of Non-elec-

trolytcs,” Reinhold Publ. Corp., New York, N. Y., 1955, Chap. XI.
(4) S. V. R. Mastrangeio, Refrig. E n g r submitted for publication.

(24)

(25)
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Tabie |
Linear Solubility Relationships for Some Simple Chlorofluorohydrocarbons in Tetraethylene Glycol Di-
methyl Ether
) Calcd. Initial Dev., % No. of Range of
Solute t. °C. P°, p.s.i.a. Ki k2 / slope3 sloped Av.e Max.*  points (o3
CHCUF 28.6 29.3 0.148 0.991 3 1.037 1.061 2.6 5.9 6 0-0.5
56.0 66.5 .190 .983 3 0.953 0.983 0.2 0.8 5 0-0.3
CHCI1F, 28.6 169.7 .166 919 3 1.010 979 0.8 1.9 11 0-0.7
56.0 326.1 .201 .904 3 0.932 .904 3.1 6.3 12 0-0.3
86.0 609.1 .243 874 3 .847 874 1.4 3.2 17 0-0.15
91.0 669.8 .253 .820 3 .827 .820 0.7 1.6 8 0-0.15
CH2U1F 35.0 71.2 .240 925 2 1.02 991 .3 0.4 8 0-0.4
54.4 1235 .260 925 2 0.980 972 2 0.3 6 0-0.25
73.9 202.5 .276 .925 2 0.948 925 .8 1.6 3 0-0.15
chfXhf2 28.6 85.8 .213 1.057 2 1.074 1.057 1.5 2.9 9 0-0.2
56.0 184.4 .285 0.925 2 0.931 0.925 0.5 0.7 6 0-0.3
86.0 348 .364 811 2 771 811 0.1 0.4 4 0-0.2
CHITCC1F, 35.0 70.6 374 .682 2 751 721 1.0 3.9 16 0-0.7
54.4 119.7 444 .594 2 612 617 0.9 3.9 17 0-0.5
73.9 190.6 .505 .508 2 490 .514 0.3 0.5 7 0-0.5
Calcd. slope = 1+ AT(U/AT - 2) = /+ 1// - 2A, blnitial slope = AT' - (1 - A, —A2(range a,’); correcti

for curvature whin the range extended beyond a, =

0.4 or when the range of aTwas small.

¢ Average and maximum per

cent, deviation of the experimental points from the equation yT= Ai + K-/ar.

half of the range of aT This leads to the expres-
sion given by equation 26
AV — (1 —A, —K>)aT (26)

where aT is the maximum value of activity over
which the dam were plotted (or least squared).
This correction is small and is probably required
when the range of activity treated is 0.4 or greater.
The values of / and A may then be calculated by
simultaneous solution of equations 12 and 13.

A simpler procedure for determining/and A is to
fit AT and A» to the theoretical lines of Ai versus Ki

K2 = initial slope =

for various values of / as shown in Fig. 1 or by
interpolation in Table Il. The theoretical values
were calculated by equation 27

AT =1+ AT - 2) = - 2AT (27)

Figure 1 shows the experimental values of Ai vs. A2
for the various systems listed in Table I. These
points fall near the / = 3 curve for CHC1Z and
CHCIF2 and near the/ = 2 curve for the remain-
ing systems. The actual values calculated for the
slope when / takes on integral values of 2.0 or 3.0

Tabre Il

Theoretical Relationship between A,, AT and /

Ki/f — 0.1 0.2 0.3 0.4 0.5
1 1.8000 1.6000 1.4000 1.2000 1.000C
2 1.3000 1.1000 0.9000 0.7000 0.500C
3 1.1333  0.9333 .7333 .5333 .3333
4 1 0500 .8500 .6500 4500 .2500
5 1.0000 .8000 .6000 4000 .2000

are listed in Table I along with values calculated
for the initial slope by equation 26 when aT> 0.4
or when the range of arwas small. The agreement
between these values of calculated and observed
initial slope is considered good in view of the un-
certainty of + 2% in the experimental data.

The classical data of Zawidzki5 for chloroform-
acetone was fitted to equation 11 and the resulting
expression is shown by equation 28.

»r = 0462 + 1.0760t - 0.538ar2 (28)

Table 111 lists the results of applying equation 28
to Zawidzki’'s data and compares these with the
Hildebrand3expression. The agreement is shown
to be at least as good as the Hildebrand expression
at the ends and somewhat better in the middle.
This, of course, does not justify our model over any
other model since, as Hildebrand states (p. 181),3
solubility equations derived from various models
frequently agree with each other better than with
the experimental data. It is felt, however, that
equation Il does allow a greater insight into the
mechanism of solubility than the logarithmic
expression and that the direct plots of yTvs. aTare
used more easily for treating data and making cor-
relations. It should be noted that the slone-
intercept relationship for the chloroform-acetone
data is plotted in Fig. 1 where it is shown to fall
onthelineof/ = 1.0as it should.

Discussion of Results

Dichlorofluoromethane and chlorodifluorometh-
ane in tetraethylene glycol dimethyl ether yielded

(5) J. Zawidzki, Z. physik. Chem., 55, 129 (1908).
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Tabite Il

Comparison of Solubility Equations with Data on the

System Chloroform-A cetone

lX_t caled.)
(obsd.) yr (caled.) ildebrand,3
X, or awidzki6 eq. 28 Chapter X1
0.000 0.000 (0.462) (0.462) (0.44)
.060 .0306 .51 494 .48
.184 .1086 .59 573 .56
.263 .1710 .65 .630 .61
.361 2491 .69 .696 .69
424 .3053 72 .740 .74
.508 3911 77 .800 .81
.581 476 .82 .852 .86
.662 .583 .88 .906 91
.802 762 .95 970 .97
918 .909 .99 .996 .99
1.000 1.000 1.00 1.000 1.00

values of 3 for the functionality. This indicates
that two of the five ether-oxygens of the ether are
sterically hindered (or deactivated due to hydrogen-
bonding at the other three oxygen sites). This is
in agreement with the conclusion deduced in-
tuitively by Zellhoeffer and Copley6 from the
position of the maximum in the heat of mixing curve
for dichlorofluoromethane in tetraethylene glycol
dimethyl ether. Values of the heat of mixing,
AHmM were interpolated from a graph given in
Zellhoeffer's paper6and listed in Table IV. These
are compared with values for the heat of mixing
calculated by equation 29 for our model.

Tabte IV

Heat of Mixing of CHCI1ZF in CHIO(C2-|5))4CH3
AHm(fi’&sﬁtalle(prox.)

1+ K A+ 3A* Cal./mole SAoll—iq'M
. Xi + XiX, AHm AHmM (ref.
Xi XiX, 3Ai X\ + 3X. AHt (caled.) no. 6)
0.0 0.00 3.0 0 3.00 0 0
1 .09 2.8 240 2.73 250 250
2 .16 2.6 460 2.47 490 525
.3 21 2.4 640 2.22 710 750
4 24 2.2 820 1.98 910 950
.5 .25 2.0 940 1.74 1100 1125
.6 .24 1.8 1000 1.52 1190 1300
7 21 1.6 990 1.33 1190 1350
.8 16 1.4 860 1.16 1030 1280
9 .09 1.2 570 1.05 680 900
1.0 .00 1.0 0 1.00 0 0

(6) G. F. Zellhoeffer and M. J. Copley, J. Am. Chem. SoC., 60, 1343
(1937).
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JK X, X
AHmM = AH e
m r1+ K X, + fXs—2Z (29)
where
AHF = R_I_fdln K1 (30)
and
;
T AHT (31)

Equation 29 requires the application of successive
approximations until a constant value of Z is ob-
tained by equation 31. The values of /, K and
AHtdetermined from out datad4were 3.0, 2.201 and
—3.65 kcal./mole, respectively, at 3.5°. Table
IV shows that the agreement in magnitude and
position of the maximum calculated by equations
29 to 31 and the experimental data of Zellhoeffer
and Copley6is good.

The value of / = 2 for the other solutes in
tetraethylene glycol dimethyl ether is believed to
be caused by greater steric effects due to the larger
size of these molecules. Also, two out of three
of these compounds have two hydrogens which may
be capable of forming hydrogen bonds. This, of
course, would reduce the apparent functionality of
the solvent since two solvent sites may be satisfied
by only one solute molecule. The fact that the
functionality is 2 rather than 1.5 for these solutes
results from steric considerations again. These
effects can be seen readily by constructing models.
It should be noted also tiat when different proton
acceptors (or donors) are present in the same mole-
cule or when the first interaction influences the
degree o: the second interaction, equilibria of the
type described by equations 22 and 23 are likely
to occur. Under these conditions, the value of /
is likely to be non-integral. The value of / = 1
obtained for the chloroform-acetone system is in
agreement with theoretical considerations.

In conclusion, it is believed that, because of its
simplicity, equation 11 will be useful for correlating
and treating solubility data, especially for complex
or polymeric solvents which interact with simple
solutes. Also, the possibility of using solubility
techniques for investigating the structure of poly-
mers or polymer solutions of polyethers, poly-
amides, polyamines, etc., is apparent.
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DATA FOR DIFFUSION IN A CONCENTRATED SOLUTION OF THE SYSTEM

NaCl-KCI-HD AT 25°.

A TEST OF THE ONSAGER RECIPROCAL RELATION

FOR THIS COMPOSITION

By Peter J. Dunlopl
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Received October 1, 1958

The four diffusion coefficients which are necessary to describe the solute flows in a ternary solution have been measured

for the system NaCI-KCI-H2D with each solute concentration equal to 1.5 molar.
measured activity coefficients for this system are used to test the Onsager reciprocal relation for ternary diffusion.

These data together with previously
The

Onsager relation is verified within 8%, and this value is less than the maximum expected error which is calculated from esti-

mated individual errors in the various experimental data.

In a recent paper®four tests were made of the
Onsager reciprocal relation3-5 for ternary dif-
fusion in relatively dilute solutions of the system
NaCIl-KCI-H2. In no case was the total salt con-
centration of the system greater than one molar.
Previously measured diffusion6 and thermody-
namic78data were employed in these tests and in
each case the Onsager relation was verified within
the expected experimental error of about 8%.
Miller9 has also reported several tests of the On-
sager relation, but he used certain estimated, rather
than experimental, values for the solute activity
coefficients.

The diffusion measurements reported in this
paper were undertaken to test the Onsager relation
for two reasons. Firstly, at high concentrations
it was hoped that the cross-term diffusion coef-
ficientsldwould be larger than those in the previous
measurements.6 Secondly, at high concentrations
the derivatives of the logarithms of the activity
coefficients contribute a greater proportion of the
chemical potential derivatives, which appear in
the Onsager relation for a three-ion system (see
equations 1 of ref. 2), than they do at low concen-
trations. Thus at the high salt concentrations
used in this study these chemical potential deriva-
tives are not as accurately known as they are at
lower concentrations.

This paper must be read in conjunction with two
previous publications21l since frequent reference
will be made to certain equations and tables in
those works. When the letters D or F follow
equation and table numbers in this paper, they
refer to references 1 and 11, respectively.

Experimental

The Gouy diffusiometer used to measure the reduced
heighh-area ratios, 3, and the differential refractive incre-

(1) Department of South
Australia.

(2) P.J. Dunlop and L. J. Gosting, T his Journa1, 63, 86 (1959).

(3) (a) L. Onsager, Phyn. Rev., 37, 405 (1931); (b) ss, 2265 (1931).

(4) L. Onsager and R. M. Fuoss, This Journat, 36, 2689 (1932).

(5) L. Onsager, Ann. N. Y. Acad. Sci., 46, 241 (19451.

(6) 1. J. O'Donnell and L. J. Gosting, a paper presented in a Sym-
posium at the 1957 meeting of the Electrochemical Society in Wash-
ington, D. C.; the Symposium papers are to be published as a mono-
graph by John Wiley and Sons, New York.

(7) R. A, Robinson, in “Electrochemical Constants,”
Bureau of Standards Circular 524, 1953.

(8) R. A. Robinson and R. H. Stokes. “Electrolyte Solutions,”
Appendix 8.3, Butterwortlis Scientific Publications, London. 1955.

(9) D. G. Miller, T nis Journat, 62, 767 (1958).

(10) P. J. Dunlop and L. J. Gosting, J. Am. Chem. Soc., 77, 5238
(1955).

(11) H. Fujita and L. J. Gosting, ibid., 78, 1099 (1956).

Chemistry, University of Adelaide,

National

ments, Ri, has been previously described,1213 as have alsc
the necessary experimental conditions and methods1014 usee
to obtain the Da, the Ri and the graphs of the fringe de-
viations, 0, versus the reduced fringe numbers /(f). The
reader is referred to previous publicationsi314for definitions
of these experimental quantities.

A single quartz Tisehus cell, 9 cm. in height, was used in
all experiments. The cell dimension, a, along the optic
axis was 2.5062 cm. and the optical lever arm, b, of the Gouy
diffusiometer was 306.86 cm. All diffusion measurements

were made with the 5460.7 A. mercury line isolated from a
G.E. A-H4 lamp with a Wratten 77A filter.

Materials and Solutions.—The sodium and potassium
chlorides used in these experiments had been recrystallized
and fused previously.1014 All solutions were prepared by
weight using doubly-distilled water, saturated with air, as
solvent. The weight fraction of each solute, corrected to
vacuum, was converted to the corresponding molarity, C,
by means of densities, p, in g./ml., measured in triplicate
in 30-ml. Pyrex pycnometers. The molecular weights of
NaCl and KC1 were taken to be 58.448 and 74.557, respec-
tively.

To facilitate preparation of solutions, an equation was
derived for predicting solution densities in the region Ci =
Ci — 1.5 by using the empirical relation

V = NoVoO + + N2 (1)

where V is the total volume of solution, No, N,, and No are
the number of moles of water, NaCl and KC1, respectively,
and W is the volume of a mole of water at 25°. The de-
pendences on concentration of €\and 4, the apparent molal
volumes for binary systems, are given approximately by

4n = 16.40 + 2.153x/ci )
02 = 2652 + 2.327VC2 (3)

For this ternary system Ci and Ci in these expressions were
replaced by the total solute concentration (Ci + C2.16 The
resulting expression in the region of Ci = C2= 1.5is

P = 1.120786 + 0.03644(C, - 1.5) + 0.04216(Cs - 1.5)

(4)
The density of water was taken to be 0.997075 g./ml. in this
calculation. This equation predicts solution densities with
an accuracy of about 6 parts in the fifth decimal place (see

Table 1) and it was used for preparing solutions of the de-
sired concentration for each experiment.

Results

All the experimental quantities for the determi-
nation of the four diffusion coefficients are sum-
marized in Table I. Lines 2-9 give the solution
concentrations used in each experiment together

(12) L. J. Gosting, E. M. Hanson, G. Kegeles and M. S. Morris»
Rev. sci. Instr., 20, 209 (1949).

(13) P. J. Dunlop and L. J. Gosting, ./. Am. Chem. SOC., 75, 5073
(1953).

(14) D. F. Akeley and L. J. Gosting, ibid., 75, 5685 (1953).

(15) H. S. Harned and B. B. Owen, “The Physical Chemistry of
Electrolytic Solutions,” 3rd Ed., Reinhold Publ. Corp., New York,
N. Y., 1958, p. 253.

(16) H. E. Wirth, 3. Am. chem. SOC., 59, 2549 (1937).
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Tabte I"

Data from Experiments in which NaCl and KC1l Dif-

fused Simultaneously in Water at 25°

1= NaCl,2 = KC1; C, = 15, C2= 15

1 Exp. no. 1 2 3 4

2 (ChHA 1.37536 1.50007 1.4007i 1.47534
3 (CDa 1.49996 1.37497 1.47496 1.39960
4 (Pexp)A 1.116292 1.115584 1.116180 1.115727
5 (Peale)As 1.116242 1.11551s  1.116111  1.115654
6 (Ci)b 1.62516 1.49996 1.59976 1.52482
7 (C)b 1.49997 1.32509 1.52534 1.60028
8 (Pexp)B 1.125390 1.126122  1.125552 1.125974
9  (Pcalo)B 1.125346 1.126059  1.125489 1.12591s
10 c, 1.50026 1.50002 1.50024 1.5000s
11 Ci 1.49996 1.0 008 1.5 00ls 1.49994
12 ACi 0.24980 —0.00011 0.19905 0.0494s
13 AC, 0.00001 0.25012 0.0503s 0.2006s
14 Jexp 97.71 96.01 97.22 96.40

15 <realc 97.72 96.00 97.21 96.42

16 ai 1.0000 -0.0004 0.8010 0.2007
17 ©A X 10s 1.6797 1.9142 1.7259 1.864i
18 ©an X 10s 1.7046 1.9039 1.7520 1.8646
19 Q (VR x 10* 14.8 -5.0 15.0 0.4

Ri X 10» = 8 523 /A X 10-* = 2.2854 ItmX 10s = 1.9044
Rz x 10> = 8.367 5a X 10"™ = 0.1535 Stm X 105 = -0.1961

“ Units in Table I: concentrations, Ci, moles/1.; densi-
ties, p, g./ml.; reduced height-area ratios, ©A, and re-
duced second moments, 33m cm.'/sec. 6Calculated using
equation 4.

with the measured densities and those predicted
by means of equation 4. The subscripts A and B
on these data denote the upper and lower initial
solutions, respectively, used in each diffusion ex-
periment. Lines 10-13 list the mean solute con-
centrations, Ci, and the concentration increments,
ACI, across the initial diffusion boundaries. Con-
centration increments are considered positive if
a solute’s concentration in a given lower solution is
greater than its value in the corresponding upper
solution. The total number of Gouy fringes,
J, obtained in each experiment is given in line 14.
Using these values of J and the corresponding
values of the Aci, values for the differential re-
fractive increments, Rit were calculated.6 These
values are reported at the bottom of Table | and
were used, together with the Aci, to calculate the
values of s caic in line 15 and also the solute fractions
on the basis of refractive index (see equations 45F-
47F), ai, in line 16. Lines 179 give the measured
height-area ratios; the values of the reduced
second moments, D2m which were calculated®
from the Da and the fringe deviation graphs (see
Fig. 1); and the values of the fringe deviations at
[(f) = 0.73854. The values of 7a, Sa, /2m and
Samin Table | were obtained from the quantities
1/V~ADa and D2mby the method of least squares.
These latter quantities are linear functions of
on (see equations 55F and 60F); their average
deviations from straight lines were 0.03 and 0.13%,
respectively.

Evaluation of the Four Diffusion Coefficients

The methods used to evaluate the four diffusion
coefficients which appear in the flow equations for
diffusion in ternary solutionsl0have been described
in detail in two previous papers.611 Approximate
values for these coefficients were first obtained from
the D a and the D2m (see method iii of Table 11F) and
then final values were computed by means of
method iv of Table IIF. These values of the
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(Dtj)v are given in Table 111 and it is estimated that
they are accurate to £+ 0.03 X 10~6 The double
subscripts on the values of the (Ay)v are retained
only for calculating predicted values of the Da, the
D2n and the fringe deviations. Although both
these figures are in doubt, they are necessary in
these calculations because of certain restrictions
which exist between the values of the four dif-
fusion coefficients if they are determined by the
method used in this paper. The (D,-y)v were
rounded to the third decimal place for use in
testing the Onsager relation. Because of the
relatively small concentration increments used in
each diffusion experiment, it is believed that any
errors in the four diffusion coefficients due to their
concentration dependences are negligible when com-
pared to the errors of +0.03 X 19~5which were
estimated from the expected errors of £ 2 X 10
in the experimental deviation graphs. The sub-
script V has been given to the values of the Dy
in Table 111 because they correspond to a volume-
fixed frame of reference which becomes identical
with the cell frame of reference (a) if the partial
molai volumes of all components are independent
of concentration or (b) in the limit that the AC;
are all zero.

Using the four (A2v in Table 111, the values of
the ai in Table I and in addition Table IV of
reference 14, values for the Da, the D2m and the
fringe deviations were calculated for each experi-
ment by means of equations 30F, 31F, 50F, 51F,
55F, 60F-63F and 72F. Table Il lists the cal-
culated and experimental values of Da and D2m
together with values for the intermediate quantity
r+ (see equation 50F). The agreement is seen to
be not unsatisfactory. Figure 1 gives the fringe
deviations calculated by means of equation 72F
(dashed lines); they are to be compared with the
average experimental points denoted by crosses.
Inspection of Table Il and Fig. 1 shows that the
four values of (Z2)#)v will reproduce, within the
error of measurement, not only the height-area
ratios and the reduced second moments, but also
the deviations of the refractive index gradient
curves from Gaussian shape.

Table Il

Comparison of Calculated with Experimental Values

OF ©A AND €2m

T = 25°; 1 = NaCl, 2 = KC1
©a X IO £),mx 106
a1 r+ Expt. Calcd. Expt. Calcd.
-0.0004 -0.0624 1.9142 1.9147 1.9039 1.903g
.2007 10081 1.8641 1.8640 1.8646 1.8652
.8010 .2185 1.7259 1.7240 1.7520 1.7499
1.0000 .2882 1.67971.68I11 1.7046 1.7117

The Test of the Onsager Reciprocal Relation

A complete description of the methods used to
evaluate the diffusion coefficients with respect to
the solvent frame of reference, (Ay)o, the chemical
potential derivatives and the expected error in a
given test of the Onsager relation already has been
given2; only a short summary will be given here.

Diffusion Coefficients for the Solvent Reference
Frame.— Diffusion coefficients for the solvent frame
of reference were obtained from the values for the
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Fig. 1.—Fringe deviation graphs for the system NaCl—
KCI-H2. The mean solute concentrations are Ci = Ci =
1.5 molar. At a given value of /(f) crosses indicate the
average of the experimental points (dots) obtained from ten
different photographs of the same boundary. The dashed
curve indicates values of il predicted by equation 72F.
Individual experimental points have not been included for
values of /(f) less than 0.1. However, in this region the
average deviation of such points from their mean value is
about the same as at higher values of / (f).

volume-fixed frame in Table 111 by means of equa-
tion 2D. The partial molal volumes for this com-
position of the system were calculated by means of
equations 3D-5D and the relation

p = 1.120846 + 0.03642 (Ci - 1.5) +

0.04212 (C2- 15) (5)
to represent the measured density data in the region
of Ci — C2 = 15. Equation 5 was obtained by
the method o: least squares and reproduces the
experimental density data in Table | with an aver-
age deviation of + 0.0006%. It is interesting to
note that the coefficients of (G\ — 1.5) and (Ci —
15) in equations 4 and 5 agree to 0.1%. The
values of the (D,y)oare given in Table I11.

Derivatives of the Chemical Potentials—The
four derivatives of the two solute chemical poten-
tials, fii, which are required for testing the Onsager
relation in a three-component system are2

2 n

I iy = I = 12\
PH = (oiu/oCj)T,P,Ck*i),i 4:1A|kBkJ (b’7 = 1a) (6)
where

An - (ain/amt)T,P,mirk (6a)
and
Bkj = (anik/acj) T,p.Ck"o.i (6b)

In these relatons T is the absolute temperature
P is the pressure and the molalities, m*, are related
to the Ck by equation 7D. The Bkj for this com-
position of the system are listed in Table IlIl and
were calculated by means of equations 8D. The
Aik were calculated by first computing the 1«
(see equations 19D) from the data in Table Il
and then using equations 10D and the values for
the molalities mii. Equations 6 were then em-
ployed to compute the juy. Values for the Da
and jHj are given in Table IV. The methods
used to obtain the experimental quantities in
Table 111 already have been given,2 as have also
the references for the primary experimental data.6-8

The values of the jHj and the (D,y)0 were then
substituted in-o equations ID and the four (L,y)0
computed. If the Onsager relation is valid
(Ln)O should equal (L2)0; inspection of Table
IV shows that this condition is approximately
satisfied. £ The experimental percentage dif-
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T abj.f 111
Data for Testing the Onsager Reciprocal Relation

for the System NaCl--KCI-H2D at 25°

Ci (moles/1.)" 1.50000 Bn 1.12430
Ci (moles/1) 1.50000 Bn 0.03892
Co (moles/1) 51.140 Bn 0.05732
nii (molality) 1.62807  Bn 1.14270
mi (molality) 1.62807 d log 7j(0)/dm 0.0383
m (molality) 3.25614 d log72»/dro 0.0047
Vi (ml./mole) 21.96 4 0.015¢
Vi (ml./mole) 32.34 K a 0.0168
Vo (ml./mole) 17.961 ft 0

(ffu)v X 11P6 1.3908 ft 0
(Du)v X KP 0.1015 Mi 58.448
(D2)v X HP 0.3269 Mi 74.557
(Dn)v X HP 1.8004 Mo 18.0160
(A)o X 10* 1.458

(Dn)o X 10* 0 20i

(Dn)0 X 10* 0.394

(Dn)o X 10* 1.899

«The numbers 0, 1 and 2 denote water, NaCl and KC1,
respectively. *Diffusion coefficients are expressed as cm.*/
sec.; they correspond to amounts of solutes expressed in
moles.
ference, % Aeq, calculated by equation 21D is
7.4%. Values of (Ln)o and (L20 are included
in Table 1V to indicate their magnitude.

The following equation previously has been
derived and used2 to estimate the maximum per-
centage error, % Aest, in a given test of the Onsager
relation for a three-ion system.

[IOfAENnvS]
(E12)0 - (L 2 X RT X 109]

8

tiSi
*':1

(7)
It should be noted that this relation does not give
the absolute error in (Lm)0Oand (L2)0 Equations
22D and 24D indicate how the coefficients
may be calculated from the experimental quantities
in Tables I, 11l and IV. The E,Bfor this system
when Ci — Ci — 1.5 are = 0.29, E2 = —0.63,
Fz= —0.78 and E4 = 0.31. The estimated errors,
5, in the various experimental quantities (see
Table V) are the same as in reference 2 except that
+ 0.03 X 10-5 is assigned to § and 62 and s is
now *= 0.0003 since $ (equation 15D) is inversely
proportional to m and the assumed error of *
0.001 in the osmotic coefficients for the binary
systems, NaCl-HD and KC1-H2Z. is assumed
to be independent of concentration.

%Aet = 100

Table IV*

Summary of the Test of the Onsager Relation for the
System NaCIl-KCI-H2D at 25°

Cl = 15 = cl
Fu 0.0373 MV/(RT) 1.2500
r,2 0131 m/(RT) 0.4624
ra 0131 Pul(RT) 0.4674
r .0057 NZ (RT) 1.097i
(Ln)o X RT X 10+ -3.66  (Lido X RT X 10s 13.0(;
(Lido X RT X 10* -3.94 (LN)OX RT X 10 18.97
%Aexp 7.4

0 The coefficients (La)0 reported here are for flow equa-
tions expressed in moles of components 1 and 2. 6Calcu-
lated by means of equation 21D.

(16) See equations 23D and ref. 33 of ref. 2.
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The same two eases for estimating error-s are
discussed here as in reference 2, (a) when /3 =
IR = 0 (i.e.,, Harned's ruleX7is perfectly valid) and
(b) when /7 and & are allowed values of £+ 0.001.18
Table V summarizes the analysis of errors for this
composition of the system. The %Aest at the
bottom were calculated by summing the eight
products ipt8i for cases (a) and (b) and substituting
the results into equation 7; the values of (L12o
and (¢210 are in Table IV and the value of 8 for
this calculation is obtained from the mj by using
equations ID.

Table V*

M aximum Estimated Errors for the Test of the On-

sager Reciprocal Relation

C = 15 = C2
(¢ci)def (5%)exp 1A
d = i[(Du)v X 10s] +0.03 .0.75  0.022
= S[(A,)v X 10s] + .03 66 020
= Yd log 7KON\
°g 7KO) + 002 67 ,00i
\ dm )
- Yd log W\ + 002 67 ,00i
\ dm )
8S = + 0003 -2.35 001
= SKad + 001 1.07 ,00i
b + 001 004
S =53 a 0 -6.96 0
b + 001 007
S = S a 0 -4 4 0
b + .001 o004
ophest (L +10.5
b +13.7

“ Because the 8, may be either positive or negative,
values of are reported without regard to sign; the
%Aest in the last two lines were obtained from
equation 7 by assuming that these products all have the
same signs. In practice some of the products probably
have opposite signs, causing some cancellation of errors,
and some experimental errors will be less than the assigned
values, Si. Therefore it is not unreasonable that the above
values of %Aestare greater than the observed value of %Aei P
in Table IV.

Discussion

Comparison of the value of %Aeg in Table IV
with the values for the % Aex in Table V indicates

(17) See references 17-19 of ref. 2.
(18) See ref. 37 of ref. 2.
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that the Onsager relation is verified within the
expected experimental error. The fact that the
value of %AexP is greater than the corresponding
four values in reference 2 is due mainly to two
reasons, (a) the (Ay)v are slightly less accurate than
those in reference 2 because the number N (see
equation 11 of reference 6) for this composition
of the system is 30% lower than its value at the
lower concentrationsé and (b) because the deriva-
tives of the logarithms of the activity coefficients
now contribute a much greater proportion of the
ixij than they do at lower solute concentrations.
In reference 2 the activity coefficient data played
a rather small part in the tests of the Onsager re-
lation; the assumption that the activity coefficients
were constant in each case actually improved the
agreement between (Lidoand (L2)o- However for
this composition of the system NaCIl-KCI-H2D
(Ci = C2 = 15) the WAeXp is 7.4% when the
experimental activity data are used and —17.6%
when the activity coefficients on the molarity scale
are assumed to be constant.

It is interesting to note in Table V that the errors
of + 0.001 in di and /2 which in Table I1ID
contributed a relatively small fraction of the total
%Aest, here contribute about 20% of the maximum
expected error of 13.7%.

The Onsager reciprocal relation has now been
verified, within the expected experimental error,
over a large concentration range for isothermal
diffusion in the system NaCI-KCI-HD. In
addition, using certain approximations to evaluate
the na, Miller9 has reported tests for the systems
NaCl-LiClI-HD, KCI-LiCI-HD, KClIl-raffinose-
H2D and KCl-urea-HX. Because the values of
Piz and j (see equations 6) depend only on the
derivatives of logarithms of activity coefficients for
the latter two systems, experimental activity co-
efficients for such systems would enable tests of
the Onsager relation to be mace which may be more
sensitive to experimental errors in the activity co-
efficients than are the tests reported for the above
three-ion systems. It is hoped that such thermo-
dynamic data soon will become available.
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Disilicides of Ce, Pr, Nd, Sm, Eu, Gd, Dy and Y have been prepared.
previously reported; the Sm, Gd, Dy and Y compounds are orthorhombic, space group Imma.

distorted versions of the tetragonal MeSi2structure.
size of the metal atom.

The Ce, Pr and Nd compounds are tetragonal as
Their structures are slightly

The magnitude of the distortion appears to increase with decreasing
Chemical and X-ray diffraction studies of “GdSi2’ indicate that the composition is actually close to

GdSii.4 EusSi2crystallizes in the tetragonal system apparently due to the anomalously large size of the metal atom.

Introduction

Brauer and Haag2 have described the isomor-
phous disilicides formed by La, Ce, Pr and Nd.
The unit cells are tetragonal; there are four for-
mula weights per unit cell, and the space group is
l14i/amd. Dimensions of the unit cells, as given
by Brauer and Haag, are listed in Table I.

The structure may be described in terms of
linear arrays of atoms of the type Si-Me-Si-
Si-Me-Si-, parallel to the “c”-axis. One such line
is placed at x = 0 and 7 = l/<; the operation of
the fourfold screw axis generates three additional
linesatx = 0,y = 94 x = I/t,y = */4, and x =
Vs,y = 3A- This arrangement is shown schema-
ticallyin Fig. 1.

In terms of a unit cell whose origin is at a center
of symmetry, atomic positions are

4 metal atoms in 4b:
0, ‘A, 3s; o, 'A, 6A; Vs, 3A ,7A; Vg ‘A, Vs
8 silicon atoms in 8e:

o, Vi, 2 0,Vi,V Vs, Vi, Vs + 2 Vs, Vi, Vs - 2/ 0, Vi,
Vi+ 2 0,Vi;Vi- 2 Vs, Vi, Vi+ z; Vs, Vi, Vi - 2
There are two types of Si-Si bonds in this structure,

i.e.
(a) from 0O, Vi, zto O, Vi, 3A —z
(b) from 0, Vi, *A - zto 0, 3A, Vi + 2

Brauer and Haag postulated an “ideal” MeSi2
structure in which both types of Si-Si bonds are
equal in length. Simple geometrical considerations
show that in this “ideal” structure the variable
positional parameter of the silicon atoms is z =
0.792. Brauer and Haag found that calculated and
observed diffraction intensities showed fairly good
agreement in the cases of LaSi2and CeSi2when z
was assumed equal to this value. They also re-
ported the doubling of some weak reflections on the
powder diffraction patterns of SmSi2 and YSi2
and suggested the possibility that the symmetry
of the unit cell deviated from tetragonal in these
compounds, and that it was possibly orthorhombic.

The present investigation was undertaken to
study more closely the structures of these and other
rare earth disilicides.

Sample Preparation.—Disilicides of La, Ce, Pr, Nd,
Sm, Eu, Gd, Dy and Y were prepared. These compounds
were produced readily by direct silicon reduction of the metal
oxides, either in vacuo or in a protective atmosphere such as
hydrogen. Some reductions also were carried out using
mixtures of carbon and silicon with the metal oxides.

The oxides were 99-99.9% pure except in the case of neo-
dymium where an oxide of 95% purity was used.

(1) Supported by Air Force Office of Scientific Research.
(2) V. G. Brauer and H. Haag, Z. anorg. allgem. Chem., 267, 198
(1952).

Reactions carried out in alumina boats under vacuum
(with continuous pumping) generally gave the best products.
The silicon monoxide which was formed in the reaction
between the metal oxide and the silicon was quickly and
completely removed from the reaction mass. When reac-
tions were carried out under a protective layer of hydrogen,
the silicon oxides appeared to form coatings about the sili-
cide particles. These coatings were never completely le-
moved and all lots produced in reactions carried out in hy-
drogen contained some oxygen. For this reason each of the
disilicides also was prepared in vacuo.

Reaction temperatures of the order of 1100 to 1600° were
used. Preparations fired at temperatures above 1600°
usually yielded relatively impure products due to chemical
attack on the container. In the case of yttrium and dys-
prosium, reactions were carried out most successfully in
the temperature range 1400-1550°; for SmSi2 a tempera-
ture range of 1200-1300° was found most suitable. The
exact temperatures did not appear to be critical in other
cases.

As a check on the procedure, lanthanum metal was
heated with silicon in vacuo; a pure disilicide was obtained
identical with that produced in the reaction between the
metal oxide and silicon.

X-Ray Results. Powder Data.— X-Ray diffrac-
tion examination of the powdered products indi-
cated that the La, Ce and Pr compounds were
tetragonal with lattice constants differing slightjy
from those reported by Brauer and Haag (see
Table I). It should be noted that Brauer and
Haag's measurements were made on films taken in
a small (57.3 mm. diameter) Debye-Scherrer
camera. Our measurements were made with a
Geiger counter diffractometer, making possible
far better precision of measurement and resolution
of fines than are generally obtainable with small
film cameras.

Tabte |
Lattice Constants Oor Rare Earth and Y ttrium Di-
silicides
Brauer and Haag* [ — The present work--------- .
a c a b 5
4.272 13.72 LaSi2 4.31 13.80
4.148 13.81 CeSi2 4.27 13.88
4.140 13.64 Prsi2 4.29 13.76
4.103 13.53 NdSi2 4.18 4.15 13.56
SmSi2 4.105 4.035 13.46
GdSi2 4.09 4.01 13.44
DvSi2 4.04 3.95 13.34
YSi2 4.04 3.95 13.23

The powder patterns of Nd, Sm, Gd, Dy and Y
disilicides could be indexed only on the basis of a
slightly distorted (orthorhombic) version of the
LaSi2 tetragonal type. (The europium disilicide
preparation will be discussed separately below.)
Unit cell dimensions of these compounds are in-
cluded in Table 1; powder data are fisted in Table
1.
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TABL3 11
Partial Powder Diffraction Data for Orthorhombic
Disilicides R
NdSis SBi2 GdSij DysSI2 YSi2
hkl d(A) 1 dA) 1 ¢(A) T dL) d(A) b
101 4.001 x 393 30 391 5 386 0D 389
011 3.97J 386 25 384 25 377 30 379
004 3.39 H 337 50 336 30 333 FH 333
103 3.06 65 303 3 302 25 299 3% 3.00
013 301 40 299 30 295 40 296
112 270 100 265 100 262 100 260 10 2.60
16 2274 50 2252 3H 225 20 2225 0 2.23
015 2241 3% 223 20 221 % 22] ..
200 2.048 18 2052 25 2047 14 2021 20 2021 .
020 2.074 18 2017 20 2005 12 1974 15 1975 ..
“Overlapping peaks (additional peaks were not re
corded). bSeveral peaks of this phase coincided with

peaks of another phase and intensities are not considered
reliable.

X-Ray Results. Single Crystal Data—Sys-
tematic absences of reflections from the powder
patterns indicated that the space group of the ortho-
rhombic silicides was either Imma or Im2a.

A few small single crystals of GdSi2were found in
one of the preparations. Two of these were
examined by single crystal techniques. The crys-
tals were tiny rhombs having maximum dimensions
of less than 0.1 mm. X-Ray photographs taken
with the precession camera, using Mo K radiation,
confirmed that the space group was either Imma
or Im2a and that, within the limits of experimental

error, Im — /*«. This also was indicated, for
fewer reflections, by the powder diffractometer
data. |t was therefore felt that Imma, in which

the same symmetry elements are associated with
both the “a@" and axes, is the more probable
space group.

In order to determine the positional parameters
in the orthorhombic phase, careful measurements
were made of eight observable O(H reflections
(004, 008, 0012, 0020, 0024, 0028 and 0032).
The crystal was mounted along [100] and the in-
tensities of the diffracted beams were recorded with
a scintillation counter. Filtered Mo K radiation
was used. A voltage and current stabilized source
of X-radiation was used. The counter was kept in
a fixed position, with the window open, and the dif-
fracted beam was recorded as the crystal was turned
slowly through the diffracting position. The win-
dow on the scintillation counter covered a range of
4°(20) and the crystal was rotated at y 4°(9) per
min. The diffracted peaks were recorded on a
strip chart and their areas were subsequently
measured with a planimeter.

The usual Lorentz and polarization corrections
were applied in order to convert the measured
(integrated) intensities to numbers proportional to
IF2I No absorption correction was applied; ap-
proximate calculations showed that, for all but the
(004) reflection, the absorption factor varied linearly
with sin@/A2and could therefore be absorbed into
the usual “temperature factor.”

No signs of 001 reflections with | ™ 4n were de-
tected either with the scintillation counter or on
highly over-exposed precession photographs.

In the tetragonal unit cell (I14i/amd) the metal
atom has a fixed value of z (zm — 0.375) and the
arrangement of the silicon atoms is such that they
lie at eight different levels; i.e., if z = 0.786, then

Rare Earth

617

“Disilicides”

Si-Si Bonds indicated by leavy lines

O s

Fig. 1—Arrangement of atoms in MiSij unit cell.

there are silicon atoms at z = 0.786, 0.214, 0.036,
0.964,0.286,0.714,0.536,0.464.
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Fig. 3.— Atomic radii of rare earth metals.3

In view of the close similarity between the ortho-
rhombic and tetragonal structures it was clear that
the silicon atoms in the orthorhombic unit cell
(Imma) also lie at eight different levels along the
c-axis. The available eightfold positions in Imma
place atoms in only four different levels along c.
It is therefore necessary to place the silicon atoms in
two distinct sets of fourfold positions. The only
suitable ones having variable z parameters are the
positions 4e

0, V4 z, 0, y4dz

mA Vi, A+ 2,72, 7<,72 - 2

In the tetragonal cell the metal atoms must be
in special positions, i.e., at Z = 3 swhen the origin
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is at a center of symmetry. No such restrictions
are imposed on the z parameters of either the Si
or the Gd in the orthorhombic unit cell. How-
ever, a study of the diffracted intensities indicates
that restrictions are present even though not re-
quired by the space group.

In Imma, Fm = X) A cos 2x hi. If a Gd atom

t

is at - = 38 it will contribute only to reflections
having | = 4n. If it is shifted to 3 8+e its contri-
bution to 001 reflections if /Gd Cos 2irl(ds + ¢€);
this is equivalent to / Gd (cos 2irl 38cos 27rle —
sin 2t 18 ssin 2irle). For | even, but not equal to
An, this gives —/Gd sin 2irle.  On the basis of the
observed intensities of high order reflections, it has
been estimated that if 0.001, reflections of the
type (0026) and (0030) should have been readily
detectable. No such reflections were observed.
We may conclude that in the orthorhombic cell
the value of 2Gd lies within the range z = 0.375 %
0.001. Similar arguments may be used to limit
the extent to which the distance from a gadolinium
atom to asilicon atom “above” it differs from that
to a silicon atom “below” it; the difference, if it
exists, cannot exceed 0.02 A.

Electron density maps were computed to de-
termine p(z). These are shown in Fig. 2. “Ob-
served” values of FQ were used as coefficients fcr
one summation; for the other summations shown,
calculated values of Fm were used as coefficients of
the Fourier series. It was assumed that a gadolin-
ium atom was located at z = 0.375 and that silicon
atoms were at 0.375 + 0.411.

It will be noted that peaks not attributable to
either the silicon or gadolinium atoms appear on
both maps (at z = 0.008 and z = 0.087). Since
only gadolinium and silicon atoms were included
in the Foaled summation it is clear that these are
spurious peaks resulting from the use of a small
number of terms in the Fourier summations.

In the electron density summations, intensities
of (00Z) reflections other than those having | —
An were taken to be equal to zero. It is probable
that these do not exactly equal zero, but were
merely below the level of detection. However, as
a result of taking (002) | V An reflections equal ~0
zero, the gadolinium atoms must be found at 2 =
7s, Vs, Vs, V* and the silicon atoms at ZGd + a.

The parameters of the silicon atoms as derived
from the electron density map shown in Fig. 2,
after application of the *“back-shift” correction,
are z = 0.3750 + 0.4112. As noted previously,
the possibility that the distances of the two silicon
atoms from the metal atom between them differ
slightly cannot be ruled out.

A calculation of the discrepancy factor

n  ShiFl - ||
K ~ 2|Fe]

where Fcalodwas based on Zsi = Zga £ 0.4112, with
two silicon atoms per metal atom, led to a value of
R = 8.3%. It was evident that no adjustment of
2 could greatly improve the agreement between
Fobsd and Fcaicd  Slight shifts in either direction
improved some values of Fcaied and made others
worse. It was then assumed that the silicon to
metal atom ratio was not exactly two, and R was
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computed for GdSi, GdSii.5® GdSii.Mand GdSi2m
For all the calculations ZGd = 0.3750 and zS =
ZGd = 0.4112. The calculation for GdSi, for
example, implied that half the available Si posi-
tions were randomly unoccupied. A minimum in
R occurs near GdSpj where R is somewhat less
than 2.7% (Table I1l). It was felt that there
would be little point in attempting to refine this
value further.

Tabte Il

Values of “R” for Various Si/Gd Ratios

Si/Gd r,%
1.00 4.8
1.25 2.7
1.50 4.3
2.00 8.3

It should also be noted that the calculated silicon
peaks computed on the basis of a Si/Gd ratio of
two are considerably higher than those on the Fsd
summation. A summation computed on the
basis of a Si/Gd ratio of 1.3 is also shown in Fig. 2.
The height of the silicon atom peak on this map is
in far better agreement with that on the Fobsd
map.

Pycnometric measurements of the density of
powdered “GdSi2’ gave a value of 5.94 g./cc.;
the density calculated for GdSiz is 6.43 g./cc.;
for GdSi] 4 it is 5.92 g./cc. A chemical analysis
indicated a Si/Gd atom ratio of 1.47, in good
agreement with X-ray and density measurements.
It is clear that the composition of “GdSi2 is
actually close to GdSii.4 It was not possible
to establish whether a range of homogeneity exists
for this compound.

Europium Disilicide—The ionic radii of the
trivalent rare earth ions decrease regularly asowe
proceed from La+++(1.06 4.) to Lu+++(0.85 A.).3
The atomic radii of the elementary metals also
decrease with increasing atomic number, with the
conspicuous exceptions of Eu and Yb, whose atomic
radii are about 10% greater than those of neigh-
boring elements (Fig. 3).« This anomaly is as-
sociated with the abnormal valencies of these atoms;
most of the rare earth metals are essentially triva-
lent, but Eu and Yb show a large amount of diva-
lent character which usually is attributed to the
withdrawal of one electron from the outermost
orbit (Sd) to fill a gap in an inner one (4f9.
This leads also to an increase in the effective sizes
of these atoms.

(3) D. H. Templeton and C. TT. Dauben, J. Am. Chem. Soc., 76, 5327
(1954).

(4) F. H. Spedding, D. H. Daane and K. W. Herrmann, Acta
Cryst., 9, 559 (1956).
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It was felt that the anomaly mentioned above
might affect the size of the metal atom in europium
disilicide. It has been seen (Table 1) that, as we
proceed from LaSi2 to the silicices of metals of
higher atomic numbers (and smaller effective sizes)
the unit cell decreases progressively in size and the

symmetry changes from tetragonal to ortho-
rhombic. In the case of EuSi2the size anomaly
could lead to crystallization in the tetragonal

system.

This proved to be the case. Europium disili-
cide, prepared by heating Eud 3and silicon under
vacuum, is tetragonal with a = 4.29 A., ¢ = 13.66
A. Powder diffraction data for this compound are
shown in Table IV. Both “a” and “c” are sub-
stantially larger than the corresponding axes in
either SmSi2 or GdSi2 Figure 4 also shows the
“a,” “b” and “c” axial lengths of the compounds
described above.

Table IV
Partial Powder Pattern of EUSi2T etragonal
a= 4.29AA., c = 13.66i.
hkl d A |
101 4.09 50
004 3.41 38
o8 3.12 Coincides with
Si(lll) peak
112 2.75 100
105 2.305 4:
200 2.147 28
211 1.901 31
116 1.819 25
108 1.779 38
213 1.773 38
008 1.708 13
215 1.523 31
220 1.518 19

It is considered very probable that ytterbium
disilicide, when prepared, will be found to crystal-
lize in the tetragonal system.

Similar behavior is manifested by the cubic
hexaborides of the rate earth metals. These
show decreases in unit cell sizes with increasing
atomic number of metal atom except for europium
and ytterbium hexaborides.6

Acknowledgment.— The authors wish to thank
the American Electro Metal Division of the Firth
Sterling Company, Yonkers, New York, for prepar-
ing the silicide samples used in this investigation
and for valuable technical assistance rendered in
the course of the work.

(5) B. Post, D. Moscowitz and F. W. Glaser, J. Am. Chem. Soc.

78, 1800 (1956).
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Reversible oxygen adsorption has been measured on commercial grade titanium dioxide powder at 500, 700 and 900° as a

function of the ambient pressure by a weighing technique.
the same temperature range.

highly purified Ti02“bulk” and also for purified Ti02containing various quantities of BaO, TiF4and Nad.
techniques employed for carrying out the measurements are discussed.

No oxygen adsorption is detectable in highly purified Ti02in
Mass losses have been recorded in a dynamic high vacuum as a function of temperature for

Details of the
Interpretation of the mass changes observed in the

bulk material indicates that “dehydration” of Ti02is complete at 800° and that incipient decomposition of bulk Ti02occurs
at 875° in a dynamic vacuum of 10~6mm. The reversible oxygen adsorption is believed to occur at surface impurity centers.

Introduction

It has been recognized for some time that the
oxides of many metals are non-stoichiometric com-
pounds in which the oxygen to metal ratio is
variable. This fact is of great interest because
such oxides are generally semi-conducting. In
Ti02 the relation between the defect structure and
the electronic properties may be exhibited by the
over-simplified quasichemical relation

TioZAs) TiO++(s) + y»0j(g) + 2e- (1)

The “reaction- shows that as oxygen is evolved
upon heating, defect centers, TiO++(s), are gener-
ated and quasi-free electrons are released in the
crystal. These are responsible for the extrinsic
semi-conducting properties of the partially re-
duced oxides. Equations of this type have been
discussed by a number of authors and, in particular,
by Hauffe.2 Such equations form the basis of a
guantitative correlation between the electrical
properties of the material and the oxygen pressure
to which the sample is exposed.2 In some cases,
the extent of the defect structures can be inferred
from measurements of electrical properties. In
the case of Ti02 such a correlation would be
especially useful since existing chemical methods
of analysis of the Ti to O ratio are, at best, accurate
to £0.4%.3

One of the principal difficulties in applying the
correlation procedures arises from the fact that
small traces of impurities may completely vitiate
the results. This matter has been discussed at
great length2;, in the presence of such impurities,
the ion defect concentration as well as the electrical
properties of the oxide are greatly altered. In
the case of Ti02 most of the electrical measurements
have been carried out on relatively impure samples
(impurity content in the range 0.03 to 0.20%).4-12
Also, while there have been a number of reports

(1) National Carbon Research Laboratories, P. O. Box 6116, Cleve-
land 1, Ohio.

(2) K. Hauffe, “Reaktionen in und an festen Stoffen,*' Springer,
Berlin, 1955.
(3) H. R. Hoekstra and J. J. Katz, .Inal. Chem., 25, 1608 (1955).
(4) R. Breckenridge and W. Hosier, Phye. Rev., 91, 793 (1953).
(5) D. Croneir.eyer, ibid., 87, 876 (1952).
(6) M. Foex, Bull. soc. chim., 11, 6 (1944).

(7) R. Breckenridge and W. Hosier, J. Research Natl. Bur. Stand-
ards, 49, 65 (1952).

(8) H. Henisch, Elec. Comm., 25, 163 (1948).

(9) B. K. Boltaks, F. K. Vasenin and A. E. Salunina, zhur. Tekh.
Fix., 21, 532 (1951) (Phys. Ab., 55, No. 3588 (1951).

(10) K. Abe and T. Tanaka, Repts. inst. chem. res., Kyoto Univ., 17,
47 (1949) (C. A., 46, 1368 (1951)).

(11) Ya. M. Ksendzov, zhur. Tekh. Fix., 20, 117 (1950).

(12) M. Earle, Phys. Rev., 61, 56 (1942).

providing chemical evidence that TiO2is a non-
stoichiometric oxide,1314 the samples were again
impure. Thus, it seemed of interest to initiate a
study concerning the defect stoichiometry cf
TiO2 utilizing a weighing procedure to monitor
changes in composition.

Two types of experiments were carried out on
bulk and powdered TiO2 samples of different
purity. The firstwas to investigate the mass losses
from Ti0O2in a dynamic high vacuum as a function
of temperature, thus providing information about
the stability of this compound. The second was to
measure oxygen uptake by TiO2 at elevated
temperatures as a function of the ambient pressure
and, if present, to determine whether the uptake was
reversible or irreversible. Finally, surface areas
were measured on all powdered samples.

Experimental

Description of Equipment—Mass changes were deter-
mined by means of a vacuum quartz microbalance, which was
connected to a vacuum system, as shown in Figs. 1 and 2.
The changes in mass were compensated by adjusting 'he
current passing through a solenoid that acted on a magnetic
wire suspended from the balance. The e.m.f. developed
by the compensation current across a standard resistor was
measured with a potentiometer. A detailed description of
the construction, operation, calibration and limitations of
the equipment has been reported.13& In the present set of
experiments, the operating reproducibility was +0.1 tig.
in high vacuum and +1 tig. in the pressure range studied.
The apparent decrease in accuracy arises because correc-
tions must be introduced for the thermomoleeular flow of
gases in the pressure region 10-3 to 15 mm.

Oxygen was prepared by thermal decomposition of chem-
ically pure potassium permanganate dried with magnesium
perchlorate and stored in bulbs. Nitrogen was prepared by
the decomposition of sodium azide, stored in a vacuum bulb
and dried over phosphorus pentoxide prior to admission to
the balance system.

Preparation of Samples.—Several types of titanium di-
oxide samples were studied.

(1) Spectroscopically pure material, prepared by oxidiz-

ing commercially pure titanium metal with 90% H2 2in an
ammoniacal solution; the impurities were removed by
filtering and the filtrate was evaporated to dryness. The
yellow peroxidized material was converted to anatase by
heating at 200°; the chemically analyzed composition of
the material was in the range TiOi.8to Ti02oi, which is
within experimental error of the stoichiometric compoation
Ti02 Since the material passed through the peroxidized
form before conversion to anatase, it is likely that the com-
position of the starting material was quite close to the stoi-
chiometric formula. Details of the procedure, the analysis
of the product for purity, the sample composition aDd its

(13) E. Whalley and E. R. S. Winter, J. chem. SOC., 1170 (1050).
(14) L. H. Reyerson and J. M. Honig, ibid., 75, 3920 (1953).

(15) A. W. Czanderna and J. M. Honig, Anal. Chem., 29 1206
(1957). >
(16) A. W. Czanderna, A. F. Clifford and J. M. Honig, J. Am.

Cchem. SOC., 79, 5407 (1957).
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1e |

Properties of TiO2Powders

M P-532-2
and Highly
MP-980-1¢ MP-980-20 MP-980-5* M P-532-3b purifiedc
Crystal form Anatase'* Rutile" Rutile” Rutile" Anatase
Heat treatment
Hours 16 16 1 16
Temp., °C. 120 120 600 180
Area, sq. m./g. (BET) 87.7 £+ 0.7' 175 + 3.5°
82 +0.8-* 123 + 2.5/ 21.9 + 0.8/ 41.0
Apparent particle size, m 0.01-0.1 0.01 0.03-0.3
Particle shape" Irregular Acicular Agglomerated Irregular
Color White White Yellow White White
pH 9.2 8.9 7.2
Chemical anal., %
TiG2 94.4 91.4 99.1 99.3
Loss on ignition 5.1 8.6 0.8 0.7
Chlorides (CI-) 0.08 0.04 0.09
Spectrographic anal., %
Si02 0 15* 0.15* o 8 0.3 —0.01
FeAh .002 .001 .003 Unknown < .001
Al2s .015 .001 .02 Unknown < .001
Sn02 .01 .004 .004 Minor < .001
Cu .0005 .0001 .0008 Unknown < .001
Mn .00001 .00001 .00001 Unknown < .001
w .005 .005 .005 Unknown < .001
Na2d 1-2 < .001
B ~ .001
“ Reported by National Lead Company. 6From Ph.D. Thesis, J. M. Honig, University oi Minnesota. * Determined in

this Laboratory.
electron micrographs.

" By electron diffraction methods.

structure have been described in a recent publication.’6
The resulting material was quite coarse (see below).

(2) Anatase, prepared as above but doped with varying
quantities of sodium hydroxide, barium hydroxide or ti-
tanium tetrafluoride just prior to precipitation of the per-
oxidized titania gel.15 The sample compositions are indi-
cated in Fig. 4.

(3) Samples prepared as in (1), but ground to a powder
in a clean glass mortar.

(4) Commercial powders of high surface area containing
various impurities. The known properties of the commer-
cial grade powders are given in Table I.

Determination of Surface Areas of Powders.—A weighed
quantity of the powder was placed in a sample bulb, sus-
pended from the balance and counterweighted to an ap-
proximate null position. After evacuation and outgassing
at the temperatures listed in Table 11, the sample and com-
pensation bulbs were cooled in vacuo to 78°K. by immersing
the sample and compensation tubes in liquid nitrogen.
Helium was admitted to a pressure of 2 mm. to accelerate
the attainment of thermal equilibrium. The helium was
evacuated; evacuation was continued until no change in
the balance null position was observed for 30 minutes.
Dry nitrogen, which is customarily used in surface area
determinations,I7 then was admitted in pressure increments.
The compensation e.m.f. required to maintain the balance
in the null position was plotted as a function of pressure.
A typical isotherm obtained in this manner is shown in Fig.
3 for a rutile sample (MP-980-5) that had been outgassed at
500° until no further mass loss was observed. The iso-
therm was retraced upon evacuating the nitrogen in pressure
decrements.

The surface area was computed usingahe BET value®$
for the area per nitrogen molecule (16.2 A.2) and assuming
that monolayer coverage was complete at the point labeled
as B on the isotherm shown in Fig. 3. Since the surface
areas were obtained for rough comparisons, it did not seem
worthwhile to utilize the BET procedure to locate point B
more precisely.

(17) S. Brunauer and P. H. Emmett, ibid., 59, 2G82 (19371.

e Degassed 4 hours at 200°.
*Nb and ZnO are <0.01; SI™Os, Y and Cu are <0.001; Mg and Pb are <0.0005.

1 Degassed 4 hours at 400°. 5From

Fig. 1.—Schematic representation of microbalance used to
determine changes in high vacuum.

Procedure for the Determination of Loss in Mass of a
Material as a Function of Temperature in High Vacuum.—
A weighed quantity of the TiC'2crystals was suspended from
the microbalance in a quartz bulb. The balance was coun-
terweighted to an approximate null position; the system
was then sealed and a vacuum drawn. Two hinged furnaces
were mounted about the sample and dummy bulb (sus-
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Nitrogen pressure, mm.

Fig. 3.—Nitrogen adsorption isotherm on rutile powder
(MP-980-5) at 78°I<.

400 600
Temp., °C.

Fig. 4.—Décrémentai mass changes in high vacuum for
TiOj and doped TiO» as a function of temperature. All
curves originate at zero at 25°.

800 1000
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Table 1l

Summary op the Total Oxygen Uptake, Surface Area,
and Oxygen Uptake Per Unit Surface Area of Com-

MERC IAL TiOZSamples at Various Temperatures”

BET
Mass of Total O2 N, Surface Column 3 0,
sample, Temp., uptake, adsorp- area, Column 5 pressure,
mg. °C. Mg tion, /ig.  m.yg. iag./m.2 mm.
Anatase
151.5 Room T 1224 28.1
151.5 500 be 1022 23.42 ab
151.5 800 36 85.6 1.96 121 10
45.1 700 33 158.4 12.22 60.0 20
372.6 500 23« 1120 22.6 5.9 30
172.6 700 30d 120 2.41 72 12
172.6 800 35.5d 165 3.31 62.4 21
172.6 915 29d 54 1.09 154 16
163.5 SO0 52° 172 3.66 87 22
Rutile MP-980-5
206.1 Room T 771.2 15.38
206.1 504 19. Sc 1316.0 22.25 4.32 22
206.1 695 10 .o0d 732.8 14.62 3.32 6
206.1 930 45, S* 167.2 3.30 67.5 17
Rutile MP-532-3
102.6 Room T 1926.3 65.31
102.6 520 42.5C 1683.0 57.07 7.25 14
102.6 710 81.3d 473.2 16.04 67.3 2.2
102.6 895 33d 84.2 2.85 113 0.010
Rutile MP-532-2
90.5 691 35.7e 419.5 16.15 24.5 .006
90.5 896 34.8d 223.0 8.60 44.8 .00l4
Rutile MP-980-2
98.0 713 59.2€ 176.3 6.26 96.5 0013
98.0 920 24.4d 74.8 2.66 93.5 .007
202.9 504 50.1d 3190 54.6 4.52 38

Anatase (highly purified and crushed in glass mortar)

142.9 Room T 1695.0 41.1

142.9 500 0 268.0 6.5 0
142.9 700 0 8.2 0.2 0
142.9 900 0 <2 <0.05 0

“ Column 1, mass of sample; column 2, temperature at
which sample was outgassed to constant mass prior to the
admission of oxygen; column 3, total oxygen uptake by the
sample at the outgassing temperature; column 4, nitrogen
adsorption on the sample at 78°K. as determined from the
BET point B. After outgassing and adsorbing oxygen on
the sample, it was cooled in vacuo from the outgassing tem-
perature to 78°K; column 5, BET surface area, see Section
11B for method of calculation; Column 6, column (3)
column (5) to obtain the oxygen of adsorption per unit
area; column 7, oxygen pressure, above which no further
sorption could be detected. 4The oxygen uptake was com-
pletely masked by a prolonged drift in the balance at low
pressures. eThe sample turned grey during outgassing
and white after the first admission of oxygen. Thereafter,
the sample remained mwhite (or yellow at high temperatures)
even after prolonged outgassing at 915°. This oxygen ad-
sorption was reversible. dThis oxygen adsorption oc-
curred reversibly.

pended from the counterweight side). The voltage input
to each furnace, and hence its temperature, was regulated
by fused Variacs. The latter were powered by a constant
voltage transformer. In the absence of thermal drafts,
temperature control to +1° was achieved. The sample
temperature was determined from the e.m.f. of a calibrated
chromel-alumel thermocouple.

A precise null reading was obtained prior to evacuation
at room temperature. A subsequent determination of the
buoyancy slope in nitrogen thus allowed a very precise cor-
rection to be applied to the apparent mass loss on evacua-
tion. While maintaining a continuous dynamic high
vacuum of 10~4 mm. or better, the sample was heated to
progressively higher temperatures. When no further
change in mass could be detected in a period of eight hours
at each temperature, an “equilibrium” reading was taken.
The mass changes shown in Fig. 4 thus were obtained.
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The readings below 300° are omitted from this figure be-
cause, as will be shown later, they pertain to the desorption
of water vapor and not to changes in sample composition.

In an independent experiment, the above procedure was
carried out utilizing an empty quartz sample bulb. No
mass change could be detected at the highest temperature
over a three-day period. Thus, if there was any volatiliza-
tion of quartz at 1000° in high vacuum, it was either too
slow to be detected or it occurred at nearly identical rates
from the sample and compensation bulbs.

Procedure for the Determination of Oxygen Uptake by
Ti02Powders as a Function of Pressure.— At elevated tem-
peratures, the procedure utilized for carrying out this meas-
urement is complicated by the existence of thermomolecular
flow of gases in the pressure range 10~3< P < 15 mm.
The gas flow, which results from a temperature gradient in a
closed system, exerts a “drag” on the suspension fiber
causing an apparent mass change.’5 This effect is repro-
ducible for a given geometry, temperature gradient and
pressure, but the amount of drag depends on the properties
of the ambient gas. It was determined experimentally that
the drag effect could be minimizedl and calibrated with
little effort. Nitrogen was used as the calibrating gas.
For work of the highest precision, account should be taken of
the slight difference in thermomolecular flow behavior be-
tween N2and O2. However, it was established in an experi-
ment utilizing an empty sample bulb that plots of apparent
mass change against oxygen or nitrogen pressure nearly
superimposed; the deviation between the two curves was
less than the over-all experimental uncertainty.

The procedure for outgassing the sample was the same as
described in the preceding section. After the thermomo-
lecular flow effect was minimized,55a plot of the apparent
mass change of the sample as a function of nitrogen gas pres-
sure was obtained; the gas then was removed in decrements
as a further check on the curve. When the balance position
became constant in high vacuum, oxygen was introduced
to the balance system; again, the compensation current
required to keep the balance in the null position was plotted
against pressure. For the temperatures studied, oxygen
uptake was completed in less than two to five minutes at
each pressure. A typical set of data is plotted in Fig. 5.
The difference between the two curves corresponds to the
mass gain by the sample at various oxygen pressures. This
is shown in the inset of Fig. 5.

Results

Mass Loss by Highly Purified and Doped “Bulk”
Samples.—The results of a number of investiga-
tions of the loss in mass by various purified and
doped Ti02 samples (of type 1 or 2 as described
earlier) are plotted in Fig. 4. All points represent
equilibrium values, with the exception of the 1000°
point for the Ti02sample containing 0.1 %Na2.
This run was terminated when the sample con-
tainer dropped off the suspension. As can be seen
the mass loss per unit sample mass varied widely
up to 400° but was relatively constant beyond this
temperature except for the samples containing
0.1% sodium oxide and 1% titanium tetrafluoride.

The mass change below 400° presumably is due
to the desorption of water and of other conden-
sable vapors from the surface and adjoining regions
of the sample. This hypothesis is supported in a
separate experiment carried out on the Ti02
sample containing 0.1% sodium oxide. In this
experiment, 80 fig. of water vapor per mg. of sample
was collected in a microanalytical absorption tube
containing a CaS04getter. This compares with a
mass loss of about 96 fig. per mgf of the aliquot
suspended from the balance. The difference can
be ascribed to variations in the surface areas of the
two aliquots and to the presence of other adsorbed
or trapped vapors such as carbon dioxide which are
not collected in the absorption tube.

The material containing TiF4exhibited a marked
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Pressure, mm.

Fig. 5—Graphical method for determining oxygen uptake
on TiOj powders as a function of pressure.

change of mass in the region from 400 to 800°.
The changes observed here probably resulted from
volatilization of the gaseous titanium tetrafluoride.
In support of this statement, it should be noted
that the equilibration time at each temperature
below 700° ranged from one to four days, whereas,
in other samples, equilibrium generally was
established hi 8-12 hours. Furthermore, a nega-
tive test was obtained for fluoride ion18for both of
the samples doped with TiF4 after they had been
heated in vacuo to 1000°. This indicated that not
more than 1% of the original impurity remained
in the sample.

Likewise, the material doped with sodium oxide
exhibited marked changes in mass at tempera-
tures exceeding 900°. These changes were prob-
ably due to the sublimation of the sodium and/or
sodium oxide. This was established by observ-
ing: (a) an excessively long equilibration time at
1000° (seven days for the 0.1% sodium oxide
sample); (b) a chemical attack, not encountered in
any other run, on the silica sample bulb and on the
Vycor suspension fiber; and (c) a negative flame
test for sodium in the samples heated to 1000°
in vacuo.

Oxygen Uptake on Highly Purified and Doped
“Bulk” Ti02Samples.— After reaching the highest
sample temperature (~1000°) in measuring the mass
loss in vacuo of the highly purified and doped
Ti02samples, oxygen was admitted up to a pres-
sure of 150 mm. No uptake was observed over
a 24-hour period at 1000° with any of the samples.
Additional runs were carried out in which new
aliquots of several of the bulk samples were heated
at 500 or 700° until no further change in mass was
observed. Oxygen then was admitted at these
lower temperatures up to a pressure of 150 mm., but
again no uptake could be detected within a 24-
hour period. The surface area of the “bulk”
material was 0.2 m.2g. or less in all cases.

Oxygen Uptake on Commercial TiOo Powders.—
The interaction of oxygen with commercial Ti02
powders (of type 4 as describee earlier) then was
studied as a function of pressure at various tempera-
tures. After the oxygen uptake has been deter-
mined at a given temperature, the oxygen was

(18) F. Feigl, “Spot Tests,” 3rd English Edition, Elsevier Pub-
lishing Co., Inc., New York, N. Y. 1946, p. 252.
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Oxygen pressure, mm.

I'ig. 0.—Oxygen adsorption isotherms on Ti02 powders at
504°.

Temp., °C.

Fig. 7.—Magnification of the 400 -1000° temperature
region for the pure TiG2 and Ba(OH)2 doped TiO, data
plotted in Fig. 4. See Fig. 4 for the key to the symbols.
All curves are plotted relative to zero at 800'.

evacuated. In these experiments, oxygen uptake
or loss was complete in two to five minutes at each
pressure. High vacuum was maintained until a
constant sample mass again was achieved. The
sample then was cooled in vacuo to liquid nitrogen
temperature and the surface area was determined.
The sample was reheated to a higher temperature in
vacuum until no further mass change was observed.
The oxygen uptake and surface area then were meas-
ured following the same procedure as described
above; this cycle was repeated several times for each
sample. The total oxygen uptake, the surface
area and the pressure, above which no further oxy-
gen uptake could be measured for the various
samples at different temperatures, are summarized
in Table Il. Adsorption isotherms, similar to the
one shown in the inset of Fig. 5, were obtained in
each case.

In addition to the above systematic cycle of
experiments, a second aliquot of sample MP-
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532-3 was outgassed to constant mass at 700 and
900°. After cooling to 78°K. in vacuo, oxygen was
admitted in increments up to the saturation pres-
sure and then evacuated. A reversible desorption
process was observed, thus indicating no net oxy-
gen uptake at 78°lv. One of the isotherms from
this experiment was presented as Fig. 6 in refer-
ence 15.

Sorption data were obtained at 504° for two ali-
guots of anatase (43.1 and 116.7 mg., see Table I1)
and the uptake per unit sample mass was plotted
as a function of pressure. As can be seen in Fig. 6,
the resulting isotherms superpose within experi-
mental error. Results for two of the rutile samples
are also plotted on this figure for the purpose o:
comparison.

Oxygen Uptake by Highly Purified Ti02 Pow-
der—The results of the determination of the
oxygen uptake of highly purified TiO2 powder
(of type 3 as described earlier) also are summarized
in Table Il. These data were obtained utilizing
the same systematic cycle of tests employed for the
commercial grade powders.

Discussion

As a first approximation, it can be stated that the
sample composition of bulk Ti02remains constant
above 400°; however, a number of interesting
features are revealed in Figs. 7 and 8 in which
mass changes relative to the sample mass at 800°
are plotted as a function of temperature on a very
much larger scale. In these figures, it is evident
that for all samples there is a gradually diminishing
mass loss up to 875°, beyond which a gradually
increasing loss of mass again is observed. Upon
bracketing the experimental results with the dotted
envelopes, an inflection point at 875° is clearly
indicated.

The loss in mass up to the inflection point is
probably a result of the expulsion of entrapped
water vapor. In other systems, such as alumi-
num oxide and silicon dioxide, it is known that
samples must be heated to over 900° in order to
expel all water vapor.1921 The divergence in
mass losses at lower temperatures undoubtedly
indicates that the mass change up to the inflection
point depends on the sample history and compo-
sition.

The increasing mass loss above 875° is probably
the result of an incipient decomposition of the
sample, perhaps of the general type expressed in
equation 1 This is supported by the following
observations: (a) samples heated to 800° and cooled
to room temperature in vacuum retain their ivory
appearance, whereas (b) samples heated to 1000°
assume a grey color, not only on the surface but
also in the interior. It is veil known from experi-
ments involving a partial reduction of Ti02
that the creation of oxygen vacancies is accom-
panied by the appearance of a bluish color.

It is of interest to compare the above properties
with those of high area commercial grade powder
(anatase). Both types of samples exhibit con-

(19) W. Blum, J. Am.. chem. Soc., 38, 1282 (1910).

(20) W. Mielir, P. Koch and J. Kratzert, Z. angew. Chem.. 43,
250 (1930).

(21) J. N. Frers, Z. anal. chem., 95, 131 (1933).
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siderable mass loss in the temperature region below
400° in vacuo, but no drastic change in composition
occurs between 400 and 1000°. However, while
reversible oxygen sorption isotherms were obtained
in the temperature range 500-900° for the com-
mercial samples, these were not encountered in the
pure material. It might be postulated that the
difference is a result of surface effects. In Table
I, column 3, it can be seen that the maximum
oxygen uptake in all cases was in the range 20 to
80 My The minimum surface area, A, encountered
with these commercial samples, was of the order
2 m.2g. Since A for the bulk material was at
least one order of magnitude less than the above
value, the expected uptake of oxygen would be
diminished to a maximum of 2 to 8 My This
quantity is barely above the experimental error
associated with the most careful use of the balance
at elevated temperatures. However, it can be
seen in Table Il that no oxygen uptake was de-
tected even in the case where the pure bulk anatase
was crushed to a comparably high surface area.
In an additional experiment, no oxygen uptake
could be detected on a crushed sample of a doped
material containing bulk impurities. Thus, it
would seem that impurities on the surface of
Ti02 strongly influence the ease of oxygen ad-
sorption or desorption for this material and that,
in the absence of impurities, no appreciable oxygen
losses occur from the surface in the temperature
range studied.

While marked sintering is exhibited by the com-
mercial samples in the temperature range 500-900°,
the quantity of oxygen uptake remained essentially
constant (column 3, Table Il). Thus, the relative
amount of oxygen uptake per unit surface area
increased greatly during sintering. It may be
postulated that this increase was the result of dif-
fusion of additional impurity centers to the surface.
Or one could argue that the impurity centers on
the surface became more active at higher tempera-
tures. In any event, it remains to be established
to what extent the reversible oxygen uptake on the
surface depends on the nature of the impurities
and on their distribution. The impurity additions
to the pure bulk material had no apparent effect
on the incipient decomposition, but this does not
mean that impurity centers on the surface would
not affect the oxygen loss. The surface area of the
doped samples was too small for any effect, if
present, to be observed.

As can be seen in Table Il, the properties of the
rutile samples MP-980-2, MP-980-5, MP-532-2 and
MP-532-3 were essentially the same as for the
anatase powder (MP-980-1). However, there -were
differences in the initial slopes of some of the sorp-
tion isotherms; it was not possible to establish a
correlation with the impurity content of the sample.

At this point, it should be mentioned that the
blue color observed upon original outgassing of the
commercial samples has been observed by
others.22-24 We believe that the discoloration is a
result of slight oxygen loss from the Ti02 Re-

(22) L. H. Reyerson and J. M. Honig, J. Am. Chem. Soc., 75, 3917
(1953).

(23) Y. L. Sandler, Thisjourna 1. 58, 54 (1954).
(24) J. Gebhardt and K. Herrington, ibid., 62, 120 (1958).
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Fig. 8.—Same as Fig. 7 but- for pure T:02and TiF4 and
NaXd doped TiO2 data. See Fig. 4 for the key to the
symbols.

cently, Gebhardt24 reported that the discoloration
in commercial rutile powders resulted principally
from organic contamination of the surface in a
“dirty” vacuum system. If an organic material
were oxidized from the surface, an apparent loss in
sample mass would be observed. We did not
observe such an effect in any of our experiments.
Further, in some cases, i.e., rutile MP-532-2 and
-3, oxygen uptake was completed at pressures of
10 m- In these cases, a continuous decrease in gas
pressure was recorded as long as there was a con-
tinuous increase in sample mass. Equilibrium -was
attained within a few minutes. We therefore con-
clude that our vacuum system was “clean” in the
definition of Gebhardt. We cannot overemphasize
that once oxygen -was admitted to a commercial
grade discolored sample, the discoloration could not
be made to reappear ever though the solid was
heated to as high as 1009° ;n a dynamic high
vacuum.

There is an interesting coincidence between the
temperature of incipient decomposition of the
bulk material (875°) and the temperature at which
a sharp break in the resistivity of rutile single
crystals was observed (900°) by Cronemeyer.6
However, no convincing explanation can be ad-
vanced that correlates the observed irreversible
creation of defects from the incipient decomposition
with the reversible change in resistivity of the single
crystals.

Finally, an interesting correlation exists between
the temperature above which marked sintering of
the powders occurred (500°) and the temperature
at which a reversible oxygen uptake was first de-
tected (500°) (see Table I1). It is generally
accepted that the oxygen loss from a titanium
dioxide surface is equivalent to the creation of
surface vacancies or defects. Thus, for the
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powders studied, the temperature at which sinter-
ing set in corresponds roughly with the tempera-
ture at which surface defects are formed. Recently
Parravanobproposed that the sintering mechanism
in metal oxides consists of welding crystallites
together by “bridges” which emerge from surface
defects. Our results tend to support this hy-
pothesis.

Conclusions

Several conclusions can be cited from this work.

(1) Reversiole oxygen adsorption seems to
occur at surface impurity centers in commercial
grade titanium dioxide at temperatures between
500 and 900°. This finding is in agreement with
reports that isotopic oxygen exchange is obtained
with commercial and/or reagent grade samples of
NiO, CaO, Mn02 Ti02 ThO02 and 7-AlD35 D
at temperatures as low as one-fourth the melting
point of the bulk phase.

(2) The temperature of incipient decomposition
of highly purified Ti0O2 in a dynamic vacuum of

(25)
(26)
@7
(28)
(29)

G. Parravano, personal communication.

J. A. Allen and I. Lauder, Nature, 164, 142 (1949).
N. Morita, Bull. Chem. Soc. Japan, 15, 1 (1940).
E. R. S. Winter, J. Chem. SoC., 1170 (1950).

E. Whalley and E. R. S. Winter, ibid., 1175 (1950),
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about 10-5 mm. is approximately 875°. Rever-
sible oxygen adsorption, if present, is too small to
be detected.

(3) Nearly all water vapor and other conden-
sable vapors appear to be desorbed at 800° in high
vacuum. Presumably, an analysis of the compo-
sition of low area titanium dioxide subjected to
these conditions should yield a compound close
to the stoichiometric composition.

(4) Neither conclusion (2) nor (3) was altered
by doping the purified Ti02with various amounts
of BaO, Nad or TiF4 However, Nad incorpo-
rated in the lattice is volatile above 875° and in-
corporated TiF4is volatile between 400 and 800°.

Note Added in Proof.—Under the conditions of our ex-
periment, the Na<0 undouotedly vaporized from the doped
TiOo samples as sodium atoms and oxygen molecules.3
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A MASS SPECTROMETIIIC STUDY OF THE VAPORIZATION OF FERROUS
BROMIDE1
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A mass spectrometer has been used to analyze the vapors effusing from a Knudsen cell containing FeBrZs).

In the tem-

perature interval 620-665°K., the monomer is the predominant vapor species; but at the melting point the dimer concentra-

tion becomes significant.
59.5

Introduction

Unlike the iron(lll1) bromide which is known
to vaporize largely as gaseous dimers, the iron(11)
bromide is believed to vaporize primarily as the
monomer, FeBr2(g). Evidence that FeBr2 is
not appreciably associated as dimers in the vapor
phase has been obtained in the vapor pressure
studies of MacLaren and Gregory.2 Employing
effusion, transpiration and diaphragm methods of
measurement, these investigators determined vapor
pressures of solid and liquid FeBr2in the tempera-
ture range 400-909°. Based on the three inde-
pendent methods their data give reasonably con-
cordant vapor pressures if the monomer is assumed
to be the major vapor species. The authors
point out, however, that in the higher temperature
range near the melting point of the solid, the
presence of about 15% dimer cannot be excluded.
In order to obtain information on the possible

(1) This research was supported by the L'. S. Air Force through the
Air Force Office of Scientific Research of the Air Research and De-
velopment Command under contract No. AF 18 (603)-I.

(2) R. O. MacLaren and N. W. Gregory, This Journar,
(1955).
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Thermochemical data have been determined for the reactions; 2FeBrZs) = Fe.Br/g), Aiffwo -
+ 6 kcal./mole dimer; FeBr4g) = 2FeBr2g), AH”0 = 34.7 + 4 kcal./mole dimer.

existence of polymeric species, we have analyzed,
mass spectrometrically, the vapors effusing from
a Knudsen cell containing solid, anhydrous ferrous
bromide. Earlier mass spectrometric studies on
ferrous chloride2indicated that FeCl2is associated
to some extent as dimers in the saturated vapor.

Experimental

Descriptions of the experimental method and the furnace
assembly for a 12-inch, direction-focusing mass spectrometer
have been given earlier.3db The method involves electron
bombardment of the vapor leaving an effusion cell anc the
subsequent identification and study of the positive ions pro-
duced. The experimental conditions closely approximated
those previously reported for FeCl2. Effusion cells were
constructed of high purity iron and the ratio of orifice area
to total sample surface area was less than 5 X 10~4. The
temperature range investigated was between 300 and a00°.
Temperatures were measured with a chromel-alumel
thermocouple calibrated at the melting point of zinc.
Samples of FeBr. were prepared by passing anhydrous HBr
over red hot iron wire in a Vycor tube. Yellow flakes of
FeBr2 collected on the cooler portion of the tube, were used.
Results from the first few experiments were discarded be-

(3) () R. C. Schoonmaker and R. F. Porter, J. Chem. Pkys., 29,
116 (1958); (b) R. F. Porter and R. C. Schoonmaker, This Journal,
62, 234 (1958).
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cause of interfering hydrolysis of the samples. This was
recognized by the high HBr+ background and a black re-
sidual surface layer on the samples after heating. With
sufficient precautions to keep the samples dry during prepa-
ration and rapid transfer of the freshly prepared material
to the mass spectrometer, hydrolysis was diminished and
satisfactory results could be obtained. At temperatures
above 400° ion current ratios were not, in general, very re-
producible. This condition probably was caused by failure
to attain complete vapor saturation due to surface con-
tamination of the solid resulting from hydrolysis. A large,
discontinuous and non-reproducible increase in the ratio
AeBt+/FcBr!+ was observed at higher temperatures during
several runs. At present, this anomalous behavior remains
unexplained.

Results and Discussion

A typical mass spectrum of ferrous bromide
vapor is shown in Table I. Identification of ionic
species with masses below 200 was obtained by
counting from known background masses (pri-
marily residual hydrocarbon). lons with mass
over 200 were checked with a Rotating Coil
Gaussmeter. Final identification of all ions was
made by comparison of observed intensities of
isotopic species with those calculated from the
natural abundances of Fe and Br isotopes. Since
all of the isotopic masses are two units apart, no
difficulty was encountered in resolving the heaviest
isotopic species. Masses containing three or four
atoms of Fe were not detected. Appearance
potentials for the principal ions in the vapor, cali-
brated against the ionization potential of HBr+,
are presented in Table I. The ions observed fall

Table |

Mass Spectrum op FeBr2Vapor (T = 392°)
Appearance potential*»
(v

lon Mass no. Intensity®
Fe + 56 45.0 16.6 £+0.5
FeBr + 135 63.5 129+ 5
FeBr2+ 216 100 O 107+ 5
FeBr + 191 0.8
FeBr2+ 272 0.3
FeBr3+ 351 9.3 136+ 5
FeBr4+ 431 56 126+ .5

“ Relative units; ionizing electron energy = 50 volts.
60btained by linear extrapolation of appearance potential
curves, calibrated against A(HBr+) = 13.2 volts.

into two classes: those containing one atom of
Fe, and those containing two atoms. Below 400°,
the ratios IveBr+/IFeBn* RIld /FeBrdV \FetBrj+
had only a slight dependence on temperature (see
Fig. 1) indicating that FeBr+ and FeBr3+ are
probably formed primarily from the parent mole-
cules of FeBr2+ and FeBr4+, respectively. The
slight temperature dependence of these ratios may
be due to a temperature dependent dissociative
ionization cross section, or, in the case of | FeBrV
7FeBr2+, to a small contribution from a second
process, e.g., dissociative ionization of the dimer.
The presence of stable molecules with iron in an
oxidation state lower than two (i.e., FeBr(g),
FeBr3g), etc.) is more or less ruled out since the
solid vaporizes stoichiometrically as FeBr2 The
intensity ratio of FeBr2+ to FeBr3+ varied con-
siderably with temperature as indicated in Fig. 1.
This is taken as sufficient evidence that FeBr2+ is
not formed primarily from the parent of FeBr3+
or FeBr4+. The observations are consistent with
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the presence of two molecules, FeBr2g) and Fe2
Br4(g), in the vapor phase. The high appearance
potential (=—16.6 volts) of the Fe+ ion leads to the
conclusion that it is formed by fragmentation.
A possible process for the formation of Fe+is

FeBr2g) 4-e — Fe+ + 2Br(g) + 2e

The mechanisms by which FeBr+ and FeBr2+
are formed could not be determined due to the low
intensities of these species. However, it seems
reasonable to attribute their formation to dissocia-
tive ionization of FeBr4(g).

Since our temperature range overlaps the ef-
fusion data of MacLaren and Gregory, we can use
their vapor pressures to calibrate the mass spec-
trometer. For our instrument,3,PX = TKXIX+,
where PX is the partial pressure of species x; in
the effusion cell, 1 X+ is the total intensity of the
ion species Xj+ corrected for isotopic abundance,
T is the absolute temperature, and K% is an
instrument sensitivity factor incorporating ioni-
zation cross section and ion detection efficiency

terms. Thus, for agiven temperature
P FeBri r 0'(F6Brd)_|rS(Fe,Bra+)“Ir/FeBn.* i
PrRoR4  L<r(FeBr2 J |_iS(FeBr2+) _1L AesBIV-J
In this expression <r(FeBr4/o-(FeBrd is the

ratio of relative partial ionization cross sections for
FeBr4(g) and FeBr2g); and <S([FeBr4g+/$(Fe-
Br2+) is the ratio of relative electron multiplier
detection efficiencies for FeBrs+ and FeBr4+. |If
the ionization cross section ratio, <r(FeBr4/<7-
(FeBr2, is taken to be 2 and the multiplier ef-

ficiency term to be approximately 1"s/2,4then

jFR=2|3’4 . PFeBri
V2
Equilibrium pressures of FeBr2g) and Fe2Br4(g)
at several temperatures, calculated from our ion
intensity ratios and the effusion data of Mac-
Laren and Gregory, are presented :n Table II.
Since

AF°t = RT In (B%%II

for the reaction FeBr4(g) = 2FeBr2g), a heat of
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dissociation may be determined if an entropy is
evaluated for the reaction. Experimental re-
action entropies have been determined2 for the
dimerization of FeClAg), FeCL(g) and FeBr3g).
The values are not widely divergent, and from them
we estimate —28 + 5e.u. for the entropy of dimeri-
zation of FeBr2(g). Using this entropy and values
of Ar-«, we have calculated the heats of dissocia-
tion for FeBr4(g) = 2FeBr2g) presented ir. Table
Il. Combination of the heat of dissociation of
FeBr4(g) with a value of 47.11kcal./mole for the
process FeBrZs) = FeBr2g) yields the heats of

Table Il
Thermochemical Data for the Reactions: (a; FeBr4
(g) = 2FeBr2g); (b) 2FeBras) = FeBr4g)

AFQ  AHO*

kcal./ kcal./ kcal./

mole  nole nole

dimer  dimer dimer
T reac-  reac- reac-
(°K.) pFeBrrfatm ) pFeXBr4(atni)) tion (a) tion (a) tion (b)
622 276 X 10-s 1.08 X 10-8 17.4 34.8 59.4
635 6.05 X 10-8 2.54 X 10-8 17.0 34.8 59.4
645 1.07 X 10~7 4.54 X 10-8 16.5 34.6 59.6
665 3.3 X 107 1.95 X 1Q"8 16.0 34.6 59.6

“ ASr0— 28 e.u.; Aff&o(av.) = 34.7 £+ 4 kcal. 6A

[FeBras) = FeBr3g)] = 47.1 kcal./mole. See ref. 1;
A(av.) = 595+ 6 kcal.
sublimation for FeBr4(g) shown in Table Il. The

uncertainties ire due mainly to the entropy and
ionization cross section terms. The difference in
heats of subkmation for FeBr4(g) and FeBrZg)
may be calculated from the slope of the | FeBoV
~eiBr3+ vs. I/T curve shown in Fig. 1 In this
plot | FeBrs+is used instead of | bh* in order to
gain a factor of approximately 1.5 in sensitivity.
The difference in heats of sublimation, 14.2 kcal.,
determined by a least squares treatment of the
graphical points is in good agreement, considering
the uncertainties involved, with the value of 12.4
determined by the third law method. This agree-
ment establishes some degree of confidence in the
estimated value for the entropy of dimerization for
FeBr2g).

The data in Table 111 represent an extrapolation
of our calculated pressures to higher temperatures
using a heat of sublimation of FeBr2g) of 47.1
kcal./mole and a heat of fusion of FeBrZs) of 11
kcal./mole from ref. 1, a heat of sublimation of

Richard F. Porter and R. C. Schooxmaker
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FeBr4(g) of 59.5 kcal./mole determined in the
present work, and assuming that ACP (sublimation)
for FeBr2g) and FeXBr4(g) are approximately
equal to those estimated246for FeCl2g) and FeZXCL-
(g), respectively. At the melting point of FeEr>,
we obtain a total vapor pressure of 3.0 X 10~2
atm. which, though perhaps fortuitous, is in good
agreement with the value 2.95 X 10-2 atm.
calculated from the vapor pressure equation of
MacLaren and Gregoiy which was obtained from
diaphragm gauge measurements where no assump-
tion was necessary concerning the vaporizing
species. The data in Table Ill indicate approxi-

Table 111

Monomer/D imer Pressure Ratio for Ferrous Bromide
Vapor at Various Temperatures

T, °K. pFeBrt/pFeiBr*
645 24.6
964 (m.p.)“ 1.1
1215 (b.p.16 1.1

° Reference 2. 6Extrapolated value, this work.

mately equal partial pressures of monomer and
dimer in the saturated vapor over FeBr2l). This
dimer concentration is somewhat larger than that
estimated as an upper limit (15%) by MacLaren
and Gregory from a comparison of their transpira-
tion and diaphragm measurements in an overlap-
ping temperature range near the melting point.
It is interesting to note, however, that, with the aid
of the previously estimated ACp (sublimation) of
FeBrAg), the extrapolation of their vapor pressure
curve obtained from effusion experiments at low
temperatures, where the monomer is the major
vapor species, gives a monomer vapor pressure at
the melting point which is closer to 50% of the
total pressure obtained from their diaphragm meas-
urements. The accuracy in calculation of phe
monomer-dimer ratio in our work is subject to ‘ he
uncertainty in the heat of dimerization of the
monomer. With the present results, it is only
possible to set the limits of 30-70% for the dimer
concentration at the melting point of FeBr2where
the total pressure is taken to be 3 X 10_: at-
mosphere.

(4) M. G. Inghram, R. Tlayden and D. Hess, “Mass Spectroscopy in

Physics Research,” Nat. Bur. Standards Cir. 522, 1952.
(5) K. K. Kelley, U. S. Bur. Mines Bull. No. 476, 1949.
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LIGHT SCATTERING

Ordering Effects in Silicotungstic Acid Solutions

INVESTIGATION OF ORDERING EFFECTS
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IN

SILICOTUNGSTIC ACID SOLUTIONS

By M. J. Kronman and Serge N. Timasheff

Eastern Regional Research Laboratory,'1Philadelphia 18, Pennsylvania
Received. October 9, 1968

A light scattering investigation was carried out on silicotungstic acid in the presence and absence of sab.

In the presence

of 0.300 M NacCl, the dependence of H(C/r) on C was normal and the intercept corresponded to the formula molecular weight.
In the absence of salt, at concentrations above 20 g./I., the points fell on a straight line that siemed to extrapolate to Y/, the

formula weight.

Below 20 g./l., the H(C/r) values curved strongly downward toward the formula weight.

This behavior

is interpreted in terms of ordering effects in the solution, due to electrostatic repulsion.

Introduction

In addition to the use of the light scattering
technique for the determination of molecular
weights,34it has been of special value in the study
of physico-chemical properties of proteins5‘7 and
in the elucidation of processes in which they are
involved, such as enzyme inactivation,8 enzyme-
substrate interaction910 and aggregation-disag-
gregation phenomena.l1-17 The latter types of
studies, however, are complicated by the fact that
often the best experimental conditions for the inves-
tigation of the given process may be poor from the
standpoint of light scattering work, with the result
that the data cannot be interpreted in an un-
ambiguous manner.

For a system composed of water, protein and a
salt, for example, multi-component theory1820
yields the following expression for the variation of
the excess turbidity, t, with concentration

1 A2 AD A
1+ D jm2+ m2 M,( 2V g2

\k + An)_

(1) This work was presented in part at the Second Delaware Valley
Regional Meeting of the Am. Chem. Soc., February, 1958, and at the
133rd Meeting of the American Chemical Society, San Francisco,
April, 1958.

(2) Eastern Utilization Research and Development Division,
Agricultural Research Service, U. S. Department of Agriculture.

(3) M. Halwer, G. C. Nutting and B. A. Brice, J. Am. Chem. Soc.,
73, 2786 (1951).

(4) M. J. Kronman and M. D. Stern, Tnis Journat, 59,
(1955).

(5) S. N. Timasheff and I. Tinoco, Arch. Biochem. Biophys., 66,
427 (1957).

(6) S. N. Timasheff, H. M. Dintzis, J. G. Kirk-wood and B. D.
Coleman, J. Am. Chem. Soc., 75, 782 (1957).

(7) J. T. Edsall, H. Edelhoch, R. Lontie and P. R. Morrison, ibid.,
72, 4641 (1950).

(8) H. Edelhoch, ibid., 7o, 6100 (1957).

(9) D. s. Yasnoff and H. B. Bull, J. Biol. Chem., 200, 619 (1953).

(10) M. J. Kronman and M. D. Stern, manuscript in preparation.

(11) J. E. Fitzgerald, N. S. Schneider and D. F. Waugh, J Am.
Chem. Soc., 75, 601 (1957).

(12) J. F. Foster and R. C. Rhees, Arch. Biochem. Biophys., «0, 437
(1952).

(13) S. N. Timasheff and R. J. Gibbs, ibid., 70, 547 (1957).

(14) R. Townend and S. N. Timasheff, J. Am. Chem. Soc., 79,
3613 (1957).

(15) M. J. Kronman, M. D. Stern and S. N. Timasheff, T his Jour-
nal, s0, 829 (1956).

(16) 1. Tinoco, Arch. Biochem. Biophys., 68, 367 (1957).

(17) M. Bier and F. F. Nord, Proc. Natl. Acad. Sci., U. S., 35, 17
(1949) .

(18) J. G. Kirkwood and R. J. Goldberg, J. Chem. Phys., 18, 54
(1950) .

(19) W. H. Stockmayer, ibid., 18, 58 (1950).

(20) H. C. Brinkman and J. J. Hermans, ibid., 17, 574 (1949).
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324W(an/ac2)?2
384V

H =

2 .
c, + Aa

e
“ RT dCj
tfTlog Ci - M + Mi°(T,p)
di j dn
“ ~ bC-J dC2
where water is component 0, a 1-1 salt is component
1 and protein is component 2.  Ci is rhe concentra-
tion of component i in grams per ml.,, n is the re-
fractive index of the solution, M\ is the molecular
weight of component i, and M(gis the excess chemical
potential of that component. It is apparent from
this equation that in systems involving strong
salt-protein interaction the =zero concentration
intercept does not give the molecular weight of the
protein. Attraction between protein and salt
leads to values of (HCZ2r)c,=o lower than those
corresponding to the molecular weight, while
repulsion results in values which are too high.
In cases where salt-protein interactions are suf-
ficiently small and can be neglected, equation 1 can
be transformed7to

M =

where m is the molarity of the salt and fe is
din a2/dCz, i.e., the derivative of the activity co-
efficient of the protein with respect to its own con-
centration. Here, extrapolation to infinite dilu-
tion yields the correct molecular weight within the
above approximation. In many cases, however,
the extrapolation cannot be performed, and it is
necessary to calculate the molecular weight di-
rectly from the light scattering data obtained at
finite concentrations. Under such conditions se-
rious difficulties may arise.

For moderate protein concentrations, under con-
ditions of low charge and high ionic strength, the
value of a reasonable approximation of
the reciprocal offthe weight average molecular
weight. At lowfionic strength and high charge
this approximation can lean to very serious errors.
The use of salt-free systems, in which the light
scattering expression is formally simpler, does not
eliminate these difficulties. For a two-component
system, the light scattering equation is

3
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In this case extrapolation of H{Ci/t) to infinite
dilution does vyield 1/M2 This extrapolation,
however, may be difficult or practically impos-
sible due to the strong and often complicated con-
centration dependence of H(C2/t). Such is the
case found for isoionic proteins562L and for highly
charged macromolecules.132-3

It is this problem of the interpretation of light
scattering data from very low ionic strength solu-
tions of highly charged particles that is considered
in this paper. This problem has been examined
previously by Doty and Steiner2 for the case of
serum albumin at low pH’s. The study of such a
protein involves certain innate difficulties, since it
cannot be considered unequivocally from the view-
point of a definite physical model, because its shape

(21) J. G. Kirkwood and S. N. Timasheff, Arch. Biochem. Biophys.,
65, 50 (1956).

(22) P. Doty and R. F. Steiner, J. Chem. Phys., 20, 85 (1952).

(23) A. Oth and P. Doty, This Journa1, 56, 43 (1952).
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is not truly spherical and its electric charge and
charge distribution at any set of conditions may be
somewhat uncertain.

The work to be reported in this communication
was carried out on silicotungstic acid (STA) which
is known to be a spherical molecule,24 5.5 A. ir.
radius. Its charge of —4 corresponds to a charge
density comparable to that of proteins distant
from their isoelectric point. Because of these
properties it seemed like a good model system for
studying the effect of high charge on the light scat-
tering behavior of macromolecules.

Experimental

Material.—Reagent grade, General Chemical silicotung-
stic acid (STA) was dried to constant weight over calcium
chloride and the residual moisture determined by the Karl
Fischer method. Concentrated stock solutions were pre-
pared for light scattering measurements by dissolving the
appropriate amount of STA in doubly distilled water and
titrating to pH 4.5 to 5 with the calculated amount of so-
dium hydroxide solution.

Light Scattering Measurements.— Measurements of ex-
cess turbidity at 436 m/i were made with the Brice photome-
terSequipped with the narrow slit system. Measurements
were made by the Dintzis procedure6® paying particular
attention to the exclusion of dust. Stock solutions were
clarified using an ultrafine filter of the type designed by
Bier. -8

The absence of fluorescence was demonstrated by tie
method described by Brice, Nutting and Halwer.® Ee-
polarizations were determined in the usual way and found
to be negligibly small.33® Refractive index increments
were determined with a photoelectric differential refractoir.e-
ter.d

pH Measurements.—The titration curve of STA was
determined using a Beckman GS2 differential pH meter
together with a thermostated electrode assembly similar to
that described by Tanford.38 Standards for these measure-
ments were freshly prepared HC1 solutions having the same
salt concentration as the solutions with which they were be-
ing compared, as well as a pH within one unit of that of the
solution. Other pH measurements were made with a Beck-
man G pH meter.

Electrophoresis Experiments.—Electrophoretic measure-
ments were carried out with a Model 38-A Perkin-Elmer
apparatus at 0°. Mobilities were calculated from 3n-
larged projected tracings.

Results

Silicotungstic Acid Charge.— One of the most im-
portant parameters in this study being the average
net charge of the macro-ion, it was important to
determine the pH dependence, if any, of the ioniza-
tion of silicotungstic acid.

Shown in Fig. 1 are results of titration experi-
ments carried out at constant final STA and NacCl
concentrations of 0.00197 and 0.300 21/, respectively.

(24) M. C. Baker, P. A. Lyons and S. J. Singer, J. Am. Chem. Soc.t
77, 2011 (1955).

(25) B. A. Brice, M. Hahver and R. Speiser. ./. Opt. Soc. Amer., 40,
768 (1950).

(26) H. M. Dintzis, in preparation.

(27) M. Bier, Doctoral Dissertation, Fordham University, 1950.

(28) F. F. Nord, M. Bier and S. N. Timasheff, 3. Am. Chem. Soc.,
73, 289 (1951).

(29) B. A. Brice, G. C. Nutting and M. Halwer, ibid., 75, 824
(1953).

(30) E. P. Geiduschek, J. Polymer Sci., 13, 408 (1954).

(31) B. A. Brice, to be published.

(32) The mention of commercial products throughout this paper
does not imply that they are endorsed or recommended by the De-
partment of Agriculture over others of a similar nature not men-
tioned.

(33) C. Tanford in T. Shedlovsky. ed., “Electrochemistry in Bi-
ology and Medicine,” John Wiley and SO"S, Inc., New York, N. Y.,
1955.
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The experimental points obtained at 25 and 40° are
shown by the circles, while the solid line was calcu-
lated on the assumption that the acid is completely
dissociated over the entire pH range. It is thus
evident that STA is a strong acid having four ioni-
zable hydrogens, and is completely dissociated over
the pH range studied.

A further determination of the variation of charge
with pH was obtained from the pH dependence of
the electrophoretic mobility. These experiments
were carried out at an STA concentration of 1.1
+ 0.09 X 10-2 g./ml. and yielded an average
mobility of —1.56 * O.li X 10-4 over the pH
range of 1.71 to 4.64. Making use of the Henry
equation3 and properly taking into account the
size of the gegenions,® it was found that this cor-
responds to a net charge of —3.4 + 0.3 with no
pH variation characteristic of ionization. If one
allows for the fact that the experiments were car-
ried out at a finite STA concentration and for the
limitations of the Henry equation, the charge of
—3.4 obtained from electrophoresis can be con-
sidered in satisfactory agreement with the value of
—4.0 obtained from the titration curve.

High lonic Strength Experiments.—Light scat-
tering data on STA obtained in the presence of
0.300 M NacCl are shown in Fig. 2. H(CZ2 t) was
found to be linear in STA concentration with a
slope, 2B, of 1.22 X 10“2 corresponding to a re-
duced slope /L1f21000 of 51.S. The latter value is
comparable to those reported by Edsall, el al.1
for serum albumin at low charge and high ionic
strength.

The molecular weight obtained from the intercept
of the curve was found to be 2860. In Table |
it is compared with values obtained by other
methods. The agreement is found to be excellent,
especially in view of the errors inherent in the mo-
lecular weight determination of relatively small
molecules by the fight scattering technique.

As isshown in eq. 1for a three component system,
where strong interactions are absent, An tends to
zero. In such a case D is also zero and the inter-
cept vyields the correct molecular weight. The
fact that the fight scattering intercept corresponds
to the formula molecular weight of STA, therefore,
is evidence that salt-STA interactions are not
significant.

Table |

Molecular Weight of Silicotungstic Acid

M X
10-3 Method Ref.
2.86 Light scattering This study
2.875 Formula weight
291 Sedimentation-diffusion Baker, et al.u
2.8 Sedimentation-Archibald Kronman and Timasheff

procedure Unpublished results

The positive slope is indicative of repulsive
interactions between quadruply charged silico-
tungstate ions. Its sign and magnitude are as
would be expected from the screening provided
by an ionic strength of 0.300.

Salt-free Solutions.—Light scattering data ob-

(34) D. C. Henry, Proc. Roy. Soc. {London). A133, 106 (1931).
(35) M. H. Gorin, J. Chem. Phys., 7, 40C (1939).
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CONCENTRATION, g/ml * 103

Fig. 2—H(C2 t) as a function of STA concentration in the
presence and absence Of neutral salt.

tained in the absence of salt are shown also in Fig. 2.
In the region above a concentration of 20 g./l. the
data appear to fall on a straight line that would
extrapolate to an intercept corresponding to about
y 3 of the formula molecular weight. At concen-
trations below 20 g./l. the scattering shows a
marked dependence upon concentration, H{Ci/t)
decreasing almost threefold in the concentration
range of 1to 10g./1.3

Examination of equation 3 indicates that for a
constant M2 the observed variation of H(CZt)
must be due to either a concentration dependence
of dww/dC2or of H. The only portion of H that
need be considered is the refractive index incre-
ment Ori/dCV The latter quantity was determined
as a function of concentration over the range of
8.57 to 82.3 g./l. The value obtainsd for 436 m/i
was 0.1065 + 0.0014 with no significant concentra-
tion variation. The refractive index increment for
STA in the presence of 0.300 M NaCl was the same
as for the salt-free acid within experimental
error. Therefore, the variation of H{C2/t) with
concentration in terms of equation 3 leads to the
conclusion that 5ju2e)/dC 2is a strong function of the
STA concentration and that the rapid increase
of H(CZt) with concentration is the result of
strong repulsive forces between the silicotungstate
ions.

Discussion

Quantitative Representation of the Data.—The
large positive values of d/i2eydC 2observed for STA
in the absence of salt testify to the presence of
strong repulsive forces between the STA particles.
This is not surprising since STA is a tetravalent
ion and in the absence of salt the screening is
extremely weak. The gradual leveling off of the
fight scattering curve with an increase in STA con-
centration can be attributed to the growth of
screening as the STA concentration increases since
the Debye-Hiickel factor kincreases directly with
the square root of STA concentration. Taking the
univalent gegenion concentration into account

ivNe* (20CA
DKT VM, ) )

where e is the protonic charge, D is the dielectric
constant of the medium, k is Boltzmann’'s constant,
(36)

is not surprising, since in that range the excess turbidity represents
only a few per cent, of the apparent turbidity of the pire solvent.

The high scatter of experimental points at low concentrations
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Fig. 3.—(MHCT1/r — 1) as a function of 1/C23(see eq. 6).

Fig. 4— Comparison of the smoothed experimental data
(circles) with semi-empirical curves obtained from 1/C23
1/C2and 1/C;2fits.

T is the thermodynamic temperature, C2 is the
STA concentration in g./l. and M2is its molecular
weight.

A strong repulsive force of the magnitude existing
in this S'stem should result in an ordering effect
and thus a non-random arrangement of the scat-
tering centers.3¥Y38 Qualitatively, one would ex-
pect this to result in a diminution of scattered
intensity as compared to that from an isolated
particle. A guantitative treatment of the problem
has been made by Doty and Steiner2 in their
study of serum albumin at high charge and very
low ionic strength.

Making use of the Foumet radial distribution
function®together with suitable expressions for the
repulsive ionic potential, they have derived light
scattering equations which describe the observed
marked concentration dependence of the scattering
for serum albumin under the above stated condi-

tions. For a “soft” exponential potential they
obtain the expression

M.IICi

[ . : WA\'\//(ijzrmexp(—xzcmM (5)

where h = 4 7r\' sin 0/2, rOis the distance of closest
approach of the scattering centers, AY is Avogadro’s
number, X' is the wave length of the light in the
medium and O is the angle of scattering. It is
quite apparent that the greater the screening against
electrostatic repulsion the smaller will be rQ
Thus, in a salt-free solution, r( will be some func-
tion of the gegenion and hence the macro-ion con-

(37) J. G. Kirkwood and J. Mazur, J. Polymer Set., 9, 519 (1952)*

(38) J. G. Kirkwood and J. Mazur, Compt. rend. 2? Reunion Chim.

Phys. Paris, 143 (1952).
(39) G. Foumet, Compt. rend., 228, 1421 (1949).
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centration. If it is assumed, as Doty and Steiner
have done, that the distance is proportional to
I/Cy 7 equation 5 in logarithmic form becomes
[ € M(I-\ ( hk VvV,

\7T) - V20V«) log'

(6)

where Kk is the proportionality constant between
rOand I/Cy7.

A plot of the data in the form of equation 6 :s
shown in Fig. 3.  While the plotof log (M-JICJr) ~
1) versus 1/C2/3 appears to be a reasonable fit,
plots made versus 1/C2 and 1/C212 were equally
good. The 1/C2 fit was noticeably poorer. A
comparison of the smoothed experimental dara
with curves calculated using the empirical con-
stants of the 1/C*'/» 1/C2 and 1/C?2 fits is given
in Fig. 4. While the curves for the exponent of
C2equal to 23 and 1 seem to describe the data
reasonably well at moderately high concentrations,
the data fall below the curve at higher values of
C2 Nonetheless, the form of the curve suggested
by equation 5 appears to be adequate.

While it seems possible to predict the shape of
the light scattering curve using equation 5, it is by
no means as certain that, at the present time, the
curve can be calculated theoretically from molecular
data. Involved in such a calculation would be an
exact evaluation of the relationship between r0
and macro-ion concentration.

In relating r0 and C2 Doty and Steiner2 made
use of equation 2 for a three component system
neglecting salt-macro-ion interaction, and as-
suming to be negligibly small. In such a case,
a comparison of the coefficients of C2in equation 5
and the Donnan term of equation 2 resulted in the
previously cited cube root relationship between
Ct and r0 Leaving out the S2 term in equation
2 is equivalent to assuming that the Donnan term
makes the more important contribution to the
slope and that the system is close to being ideal.
Examination of literature data67 for serum al-
bumin indicates that this need not be so. Indeed,
for most of the conditions cited, Z2/2mh and $22
were of comparable magnitude.

Furthermore, as Doty and Steiner have pointed
out,2 equation 2 is inapplicable to a salt-free
system. For such a case, multicomponent light
scattering theory yields equation 3 which contains
no Donnan term and only a $2 contribution. No
simple relationship can be written, however, be-
tween $2 and C2 Thus, at the present time the
problem of the rigorous elimination of rO in terms
of C2from equations, such as eq. 5, must be re-
garded as unsolved.

A further difficulty, which may or may net be
related to the problem discussed above, can be seen
when the factor k is calculated using eq. 6 and the
experimental data. Such a calculation results
in two significantly different values of k: the one
obtained from the slope is 8.81 X 10~7 while the
intercept yields 1.23 X 10-7. This difference is
well outside the experimental error. At the
present time, it is impossible to state whether this
discrepancy is due to the difficulty of relating rO
and C2or to the question of the applicability of the
potential functions used to obtain eq. 5 and similar

s F.mMm.HCt 1 s

log - 'J =log
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expressions.D In all probability both factors made
a significant contribution.

Doty and Steiner2 have found further that in
systems displaying a non-random distribution of
scattering centers, external interference should
result in negative dissymmetries in light scattering.
Calculations, however, have shown that in the case
of STA, the last would be significant only in the
very low concentration range, at which the excess
turbidity is very small. Attempts at such meas-
urements have met with failure so far, as the ex-
perimental error was found to be greater than the
expected difference in scattering at angles of 45 and
135°.

Light Scattering from Other Heteropoly Acids.—
Kerker, Lee and Chou# have reported light scat-
tering data for the 9 and 12 phosphotungstic acids
which seem to exhibit the same extreme depend-
ence of if(C2r) on C2 In the absence of salt,
the apparent molecular weight of the 12 acid was
found to be 35% lower than the formula weight,
while for the 9 acid it was 25% lower than the
monomer weight. In the case of the 12 acid, the
failure of R(C2 t) to decrease sharply with C2or
even to deviate markedly from linearity is probably

(40) It is interesting to point out that calculation of K from a light
scattering expression involving the Verwey-Overbeek potentialdl
also results in a discrepancy. In this case, however, the intercept
yields a value of k much larger than that obtained from the slope.

(41) E. J. W. Verwey and J. T. G. Overbeek, “Theory of the Sta-
bility of Lyophobic Colloids,” Elsevier Publishing Co., Inc., Amster-
dam, 1948.

(42) M. Kerker, D. Lee and A. Chou, J. Am. Chem. Soc., 80, 1539
(1958).
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due to the fact that the measurements were not
carried to concentrations sufficiently low to detect
the strong curvature. As Fig. 2 indicates, at a
concentration of 20 g./l., which is comparable to
the lowest ‘concentration employed by Kerker,
Lee and Chou, H(C->/r) for STA is still linear in C2

In the case of the 9 acid, the slight curvature that
Kerker, Lee and Chou observed at low values of
C>is consistent with our results and the expecta-
tions from the theory.2 Quantitative comparisons
of our results with those obtained for the phospho-
tungstic acids is impossible since the latter measure-
ments do not extend to sufficiently low concentra-
tions for the use of expressions such as eq. 5.

Conclusion

The above-described light scattering measure-
ments on silicotungstic acid can be considered as
good experimental evidence for the non-random
arrangement in solutions of macro-ions under con-
ditions of low screening. Although no rigorous
guantitative treatment of the experimental data
is available at the present time, the theory of Doty
and Steiner can be used as a first approach for the
analysis of such systems. It yields good agreement
with experimental data within the limits of the as-
sumptions in its derivation. A more exact theo-
retical analysis of the situation would seem de-
sirable, and work to that effect has been initiated.
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and Dr. B. A. Brice for his encouragement in the
course of these studies.
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The velocity field produced in an electrolytic solution by an external electrical field has been studied further. Both
the hydrodynamic term in the relaxation field and the Onsager electrophoresis term can be cerived from the Navier-Stokes
equation, specialized to the conductance problem. It is shown that the hydrodynamic radius which appears in the analysis
must be identified with a, the center-to-center distance at contact between ions of opposite charge. If the ions are repre-
sented as spheres of diameter a, "hen the hydrodynamic radius R is twice the electrostatic radius; this result follows from
the facts that no charge except that of the reference ion can penetrate a sphere of radius a around the latter and that in-

formation concerning size can only be detected conductimetrically from the consequences of interionic contacts.

In a recent2derivation of the limiting curvature
of the conductance function, it was necessary to
calculate the velocity field which an ion sets up in
the surrounding solvent when an external electrical
field causes the ion to move. If the ions are as-
sumed to have non-zero volume, the simplest model
which can be used is that of spheres-in-continuum.
For this model, an external field will cause the
“ion” to move with uniform velocity; “solvent”
will be pushed away in the direction of motion in
front of the moving ion and will pour in to fill the
space vacated by it asit moves. In aplane through
the center of the sphere, perpendicular to the field
direction, no radial displacement of the solvent will

(1) On sabbatical leave from Yale University, second semester
1957-1958. Grateful acknowledgment is made for a Fulbright grant.
(2) R. M. Fuoss and L. Onsager, This Joubnal, 61, 668 (1957).

occur, while solvent just ahead or behind the ion
on the line of the diameter parallel to the field will
move parallel to the field with the ionic velocity.
In other directions, the velocity of the solvent will
be a vector quantity with components in both
radial and field directions. A nearby ion will there-
fore be moving, not in a stationary medium, but in
a medium which is in modon  The problem there-
fore may be stated: given, the above model, what
is the velocity of the solvent at a point P(r, 6) as
a function of distance r from the reference ion and
the angle 6 between P, che reference ion and the
field direction?

This problem was considered by Debye and
Hiickel3in their first treatment of the conductance
problem; their solution was stated in terms of the

(3) P. Debye and E. Hiickel, phm k. z., 2i, 305 (1923).
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Stokes radius R which entered through the bound-
ary condition that the relative velocity of the
solvent be zero at the surface of the ion. By means
of a different approach to the problem, Fuoss and
Onsager2 succeeded in eliminating the Stokes
radius from all but a small term in the relaxation
field; the electrostatic diameter a appeared every-
where else in their conductance equation as the
distance parameter which necessarily must be in-
troduced when the next approximation beyond point
changes is used to represent the ions. In order to
avoid two arbitrary distance parameters, a and
R, Fuoss and Onsager replaced R by a/2, arguing
that the term in which it appeared was at most
only one-twelfth of the radial component of total
velocity and that the whole velocity term AXV
in the relaxation field was itself small compared to
the other higher terms, and therefore that any
error made in replacing the hydrodynamic radius
by the electrostatic radius would be insignificant.
This arbitrary solution of the problem of two param-
eters by simply ignoring it is aesthetically unap-
pealing, however satisfactory it may be from the
practical point cf view of numerical calculation.

The previous derivation of the conductance
equation also contains another unsatisfying element:
the electrophoresis term (which is by far the largest
of the interionic force terms), as derived originally
by Onsager and Fuoss,4 was simply grafted on to
the relaxation term in order to obtain the final
result. A more direct approach would have been
to derive both of the hydrodynamic terms (electro-
phoresis and AXY directly from the velocity field.
It is the purpose of this paper to present a more
thorough study of the velocity field. As expected,
both hydrodynamic terms are derivable from the
Navier-Stokes equation. An unexpected by-prod-
uct is the fact that, as far as conductance is con-
cerned, the hydrodynamic radius turns out to be
equal to a, the center-to-center distance of anion
and cation at contact if we require that the velocity
of the reference ion at vanishing concentration be
given by Stokes law

\O = Xe/§irqgR

Reflection shows that this result is consistent with
the model and with the conductance phenomenon:
the only way that we can tell experimentally that
ions are not point charges is by observing the con-
sequences of interionic collisions, and it obviously
takes two ions ~0 make a collision. Hence only an
average distance can appear.

In order to save space, we shall take as given
equations 5.5, 5.15, 5.19 and 5.21 of ref. 2, which
are, respectively

= v(v-u) -
IU = (Aeil4?r)[r/2 + B/r—
e«(o-r)/Kx(l + mi)]

Au (n

@

3e«(a-r) (1 -v K + KWZ3)\
KX31 + mi) / I\ r3 2r
e*(°-r) (1 -t- Itr + «V )\i
31 + ita) )\
and

(4) L. Onsager ani R. M. Fuoss, This Journal, 36, 2689 (1932).
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US = (Xeildx)(- r/2 + E/r) (4)

The symbols are defined as follows: i/ is viscosity,
X is field strength, e is elementary charge, kis the
Debye-Hiickel parameter, u is an auxiliary Aector
from which the total velocity v in the liquid at a
distance r from the reference ion can be computed
by (1), and 114 and Us are the contributions to u
from the atmosphere and charge, respectively, of
the reference ion. The constants B and E were
found2 to have the values

B = (14 icafKaZ2 + k»3I6)IAL + mi) (5)

and

E = —76 (6)
The constant B was evaluated by requiring that the
first derivative of us4 be continuous at r = a,

i.e., at the surface of the sphere which never may
contain any charge except that of the reference ion.
The constant E was evaluated by the condition
that the velocity of the liquid relative to the ion
must vanish at r = R; in terms of the sphere-
in-continuum model, this simply means that the
liquid wets the sphere perfectly. The necessity
for the appearance of two distance parameters,
one of electrostatic nature and one of hydro-
dynamic nature, is thus inherent in the problem.
As we shall see later, the limiting form of the
velocity equation for vanishing concentration
requires that a equal R.
Substitution of (4) in (1) evaluates v,5

and this result, combined with (3), gives for the
total velocity

. Xe . (Rf_B ec(a—r)(l 4-xr -f 32A
W= ax 1ver3 3’ WAL + M)
3B 3e«(a-r) (1 - KT+ Kx23)~ |
nese L+ vie K31 4- M)

(8)
Atr = a, (s) reduces to

wv@ =g Jl(N+rrS}) +
ricos9(i~ £ 3! ©

The .r-component of (9) can be rearranged to give

2k >

e
4H 6a3+ 2a 3(1 4- Kdy

The concentration dependent term of (10) is im-
mediately recognized as the electrophoresis term
in the velocity

Vz(a) (10)

Aw{a) = — X6/</6jn)(l 4- mi) (11)
At concentration equal to zero, (10) reduces to

. Xe

i7(a) = A (12)

which must be the velocity which the field imparts
to an isolated ion because (12) is the velocity in the
liquid at r = a and must simultaneously be the
velocity of the ion of diameter a contained in the
sphere of radius a. If we assume that this velocity

is given by the Stokes equation
tflzia) — Xe/&irgR (13)

then equating (12) and (13) leads to a relation lie-
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tween R and a

T3+ 3a*R - 4a3= 0 (14)
which can only be satisfied if
R =a (15)

Finally, substitution of R = a in the radial term of
(9) gives

vli(a) = 0 (16)
i.e.,, the radial component of v(a) vanishes, as it
should.

The result (15) might be interpreted as follows.
As long as an ion is free (not in contact with
another ion), electrostatics can tell us nothing
about its size. For the idealized model of a sphere
in a continuum, hydrodynamics can give us a
relation between size and single ion conductance;
since, however, Walden'’s product is known to vary
even for a given electrolyte in mixtures of two
solvents,6 the radius calculated in this way can
only be an approximation. In the conductance
problem, this difficulty is irrelevant for symmetrical
electrolytes, because individual ionic radii are not
needed; only the center-to-center distance at
contact appears in the equations. Hence it is not
surprising that, as far as the velocity term in the
relaxation field is concerned, the average value
a alone appears. Stated alternatively, it makes no
difference what the individual radii are before
(or after) contact, and at contact only the sum can
appear. But the sum (oj + a2/2 is the center-to-
center distance.

The parameter a entered the theory by explicit
use of the Debye-Hiickel potential

'FIW = (e-'lre,-/.Dr)[exp(*<!,)/(1 + ita)] (17)
for ions of non-zero size in the equation of con-
tinuity. Actually a- in (17) was replaced by a in
the derivation. Let us recall the definition of a
in terms of ai and a2 Formal theory gives for the
activity coefficient of an ion of speciesj

- Infi = 0'cA/2(] + Kdj) (18)
But since single ion activities cannot be measured,
the quantity in square brackets in (19)
InU = (0'cV*/2)[(I + *0)-> + (1 + *a2->] (19)
must be replaced by 2/(1+ /ca), whereby a is
perforce defined, and so defined, is a function of

concentration. Algebraic rearrangement of the
expression
2/(1 + Ka) = [(1 + -ca)-1+ (1 + KOs)] (20)
gives
ai a2 — 2a — Kaa, -f- aa2 — 2ala?) (21)

If we want a value of a which is independent of
concentration, (21) must reduce to the identity
0 = 0, which will be true only if simultaneously
<di + 2= 2a (22)

and

o(ax (23)
Eq. 22 states that a is the arithmetic mean am of
a\ and a2 and substitution of (22) in (23) gives the
result that a must also be the geometric mean
(aia2 1" of the two diameters. These two means

(5 H. Sadek and R. M. Fuoss, J. Am. Chem. Soc., 72, 301 (1950);
76, 5897, 5002, 5905 (1954).

ai) = 2i;c
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are equal if and only if ci and a2are equal; that is>
the condition that a be a concentration-independ-
ent parameter leads to the result that the model
must be one for which

@ —0i —ao (24)

As a matter of fact, the concentration dependence
of a, as defined by (20), actually is slight for most
practical cases. If we letax—xa20< x < 1; then

/1 + 2xkQ/(1 + g)\
V1+ <Xl + x)/2)

and the function multiplying amin (25) is not at
all sensitive to k For k = 0, a always equals
am of course; for the extreme case x = 1/10 =
ai/ot, a/am = 0.965 for kg2 = 0.1 and for the
absurdly high value xa2 = 1.0, a/am — 0.762.
For the cases of real interest where approximately
(u>(h> 0.3 a2and xa2< 0.2, the difference between
a and the arithmetic mean of o, and a2is experimen-
tally undetectable and hence not a suitable subject
for discussion.

Finally, we consider the consequences of using
(15) instead of the original guess R = a/2 in AY,,.
Using R = a in (8), the radial component of the
velocity, which is needed for the evaluation of
AX,, becomes

(25)

vr = (Xe cos 0/2rni)[p3 — e*(<J~r)
(1 + w)]JAVVI + Ka)] (26)
where
Pz = 1+ Ka + k22/3 (27)

This differs from the previous equation (5.26) by
the appearance of x223 in place of K22 in the
constant term in the square bracket in (26).
Integration of the differential equation then gives
explicitly

AXc/X = [gbK2BTTT(1 f- ko)2Awl + @@)]f7 —
Ka/36!ri7p2|l + Ka)(oii + a2) (28)
where
h = (13 + 3v/2)/487>2 + F{m)/2 (29)

and F(na) is the transcendental function which
appeared in the previous analysis. Approximat-
ing F(/ca) as before, the velocity term in the
relaxation field is found to reduce to
hwe67r7,(a)i -]- a,)] [0.2543 + 0.25 In ki +
1/65] = KH /6 IMu, + CJ) (30)
As before, this hydrodynamic term is now com-
bined with the electrophoresis term, because (30)

AX,/X =

shows that they have similar coefficients. The
mobility of an ion of species 1is given by
ui = <rfleif&i — I«i|x/67nj(l + «a)] (1 + AX/X) (31)

where a = 1/299.79 is the factor which converts
electrostatic units of field strength to volts/cm.
If Ah denotes the equivalent conductance, corrected
for electrophoresis and the hydrodynamic term
(30), i.e., ignoring temporarily all of the relaxation
field except the term AX,, (31) and a similar
expression for species 2 leads to

Ah = Ao — (<rFeK/3mj) (1 + Ka) 1+ H/2] (32)
where F is the faraday equivalent and
crFeK/3irr)C'A — ft (33)

where /3 is the Onsager electrophoresis coefficient.
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Hence

Aa = Ac — (SCA [I( + Ka)-* + H/2]  (34)

Approximating (I + xa)-1 bjr (1—«a + x282, (34)

can be simplified to
Aa= AO- B'/.(l -

The last term of (35) gives the major part of the
former term JiC'l'; comparison with experiment

a + tf/2) - fc¥**2a2 (35)
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shows that it usually can be neglected, provided
aa < 0.2. Replacing Il by its explicit value, we
have finally

Aa = Ao — /SCA +

IVIAa[Il/12 - (fc/8)(In *a + 1.0172)] (36)

When combined with the other relaxation terms,

(36) will then give the final conductance equation.6
(6) R. XI. Fuoss, ibid., 80, 3163 (1958).

NOTES

THE ACTION OF REACTOR RADIATION ON
SATURATED FLUOROCARBONS

By J. H. Simons and Ellison H. Taylor

University of Floride, Gainesville, Florida, and Chemistry Division,
Oak Ridge National Laboratory,* Oak Ridge, Tennessee

Received September 15, 1958

The extraordinary stability of fluorocarbons to
heat and to most reagents led to early hopes of a
similar high stability to ionizing radiation. EXx-
periments upon fluorocarbon polymers,2 however,
indicated a greater than average sensitivity to
radiation. Interest in these materials for applica-
tions involving radiation therefore waned, despite
the fact that non-polymeric saturated fluorocar-
bons would be expected to act differently. Other
radiation studies of fluorocarbons have been moti-
vated by interest in radiation polymerization of
some unsaturaces, and have shown that these can
be polymerized when irradiated in glass.3

On the hypothesis that the observed radiation
instability of the polymers and the polymerizable
monomers might result from impurities (residual
H in impure fluorocarbons), reaction with the con-
tainer (glass), or from innate instability of particu-
lar compounds (polytetrafluoroethylene), the pres-
ent experiments were initiated. Fluorocarbons
and fluorocarbon derivatives of low hydrogen con-
tent had become available, and it was therefore
thought possible finally to establish the degree of
radiation stability of this class of compound.

Experimental

Materials.—C-Fu—Iless than 10_3% hydrolyzable F;
b.p. 82°; optical density 0.51 at 2700 A.; 0.23 at 2460 A ;
0.57 at 2200 A.

CaFieO—a mixture of cyclic fluorocarbon oxides of this
composition but undetermined structure; b.p. 101° (con-
stant over whole sample); optical density 0.57 at 2536 A.

(C49,N—purified to remove H-containing compounds;
b.p. 177°.

Methods.—Each sample was further purified by evacua-
tion while frozen, melting, refreezing, and further evacua-
tion, followed by distillation through P2 5into the irradia-
tion vessel. This was a 4 inch length of 1-inch aluminum
(2 S) tube with a flat bottom and a Vs-inch aluminum tube
at the top, fabricated by heliarc welding. It was attached

(1) Operated by Union Carbide Corporation for the U. S. Atomic
Energy Commission.

(2) O. Sisman and C. D. Bopp, Physical Properties of Irradiated
Plastics, USAEC Unclassified Report, ORNL-928 (June, 1951).

(3) D. S. Ballantine, A. Glines, P. Colombo and B. Manowitz,
“Further Studies of the Effect of Gamma Radiation on Vinyl Polymer
Systems,“ BNL-294 (March, 1954).

to the vacuum system through a Kovar-to-Pyrex seal.
After being filled, the vessel was sealed off while frozen,
first in the glass and then by pinching and welding the
aluminum.

The samples were irradiated for 4 weeks in the Oak Ridge
Graphite Reactor at a neutron flux of 55 X 10u cm.-2
sec.-1 and at a maximum temperature of 110°. The total
energy absorption at this position should have been 3.6 X
10-4 cal./g., sec., for a sample composed of graphite, based
upon calorimetric measurements by Richardson and Boyle4
corrected for the flux ratio between their position of meas-
urement and the present location. About 82% of the
energy (in graphite) arises from absorption of 7-rays and
the remainder from stopping of fast neutrons.4

The samples were opened by attaching them to a vacuum
system, cooling in liquid air, and then drilling a small hole
in the top of the entrance tube by hand with a steel twist
drill.  The first sample opened was completely removed
from the ampoule by vaporization. Because of the forma-
tion of high-boiling substances this became a lengthy pro-
cedure. The other samples were similarly opened but, after
the low-boiling material was removed, air was admitted,
the ampoule removed from the system, and the contends
poured into the distillation apparatus.

Results

There was no evidence of corrosion, the inner
wall of each capsule being clean and bright after
irradiation. There was no large amount of gas in
any case, and in particular no F2or CF4 Each
irradiated sample was clear and colorless. The re-
sults of distillation and other examination of the
samples are given in Table I, and the distillation
curves (5 to 10 theoretical plates) in Fig. 1

Discussion

The irradiation effected chemical changes in
these three materials. Thermal changes cannot
have contributed since the compounds are stable to
500°. The yield, G, can be estimated from the dis-
tillation analyses and the energy absorption in
graphite, assumed equal to that in the fluorocar-
bons. This assumption is probably accurate to *
20% except for (CA9N, in which the reaction
N I4(n,p)CHincreases the energy absorption appre-
ciably. For C7i6 with 35% of the molecules
transformed for a total energy absorption of 2.2
X 102e.v./g.,, G = 2 to 3 molecules transformed
per 100 e.v. absorbed. This value is based only
on the total energy absorbed, since such reactor
experiments give no way for separating the effects
of the different kinds of radiation. If the relatively

4) D. M. Richardson, A. O. Allen and J. W. Boyle, “ Calorimetric

Measurement of Radiation Energy Dissipated by Various Materials
Placed in the Oak Ridge Pile,” USAEC Unclassified Report, ORNL-
129 (December, 1948).
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Table |
Examination of Irradiated Fluorocarbons
wt. e % of product boiling--—--- B.p.
sample Below Near Above residue,6
Sample @) Gas Liquid original  original  original °C.
C.H, 23.1 Less than 1% of - 12 65 23 185-192
total sample
CsHigO 26.5 Acidic.“ Smells like AcidicO 12 42 46 300
low mol. wt. fluorinated
carboxylic acids
(CHIN 26.2 2 ml. boiling below 25° Neutral® 40 7 53 >300

“ To moist litmus paper.

VOLUME DISTILLED, cm?.
Fig. 1.—Distillation curves for irradiated fluorocarbons.

great stability against 7 -rays which has been ob-
served in certain experiments with other fluoro-
carbonss-7 applies under the present conditions,
then of course the G value for neutrons would be
proportionately higher.

The absence of F2and of CF4 suggests that the
primary chemical effect is the breakage of C—C
rather than of C—F bonds. The greater instability
of the O- and N-containing compounds can be ex-
plained by the lower strength of C—-N and C—O
bonds compared with C—C, as demonstrated by
the relative thermal stabilities of the compounds in
guestion.

Dried, highly pure samples of CzFis, CsFif) and
(CaF9) N in aluminum were irradiated in a nuclear
reactor. Higher and lower boiling materials were

(5) J. A. Wethington and W. H. Christie, personal communication.

(6) It. D. Dresdner, personal communication.
(7) Allan R. Shultz, personal communication.

6 Residues represented about 10% of tota. sample.

produced in moderate amounts, wbhout detectable
corrosion or production of F2 CF4 carbon, or
of tars. The chemical changes here reported as
the result of reactor radiation have not been re-
ported to be produced in saturated, hydrogen-
free fluorocarbons and their derivatives by heat,
electromagnetic radiation, or by electrical dis-
charge.

Acknowledgment.— The authors wish to thank
the Minnesota Mining and Manufacturing Com-
pany for providing the pure samples of hydrogen-
free saturated fluorocarbons. The authors also
wish to thank Drs. Christie, Drescner, Shultz and
Wethington for permission to refer to the results of
their experiments.

FILM AND SUBSTRATE FLOW IN SURFACE
CHANNELS1

By Robert S. Hansen

Contribution from Institute for Atomic Research and Department of
Chemistry, lowa State College, Ames, lowa

Received July 81, 1958

LaMer and Blank have recently published two
studies of the transfer of monolayers in surface
channels23in which the transfer rase is interpreted
in terms of a geometric resistance factor and a rate
constant. Transfer of appreciable gquantities of
substrate was observed.6

The purpose of this note is to point out, as has
indeed previously been done by Harkins and Kirk-
wood4 that an idealization of this problem (film
flow in a rectangular channel) can be solved by
conventional hydrodynamics, and to give results
pertinent to experiments such as those performed
by LaMer and Blank.

Consider a long rectangular trough of depth h and
width 2a. filled with a liquid of viscosity r?on top of
which rests a film of surface viscosity a; the film is
subjected to a film pressure gradient K along the
axis of the trough. We choose the film surface as
the .vy-plane, the y-axis as the trough axis, and the
z-coordinate as the depth coordinate. For steady

flow, let L (.r,z) be the fluid velocity at x,z. Then
V2/ =0, -a Zx Za0ZzZh (1)

U(+a,z) = U(xh) = 0 )

U(x,z) = U(—x,z) (by symmetry) (3)

*(/» (z,0) + nU, (i,0) = —K (4)

(1) Work was performed in the Ames Laboratory of the Atomic
Energy Commission.

(2) V. K. LaMer and M. Blank, J. colloid sri., 11, 608 (1050.

(3) M. Blank and V. K. LaMer, This Journa v, 61, 1611 (1957).

(4) W. D. Harkins and J. G. Kirkwood, J Chem. Phys., 6, 53
(1938).
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(Subscripts denote differentiations after variables
indicated.)

This boundary value problem can be solved by
standard Fourier series methods; we find
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to the walls of the viscometer, and their paper does
not make it clear that this condition must be met
experimentally before the surface viscosity can be
calculated from their approximate formula or the

Silnh @2n -f e —2)

" +
(=17 OB - %a

ZaN

n=0

re- - 16Ka2 4
Uyx,z) = ——

%+ 1T 1+ (iiT fe '¢h<JT

The area flux of film Q is

= 35 Thciox =" olon o)k +

2a) . 2n -] 1ihl 1
(2 + )T 2a ) ©

The volume flux of substrate F is

F = _%Jr(') U(s,z),lzdx = 428~ (T
(2N + 1)irh
1 coth 2a -
2/5i + )5 1+ cart coth (2a -f-" 1)#h
(2n + 1)/t 20

Equation ¢ has been given previously by Harkins
and Kirkwood.4

The series expressions for U, Q and F are rapidly
converging; for irn/2a = 1,28 Vju = 1, for example,
the error caused by neglecting all terms beyond the
firstiss% in 17(0,0); 2% in Q, and 1% in F. Ra-
pidity of convergence is little affected by variation
in the group irh/2a, but is somewhat slower if 2aq/
tn is large. For long chain organic compounds on
water in condensed films A~ 10-3 c.g.S. unitses r
~ 10-2 C.g.S. units, so 2at\N'KNi ~ 1 for a -1 mm.
Approximate conclusions concerning substrate flow
can therefore ba obtained by considering only the
leading terms in the series. For example

. irth —2)
U(x.2) sinh 2
U{x,0) sinh Th
2a
— 'fh , .
_h_é-<< Lorc « U-a>> 1 (8)

so that the variation in substrate flow with dis-
tance from surface depends principally on parame-
ters of the trough rather than on parameters of the
fluid or film. Similarly, the ratio of fluid flux to
film flux is given by

F i

Q (8)
so that for h »  a the film will drag with it liquid
equivalent to a slab with depth about one third
the width of the trough.

It should be noted that the boundary value prob-
lem solved here assumes the film parallel to the
trough bottom and perpendicular to the sides; it
appears unlikely that exact solutions can be ob-
tained for angular troughs and curved films with
arbitrarily located centers of film curvature such
as those studiec by LaMer and Blank. The same
comment applies to the capillary viscometer of
Myers and Harkinss unless the film is perpendicular

(5) M. July, ./. Coiloid Sci., 11, 521 (1950).
(0) R. B. Myers ai>d W. D. Harkins, J. Chem. Phys., 5, 601 (1937).

2a ®)

r ?i]
exact formula of Harkins and Kirkwood.s2 Ne-
glecting the viscous drag of the substrate, the flux

of a film, of constant radius of curvature, making i
contact angle pwith the walls of the trough is

1KaB/ w2 - yy
33 V cos P ) ©)
rather than
2Ka3
Q=" (10)

as given by Myers and Harkins.s Neglect of vis-
cous drag of substrate is likely to introduce a seri-
ous error in these formulas, particularly if ari/p is
not small.

Finally, it should be noted that if 2ai)link >> 1
the leading terms in the expressions for U(x,z), Q
and F (eq. 5 & and 7) become independent of jx
and these quantities therefore become insensitive to
the composition of the surface film.

EFFECT OF POLYDISPERSITY ON
NON-NEWTONIAN VISCOSITY OF
POLYMERIC SOLUTIONS

By M. E. Reichmaxx

Chemistry Section, Science Service Laboratorg, Canada, Department */
Agriculture, Vancouver, B. C.

Received September 26, 195S

Recently some attention has been paid to the
specific viscosity and its dependence on velocity
gradient and rotatory diffusion constant of solutions
of ellipsoidal particles.i-s Since most of the vis-
cosity measurements are made on polymers with
some degree of polydispersity in size, it is of inter-
est to investigate the influence of polydispersity
on the vo/vn =ovs. a curves.2 This is particularly
important, if these curves are to be used in con-
junction with flow birefringence datafor the evalua-
tion of the specific viscosity at zero gradient, s

We have recently tabulated the values of the ex-
tinction angle x as a function of a for a polydisperse
system that has undergone random end-to-end ag-
gregation and contained a fraction p of aggregated
material.« A similar treatment of va/va = 0 (for an
axial ratio 300) resulted in the values summarized
in Table I, where d,: is the rotatory diffusion constant
of the monomer. The following assumptions were
made.

1 The hydrodynamic volume of the aggregates
increases proportionally to the molecular weigh*.
Under these circumstances

Vd/vd- i = Sc,(770/770 _ 0)i/Sc'i

(1) H. A. Scheraga, J. Chem. Phys., 23, 1526 (195.3).

(2) J. T. Yang, ./. .4m. Chem. Soc., 80, 1783 (1958).

(3) J. T. Yang, Tins Journal 62, 894 (1958).

(4) M. E. Reichmann, Canad. J. Chem., 36, 1003 (1958).
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Tabie |

vd/vd = oas a Function op ai, (= D/9/) at Various Degrees op End-to-end aggregation p

(Prolate ellipsoids, axial ratio 300)

a P 0.05 o v = o.1odd,¢d0
0.25 0.9903 0.25 9768
0.50 .9750 0.50 .9497
1.00 .9445 1.00 .9049
2.00 .8863 2.00 .8368
3.00 .8238 3.00 7738
4.00 .7630 4.00 7152
5.00 .7080 5.00 .6638
6.00 .6600 6.00 6177
7.00 .6193 7.00 5793
8.00 .5842 8.00 .5463
9.00 .5544 9.00 .5184
10.00 .5283 10.00 4939
10r
5-

-8 -6 -4 -Z 0 2 4 6 -8 10
logd or, log Of,,
Fig. 1.—Theoretical curves showing viscosity as a func-

tion of gradient for monodisperse (p = 0.00) and polydis-
perse system.

2. The parameter a is proportional to the third
power of the particle length. This approximation
is valid for axial ratios > 5.5

3. For the evaluation of the contribution of
higher terms in the series an extension of Table | in
ref. 2 to higher values of a was necessary. A plot of
log pd/vd « oshowed the latter to be linear in log a
in therange a = 6 — 60. The extension of Table |
in ref. 2 up to a = 300 was made by an extrapola-
tion of this plot. No theoretical justification can
be given for this procedure. It should be noticed,
however, that in the data in Table | below, the
contribution of the terms in which the extrapolated
values were used never exceeded 3%. Moreover,
for a = 0-7 and p = 0.00-0.10 the contribution of
these terms was 1% or lower.

(5) M. Goldstein, J. fJhem. Phys., 20, 677 (1952).

. p=015 . p = 0.20

ai dd/dda al vd/Ad-o
0.25 0.961 0.25 0.939
0.50 922 0.50 .889
1.00 .864 1.00 .820
2.00 .789 2.00 734
3.00 725 3.00 .675
4.00 .668 4.00 621
5.00 619 5.00 574

Fig. 2.—Viscosity as a function of extinction angle for
monodisperse (p = 0.00) and polydisperse systems.

In Fig. 1vd/vd = ois plotted as a function of log a
for a monodisperse system (p = 0.00) and for a sys-
tem containing 10 and 20% aggregated material,
respectively. The decrease in vd/vd = oat low val-
ues of ais sharper for the polydisperse system, re-
sulting in a decrease in curvature. A comparison
between the monodisperse and polydisperse system
at the same gradients will show that the rotatory dif-
fusion constant of the polydisperse system increases
with increasing gradient. This is to be expected
since at low gradients the short particles are not
yet oriented. The analogy with the x vs. a curves
in flow birefringence is obvious. Quantitatively,
however, the effect is not the same as can be seen
from Fig. 2. The latter represents a plot of pn/
pd - ovs. x for a monodisperse and polydisperse
system. At high angles the extinction angle falls
off faster with pa/pa = 0~ the polydisperse system,
resulting in a divergence of the two curves. At
lower angles the two curves converge again. An
evaluation of the specific viscosity at zero gradient
from combined flow birefringence and viscosity
data3in polydisperse systems would, therefore, lead
to erroneous results unless the measurements were
made at relatively high gradients.
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Communication to the Editor
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COMMUNICATION TO THE EDITOR

TWO LIQUID SCINTILLATORS
Sir:

During the course of a systematic study of the
relationship between molecular structure and scin-
tillation efficiency, two compounds were observed
to exhibit the highly unusual property of scintillat-
ing in the pure liquid state. These liquids, methyl
anthranilate ani ethyl anthranilate, also show
marked fluorescence. Dilution with suitable sol-
vents increases the scintillation activity of these
compounds as indicated in Fig. 1 which shows the
increase in relative pulse height (on an arbitrary

Volume per cent, of scintillator.

Fig. 1.—Variation in relative pulse heights of liquid scintil-
lators when diluted with toluene.

scale) as these compounds are diluted with toluene.
On this same scale, by way of comparison, diphenyl-
oxazole reaches a maximum in relative pulse height
of 12.3 in toluene (3 g./1.).

Relative pulse height measurements were made
by placing one ml. of the liquid in a one ml. beaker
on the face of a Du Mont T.ype K-1234, 10-stage
photomultiplier tube and irradiating with a cesium-
137 source which was mounted on a thin Mylar
film attached to the top of a hemispherical alumi-
num reflector.12

These compounds offer the interesting possibility
of studying the same compound, first, as a solid
scintillator, and, second, as a liquid scintillator free
from solvent effects. They also afford the oppor-
tunity to observe pulse height as a function of tem-
perature as the temperature is varied over a wide
range. Of particular interest will be the pulse
height variation as the temperature approaches,
the freezing points.

This work is being supported by the U. S. Atomic
Energy Commission under Contract No. AT (I1-1)-
261.

D epartment of Chemistry R. N. Keller

University of Colorado Jesse M. Cleveland

Boulder, Colorado Frank Burlingame

R eceived February 16, 1959

(1) F. Newton Hayes, Donald G. Ott, Vernon N. Kerr and Betty S.
Rogers, Nucleonics, 13, No. 12.38 (1955).

(2) F. Newton Hayes, Northwestern University Conference on
Liquid Scintillation Counting, August 20-22,1957, Evanston, lllinois
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