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The great generalization in the field of cuntact catalysis is yet to
be formulated. Catalysis is concerned with 1eaction specds and with the
course of events intervening between the bringing c¢f reactants together and
the withdrawal of the {incl reaction products. Predictions of activity cre
still virtually impossible. There is nu generalizatiun at all comparable in
importance or usefulness to the structural formula of the organic chemist,
the phase rule of the physical chemist or thermodynamics. Takc one simple
illustration. The structural formula tells us what ethanol is, that removal
of water yields ethylene, thut removal of hydrogen yields aldehyde. Thermo-
dynamics predicts precisely the temperature and pressure favorable to either
dehydration or dehydrogenation. Neither reaction will run spontaneously.
The catalyst necessary for promoting the reactions can not be predicted.

Tolman (1), in his book, "Statisticnl Mechanics", says: "The problem
of reaction velocities is probably nearer to tne heart of most chemists than
anything else in their whole range of activity. Rates of reaction are the
factors that determine yields, and costs, and possibiljties, and their the-
ory must eventually succumb to scientific trcatment ——-——- but the field
8till remains one of the most obscure in chemistry. - ‘Yhatever may be, the
way is long and the traveller must not tarry." .

Downs (2) strikes a similar note: "There is no royal road to learn-

ing, nor a library-chair route to the catalytic reaction. Physical chemistry
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in the athletic rather than the Spencerian definition is required; more
hard labor in the laboratory rather than pen pushing with a flourish; more
statement of fact with less verbose conclusions based on a few experiments.
~— We maintain that empiricism still prevails, and will until we have
accunulated much more informatior than is now availeble. At that time, and
to a small degree now, we may allow ourselves to predict the probable
course of reaction and the conditions required bocause of this beckground
in the art. The test of any theory must reside in a prediction and a ful-
fillment.”

H. 8. Taylor (3), while recognizing the situation, is more optimis-
tic: "The application of the term 'catalysis' to a set of chemical phe-
nomena is, in major part, a confession of ignorance. It normally indicates
the existence of a series of chemical reactions of which the initial and
finel states are readily stated, while, of the path between, little or
nothing is yet known. When known, the need for the term 'catalysis' disap-
pears, for the total process becomes & succession of normal chemical reac-
tions. This is true alike of the so-called catalytic reactions in homoge-
neous systems and of the heterogeneous catalytic redctions, those occurring
at surfaces. The use of the term 'catalysis' will steadily yield to a more
penetrating analysis of the detailed steps of the gross process,"

The last two reports (4) of the Committece on Contact Catclysis were
rather comprehensive reviews of the state of the art. These papers cover
theory and practice through 1930 ond tie in prior work so well that the
present writer has deemed it sufficient in compiling this Tenth Report to

cover only items actually published in 1931. The actual number of novel
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ideas published in 1931 was relatively small. Explonations of specific cat-
alytic reactions were largely stated in terms of theories older than the
year.

Current theories still center largely around processes called adsorp-
tion. Experimentally, adsorption is measured by the disappearance of gases
when brought into contact with solid surfaces. It is generally held these
days that the gas is spread on the surface as a monomolecular film. Early
attempts to correlate quantity adsorbed and catalytic activity were not suc-
cessful. The fact that traces of catoelytic poisons could not possibly cover
the entire surface was a major factor in the development of the iden that
only a fraction of the total surface is catalytically active. Attempts to
correlate the measured energetics of adsorption with activity have not been
paerticularly fruitful.

The latest devélopment in adsorption theory postulates more than one
kind of adsorption. The genesis of this idea erose from the work of Benton
and White (5), who found discontinuities in adsorption isotherms on cata-
lysts when measured bolow 0°C. Allmand and Burrage (6) report the same
phenomene with vapors on charcoal. Benton argues that step-wise curves are
obtained for physical‘adaorption, that the molecules go on the surface in
rows and possess mobility on the surface. At higher temperctures the adsorp-
tion is partly chemical, activating the adsorbed gas.

A definite theory that the kind of adsorption importrnt in catalysis
requires nn zctivation energy has been put forward by H. S. Taylor (7). The
experimental evidence rests largely on the fact that in many cases adsorp-

tion is not instanteneous, and that values can be calculated for heats of
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activation from temperature covefficients by the familinr equation

d 1n k/dT = g/RI?
This theory has been criticiscd by Steacie (8), who points out that solu-
bility of gases, especially in metals, may be th~ actual slow procecss
involved and not adsorption. VYiard (9) tokes the seme view. Miller and
Schwabe (10) also support the solubility idea in their work with hydrogen
and metals of the platinum group.

Since the entire subject of adsorpticn has been adequately and thor-
oughly discusscd by the leaders in the field in thz Trnnsactions of the
Faradéy Society (Morch and April 1932), it need not be elaborated here.

The preponderance of the evidencz certainly points to more than one kind of
adsorption for certain gas-solid systems. To anycne who has observed the
effoct of removing a bath of liquid air or golid carbon dioxide surrounding
a tube of nickel catrlyst during c¢n adsorption meessurement, it would be
difficult to believe otherwisc. In such a case the writer has seen the
pressure of hydrogen rise from 2 fow millineters to above nn atmosphere in
a few minutes and then fall in a seocond or two to less than 0.0l mm.

The siguatiun regarding adsorption may be summerized by saying that
there are four possibilities. First, thc gns may be held strictly by
wmolecular or van der VWaals' forces; in this casec the process is rclatively
rapid, involves a low hent of adsorpticn, is casily reversible and occurs
at low temperaturc. Second, chemical or specific adsorption is slower but
reversible, occurs at higher temperaturcs and with higher heats of adsorp-
tion. It requires an energy of activation. The third is a type of chem-

icel adsorption thet is not reversible (e.g., oxygen on platinum or on
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charcoal). The fourth is solution in which the gas actually penetrates into
the body of the solid. Experimentally it is not easy to separate the four
possibilities since all types may occur simultaneously. It is not sﬁrprising,
then, that differences of interpretation exist.

The evidence that the second type of edsorption controls the contact
catalytic rcaction has been furnished chiefly by H. S. Taylor and his students
at Princeton. Palladium shows a rise in adsorpfion capacity for carbon mon-
oxide from 195°K. to 273°K. (11). Manganous oxide and mangenous-chromic
oxide, which are hydrogenation catelysts, adsorb hydrogen slowly at high tem-
peratures (say above 184°C.) and much more than at Toom temperature (12).
Zinc oxide exhibits activated adsorption for hydrogen from 0°C. upward (13).
Garner and Kingman (14) have furnished data along the same lines for oxide
catelysts, and heats of adsorption as well, for both carbon monoxide and
hydrogen. Now while all these cases do demonstrate a slow adsorption at tem-
peratures where the catalysts are normally active, =2nd to such adsorption
activation energy can logically be ascribed, the only attempt so far recorded
to make a prediction on the basis of thz energy activetion theory has been
only partly successful. Williamson and Teylor (15) studied the decomposition
of elcochols on oxide catalysts and ventured the prediction that surfaces
mainly dehydrogenating must activate hydrogen at 2 lower tcmperaturc than
water vapor. In an actual attempt to demonstrate this effect cn zinc oxide,
Taylor and Sickman (16) feund that water vapor did not meet the criterion for
activated adsorption in one way but did in another. Water vapor was adsorbed
elmost instantly at room temperature, but the expected rise and subsequent

fell of pressure on heeting was not observed. On the other hand a slow
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adsorption of water vapor did occur at 270°C. on the catalyst already having
some water on its surface.

The ortho-para hydrogen interconversion must involve activating the
hydrogen according to H. S..Taylor (17) and this phenomenon has been worked
into his theory of activated adsorption.

In the field of experimentelly determined energetics of adsorption, -
the evidence for a peak in the curve of mass of gas adsorbed versus calo-
ries is steadily diminishing (9)(14)(18), although H. S. Taylor (7) has
presented a plausible reason for a peak in special cases. The surface
varies in activity and the energy of activation increases with thec surface
covered. This energy may risc enough to offset steadily falling values of
the heat of adsorption.

No generally acceptable theory has yet appeared to explein specific-
ity of catalysts. In many cases, where two or more reactions are possible,
all will take place to some extent. In other cases one of the reactions
may be largely suppressed merely by variation of the method of preparation
of the catalyst. Bancroft and George (19) report such an instance in the
decomposition of ethyl acetate on alumina. A case of very marked selectiv-
ity in hydrogenation is that of the difficultly reducible oxides. Vaughen
ond Lazier (20) show that these oxides will not effect the hydrogenation of
ethylene or any alkene but are quite effective in the hydrogenation of ace-
tone. Their capacity for alconol synthesis, by causing the reaction of
hydrogen and carbon monoxide, is well known. Explenations of what may be
called the chemical nature of surfaces continue to revolve around unsatu-

rated atoms in the crystal lattice, polar bonds, specific ion effects and
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things of similar character. A new variation of such explanations may be
cited in Westling's suggestion (21) that metals catalyze reactants with like
atomic spacing to their own. Born and Weisskopf (22), in a mathematical
treatment, attempt to correlate reaction rate in adsorption catalysis with
atomic distance and vibrational quantum number.

The physical conception of what happens on a catalytic surface has
not changed much during the period under review. Schweb and Rudolph (23)
present further evidence to support their theory that the seat of activity
resides on edges and corners of crystals. Belief in the movement of adsorbed
reactants over the surface is increasing (24). This is sometimes called lat-
eral diffusion. That something more is necded to secure high activity than
mere extent of surface is indicated by the work of Gibbs and Liander (25)
with nickel aerosol, and of Hiittig, Kostelitz and Fehér (26) on different
particle sizes of zinc oxide in decomposing methanol.

Explanations of catalysis involving the electron continue to appear.
Nyrop (27) says the catalytic effect of a surface depends on the maximum
kinetic energy of "free" electrons. If the ionization energy of a molecule
close to the surface is lower than the kinetic energy of some of the surface
electrons, ionization occurs, and the molecule «ill be adsorbed in a condi-
tion where it is able to react. Poisoning of a catalysﬁ is explained by this
theory as the preferential adsorption of a product with low ionization energy.
Promoters act by preserving the accessible area. Nyrop's article is a dis-
cussion and contains no experimental material. Kobozev and Anochin (28) have
made an experimental study of the energy levels of adsorbed hydrogen and oxy-

gen on metal surfaces. They find from desorption voltage curves of hydrogen
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on platinum 9, 11 and 15.5 volts and come to the conclusion that hydrogen
can be bound to the surface with 9, 53 and 113 calories of energy, indicat-
ing threc different kinds of adsorption. Oxygen gave 7, 10 and 12.5 volts.
This work also puts the electron in the catalytic picture. Finch and
Stimson (29) have reported further results in coptinuing their series of
papers on the electrical condition of hot surfaces during adsorption of
gases. The electric charge developed on a conductor is attributed to gos-
eous ions emitted by the extralattice atoms of the surface.

The number of kinctic studies published during 1931 was less than
usual. In the range of low pressures measured in microuns, Van Praagh and
Topley (30) ond Tanner and Taylor (31) have investigated reactions on hot
platinum wires. The phenomena observed in both investigations had several
points in common. The activity of the wire was scarcely reproducible and
depended on its prior heat trecatuent. Activity tended to increase with use
in spite of the actual minute mass of reactants involved in the wire's cat-
alytic history. In certain cases in both investigations an induction
period occurred, followed by rapid reaction, but the reaction stopped short
of completion. Van Praagh and Topley studied the decomposition of nitrous
oxide and Tanner the union of hydrogen and oxygen. In the latter case
hydrogen peroxide as well as water was formed. The rate of the reaction
varied more as a function of the temperaturc differgnce between the well
and the wire; than of the actual temperature of the wire itself (32). Heat~
ing the wire at 900° induced a temporary superactivation capable of causing

reaction at -120°, probably the lowest temperature at which any contact
catalytic reaction has been realized.
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H. A. Taylor and Schwartz (33) conclude that ethyl ether is decomposed
by homogeneous reaction in the presence of heated platinum or tungsten fila-
ments. Some reactions start on a surface and spread into the gas phase by the
chain mechanism. Cases in point are hydrogen and oxygen on glass, discussed
by Alyea (34), and acetylene and oxygen, discussed by Spence (35). There has
been, however, no general tendency to explain reactions, formally classed as
catalytic, by reaction elsewhere than directly on thz surface.

Dixon (36) found the rate of decomposition of ammoniz on platinum to
vary directly as the ammonia and inversely as the hydrogen pressure.

G. B. Taylor and Lenher (37) moasured the rates of the reaction,

280, + Op == 280z, from both sides of the equilibrium position. Attempts
to treat the data from the standpoint of simultancous equations failed but
empirical laws for the separate reactions were obtnined. The rate of forma-
tion of SO5 is proportional to the distance to equilibrium and is retardad
by oxygen proportional to the square root of its concentration. The disso-
ciation of SO3 is unretarded and is proportional to the distance to equilib-
rium. This is one of the very few published kinetic studies of a reversible
reaction. Baur (38) has ueed the data of Taylor and Lenher to support a
theory that the quotient of the velocity coefficients of the opposing reac-
tions is equal to the equilibrium constant. His definitions of velocity
constants in this case appear to bec different from the classicel ones.

Benton (39) has shown how to adapt the classical cquations for reac-
tion velocities developed for constant volume to flow systems at constant

pressure.

No attempt will be made in this report to cover all papers published
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on reactions in which a contact catalyst was used. In many of thesc, of
course, catalysts were used as a necessity or convenience to secure & por-
ticular product and the authors were little concerned with the properties
of the -catalyst. Brief resumés of a few representative papers in three
fields are given below.

Ammonia Synthesis. Phase rule studies of the iron-nitrogon system
have been made (40). Brewer (41) finds thot photo-electric emissivities of
alumina~-promoted iron catalysts are characteristic of pure iron, but this
is not true when KZO is added. Messner snd Frankenburger (42) rcport that
tungsten adsorbs hydrogen and ammonia in a normal manner but that nitrogen
forms a suriace compound. Mittash and Keunecke (43) have made a detailed
study of binary mixtures of molybdenum and other metels.

Hydrogenetion. HNickel seems to hold its place as the prime catalyst
for liquid-phase hydrogcnations. Kailan and Herdt (44) report results for
a number of ésters and acids. Adkins, with his students, (45) gives results
on o number of reactions at pressures up to 350 atms., end discusses methods
of comparing activities of catalysts (46). Glrss and Kehlenberg (47) stud-
ied a wide variety of supports for nickel catalysts end found some helpful
and others the reverse. In the hydrogenation of phonol, the intermecdiate
product is cyclohexanol and not benzene, according to Roberti (43). Refer-
ences to hydrogenation of the vogotable and animal oils with nickel ere
quite numerous.

Other catalysts than nickel are essuming some importance, neinly
because of their selectivity (20). The difficultly reducible oxides, of

the same generol character as those used in methenol synthesis, can be used
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for certain hydrogenations. Alcohols were produced from a number of esters
with a copper-chromite catelyst by Adkins end Folkers (49). Nussbaum and
Frohlich (50) studied Zn0-Cu0 as a catalyst for methanol synthesis.

In industry the two big fields that are opening up for hydrogenation
are coal and petroleum-oil. The patent literature is too large to attempt to
cover it in this paper. Representative articles are those by Rogers (51) on
coal and by lMcKee and Szayna (52) on oil.

Oxidation. Mixed oxide catalysts for the oxidation of carbon monoxide
have been studied by Frazer (53) and by Neumenn (54). Seuseman and Stubbs (65)
converted cyumene to toluic acid over vanadium oxide. Adkins and Peterson (56)
got an excellent yield of formaldehyde from methanol with mixtures of molyb-
denum and iron oxides. The iron oxide alone was poor.

Webb (57) gives some dats on spaced platinum gouzes in the oxidation
o‘f ammonia. Yee and Emmett (58) confirm the fact that hydrogen sulfide is not
a poison for this reaction, while phosphine is. Taylor, Chilton, and Handforth
(59) have described the commercial development of the process operating under

pressure.

In concluding this report a few recmarks from the viewpoint of the
applied-catalyst investigator may be worth while. The technical-worker usu-
ally is first concerned with the equilibrium position of a gifen reaction.
For any given product from specified reactants he wants to know what pressures
and temperatures are favorable. There was once some debate as to whether =2

catelyst could shift an equilibrium (60), but such a view is hardly tenesble
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today. If the equilibrium constamts have or cazn be measured withi any cata-
lyst, the same constants apply to all other catelysts for that particular
reaction. If the constants have not boen experimentrlly determined, then
the investigator secarches for free energy data with which to compute them.
If these date are lacking, he relies on the famous Nernst approxination for-
mula.

The next step is' to find an effective catalyst. This is much more en
art than a science. As yet, activity cannot be predicted from any physical
or chemical property, or any corrclative experimental measurement. Choices
for investigetion are made fron experience and by annlogy, and then tested
by running the actucl reaction. Then follows the long battle of improving
the catalyst, increcasing its life, suppressing side reactions and the like.
Catelysts, by definition, are not consumed by tlie reaction but nonc last
forever. In many nodern applicutions catalyst renewsnl is a major item of
the cogt of the product.

The field of usefulness of the catalytic reaction has been vastly
expended in the last ten years by the discoveries of syntheses starting
with carbon mionoxide ond hydrogen as the primary raw materiecls. Intcrest-
ing possibilities are opened up in the field of aliphetic derivatives so
long dominated by the more easily reacted aromatics. Even today co.pounds
that werec once chenicecl curiositics can be made cheaply by the ton. The
problem of developing uses for such compounds is in reelity more pressing
than devising methods for their manufacture, and it is this factor of use

that will largely determine the rate of growth of industry in this field.
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' Introduction

. The practical importance.of an adequate understanding of catalysis,
e.g., in the fields of industry anc medicine, is so great and the recent devel-
opment of the theoregticgl. fields upon which such a comprehension must depend
has been so extensive and so,interssting that an effort to describe the state
of knowledge of the subject in the compass of. a brief report is a.challenge
which each year becomes more fascinating as the objectives seem to come
closer., Catalysis has become a sort of philosopher's stone, which, however,
instead of beecoming more elusive with increase in knowledge becomes less so.

Catolysis is of intercst to .scientists in pure and applied fields.

. Yet theoretical chemistry, through which we are supposed to understand it,

_ has become involved in mathematics to a degree which renders a peper on chem-
ical mechanism -— .which ig-.interpreted in the.light of the new physics --
substantiaily incomprehensible to the -average industrial chemist who may be
interested in catalysis. Under the leadership of the new physics, theoretical
chemistry =2ppears in fact to be drifting for away from the myried problems
which objective research in industry turns up. Since the two fields are
mutually dependent, it seems desirable to prevent unnccessary widening of
this gap.

As opplied to catalysis, therefore, this has been made an objective of
this report. An attempt is also made to concentrate attention upon the par-
ticular resistance points which seem to stand in the way of progress in the
subject, in addition to summarizing recent accomplishments. These desires

involve too much for one man to accomplish in an expert feshion in a reasoncble
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tive.

Consequently, in addition to the members of this committee, special-
ists on various thecretical points .havo been consulted in orgoenizing this
report. They are: A. K. Brewer, J. N. Br8nsted, H. von Euler, W. Fronken-
burger, C. N. Hinshelwood, L. S. Lassel, I. Langmuir, R. S. Mulliken, M.
Polényi, G. M. Schwab, H. S. Taylor, G. W. Wheland, and C. Zener. An
extremely gratifying response has been obtained from these workers. Some
of them have spent a substantial amount of their time in summarizing their
views as will be evident in the portiocns of this repurt where their work is
reproduced.

An. attempt has likewise been made tv preosent in a brief way an up-to-
date and balanced picture of the status of applied catalysis and the unsolved
theoretical problems which workers in that field would like to see solved.
For their assistance in this effort, the writer wishes to express his thanks
to E. K. Bolton, G. Calingaert, G. Du Bois, Frank Howard, H. P. Lankelma,

A. S. Richardson, J. E. Taylor, and . R. ‘Veazcy.
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CHAPTER I. THEORETICAL

General Considerations.

The subject of catalysis nust be treated as a subhead under the gen-
eral subject of reaction velocity. During the past fifteen years our under-
standing of the factors governing reaction velocities has developed rapidly,
thanks to the applicetion of kinetic theory. A substantial assimilation of
this development does not require an extraordinary mind nor a mathematical
training beyond that which forms a part of the training of the average grad-
uate chemist. On the other hand, the subject appears to be experiencing
further growth due to the light which tho new quantum mechanics is shedding
upon it and here unfortunately the "average" chemist is likely not to try to
unravel the numerous and complicated equations which form the medium of
expression in that subject, especially when he learns that they are "conflu-
ent hypergoometric" equations or some other unfamilier type.

On the other hand, elmost anyone interested in the subject can read
with profit Arthur Haas, "Materiewellen und Quantenmechanik" (Leipzig, Akad-
emische Verlagsgesellschaft 1930) as an introduction to the quantum mechanics.

The writer also esteems for this purpose the introduction to the thicd
edition of Hinshelwood, "Kinetics of Chemical Change in Gascous Systems™
(Oxford University Press, 1933). This work also serves as a proper besis for
understanding much of the subject matter with which the report deais. The
new chapter on homogeneous catalysis forms a good beginning in a field, the
ignorance of which stands in th> way of our understending of catalysis. The
broadening of the scope of tnis book does not scem to have diminished Hinshel-

wood's sense of values which Las characterized previous editions. Such items
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in the book as the present writer would weigh somewhat differently are
treated in the appropriate places in this report. This book will be referred
to merely by "Kinetics". Other new books dealing with the subject matter of
this report moy be mentioned at tais point.

G. M. Séhwab's book, "Kataiyse vom Standpunkt der Chemischen Kinetik",
(Berlin, Julius Springer, 1931) is written from the same point of view as
that of Hinshelwood which in its earlier editions, of course, precedes Schwab.
The latter, however, covers more work in catalysis than does Hinshelwood.
Schwab devotes & substantial portion of his book to catalysis in aqueous
solutions, a subject largely omitted by Einshelwood. This work :will be
referred to merely by "Ketalysc".

E. von Euler and A. Ulander have written a small work cntitled "Homo-
gene Katalyse". This work lgys still greater relative emphasis upon reac-
tions in solution with feirly detailed considcration of cortain reactions
rather thon generalities. The recctions are the inversion of cane sugnr,
the mutarotation of glucose, the hydrolysis and formetion of carboxylic
esters, the formation and equilibrium of acetanilide, the hydrolysis of
dioxypiperazinc, the decomposition of camphocarboxylic acid, acetoacetic
ester and nitreamide, the oxidation of hydroquinone, the Canizzrro reaction
and the decomposition of hydrogen peroxide.

L. F. Marek and Dorothy A. Hohn in their book "Catalytic Oxidation
of Organic Compounds in the Vapor Phase" (New York, Chemical Catalog Com-
pany, 1932) have collected a large amount of materiol on that basicslly
important and little understood reaction - oxidation. Evidently they have

read a large number of patents on the subject which speaks well for their


http://www.nap.edu/catalog.php?record_id=21518

- 25 =

endurance. The scope of this work (containing 472 pages) extends rather
beyond the implications of the title. Thus, e.g., the hydration of olefines
and the oxidation of higher molecular weight hydrocarbons are discussed.
Considerable attention is given to the oxidation of petroleum and constit-
uents thereof. This is a vast field for applied research. This book is
reviewed by H. G. Beatty (1).

E. B. Maxted has produced a work of 519 pages entitled "Catalysis and
its Industrial Applications" (London, J. and A. Churchill, 1933). The first
two hundred pages are devoted to a theoretical discussion and of this one-
fourth is devoted to adsorption. The writer is unable to recommend this
portion of the book as o well-balanced review of current catalytic theory,
and the only new idea which he observed, he believes to be wrong in general.
This idea is ﬂmt_the energy of adsorption which is "transitorily free" sup-
plies the energy of activation of the adsorption complex. On the other hand
this book is of decided practical value. Thus the writer is reliably informed
that the quality of thc information in the chapter on the "Hydrogenation
(addition of hydrogen) of 0ils" is high. Maxted evidently is experienced in
this and other fields of applied catalysis. The book contains o chapter on
preparation of the commoner catalysts which should be very valuable. An unu-
sually extensive discussion of catalytic poisons is also included.

M. Fronkel's Katalytischorganische Arbeitsmethoden, Abt. I, Chemische
Methoden, Teil 12, Hefte 1-3 of Abderhalden's "Handbuch der biologischen
Arbeitsmethoden" (Berlin, Urban and Schwarzenberg, 1932), appears to be a
careful and comprehensive collection of naterial relevant to the subject mat-
ter of the title. The work is favorably reviewed by Roger Adams (2).
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M. Kr8ger's "Grenzfl#chen-Katalyse" (Leipzig, S. Hirzel, 1933) has
not been reviewed by the writer. It is, however, reviewed by H. S. Taylor
(3).

H. S. Taylor in J. H. Perry's "Chemical Enginger's llandbook" (New
York, McGrew-Hill Company, 1934), presents a very condensed table of the
various technical applications of catalysis and the catalysts which he
thinks are used in them.

Moelwyn-Hughes' "Kinetics of Reactions in Solution" (Oxford Univer-
sity Press, 1933), attempts to take over into the field of reactions in
solution the kinetic methods which have been found successful in gaseous
systems. He has performed a useful service in organizing a large amount of
work in this field and has made rather more progress with his objective than
one might have expected. The book maokes a good companion volume to Hinshel-
wood's Kinetics. They emanate from the same laboratory and with a common
spirit. There is some overlapping but scarcely more than would be required
even if the two volumes were one. Such points in the book as the writer
would criticize adversely are treated in the body of this report. This book
will be referred to merely by "Moelwyn-Hughes".

In the field of adsorption upon which heterogeneous catalysis is
dependent, the thoughts of a number of workers were collected in a sympcsium

held in Oxford in 1932 and published in the Transactions of the Farnday Soci-

ety 28: 129 (1932). A considerable amount of attcntion was paid in these
papers to ®activated" adsorption which is discussed later in this report.
I. Langmuir's Nobel Prize address (Stockholm, December, 1932) is devo-

ted largely to adsorption. Vhile Langmuir states that the paper is devoted
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primarily to his own work and makes no attempt to cover that of others, it
is a tribute to the accomplishments of Langmuir that this pajer does not
lack much of being an adequatc review of the real progress which has been
made in the understanding of this phenomenon in the last twenty years.

Dohse and Mark have recently published "Die Adsorption von Gasen und
Dimpfen an festen K8rpern" (Leipzig, Akademische Verlagsgesellschaft, 1933).

This work is reviewed by A. S. Coolidge (4).

Kinetic Theory*

The kinetic theory of reaction velocity mey be summarized by the state-
ment that reaction velocities for "simpld' reactions may be represcnted by the
equation

Velocity = £ () L s T, (1)
where f (¢c) is a function of the concentration of reactants which, for a sin-
gle homogeneous uncatalyzed reaction going to completion, is equal to that
concentration, to the square of it, to the cube of it, or to the product of
two or possibly three concentrations.

Vlhen more than one reaction is occurring between reactants, or between
the apparent reactants and some other bodies (which case may be considered to
include "materizl" chain reactions), or when the reverse reaction is promi-
nent, the details of the complex mechanism may be tnken into account appro-
priately if equation (I) is applied to each reaction which is occurring, and
the overall rote evolved from those of the scparate -reactions.

Proceeding in this way, ratc equations sometimes become complex. From

the difficulty which has been experienced in evolving o universally satisfac-

#In writing this section the author has consulted Dr. Louls S. Kassel: Para-
graphs 2, page 27, 3 page 28, 1 page 33, and 3 page 34, have been substen-
tially revised in accordance with his suggestions.
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tory kinetic mechanism for such apparently simple but really complex reac-
tions as

H, + Clo 2 HCl

and 2 H, + 0, = 2HO,

one is inclined to regard with considerable reserve those mechanisms which
have been suggested for still more complex cascs, such as the photochemistry
of phosgene and the oxidation of hydrocarbons, without, however, disparag-
ing attempts to unravel such mechanisms.

In some catalytic reactions too we have more than one chemical pro-
cess occurring, especially if adsorption is treated as a chemical reaction,
and we may then proceed by applying equation (I) to the individual processes.
This procedure has led to considerable success in interpreting the mecha-
nisms of some heterogeneous reactions (5).

Whatever may be said for these more complex cases, there is no respon-
sible opposition to the results of applying equation (I) to single simple
roactions, as many have turned out to be, and especially are we confident
that the factors contributing to reaction velocity in such cases are all
expressed in the formula.

The term E is the energy of activntion which has been defined in vari-
ous ways (6). It will perhaps make for clarity of physical concepts without
substantial disagreement with equation (I) to consider it to be energy which
must be concentrated in the reacting bond or bonds in order for reaction to
occur. The reduction of E constitutes the outstanding opportunity for cata-
lysts to accelerate reactions.

The term )é. represents all other factors which affect the reaction
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rates of molccules, including collision rates and factors representing orien-
tation, energy transfer and reaction probebilities. In the case of unimolec-
ular reactions (7) % is independent of temperature and in this case may be
simply a vibration frequency within the molecule (8) and perhaps the vibra-
tion frequency of the bond which breaks. The latter idea is equivalent (9)

to the assumption of Maxwellian distribution of energy amongst the vibrations
of nolecules.‘ This assumption is probably not very far wrong in view of the
fact that the specific heats of many organic compounds at room temperatures
correspond to the participation of meny of their vibrational degrees of free-
dom. That the decomposition rates of at least some molecules may be accounted
for in this way is seen from the ostensibly'suitable but experimentally diffi-

cult example of the straight chain paraffins (10).

Igble 1
Velocity constant
"Theoretical® Observed
Propane « « « o « ¢« o o o & 0.00235 0.0015
p-Butane . . ¢« ¢ ¢ o 0 o0 0.0047 0.0047
n-Pentane . « « « ¢« ¢ s ¢ o & 0.0031 0.0036
p-Hexane . . « ¢ ¢« & ¢ o o 0.013 0.0094

The discrepancies between the "theoretical™ and observed values are
not substantially greater than the reproducibility of Frey's constants,
although his experimental work is probably the most nearly quantitative in
the field.

On the other hand, this point of view may represent an over-simplifi-
cation and does not develop sufficiently the mechanism by which the vibra-
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tional energy is distributed (11).

The latter problem has been attacked repeatedly by various workers (12)
because the new quantum mechanics has given a new tool for that purpose.

It seems that, on these theories, a given bond does not require a
precise amount of energy before it can react but that there is some chance
of it reacting with smaller amounts of energy provided there exists a state
of the products with an energy comtent which is equal to a given state of the
molecule. On this basis the term x would involve the probability of such
a transition and would moreover be related tc the energy content of the mole-
cule. Rosen has worked out numerical values for the lifc of the unstable
molecule H02 in various initial states, the picture being that, when one of
the bonds is in a state of high vibrational energy and the other in a low
onag, the latter can with high probability lose what energy it has and the
first bond can simultaneously break to give fragments with the same total
energy content.

The important point is that the new quantum mechonics appears to be
capable of providing numerical wvalues for such transition probabilities as
well as for factors controlling the distribution of emergy. It is also
important that the new methods of calculation appear to do no particular
violence to earlier concepts of the mechanism of chemical reactions which,
however, admittedly were less articulate. That is, unless the reacting bond
has concentrated within it almost the amount of energy which would have
caused reaction on the old basis, it has a small chance of reacting accord-
ing to the new guantum mechanics.

For bimolecular reactions between simple molecules y appears to
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represent merely the number of collisions between reactant molecules.
Although-)(; must include orientation factors in such cases, they turm

out to be small. However, due to the short range of atomic forces, one
would expect such factors to grow in importance for complex molecules, such
as higher molecular weight olefines, which would be expected to polymerize
at least in part by means of homogeneous bimolecular reactions.

There has been a tendency in the development of chemical kinetics to
confine discussions and correlated experimental work to thermal decompositions
and it has been concluded that for this type of reaction the simple molecules
react bimolecularly and more complex ones unimolecularly. Presumably in the
case of metathetical reactions more compiox molocules, in so far as they
react independently of catalysts, will do so in accordence with the bimolec-
ular law. The proper investigation of this field has scarcely started (13).

The further review of the kinetic theory of reaction velocity would
teke us afield and would involve technical and sometimes controversial points.
Suffice it to say that equation (I) adequately represents rcaction velocities
and 1s to a considerable degree understood and therefore points out the fac-
tors upon which catalysts may be expected to operate in influencing reaction
velocities. It is appropriate to attempt to estimate the relation of the
various factors represented in equation (I) as far es the scope for catalytic
action is concerned.

While tempernture and concentration are independent variables outside
the sphere of catalytic action, a catalyst may change the functional relation
of £ (c) between velocity and concentration and thus affect the reaction

rate. This effect is ordinarily brought about, however, by the catalyst
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introducing a particular value of X or E in equation (I) as applied to

some component part of a complex reacting system which results in the effect,
so that after all the effect of a catalyst appears to be limited to the terms
‘x and E.

At this point it is necessary to point out that so many new phenomena
have been drawn into the field of catalysis that a definition of a catalyst
which will cover all of them must be so broad that Hinshelwood suggests it
is useless to make the attempt (14). Schwab (15), e.g., considers the action
of hydrogen in keeping up the activation in certain umimolecular decomposi-
tions, when the reacting substance is at low concentration, to be an example
of catalysis.

Our definition of a catalyst must cover at least the following:

(a) Positive and negative changes in reaction velocity.

(b) Change in course of a reaction as well as an alteration of the
velocity of what was originally the dominant reaction. To cover all cases
of interest (e.g., the polymerization of styrene) the end products need not
be the same.

(c) The catalyst may or may not be used up in the reaction (e.g.,
inhibitors of certain auto-oxidation processes are themselves altered chem-
ically).

(d) The catalyst may or may not play a stoichiometric part. (Thus
in the H}2 - 012 reaction, atoms of Cl or H are catalysts and form the ordi-
nary compound HCl in the course of their action, although atoms are simul-
teneously generated in the act of forming the HCl.).

The factor X includes any restraint which may be imposed by en
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orientation factor. The whole discussion may be simplified by discussing
this factor separately. In the homogeneous cases so far studied orientation
factors appear to be small (16).

Heterogeneous catalysts involve oriented adsorption and might be
thought to diminish the restraint of orientation factors in the case of large
molecules thereby. However not more than 1 x 1014 molecules can be accommo-
dated on a square centimeter of surface, whereas a c.c. of gas at N. T. P,
conteins 2.7 x 10%° molecules. Also a molecule (of H2) at N. T. P, expe-
riences about 1.5 x 1010 collisions per second in the gas phase, and about
one tenth of this number from the gas phase when it is adsorbed on a surface
(according to kinetic theory formulas). In any case the latter number is
smaller. These considerations would limit the possible opportunity for cata-
lysts to affect reactions by this route to collisions wherein both molecules
are adsorbed. However the mobility of such molecules may be highly restricted
by the very forces which give rise to the adsorption, and this must be kept
in mind in calculating chances of a catalyst operating by diminishing an ori-
entation restraint,

It appears to the writer that a further simplification of viewpoint can
be made by considering an activated molecule to be one which contains suffi-
cient energy in the bond which is ruptured in fﬁe reaction. On classical
theory this would be a definite physicel state and the probability for reac-
tion would be 0.5 and for reversion to some other state 0.5, i.e., they would
also be definite. This procedure would then lump the other component parts
ot X 1nto ‘thowe Pastors, governng the wats t wikch active sslecalas wey be

formed. These include a further definite basic factor Z, the total number of
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w B =
collisions, and another definite factor

/B (g/pn)0 B / (0.5 - 1)t
(where n is the total number of square terms possessed by the reactant mol-
ecules) giving the maximum fraction of the collisions Z which according to
classical kinetic theory may supply emergy E to one of the colliding mole-
cules (assumed for simplicity to be of the same kind).

But the molecules obey quantum laws rather than classical laws and
energy is not fully and freely distributed amongst degrees of freedom at
collision nor amongst the internal degrees of freedom of a molecule between
collisions. So two further mutually similar factors enter in. One, which
we may call .E‘_l, governs the probability of transfer of energy from molecule

to molecule in a collision and the second, which we may call 2_2, governs

the probability for redistribution of internal energy in between collisions.

A summary of the state of knowledge of such restraint factors (by C.
Zener) is included in this report.

The importance of such phenomena is well illustrated by the work of
Rice and Byck (17), who were able to impinge molecular rays of acetone and
dimethyl mercury upon a target of platinum which was held at 1600° C. with-
out these compounds experiencing appreciable decomposition. From the heats
of activation for the homogeneous decompositions of the substances (from
separate experiments) Rice and Byck concluded that if the molecules strik-
ing the surface had attained temperature equilibrium with it, decomposition
would have been observed. Since they did not take the time factor into
account, whereas an extended resting time on the surface would increase the

amount of decomposition and since they did not use the full number of
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internal degrees of freedom available in their calculations, it seems that
Rice and Byck were extremely conservative in their conclusions.

Hinshelwood (18), from studies of the effect of iodine on certain homo-
geneous reactions and of several uncatalyzed homogeneous bimoleculer reactions
where the rate falls far short of the rate of collision between molecules
which bring into the collision zone the requisite energy of activation, is
inclined to think that the Ei factor may be much more important than has been
realized and that the action of iodine as a homogeneous catalyst is in part to
eliminate the restraint imposed by that factor, by increasing the perturbation
between the two molecules, which according to quantum mechanics is necessary
for the exchange of energy.

Redistribution of internal energy, in a complex molecule as portrayed
in the paper of Rosen (12), would presumably be facilitated by a catalyst
which would provide a proper perturbation between the component parts of such
a molecule.

The relief of such restraints may constitute a general mechanism for
both homogeneous and heterogeneous catalysts (19).

Ions would be suitable for supplying such perturbations and a review
(by A. K. Brewer) of some evidence for their effect in catalysis is included
in this report.

Quantum mechanics, os has been mentioned, provides for transitions
which would be impossible on the claessical basis. Thus an energy wall, which
prevents a classical process which is hot'providad with adequate energy, will
not completely prevent the process according to quantum mechanics. This "tun-

nel effect" is the basis of a theory of catalysis proposed by Born and
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Weisskopf (20), according to which a catalyst may increase reaction rates
by holding the reactents in proper juxtaposition for a time large compared
with the duration of a collision. The chemicel transition occurs by the
process of quantum machanical resonnnce, which may occur when there are
correapond:l.ng energy levels ih the reactant and tranafomod atatea. The
part played by the sutface may be to effect a proper adjustnent in levels
batwaan the initiel and final states or to supply the perturbation which 14
required for the resonance phenomenon.

Of course the rate at which the energy of activation is supplied may
be increased if kinetic mechanisms are supplemented, e.g., by absorption of
light, and ;l'.h;e catalyst may be the agent by which ﬁia is accomplished.

This procedure is well {llustrated by the photosensitizers of which
mercury vapor is an example (21). Since Lresearc-h in this subject does not
appear to be particularly active at the present time, it is largely neélected
in this report.

By stretching the definition of a catalyst a little, the pheﬁgmenon
of fofeign gases keepirig up the rate of umimolecular reactions at low con-
centrations of raactaﬁta may come under this division of catalytic action.
It is sti'etching the definition of a catalyst ta) because the effort of the
catalyst is no greater than, if as great as, that of the reactants then-
selves and (b) because the vﬁlocity will only be kept up to the "normal®
value and not raised beyond it.

In this ( ) division of catalytic action it should be pointed out
that there is a general factor operating which tends to balance the disadvan-

tage of a catalyst due to the small fraction of reactant which is ordinarily
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adsorbed upon it at one time. This factor is the relatively large number of
vibrations to which the adsorbed molecule is subjected. Thus, using the
Lindemann method, Biltz (22) caiculaté& the vibration frequencies for the
clements and from his list we sclect platinum 4.36 x 10°° and carbon (graphite)
.77 x 1013 vibratione por second. If it is then assumed that Maxwellien dis-
tribution of energy prevails amongst these vibrations it is evident that each
adsorbed molecule will have many opportunities to receive energy from the sur-
face as compared with the number of such opvortunities in the gas phase (since
as has already been pointed out a molecule even of the fast moving hydrogen
experiences but 1.5 x 109 collisions per second in the gas phose at N. T. P.)
These considerations are of course complicated by the restraints previously
mentioned which govern the transfer of energy.

In spite of the innovations in viewpoint introduced by the quantum
mechanics and by the experimental evidence recently collected by Hinshelwood
and his colleagues, the idec persists that the principal mode of action of
catalysts consists in the lowering of energy activation (E). This is in
essence a structural problem and involves on the one hand a proper visualiza-
tion of the process of adsorption based upon the unwieldy mass of published
work in this field, and on the other hand a rationalization ﬁf that picture
with the developing ideas of nature of chemical bonds and the ways in which
they can be affected.

With this background, the subject of catelysis may now be broken up
into its component parts which will be treated in more detail and with the

cooperation of various specialists more expertly.
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Langmuir's (23) unimolecular film theory of adsorption should be con-
sidered as well established, since his own and various other measurements
confirm it within the limits of its conception (24) and since even the pre-
dictions of the Polenyi-Eucken potential theory (25) seem to correspond
numerically to filus about one molecule thick under the conditions under
which the Langmuir theory is supposed to apply.

Langmuir's work on adsorption has met some criticism on the ground
that in it he neglected the forces acting botwoen adsorbed molecules. This
point he has now incorporated simply by treating the heat of adsorption as
a function of the surface covered rather thon as a constant (26).

It so happens that, dus to the studies of Lengmuir on the one hand
and Becker (27) on the other, the system cesium adsorbed on tungsten seems
to be better understood than any other which has come to the writer's atten-
tion.

Becker concludes that both cesium atoms and posilive cesium ions may
exist on the surface. The positive ions act like » pciitively charged grid
placed very close to the svrface, ond this esave him r icccns of estimating
the relative numbers of ions and atoms on the surface. When the surface is
coupletely covered with ces3ium, 23 per cent of this substance exists as
ions. This fraction increases as the degree of covering decreases until
when the surfoce is one-tenth covered, fifty per cent of the cesium exists
there as ions. He further concludes that the work required to remove an
cdion from tlie surface increases while the work required to remove an adatom
decreases as the surface concentration increases, and this has its natural

effect upon the meon life of adsorbed particles. Surface migretion of the
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adsorbed cesium was demonstrated. The relations were such that above a cer-
tain temperature every cesium atom striking the surface evaporated as an ion.
This gave him an assured method of starting with a cesium-free surface.

Becker's experimental method of determining © (the fraction of surface
covered) consisted in observations of electron emission and time. He found,
starting with a bare surface, that a maximum in electron emission occurred
with time, and assumed that this maximum occurred when the surface was just
covered with cesium. Above a certain temperature the equilibrium value of ©
is less than one, and can be determined by lowering the temperature of the
filament suddenly and measuring electron emission vs. time. The conclusion
that meximum electron emission corresponded with complete covering appeared
to be based on a correlation with the calcéulated number of cesium atoms which
the surface could accommodate.

Langmuir and Taylor used two methods for estimating the amount of

adsorbed cesium,

(a) The tungsten filament was flashed at a temperature above 1300°,
whereupon every adsorbed atom evaporated as an ion and registered
in the kick of a ballistic galvanometer.

(b) The second method consisted in evaporating the adsorbed cesium ns
atoms, in the presence of a retarding electric field which preveni:
the escape of ions. These atoms then fall upon a tungsten surface
heated above 1300° from which they escape as ions and once again
register in the kick of a ballistic gelvanometer.

These methods involve two assumptions: (1) That the accommodation

coefficient is unity; (2) That the number of cesium atoms striking the surface


http://www.nap.edu/catalog.php?record_id=21518

- 40 -

in unit tine is given by the positive ion current drawn when the filament
is sufficiently hot.

These authors (28) conclude that optimum electron emission occurred
when the surface was 67 per cent covered with cesium instead of completely
covered as assumed by Becker, and find certain general difficulties with his
method.

Taylor and Langmuir conclude that their tungsten surfaces, prepared
by heating to 2900° in vacuo, were etched with development of the dodeca-
hedral crystal faces so that the true surface is 1.347 times the apparent
surface. One half of one per cent of this surface is able to absorb
cesium more firmly than the rest. When the monomolecular film of cesium
is complete, there is one cesium atom on the surface for every four tungsten
atoms.

It was found that the processes of condensation and evaporation pro-
ceeded entirely independently of each other, from which it was concluded
that cesium atoms striking the surface ion sl;de around in a second layer
until they find positions in a first layer. The number in the second lgyer
at any one time was thought, however, to be minute. Like Becker, they con-
clude that the rate of evaporation of cesium atoms increases rapidly as the
fraction of the surface covered increases, and they developed a2 quantita-
tive theory for this effeact.

They regard an adsorbed cesium atom on a tungsten surface as an ion
held to the metal by its image force. This ion tends to draw induction
electrons from the metal towards the ion.

The force between two such adion dipoles is given by
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where m is the electron mememst ef the dipcle and r the distonce between them.
An equation of state was theam marked out to apply to the adsorbed cesium film

by applying the Clausius virial equation, whereupon the equation

z=ﬁ5§+ 3.3 65/2 5% 4 1,55 x 1075 g2 1/3 Y3

was obtained, where F is $he spyeading force, @& is the number of adsorbed
atoms per sq. cm. of tungstem surfage, © is fraction of surface covered, and
I is an integral whose numerical valug cam never exceed 0.89.

This spreading foree is yelated to the wate of evaporation ‘/a by

means of the Gibbs eguatiom

dln Y,

These relations serve as a meang of calculating m from the evaporation rates.
A check of the valuas of m obtained im this way, against those obtained
from measurements of electwson epission, gave excellent agreement. The contact
potential Y  of a metal surface cevered with an adsorbed film as compared
with that of the baye metal surface is given by
Y=21§M
and the electron emission i related to the contact potential by means of the
equation —éﬂ _ (
.~ ot
where Vw is the edectrom emission from pure $Sungsten, (g_ is that from
tungsten w;t.h adsorbed material upon it of dipole moment M.
Assuming the correctness of these measurements and conclusions, it is

evident that these waerkers Bave given us an extraordinary knowledge of the
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system cesium adsorbed on tungsten. While this system at the moment lends
itself to no direct application in catalysis, nevertheless it is likely to
serve as a base from which excursions into less tractable regions of surface
action may be undertaken with more confidence. Thus we have here a surface
of known area which is likewise known to act as a catalyst for certain reac-
tions such as the thermal decomposition of ammonia.

The writer (29) in 1928 carried out experiments on the thermal decom-
position of ammonia upon aged tungsten filaments. In this reaction the heat
of activation must be supplied from the surface. Calculating the vibration
frequency of the tungsten atoms from Lindemann's formula and neglecting all
restraints upon energy transfer, and assuming this surface to be the same as
that investigated by Langmuir, it turns out that the theoretical reaction
rate is about seven times too fast if the reaction occurs exclusively on the
major fraction of the surface and about 25 times too slow if it occurs exclu-
sively on the minor fraction of the surface. The neglected factors neces-
sarily influence the calculation in such a direction as to confirm the indi-
cation that the reaction occurs uniformly on the dodecahedral faces of the
tungsten.

Measurement of Surface Area

In order to make a complete quantitative study of either adsorption
or catalysis it is necessary to know the surface area and circumstances sel-
dom permit as exact an estimate as that just considered. The methods avail-
able for this purpose may be summarized:

(1) From emission currents, as just discussed in the case of cesium

or tungsten.
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(3)

(4)

(8)

(6)
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The Paneth radioactive indicator method (30), which is strictly
limited in scope.

Bowden and Rideal's method (31), which depends upon the measurement
of the change in electrode potential caused by the passage of a
definite electric flux.

Methods depending upon measuring the amount of some adsorbed sub-
stance upon surfaces of unknown area in comparison with that
adsorbed upon a surface of known area (32).

This method involves uncertainties introduced by (a) the possibility
of the adsorbed molecule occupying different areas on different
surfaces, (b) the chance that some portions of the surface may be
inaccessible to the molecule in question when it is large as in the
case of Paneth's dye, (c) the chence that some elementary spaces
even though accessible will not be covered by the molecule in ques-
tion. This method (33), however, probably has the most genercl
application.

Schwab and Rudolph (34) have used a method of limited application,
consisting of measuring the rates of solution of the finely divided
adsorbent or catalyst, and assuming this to be proportional to the
surface area. This evidently is based upon early knowledge (35)
that such processes are limited in rate by diffusion, and therefore
would lead to correct results only in case the diffusion blanket is
uniform in thickness. This evidently cannot be true in the case of
substances containing long fine pores, etc.

Dunn (36) and Constable (37) have used a method of very limited
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application which depends upon a knowledge of the thickness of
Newtonian temper colors obtained upon metals, e.g., upon oxida-
“tion.. From a knowledge of the: total amount of oxygen absorbed
the area of the surfacc con be estimated. . This method is open
to the objection that the oxide film probably is not uniformly
thick.

Elostrical Digtortion Effucis ot Surfacas
The general idea that films are but one molecule thick is subject to

the reservation that electrical distortion effects at surfaces may cause
sufficient polarization to lead to multimolecular films, and we have seen
that cesium adsorbed on tungsten is distorted to the .extreme of ionization
under certain circumstences.: liowever, just as the effect in the cesium or
tungsten did not lead to a second layer according to Langmuir (gsge however
Backer), the gist of current work in this field appears to be that such
phenomena do not in general lead to the formation of a second adsorbed layer
under conditions where the second layer would not exist in the absence of
these electrical effects (38).

- Longmuir performed some calculations based on the work of DeBoer on
"the system ilodine adsorbed on celcium fluoride. This is a case which is
favorable for eclectrical deformation since iodine, being a large atom, is
easily deformed (though not. so easily, of course, 2s cesium). He concluded

that the heat 6f adsorption in the nth layer is given by -

hg"z b_- 29 +1800(0.5)2 ;

et 293° K the mean life of on iodine molecule in the first adsorbed layer
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came out to be 2000 seconds, so that the film would be stable at pressures as
low as 107 Po, where Po is the vapor pressure of solid iodine. The mean life
of isolated molecules in the second layer would be only 4 x 10~ seconds and
this layer would disappear at pressures less than 0.01Pg.

Polanyi, too, on the basis of the theoretical work of Lennard-Jones
and Dent is inclined to minimize the part played by electrical forces in sur-
face phenomena (39),

Our whole attitude toward adsorption should be that the process in
essence is a chemical reaction. The reactions do not eppear to behave in the
usual stoichiometric way, not because the forces involved are different in
kind but because the number of surface atoms involved in the adsorption and
also the ratio between the number of such atoms to the number of atoms of the
solid catalyst vary from semple to sample. Also, due to the geometric arrange-
ment of the surface atoms, distortions may be set up in adsorbed molecules
which may give them properties which could not be predicted from the behavior
of the molecules when not adsorbed. In view of the chemical nature of adsorp-
tion, it is not surprising to find that, like most chemical reactions, a heat
of activation may be involved in the process of adsorption. The seme moleo-
ular species could be adsorbed by a process involving activated adsorption
under one set of conditions and at lower temperature, when the energy of
activation may be but rorely supplied adsorption may be by means of Van der
Waal®® forces. Lengmuir (40) seomed to have this in mind in 2918 but few
people did, so that H. S. Taylor (41) was later able to show how the possi-
bility of these two types of adsorption could explain various phenomena in

adsorption and catalysis.
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vihile Taylor's point of view hus been supported by various experi-
ments, thore has clso been oprosition to it (42). Thus £llmond and Chaplin
(43) suggest that the offocts attributed to activated ndsorption mey be
merely the slow displacement cf some other film from the surface. This is
no doubt a real phenomenon.

Ward (44) and elsoc Stoacie (44) suggoest that the slow adsorption
found in many of the above references and attributed to slow adsorption are
due to diffusion intv the adsorbent. Ward's experimental work is to be cou-
mended and he demonstrates this idea rather convincingly for the case of
hydrogen adsorbed on copper. The diffusion is thought to be of the inter-
granular type and itself requiros energy of activation.

In some of the work on slow adsorption which wns attributed to
roquired energy of activation (45), values of the energy obtained from the
temperature coefficient of the process were of the order of 15,000 calories
per gram molecules. Since a surface atom is struck about 1 x 10° times per
socond by H,, at 0°C and one atm. pressure, reaction wculd be complete in a
few minutes. This was appreciated by Taylor (46).

A similar point has been made (withoui, howuver, specifying the tem-
perature to which his calculations referred) by Rideal (47).

The writer's point of view on "activated" adsorption is that there
is no very good reason for doubting its exisience. Both common sense and
quantum mechanics allow for it. Whether or not the experiments advanced
to illustrate it nay be explained in other woys is a natter for careful con-
sideration in each case. Theoretically one might also consider a surface

(since it has free valences) ns being similar to s free atom or a free -



http://www.nap.edu/catalog.php?record_id=21518

- -

radicle (48), and adsorption upon it might therefore require a minimum
though not necessarily a zero heat of activation, as, e.g., when but one
surface atom is engaged in the adsorption.

Taylor has summarized his own point of view and its quantum mechenical
background, developed largely by his colleague Eyring, in the following sec-
tion.
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ACTIVATED ADSORPTION

Hugh S. Taylor*

Since the formulation of the concept of activated adsorption three
years ago, a considerable body of experimental material (1) has been produced
in support of the concept. The idea has also been subjected to a moderate
degree of criticism and alternatives to the concept of activated adsorption,
such as activated diffusion and solution, have been suggested. It may be
advantageous to summarize the evidence adduced both in support of and antago-
nistic to the concept.

Experimental evidence of two types of binding of gases to surfaces is
now available with respect to hydrogen, nitrogen, oxygen, carbon monoxidse,
water vapor, saturated end unsaturated hydrocarbons and nitrous oxide. The
surfaces studied include metals such as nickel, iron, copper, palledium and
tungsten, and oxides such as those of zinc, manganese, chromium, copper,
molybdenum, aluminum and vanadium and mixtures of the same. The low tempera-
ture adsorption is usually spoken of as van der Waals' adsorption, has negli-
gible activation energy and rapidly yields equilibrium values at carefully
controlled temperatures. In the higher temperature ranges, the ;ctivated
adsorption is characterized by a measurable rate of atteinment of equilibrium,
from which rates, at several temperatures, activation cnergies msy be deduce-l.
The following tebles summarize the principal results of edsorption measure-
ments with hydrogen, carbon monoxide and nitrogen at various pressures and
temperatures. In the hydrogen table are given in the next to last column the

evailable data on heats of ven der Waals' adsorption ( }\Y) and the heats of
mﬁm%dﬁmmﬁm()&L

* Chemistry Department, Princeton University.
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Table 1.
Hydrogen

Adsorbent P Adsorption in cc. per 100 grams at T° C. ). x10™3 Ref.
mm., in
-185 ~78 0 110 184 305 444 Cals.

Ni 100 16 708 54° 2
700 48 70% 75°
Ni 25 8.6 27 23 15 ANv 15 3
200 11 32.5 28 28 a
600 15 33 33 28
Fe 600 160 0 0 100° ;]
500 3.4 0.7 6 4
Cu 500 7.8  18.5 17.5 N =15
AT
o
W 0.5 0.18 0.08 0.11 0.05 )\g—a.eg
MnO 506 0 0 ‘24 39 20 7
MnO - 165 25 15 345 564 207 A, =
Crg03 N 0L
Zn0 400 105 13.1 13 35 68 59 N =11
)a.:ﬂ "'8-
Zn0 - 760 228 52 112 137 160 130 9
Gr205
Cr,0, 700 1350 91 22 200 200 NV 1.8 10
gel A v 20
Z0 - . 100 8 0 0 0 5 13.5  16.0 A v 2 11
Mo 0 Y 20
23 7\1’
) 650 0 10 24.2 22.8 12
23
AL0, 650 0o 0 0 0 6.7 13

a = 19°C., b = 336°C., ¢ = 380°C., d = wt. unknown, e = 218°C,
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Adsorbent

Fe

Pd

MnO -

Cr205

Zn0 -

llozo5

Fe

Fe -

AL 05

Fe - K0~
A0 20

Fe (wmpro-
moted)

2

mm.

500

150

700
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Table 1 - Continued

Carbon Monoxide

Adsorption in cc. per 100 grams at TO C.

-185

83

2250

-185
R4

-189

593

182

17.2

-78

2.8

<]
0.03

+400

44.8

28.0

184

v,
>l? 0 &

670

0.5

100 300

0.07 0.53

450°C.

36.1

2.5

Ref.
305  444° C.
4
5
320 15
1.5 0.9 11
360 600
>1 4
1.00 8
-3
Aa % 10
in cals.
N =3 1
N, =35 15

=
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Examination of the tables will show that activated adsorption, as
revealed by a reversal of the change in quantity adsorbed with increase of
temperature, may manifest itself throughout the temperature range of -110°
to +450° C. It is also evident that the activated adsorption is quite spe-
cific and is not governed, as is van der Waals' adsorption, principally by
extension of surface. The heats of activated adsorption of hydrogen are,
in so far as they are ascertained, about one order higher than those of van
der Waals' adsorption. It it this difference in the heats involved which
is decisive in differentiating van der Waals' adsorption from the other
process, whatever view may be adopted concerning the high temperature proc-
ess, whether adsorption, diffusion or solution. Whatever it may be, it is
not the ordinary classical adsorption.

Activation Energies of Activated Adsorption

In the first researches of Taylor and Williamson (16) it was shown
that the promotion of manganous oxide by chromium oxide materially lowered
the activation energy of the first hydrogen adsorbed. Also, it was shown
thet the activation energy increased with increasing extent of surface
covered, a -definite proof of nonuniform surface activity.

These points are more decisively demonstrated by some work by Taylor
and Strother (17) dealiﬁg with activated adsorption of hydrogen on surfaces
composed of zinc oxide, zinc and chromium oxides, and zinc and molybdenum
oxides. In these experiments, performed at constant pressure, it has been
shown thot the velocity of hydrogen adsorption is a function of the surface,

that the activation energy is determined in magnitude by the nature of the
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surface and that the activation energy required increases with increasing sur-
face covered. With zinc oxide the activation energies range from 7 to 15 kg.-
cals. between the adsorption limits of 8 to 24 cc. per 100 grams ZnO. With
zinc-chromium oxide the activation energies range from 1 to 12 kg.-cals. with
activated adsorptions of 40 to 120 cc. per 100 grams Zn0—0r205. With the zinc-
molybdenum oxide sample the activation energies range between 17 and 33 kg.-
cals. between the adsorption limits of 0.4 to 8.5 cc. per 100 grams ZnO—Hons.
Some unpublished work of ours indicates that the activated adsorption of carbon
monoxide parallels that observed with hydrogen on the three surfaces but that
the activated adsorption of carbon monoxide is the slower process. The close
parallelism between these results and the facts of methanol synthesis are also
apparent. It is well known that this synthesis is enormously more rapid on
zinc~chromium oxide surfaces than on zinc oxide surfaces. It is not so well
known, but equally true, that surfaces of zinc and molybdenum oxides are much
inferior to zinc oxide in the same synthesis. It may be that the rate of
methanol synthesis may be controlled by the velocity of activated adsorption
of the reacting gases. In the synthesis of ammonia there is definite evidence
that the rate-determining step is the activated adsorption of nitrogen. This
was pointed out by Taylor in the original discussion of activated adsorptiun
and has now been experimentally confirmed by Emmett and Brunauer (18).

It was pointed out by Taylor (18) that the measured velocity of acti-
vated adsorption of hydrogen by zinc oxide was far smaller than would be
expected on the assumption that adsorption occurs when gas molecules, with an
energy equal to the observed activation energy, strike the surface. This

observation also holds for the nitrogen adsorption just cited and also for the
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hydrogen adsorptions at constant pressure on the three surfaces studied by
Taylor and Strother (17). These latter data permit a more penetrating
analysis of the problems. If we assume that the velocity of adsorption 3&
on a surface of which the activation energy is El is given by the expres-

sion

W @ ﬁ "B.l/g:.
- & 1.9.

where Z is the kinetic collision factor per unit area of surface per unit
of time; the quantity ﬁl must ocontain the surface area on which the magni-
tude of the activation energy is El' On another surface area with activa-
tion energy‘g2 the Yelocity of adsorption will be

Y = Nzﬂw
The experimental data of Taylor and Strother at constant pressure, and
therefore constant Z, permit a determination of the ratio f; to @, from
actual measurements of ¥, Yo, E) end E,. Calculations of this ratio show
that, on a given catalyst surface, as E increases, the ratio ﬂl : ﬂz also
increases and at an exponential rate. Thus, with both zinc oxide, and zinc
oxide - molybdenum oxide surfaces a plot of log ﬁl/ﬁa against E gives a
good straight line. With zinc chromium oxide surfaces Hl/ﬁz decreases as
E increases from 1 to 5§ kg.~cals. but at still higher activation energies
the same exponential increase of ¢1 : ﬁz occurs. These results indicate
that on zinc oxide and zinc oxide - molybdenum oxide the areas with the
smallest activation energies are the least numerous. On the zinc-chromium
oxide studied, surface areas with an intermediate activation are the least

numerous. The actual data are collected in Table 2. The values of ﬁl : ﬂz
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do not measure the relative areas with given activation energies since the
quantity, @, must include not only the surface area in question but also the
fraction of the area which is occupied by gas. At the moment therc does not

seem to be any wﬁy of separating these factors.

Table 2
Zinc Oxide Zinc~Chromium Oxide Zinc-Molybdenum Oxide
E Log gl/¢2 E Log ﬁl/ﬁz E Log :dl/ﬁz
in Kilo Cals. in Kilo Cals. in Kilo Cals.
Tl 0 1.4 1.57 17.2 0
9.0 0.4 2.2 0.83 18.6 0.5
10,0 0.5 4,2 0.15 23.4 2.7
11.0 0.9 5.8 0 7.3 4.4
135.5 2.0 8.0 1.36 28.5 4.5
17.3 3.5 10.8 2.91
11.0 3.02
12.0 3.156
15.0 5'5

This exponcntial relationship between @ and E in activated adsorption
is also found in the kinetics of heterogeneous reactions as has been emphe-
sized by Schwab and Cremer (20) for decomposition roactions on various sintered
oxide and halide surfaces, by Balandin (21) on unsintered metallic catalysts
for dehydrogenation reactions and quite recently by Eckell (22) on surfaces
of iron oxide - alumina in the reaction of carbon monoxide and oxygen.

Howard (23) has compared the velocities of adsorption of hydrogen on different
oxide surfaces and has also ghown that the effect of a high value of E is
always compensated for by a correspondingly large vnlue of what we have here
defined as @#. Benton (24), however, in & recent study of the activated

adsorption of oxygen on silver concludes that the activation enmergy is constant
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over the range of adsorptions studied and observes that a proporticnality
factor, A, (the Z @ of the preceding discussion) connecting v and the expo-
nential Q__E/B"T" steadily decreases, and by large amounts, as the surface
becomes increasingly covered. Benton calculates that, initially, every col-
lision with energy in excess of the determined activation energy results in
activated adsorption. He cannot account, however, for a decrease in the
value of A from 10° to 10° when only half the surface has been covered. He
believes, however, that the 50 per cent increase in the activation emergy
which would be necessary to account for this result certainly does not occur.
It should be observed that, if the data of Taylor and Strother on oxide sur-
faces were treated in the same manner as that used by Benton, and it was
assumed that the activation energy did not increase with increased covering
of the surface, the experimental data would yield precisely the same result
as obtained by Benton. The value of A, the proportionality factor, would
decrease by many orders before appreciable fractions of the surface were
covered, It may therefore be that the correct interpretation of the veloc-
ity of activated adsorption lies between the two extremes here discussed,
namely Benton's view of constant E and rapidly falling A and the results
which come directly from the experimental work of Taylor and Strother, which
point to a steadily increasing value of E and a simultaneously increasing
value of A. Experiments of still greater accuracy than those hitherto con-

ducted will be required to decide between such alternatives.
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Quontun Mechanicel Interpretation of Activated Adsorption.

The newer developments in quantum mechanics applieéd to chemical
reactions permit a theoretical approach to this prohleﬁ of activation
energy of adsorption and the effact of surface configuration on its mag-
nitude. The energy of interaction, W(zr), between tm; atoms at a distance,
r, consists of two parts, that due to the ordinary classical coulomb
forces A(r) and a nonclassical interchange energy o (r) which is positive
or attractive in a stable diatomic molecule but may also be negative and
repulsive at all distances x.

o) = Ap *+ x(p

London (25) extended these ideas to systems of three atoms and was
followed by Eyring and Polfinyi (28) who derived an expression for the
energy of a system of three atoms X, Y and Z in terms of the coulombic
energies A, B and C of the three pairs of atoms XY, YZ, and ZX and the
interchange energies o(, ﬂ and Y of the same pairs; A + X_ , B +/€
and C + Y being the bond energies of the respective atom pairs when the

third atom is at infinite distance. For such a gystem the energy ¥, is

/
B, = A+B+C+ {1/2[(v<-,9)2+(/; RAN S oc)"{l}l2

The bond energies of atom pairs at various distances are obtainable either
from spectroscopic data or, as was suggested by Eyring, from potential
energy curves of diatomic molecules with the aid of the empirical equation,
due to Morse (26) which expresses the potential energy by means of the

equation

¥ = D (ﬂ"é(-’f-“':-o) - 29"&(2".1_'0))
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Here D' is the heat of dissociation of the molecule plus the zero point
energy ( =1/2h Y ), r is the nuclear distance, r, the equilibrium nuclear
distance of the molecule, & is a constant and equal to 0.1227 W (g_l/g,)lfz
where M is the reduced mass and q)o is the classical frequency of vibration.
In this equation, q}o is expréssed in wave numbers per cm., and r and 1,
in Angstrom units, the potential energy of the two atoms at infinite distance
being chosen as zero. The energy values derived from such a curve at various
distances give the sum of the coulombic and interchange energies, for example,
A+ ol . To apply the energies so obtained to the expression fbr the energy
of three atom systems it is necessary to know the fractions of the total
energy which are respectively coulombic and interchange. From Suguira's cal-
culations for ths hydrogen molecule, the coulombic part in this case is
approximately ten per cent of the total.

Eyring and Polényi (28) were therefore in a position to apply the
equation to the three atom problem

H2 + H = H2 + H
pare ortho

making use of the data from the Morse curve on the basis of 10 per cent

coulombic energy. An examination of the equation in an alternative form

W, = A+B+Ct(x P+ 2+ Y2 o th aY_ 2y)l/2

shows that less energy will be required for the approach of 2 third atom
to a molecule if the threc atoms are in o straight line configuration.
Eyring and Polényi, therefore, computed the energies of various linear sys-
tems of three hydrogen atoms for various interatomic disﬁances koY and L,

The solutions of the equation when plotted in a two-dimensioncl dicgram
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hawing.;l and as ordinates and abscissae could be recorded in the form of

z,
contour lines of equal energies, representative of a potential energy surface.
This surface resembles two long deep valleys separated by a mountain pass, the
height of which, about 13 kg.-cals., represents the calculated activation
energy of the process, to be compared with thc experimental value of 7.25 kg.-
cals. Pelzer and Wigner (29) have made o more extended application of the
equation to this reaction and were able to deduce not only the activation
energy but also the actual rate of reaction.

Eyring (30) applied this equation also to other three univalent atom
systems and then employed the same treatment for four atom systems, the

potential energy equation for which is
= ’ O(_.. - 2
LAY %*-&2+§1+§2+91+92+ﬁ/2}.("1+ s 1= P
' . 2 2N 2 711/2
(o + %= Yy = VP (8,4 - - )P T

in which A, &), B, ——- and oC , .:Lz, | /'{';1’ etc. refer to coulombic and
exchange energies between the six atom pairs. The extension of this method
of attack to adsorptions at surfaces was initiated by Sherman and Eyring (31).
They considered the four atom system composed of a hydrogen molecule approach-
ing two fixed carbon atoms in a surface of charcoal. The adsorption process
is assumed to replace a single H - H bond of 103 kg.-cels. and a weaker bond
between carbon and carbon by two C - H bonds whose combined strength exceeds
the energy of the bonds broken by an amount equal to the heat of adsorption.

Shermen and Eyring calculated the energy ﬁ4 for various carbon-carbon
distances and for various positions of the approaching molecule. Thence it
was possible to deduce the easiest energy path from the state of molecular

hydrogen to that in which each hydrogen was attached to one of the carbon
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atoms. They found that the activation energy required was very sensitive to
the carbon-carbon distance in the solid body. With too small an atomic dis-
tance in the solid the activation energy is high because of the operation of
repulsive forces among the four atoms. With larée atomic distances in the
solid the activation energy will also be high since the process practically
involves the complete separation of the atoms of the hydrogen molecule. At
some intermediate distance the activation energy will pass through a minimum.
It is this distance of minimum activotion energy which determines the most
active centers. Other surface atom distances, whether greater or smaller,
require higher activation energies. Thc surface atoms with the most favor-
able distence are those which will first be occupied during activated adsorp-
tion. The greater the deviation of two surface atoms from this most favor-
able distance, the higher the activation energy. Conversely, a completely
uniform space lettice would be necessary for an activation energy of adsorp-
tion constant over the whole range of adsorption. The concept of active
centers on a catalyst surface is, on this theory, to be interpreted as
involving those surface positions where the activation energy of adsorption
or desorption is a minimum. The most favorable spacing will, of course, be
some function of the chemical nature of the surface atoms.

The four-atom treatment of the problem of activated acdsorption is an
over-simplification of the actual problem, necessitated at the outset by the
difficulties of theoretical treatment. The experience recently obtained in
treating 6, 7 and 8 atom systems promises, however, to permit the theorct-
ical study of the approach of a hydrogen molecuie to an actual lattice sur-

face, There is, however, no priori reason for believing that the lattice
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distance will be any the less important in the many-atom system.

Variations from the normel lattice distance in incompletely crystal-
lized units or surfaces, such as may very probably result from the usual meth-
ods of preparation of active catalysts, is indicated by the calculations of
Taylor, Eyring and Sherman {52) on the binding energies of crystal nuclei.

It was there shown that the lattice distances for the most stable arrangements
of 4, 5, 6, 7 and 8 atoms might differ markedly from the normal lattice dis-
tence of the bulk crystal. Such variations in atomic distances will be azsso-
ciated, as has been shown, with variations in the activation energy. The
recent evidence of Eckell (33) on the improvement in the catalytic activity of
nickel foil in the hydrogenation of ethylene, due to cold working, is attrib-
uted by him to the changes from the normal atomic distances of the catalyst
atoms brought about by the treatment to which the foil is subjected. Eckell
shows that this increased catalytic activity is eliminated by annealing the
nickel at temperatures between 200 and 300° C. It is known that these tem-
peratures are far below the recrystollization temperatures of the metal (600 -
700° C.), so that it would appear that the heat treatment which destroys the
catalytic activity actually involves o release of the atoms from their abmor-
mal and active distances to normal and less active distances. This effect of
temperature on active catalysts is very familiar and has hitherto been known
as sintering (34). It occurs markedly with active reduced copper and nickel
around 200° C. and is accompanied by marked reduction in catalytic activity.
This sintering may be regarded as a readjustment of the abnormal atom dis-
tances of high activity to the more normal lattice distances of lower

activity.
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Alternatives to Activated Adsorption

Ward (35) and Steacie (36) have assumed that the results on the slow
sorption of gases by various metals and oxides can all be explained by acti-
vated diffusion along Smekal cracks or by true solution processes. It has
also been maintained by Burrage (37) that slow sorption at high temperatures
may be due to the presence of impurities which can only be displaced from
the surface with difficulty.

The results of a recent re¢search by Howard (38) dispose of all these
alternative hypotheses, at any rate for the particular surface of chromium
oxide used by him., Howard shows that the van der Waals' and the high tem-
perature adsorptions are not additive. The latter profoundly modify the
former, and the rapid van der Waals' adsorption is unaffected as to speed
of attainment of equilibrium by previous activated adsorption of hydrogen.
The low temperature equilibrium data are also entirely unaffected by a
sequence of "flushing out". Howard also shows how his data on van der Waals'
and slow adsorption are irreconcilable with the concept of activated diffu-
sion into less accessible portions of pores or cracks. His results can only
be interpreted on the essumption that activated adsorption is a true surface
process and that its slow rate is not due to penetration into deecper parts

of the mass than are accessible to rapid van der Waals' adsorption.
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DIFFERENTIAL HEATS OF ADSORPTION .

One of the phenomena which H. S. Taylor sought to explain by means of
"activated" adsorption was the differentinl heat of adsorption" curves obt'itnined
in his laboratory and elscwhore (1), which curves often contained a maximum
which it was thought might have a profound correlation with surface catalytic
activity.

However, so many of the reported phenomens have been found in one lab-
oratory and denied in another (2), so many sources of experimental error have
been pointed out (3) and so many ways of explaining the results in case they
are real have been suggested (4) that the subject is about as confusing and
controversial as economics. ¥ith inhomogeneous surfaces, the casual expecta-
tion would be for the first material adsorbed to ovolve the greatest amount
of heat. However, other factors come in. In this case they are:

(1) Endothermic activation of the adsorbed molecules.

(2) Kinetic complexity of the adsorption process. .

(3) Part played by intermolecular forces of the adsorbed molecules.

(4) Polarization of the adsorbed molecules.

(5) Energy of activation for the adsorption process.

Inhomogeneity of Surfaces

There hove been various interesting investigations in adsorption in
which it has been found that, by preparing surfaces properly and by taking a
sufficient number of points, the adsorption isotherms obtained are not the
smooth curves to which we have been uccuato:qed but contain many sharp breecks,

which may become as rectangular as those found, e.g., in dehydration of
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substances possessing more than ono hydrate and often offcred as proof of a
"true" chemical compound as distinct from an "adsorption" compound (5).

While some of these authors (6) advanced special explcnations for
the "breaks" obtained in the adsorption, the explanations in so far as they
are valid appecr to come under the broad terms of Lungmuir's elementary
space theory of surfaces and the writer prefers to regard them in this light.
The rectilinear nature of the adsorption isotherms obtained especially by
Burrage is, however, very striking.

Any work such es this which increases our knowledge of surfaces or
may be capable of so doing is of course of great interest to the subject of
catalysis wherein we know that the surfaces are not necessarily uniformly
active, and thot therefore one state of the same matter is a better catalyst
than some other state. Conclusions relative to the optimum state will be
reserved until the mechanism of activation by catalysts can be discussed.

To decide what a probable mechanism for activation by catalysts
should be, it is desirable to understand what we can of the nature of chem-
ical bonds. It is not too much to say that our understanding was completely
inadequate before the advent of the new quantum mechanics. The position of
the matter at the present time will now be presented. In the United States,
R. S. Mulliken on the one hand and L. Pauling on the other, have been active
in the field. Mulliken and G. W. Wheland have cooperated in the organiza-

tion of this report by summarizing these respective developments.
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TiE NATURE OF CHEMICAL BINDING
PART I
Robert S. Mulliken,

University of Chicago

The electron structures of atoms and the periodic systems of the
elements are now rather well understood as a result of the development of
the quantum theory. According to its older form, the Bohr theory, each
electron is assigned to an orbit. The number of electrons which can occupy
the same orbit is, however, limited, ond when this limit is reached, a
"closed shell' is said to exist. Further electrons must go into the next
shells. Similarities of outer-electron orbits in heavier atoms to inner-
shell orbits which in lighter atoms are occupied by outer electrons, account
for the periodicities of physical and chemical properties observed in the
periodic system.

In the newer form of the quantum theory, the quantum mechanics, we
no longer assign each electron to a sharply-defined orbit, but instead to a

function of the electron's space codrdinates which may be called an orbital:

each orbital is a characteristic function of a suitable Schrddinger equation.

e can use these in thinking much as we use orbits in the Bohr theory. The
square of the numerical value, at any given place, of the orbital which an
electron is occupying, gives the probability of finding the electron there.
It should be noted that, although at any instant each electron may be
assigned to a definite orbital, frequent exchanges of electrons take place,
so that in time each electron runs through the whole gamut of orbitals which

are occupied in the particular atom in question. It should be further noted
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that, even when a definite set of orbitals (an glectrop configuration) has
been specified, through which the electrons may roam, there are in general
several modes of interaction between electrons occupying different orbitals,
resulting in the existence of several possible gtates of the atom-as-a-whole.
These differ in energy by fairly considerable amounts; for example, in the
case of the nitrogen atom the electron configuration (1;)2(25)2 (2.13_)5 gives
three states, namely a 4§ with energy zero (normal state), a 2:!; with energy
54.6 kcal. per mol and a 2]’_ with 82.0 kcal. The use of the above conceptions
of atomic orbitals, electron configurations and states gives us fairly good
but still only approximate descriptions of the electron structures of atoms.

For describing the electron structures of molecules, several methods
are worth considering. Some of them regard molecules merely as modified col-
lections of atoms or ions, and give descriptions using atomic orbitals. Others
describe molecules in terms of molecular orbitals; these are used in the same
general way as that in which atomic orbitals are used for atoms.

Before discussing molecules in general, wo may well seek to distinguish
between those with ionic and those with covalent binding. We realize, of
course, that both types of binding may occur in the same molecule; also, more
especially, that ilonic and covalent binding are only two ideal limiting cases,
most actual molecules belonging to intermediate cases.

In the pure ionic type, - an ideal never quite realized in practise, -
we assign part of the electrons to orbitals of one or more positive ions, the
rest to orbitals of negative ions. The chemical energy here is the electro-
static energy of attraction of oppositely charged ions, minus the net energy
required to produce the ions from neutral atoms. The effect of the electro-
static attraction in ionic binding is limited by the fact that, at close range,
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repulsions spring up which finally balance the attrective forces. These
repulsions are of the same genersl nature as the forces which nct in
covalent binding.

Turmning now to covalent binding, there are several methods of describ-
ing it cpproximately by using orbitals. One of these is obtzined by regard-
ing a molecule as built up from two or more atoms, each with a definite elec-
tron configuration and in e definite state. This is the basis of the valence
theory of London and Heitler, which, although it mckes prediction which
agrees rather well with chemical ruies of valence, is, in genercl and on the
whole, not nearly so good as certain others.

Another theory, which like the preceding is a generalization of the
Heitler-London theory of the hydrogen molecule (the two bccome identicel for
that relatively simple case) is that developed by Pauling ana by Slater.
This also describes molecuiar electron structures oy assigning the electrons
to a definite electron configuration for ecch of tho several atoms, but
without supposing these atoms to be in any of their ordinary states; instead
a certain artificial average state of each atom is assumed, which Van Vleck
calls the valence state.

Of the various electrons assigned to each atom, of course, only cne
or a few function as valence electrons. In the theory, weach valence elec-
tron pairs off with a valence electron of one of the other atoms. Thus we
have quantum-mechanical electron-pair bonds which correspond well to the
electron-pair bonds of G. N. Lewis in the case that the two electrons of the
Lewis pair are equally or neniiy equally shared between the atoms which they

¥
bind (examples H:H, Cl:Cl, Cl:N:Cl). If the electrons in the Lewis bond
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are unequally shared, as in HCl, ICl, NHz, the Slater-Pnuling electron-pair
requires an ionic correction (see below) in order to correspond well tc the
Lewis pair.

In the Pauling-Slater theory, one electron of a bonding pair is
initially assigned to a definite orbital of one ntom, the other to an orbital
of another atom. Tha bond may be said to result from a quantum-mechanical
resonance between the two electrons, characterized by their frequent inter-
chenge between the two orbitals. This is accompanied by a change in energy.
The interchange frequency and the energy effect become large if the atoms
approach closely. The resonance interaction can occur in either of two wuys
(2) the two electrons move in such a way thet they spend most of their time
fairly near together in the region between the two atoms; (b) they tend to
stay far apart, and spend most of their time on the back sides of the two
atoms. In (a), the average force produced by the electron-pair causes the
two atoms to be attracted toward sach other, giving a stable electron-pair
bond. The nature of this might perhaps be suggested by writing it, for a
molecule A,, in the form of A M A. In (p), the net result is that the two
atoms repel each other. This type of quantum-mechanical description and
interpretation wes first given by leitler and London in their theory of the
formation of H2.

We turn now to amother method, or group of methods, for approximately
dgscribing the electronic structures of molecules, developed principally by
Hund and Mulliken. The method was first used for diatomic molecules, and
was very successful in conhection with the interpretation of their spectra,

and in explaining some of their other properties (e.g., molecular ionization
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potentials, paramagnetism of 02). The owvsence of the mothou is the treat~
ment of molecules as independent entitics, instead of as groups of atems.
The electrons were assigned to moleculer orbitnls. A molecular orbital is,
in general, a function extending over a .hole molccule, or at least over
more than one atom, whereas an atomic orbital is localized in the neighbor-
hood of a single atom. The method began, somewhat earlier than Heitler and
London's treatment of H2 using H atom orbitals, with Hund's discussion of
Hé+ and H . Later it was extended by Mulliken and Hund to heavier diatomic
molecules, and there showed various regularities closely related to chemical
ideas of valence. These relations were clearly formulated by Herzberg.

An important modification of thc method was introduced by Lennard-
Jones, who pointed out that it is much better to assign only the valence
electrons in molecules to molecular orbitals, but to assign the nonvalence
electrons to atomic orbitals. [More accurately, it is the shared electronms,
rather than the "valence" electrons, which shculd be assigned to molecular
orbitals; the shared elcctrons include thz valence electrons, but sometimes
also certain others which cre especially strongly influenced by neighboring
atoms.] In the present-day "method of molccular orbitals", Lemnard-Jones'
modification has been adopted. This method, which might more accurstely be
nralled the method of "atomic and molecular orbitals", thus differs from the
method of atomic orbitals, — which includes among other things the case of
ionic molecules and the Pauling-Slater treatment of electron-pair bonds, —
only in respect to the monner of deseribing shared clectrons. The two meth-
ods, as we shall see, give different anproximations to the true electronic

structures of molecules. Neither gives perfect approximations, but each has
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certain advantages, including that of relative simplicity. Actually the true
structures lie betwsen those given by the various approximations, but unfor-
tunately cannot be simply described.

The method of molecular orbitals can best be explained by considering
diatomic molecules first. Here we may distinguish bonding and anti-bonding
molecular orbitals; one may also speak of non-bonding orbitals, but these
prove to be atomic. In this theory, the Lewis electron-pair bond finds its
quantum-nechanical analogue in a pair of equivalent electrons occupying a

bonding molecular orbital. For a molecule A_, the nature of this pair might

22
be suggested as follows: A =C= A. Every bonding molecular orbital is of
such form that it gives the electron a considerable probability of being
found in any of various regions surrounding both nuclei, but with a pronounced
emphasis on those parts of space which are between the nuclei. For brevity we
may call an electron which occuples a bonding orbital a bonding electron.
Every bonding electron gives rise to a net force of attraction between atoms.

In the method of molecular orbitals, the primary unit of chemical bind-
ing is & single bonding electron. When this is present alone, as in H2+, we
have a "one-electron bond". Nearly always, however, we find bonding electrons
in poirs. Thus we have thc electron-pair bond as a sccondary unit. Its much
greater prevalence, as compared with the primary unit, among ordinery chem-
ically stable molecules, may be attributed to the fact that it takes two bond-
ing electrons to form a closed shell (or in some cases more), so that when
atome combine, the most stable arrangements are nearly always those in which
advantege is taken of the opportunity of putting two clectrouns into each bond-
ing orbital which is occupied at all.
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- Anti-bonding ortitals.are.of suc¢h foims that' an electron occupying
one hag a greater probability of* being found behind:one of the. two -nuclei
than between them. Thus the presence cf enti-bonding slectrons tends to
produce a repulsion between the atoms which they connect. Anti-bonding
" electrons oftén .occur in stable molecules, but only in company with a
greater number of bonding electrons. .° . = = . . ¢

- The following examples will make  the:preceding.discussion - clearer.
..Molecular orbitals are denoted by underscoring; of thcse the anti-bonding
ones are indicated by an amsterisk, the riast being bonding; atomic orbitals
are given in ordinary .type. The electron configuration is given first,
then the electron state of the molecule-as-a-whole.

2
+ +.
'{12’ .a.-_:!.-f:’ 2 v g

2 1

‘.* . ’ . 2 .
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H; has a one-electron bond (one electron occupying the molecular orbital
called o-18); Hy has an electron-pair bond (two such electrons). The stable
ion Ha; has an electron-pair bond like Hy, partially offset by an anti-bonding
electron o~%*ls, giving a net effect similar to that of the one-electron bond
in H;. L12 has an electron-pair bond similar to that of HE’ but much weaker.

No, as formulated above, has six bonding electrons, although the real
structure could be somewhat better described by a somewhat different formula-
tion in which the electrons assigned above to 28 atomic orbitals are assigned
instead to molecular orbitals. The six bonding electrons in N, as formulated
above correspond to the chemical triple bond. It will be noted that these
three pairs of electrons are not all equivalent. One pair occupies a o~
type of orbital, while the other four electrong occupy a YU orbital.

For single electron-pair bonds (cf. Hy, Li,, F,) the o type gives
stronger bonding than would the T type of orbital, so that single bonds in
ordinary molecules are always of the O~ type. Since, however, it can be
shown that only one &~ electron-pair is possible between two given atoms,
any further bonding, as in double or triple bonds, hes to be done by T
bonding orbitaels. Each of these can hold up to four electrons; four make a
closed shell, and correspond to two Lewis electron-pair bonds. For ctous
not closz together, -1 bends are much weaker than  bonds, but when atous
approach very closely, as in N,, 77 bonds become aluost as strong as, or
possibly sometimes even stronger than, © boade.

In 0; oand 02, respectively, one and *wo electrons in an anti-bonding
W orbitels are added to the Nzeloctron structure. Thus in O, we have &

group of six Tr electrons assigned to molecular orbitals, four being bonding
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and two anti-bonding. The net effect is much the same as if there were a
single bonding 7 electron-pair. This and the @~ bonding pair together
constitute the 0, double bond. The paramagnetism of O, is a result of the
fact that the two enti-bonding 71 electrons ( TF *2p)? do not constitute a
closed shell, and thus are free to arrange themselves in such a way that a
triplet state is the normal state of 02.
In.Fétha eight 7T electrons are nearly non-bonding and are best
assigned to atomic orbitals, leaving the pair ( @ 2p)® to form the single
bond. Each of the other homopolar halogen molecules 012, Brg, 12 has a
(or _n_p)2 bond like Fz(_:;_ = 3,4,5 for Cl1,Br,I). Similar analogies hold in
other columns of the periodic system.
In all homopolar molecules, the bonding mclecular orbitals have a
form which is symmetrical relative to o median plane perpendicular to s
line joining the two nuclei which are held by the bond. In heteropolar
molecules (g.g. CO,NO,ICl) tie bonds are of the same general type as in
iscelectronic cr in chenically homologous homopolar molecules, and can be
described by the same kind of assignments of electrons to molecular orbitels,
2.8 1 2g=2 for 0, o 2% for NO, o2 for ICL (cf. Ny, 0y, F,).
The only important change is that the wolecular oruitals of unsymmetrical
molecules sre unsymmetrical, being relatively werxer ncar thc electropositive,
relatively stronger near the electronegative aiom. One might suggest this,
for a molecule with a single bond, by a symbol such as I =—=C"Cl, The degree
of displacement of the center of gravity of the molccular orbital toward tho
more electronegative atom, and the clectric moment of the orbital and of the
bond, are probably all proportional to the difference in electronegativity

of the two atoms.
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The met.hod of molecular orbitals is capable of describing by o single
scheme the whole range of types from pura hcmopola.r (9,.3. 2) through moder-
ate.‘l.y polar (g.g. IGl) to the mat nearly puro ionic (g.g. CsF). The bonding
orbital g:mdually ahifts ita cent.er of gravit.y, finally passing in the pure
ion:l.c limit.ing case into an at.omic orbit.al of the ncs‘ative icn, the shared
electron-pair thus becoming a pair of electrona attached to the negative ion.
This t.ransfer, hcmvar, it my ba noted is at.ill by no means complete even
in (the diat.omic vapor cf) t.he most extreme ionic type exiating (CsF),

Tha preceding dcacription of the aloctron-pair bond in molecules of
-va.tying pola.rit.y ia avidantly a aatiafactcry quant.\m—mechanical equivalent of
Lewis's ea.rlier and more achematic deacription of the gradual uhift.ing of a
bonding elect.mn—-pair from a location of equal Blmring in non—polar moleculea
(A:A or A: B) to one of mlequal aharing in acmewhat pcla.r mcleculea (A:B) and
finally 'oo a atat.e of allagiance to tha elect.ronegativa atom in A‘"B‘ . i‘he
.Pauling-SIat.er nethod, on the ot.her hand is diract.ly applicable only to
pure]y non-polar bonds. It can be applied to part.ially polar bonds only by
adding an ionic correction term; j.e. A --"‘B oi‘ the molecular orbital method
or A:B of Lewis corresponds to X (A H B+ A(tE), with R >3 i
the bond is near the non-polar casa, /,) > 0( if it ia near t.be ionic extremc.
The quantum—mechanical linear combination of A M B wd m— Siatan ‘hat
the two elact.rona behave for a fract.ion of the timc as if they were in a
conlent bond A N B, the rsat of the time as if belonging to the ion B.

The resulting total behavior is nearly the some as that g:l.ven by the formula-
tion using molaculn.r orbitals. o |

The preceding discusaion of t.he method of molacular orbitnls has so far

baan in terms of diatomic molecules Ita ganeralization to covar polyatomic
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orbitals has taken two forms: (1) the use of localized (i.e. diatomic-type)
molecular orbitals for shared electrons, each such orbital connecting just
two atoms end having a form similar to that of a diatomic orbital; and (2)
the use of pon-localized molecular orbitals, each connecting two or more
atoms. The first method was developed mainly by Hund, the second mainly by
Mulliken.

The results obtained by the method of localized molecular orbitals
are, to a large extent, similar to those already described for diatomic
molecules: single bonds are always formed by a pair of electrons occupying
a o orbital, while double or triple bonds involve in addition two or four
electrons occupying T orbitals. The designations o and 71T are here
used in a slightly approximate sense, first introduced by Dunkel with the
symbols [ e ] and [ w ], but they represent types very similar to the
diatomic types properly called < and T . With polyatomic molecules new
results in regard to directional and similar properties of bonds also emergs.
Predictions as to bond angles can be made which are in agreement with those
made by the theory of Pauling and Slater.

Further: the < #%type of local.ized molecular orbitnl permits free
rotation (single bonds), the T type, in double bonds, docs not. This was
first pointed out by Hfickel. In triple bonds, however,(four 77 clectrons),
we agein have free rotation. This explaration of the well-known absence of
free rotation about double bonds, in terns of the properties of molecular
orbitals, could have been paralleled in the theory of Pauling and Sleter,
if they had more freely used 77 in addition to o (atomic) orbitals in

forming electron-pair bonds. Actually, they suggested another explanation
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of the lack of free rotation; this, however, is applicable only to C =0C
bonds (not, for example, to N = N), and appears to be incdequate.

The nature of the method of non-localized molecular orbitals can be
illustrated by applying it to the structure of the methane molecule, snd com-
paring the results with those of the other methods. Using either ctomic
orbital electron-pair bonds (Slater and Pauling) or localized molecular
orbital electron-pair bonds (Hund), there are four equivalent C-H bonds in
CHy, one for each H. In the Pauling-Slater method, each electron-pair is
formed by one electron assigned to a2 ls hydrogen ctom orbital and one assigned
to a "tetrahedral" carbon atom orbital which is obtained by nixing 2s and 2p
carbon atom orbitals in a certain way. In Hund's method both electruns of a
bond are assigned to a C-H-bonding locnlized molecular orbital of the o~ type,
which may be approximately represented by adding together a hydrogen atom 1ls
end a carbon atom tetrahedral orbital.

In the third method, using non-localized molecular orbitals, the elec-
tronic structure of CH4 is described by assigning electrons to molecular
orbitals of the GH4 molecule-as-a-whole. The latter considerably resembles
the isoelectronic atom neon in its high symmetry, chemical inertness, etc. In

terms of orbitals, the neon atom has the structure
(19)? (29)? (205, 5.

Molecular orbitals of CH,-as-e-whole are found to resemble the atomic orbitels
ls, 25, and 2p of neon. The 1lg orbital of CHy is essenticlly a carbon atom
13 orbital. The 2g orbital, spherically symmetricnl in neon, is stretched out

in methane so as to cover the four H nuclei. This modified 2s, or [2s],
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orbital is occupied by two electrons, like the 28 of neon. These two elec-
trons wander about over the various regions of the J2g] orbital, but the
form of the latter is such that it makes each clectron spend a large part
of its time in what may be called the bonding regions, betwcen the C and
the four H nuclei, one fourth of this time for each H. On the average,
these electrons cause an attraction of all four H atoms toward the central
C atom.

In a similar way, we have six clectrons distributed among three tzgl
molecular orbitals, each of which is similar to a 2p neon atom orbital, but
stretched out in such a way as to cover the H nuclei. The [2p] electroas,
like the [28], spend a large part of their time in the bonding regions.

The average effect of the two 28] eand six [2p] eloctrons is to produce a
strong and symmetrical bonding between the C and the four H atoms.

This method of non-localized orbitals is particularly adapted to
the description of the electronic structures of simple molecules and radi-
cals Rﬁn, since the annlogies of such molecules to the isoelectronic single
atoms are rather strong. It can, however, be applied also to the shared
electrons in molecules like CCl,, CH,C1, 02H4, C10;, MnO,

3? 4’
and so on, but probably not very well to more complex types such es long-

PtClg, cﬂuﬂs)‘”’,

chain molecules. Even before its application to CHy, however, Bloch uscd

it for the solid state, and Hfickel applied it to 06H later extonding it

6!

to even more complex molecules like triphenylmethane.
Returning to the example of GH4, the method has the advantage that

it predicte directly that the valence electrons of CH4 should have two

quite different ionization potentials, one for [2s] and one for [2pl,
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analogous to the 2g and 2p potentials of neon. An understanding of molecular
ionization potentials is of interest not only directly, but also especially
for an interpretation of electrconic excited states and ultraviolet spectra,
since the excited states arc best thought of as formed by removing one elec-
tron, then putting it back in on excited orbital.

The same results can also be obtained by the other methods, but only
in an indirect manner. For example, if one uses either of the two approxima-
tions for GH4 using four equivalent electron-pair bonds, one begins by con-
sidering the removal of one electron from eany one of the four electron-pairs,
the ionization energy being the same for each. This suggests that there
should be a single ionization potential for the valence electrons, which is
not correct. The correct result is, however, obtuinable by noting that the
four equivalent states which result from removal of one electron from a bond-
ing electron-pair are not true states of GHZ. The letter are obtained by
forming certain quantum-mechanical combinations of these four tentative states;
this yields two true electronic energy-levels of CHZ (assuming for purposes
+

of argument that GH4

ionization potentials, just as with the method of non-localized molecul-r

has the seme symmetry as CH4). Thue we finally get two

orbitals.

The method of non-localized orbituls has the advantage of providing a
simple scheme for surveying the electronic encrgy levels of molecules and
their ions. At the same time it meckes obvious the equivalence of the four
C-H bonds, even though it describes them less simply than do the other two
methods. The three methods probably all give fairly good approximations to
the true electronic structure of CHy. They should not necessarily be regarded

os competitors, but rather as different directions of approech to the true
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structure of GH4 which is, unfortunately, so complicated thet it probably
cannot be gxactly described by any one gimplg method.

Remarks anclogous te the preceding apply, on the whole, to polyatomic
molecules in general. In the case of diatomic molecules, the three good
approximations reduce to two, since there is no distinction between local-
ized and non-localized molecular orbitals. The same two types of methods
(atomic orbitals and molecular orbitals) are also available, in more or
less generalized form, for substances in the solid state.

In conclusion, it should be mentioned that one of the advantages of
the methods using atomic orbitals is that they are well adapted to approxi-
mate calculations of the energies of interaction between atoms. This is of
value not only in dealing with stable molecules in their normal states, but
also in predicting wha£ happens when atoms collide and react chemically
(energies of activation and rates of reaction). This latter field has been
developed especially by Eyring and his collaborators. The methods using
molecular orbitals, on the other hand, although probably not adapted to
such calculations, appear in general to give simpler and more flexible wegys
of qualitatively describing chemical bonds for molecules of all types and
all degrees of polarity, and to give a relatively simplc scheme for dealing

with the electron states and ultraviolet spectra of molecules.


http://www.nap.edu/catalog.php?record_id=21518

- BS -
THE NATURE OF CHEMICAL BINDING
PART II
Quantum Mechanics and Valence
G. W. Wheland*

UCTLO]

It has long been the aim of chemists to reach an adequate understanding
of the nature of the forces responsible for velence bonds, but not until the
last few years has any significant progress been made in this direction. The
first importent step was the formulation by G. N. Lewis of the theory of the
shared electron-pair bond (1), wnich later received its full interpretation on
the basis of the quantum mechanics in the work of Heitler and London (2), and
of numerous subsequent investigators, The purpose of the present discussion
will be to summarize the results of this development from th: point of view
which has been found particularly useful by workers in this laboratory.

The condition for the formulation of a valence bond between two atoms
is that the energy of thc system as a whole be lower for a configuration in
which the atoms are close together than for one in which they are far apart.
An understanding of the nature of the valence forces is accordingly to be
gained from a consideraticn of the enmergy levels of atoms and of molecules.
The Schrddinger equation (3), which embodies the fundamental postulates of
quantum mechanics, states that

Hp = ¥ kP (1)
where W is the constant energy of the system, LP is a function of all the
coordinates concerned in the problem, and H is the so-cnlled Hamiltonian

operator which can be readily set up for the individual case under considers-

*Contribution from Gates Chemical Laobratory, Californis Institute of Tech-
nology Mo. 393.
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tion, in accordance with definite rules outlined by Schrddinger. It is
found, in general, that solutions, or eigenfunctions, Ll/, which satisfy
the necessary conditions of finiteness, continuity and single-valuedness,
exist only if W takes on one of a usually discrete set of values, which are
Jjust the allowed energy levels of the system. If an eigenfunction, %Lé 5
say, is known, the corresponding energy is readily obtained by multiplying
the equation (i) by 9L/ *, the complex conjugate of Lj} and integrating
over the whole of configuration space. This gives

%// T H

)

the eigenfunction which corresponds to the ground state

While -
of the system, can always be found in principle by solving the wave equation
(1), the mathematical difficulties involved in most cases of interest are so
great in practice that recourse must be had to methods of approximation. Of
these the most useful has been the veriational method, which is based upon
the fact that K, 6is a lower limit for expressions of the form given in equa-
tion (ii) (4). This means that if an approximate function is introduced

into the integrals in place of LL&H the approximate value of Eﬁ thus obtained
will be higher than the correct value, and that consequently the best approx-
imation to Ll/o is that which makes the expression for _\'_lo as small as possible.
Slater (5) has outlined, in accordance with this principle, a general pro-
cedure for setting up approximate eigenfunctions for molecules with any
desired structures. These are expressed as linear combinations of products

of one-electron functions or orbitals which represent orbits about the indi-

vidual nuclei, and which correspond to low-lying states of the atoms
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considered separately. The treatment is quite straightforward, but the

resulting expressions are too involvod to be given here.

Types of Bonds

There are found to be two extreme types of bonds, the ionic and
the covelent. The former results from the ordinary electrostatic attrac-
tion of charged ions of opposite sign, and occurs in a number of molecules,
of which NaCl may be considered 2 typical example. The latter results
from a characteristic quantum mechanical effect which hes no analogue in
classical electrodynamics. If, for example, an approximate eigenfunction
for a molecule in a given structure is set up in accordance with Slater's
procedure, and if the approximate energy is then calculated from equation
(i1), the resulting expression (neglecting the lack of orthogonality between
orbitals on different atoms) is of the form:

H=G+ ¥ (ab) - 0.5 L (cd) + other terms (1i1)
where a(i), b(k), . . . represent the one-electron atomic functions, or
orbitals, discussed above, expressed in terms of the coordinates of the j_th,
g*'h, ««+ electrons rospectively; & is the coulomb integral
SO @3 ... H@EOEE) <. s@AT 5 (ab) is the single
exchange integral a*(1)p*(2)e*(3) ... g*(p)d b(1)a(2)e(3) ... o()d T
batween the orbitals & and b, the summation being taken over all pairs of
orbitals united by covalent bonds; (cd) is the single exchange integral
between the orbitals c and d, the summation being taken over all pairs of
orbitals not united by covalent bonds, and the "other terms" include all the

comparatively smoll multiple exchange integrals. @ usually has a small


http://www.nap.edu/catalog.php?record_id=21518

w BB .

ﬂegat.ive value, corresponding to a slight attraction between the atoms, but
the chief contribution to the energy of the bonds comes from the exchange
integrals (ab), which usually have fairly large negative values. The inte-
grals (cd), on the other hand, give rise to repulsions between the non-
bonded atoms, since they enter with negative coefficients. The justifica-
tion for the rule of overlapping, which was established by Slater (6) and
by Pauling (7) and which states that the most stable molecule is obtained
when the bonded orbitals overlap as much as possible and the non-bonded
orbitels as little as possible, lies in the fact that the absolute magnitude
of the exchange integrals is roughly a measure of the overlapping of the

corresponding orbitals.

Steric Factors

When the orbitals a, b. ... e. have been obtained by a treatment
of the corresponding atomic problems, the functions which belong to the same
nuclei are found to have steric relationships among themselves. The two
bonding orbitals of the oxygen atom in H, for exauple, have maximum values
along axes which are approximately at right angles to each other. The rule
of overlapping now demands that the two hydrogen atoms lie near these axes,
and that the molecule have consequently a bent structure. Slater (6) and
Peuling (7) have shown that reasoning of this type leads to a complete
qualitative understanding of the factors determining the shapes of molecules
in general, and also of the problems connected with rotation about single and
double bonds.
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Resopance

It has boen mentioned that an eigenfunction, d); , which represents 2
molecule with a given structure, is only approximate, and that, in accordance
with the voriational principle, the calculated energy is too high. A better
eigenfunction can be written in the form

X=%©l+%®{h”u%¢n (iv)
where CI) o? (I) groeee Yoo ore functions which represent further structures,
and &) 2, +eo 4 are constants which are so chosen that the calculated energy
is as low as possible. In many simple cases only one coefficient, _E_lj say, is
of appreciable megnitude. Then X 1s not very different from @ ;, and the
molecule can be described more or less adequately by moans of the single corree
sponding structure. In other cases, severnl coefficients, Ej see 2 5O,
may be of appreciable magnitude. Then Y is materially different from any
single @ , and the molecule can be described adequately only in terms of all
the corresponding structures; the molecule is said not to possess o single
electronic structure of the Lewis type, but to resonate emong all those corre-
sponding to the functions (1.' j oo (Ilm. Theoretical considerations show
that the former state of affairs occurs in molecules in which one definite
structure is considerably more stable than any others, while the latter occurs

in molecules in which several structures are of nearly the same stability.

Determination of Bond Iype

The complete theoretical determination of the types of bonds present
in actual molecules is sometimes rather difficult, because of the laborious

numerical calculations which are nocessary before the relative stability of
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the various possible structures can be evaluated. For the practical solu-
tion of this problem, Pruling has developed three valuable methods which
meke use of the available empirical data. The following brief discussions
will indicate the underlying principles of each, but for detniled descrip-
tions, the reader is referred to the original literature.

(1). Ionization potentials and electron affinities (8). This crite-
rion is of particular value in deciding whether a given bond is primarily
ionic or primarily covalent, or resonates strongly between the two types.
A superficial consideration is sufficient to show that the bond in NaCl,
for example, is largely ionic, because the ionization potential of sodium
is low, and the electron affinity of chlorine is high. The bond in Hy, on
the other hand, is largely covalent, because the ionization potential of
hydrogen is high, and its electron affinity is low. An intermediate case
in which the bond partokes of both characters is represented by HCL.

(2). Atomic r2dii(9). Pauling has shown that the distance between
two atoms united by a valence bond is the sum of the corresponding atomic
radii, which depend only upon the nature of the atoms themselves and upon
the type of bond involved. 1If a molecule resonates among various struc-
tures, each atomic distance is then approximately equal to the shortest
calculated for any of the structures. For example, the observed moment of
inertia of nitrous oxide corresponds to a triple bond distance between the
two nitrogen atoms and a double bond distance bhetween the nitrogen ond the
oxygen atoms. Consequently resonance betweoen the two structures :k‘::N: :0:
and :N:::N:ﬁ: is important, but the third structure ::N::H:::O: makes no
eppreciable contribution, since otherwise both atomic distances would corre-

spond to triple bonds, and the moment of inertia would be considerably
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smaller than the observed value.

(8). Bond and resonance energies. The energy of a molecule which can
be represented adequately by means of a single structure is given fairly accu-
rately by the sum of the energies of the individunl bonds which it contains.
Pauling and coworkers (10, 11) have calculated a number of such bond energies
from empirical date, and have shown that within certain limits the values thus
obtained are mutually consistent. The situation can be expected to be rather
different, however, for molecules which cannot be represented by a single
structure, since the complete eigenfumction must then be expressed as a com-
bination of functions which represent the important structures. The energy is
considerably lower as a result of this than would be calculated on the basis
of any of the individual structures alone, and the molecule is stabilized
thereby to a greater or less extent. Pauling and Sherman (11) have evaluated
this extra "resonance energy" from thermochemical data for a number of typical
cases, and have obtained valuable information regarding the structures of cer-
tain organic molecules. Thus, the carboxyl group is found to be stabilized
to the extent of 1.2 electron volts (27.6 kg.—cal. per mole) by resonance

between the two structures 0 and 103 .

R:C:ﬁ:ﬂ R:.C}-::O:H
observed in other systems. With the aid of these empirical bond and resonance

, and similar relations are

energies 1t haes been possible to interpret such chemical phenomena as: relo-
tive acid strengths of alcohols and carboxylic acids, relative basic strengths
of amides and amines, equilibria in tautomeric systems (12), etc.

Theoretical calculations of resonance energies have been carried through
by Pauling and Whelend (13) and by Pauling and Sherman (14) for a few types of

molecules, and the results obtained in this manner have been found to be


http://www.nap.edu/catalog.php?record_id=21518

- 92 =

consistent with those obtained from thermochemical data. In benzene, for
example, resonance between the two Keékulé structures, @ and @ ;
stebilizes the molecule by 0.9 &, (where X 1is & single exchange integral
between two adjacent carbon atoms in the ring), and resonance among the
three equivalent Dewar structures of the form contributes an addi-
tional 0.208 & . A comparison with the empirical resonance energy of 1.7 e.v.
shows that & = -1.5 e.v. In naphthalene, resonance among the forty-two
possible structures produces a rcsonance energy of 2.015 “X , and compari-
son with experiment in this case shows that X = ~1,6 e.v. Further calculea-
tions for a variety of additional molecules lead to similar consistent
results. In particular, the dissocintion of aryl substituted ethanes has
been shown to be due to the extra stabilization of the free radicals by
resonance to structures in which the unpaired electron is lotated on the
ortho, para, etc. positions of the aromatic nuclei. The calculated disso-
clation constants are in fairly good agreecment with experiment if o 1is

put equal to -1.4 e.v.

Conclugjon

In conclusion it may be said that in spite of the mathematical diffi-
culties which have prevented complete quantitative treatments in most cases,
the quantum mechanics has furnished a very satisfactory picturc of the
nature of volence. The point of view adopted in the present diacussiqn has
proved very useful in the interpretation of a wide variety of phenomena,
but it is not the only one possible. Hund, Mulliken, and Hiickel (15) have

had similar success in attacking these same problems by 2 somewhat different
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method, and have interpreted the valence forces in a different way. The
two points of view are complementary rather than antagonistic, however,

and each has its own advantages in speciol fields.
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In the foregoing work of Mulliken and of Wheland we have a theoret-
ical method opening up which sheds much light upon the fundamental problems
of the structures of adsorptiun complexes rnd mechanism of lowering of
energy of activation by catalysts. There is little doubt that this progress
is real and not merely a glittering mirage in what e.g. to the organic chem-

ist interested in catalysis is a dry and unknown desert of mathomatics.
The Mechanigm of Activation by Catalysis

We gain from quantum mechanics (a) a knowledge of what a bond is,
(b) in principle & means for calculating the effect of neighboring atoms and
forces upon that bond (1).

M. Polényi*, whose point of view takes full cognizance of the quantum
mechanics, has been asked for his conception of the mechenism of activation
by catalysts. The foliowing is quoted from his letter, rsceived Janunry 5,
1934: .

"I think it (chemical activation) is a process of rcarrangement of
the atoms into e state of transition which has equal chances to pass over
into the final state or to return into the initial state. This rearrange-
ment requires work, which appears as activation energy. Sometimes the
energy of the transition can be calculated from thie interaction of the
homopolar valencies involved. In many cases, we have found recently that
the energy is to be represented in an essentially different woy. This is
the case in ionic reactions and also when heteropolar compounds are formed
in the reaction (2). I think that 2 number of other cases will be found

in which the cnergy-expression will again be different.

#University of Manchester.
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" . . . If in the presence of a third body a transition state cen be
formed, the energy of which is lower than the energy of the ordinary transi-
tion state, this body is acting as a catalyst. I thinik I have shown (3) that
the splitting up of two molecules in such a way that the two halves form sur-
face compounds with a solid gives a satisfactory model for homopolar surface
catalysis of a reaction betweon those two molecuies. I have there given
reasons why the activation energy of the foimation of the surface compounds
might be small. H. S. Taylor has thcn pointed out that this is not alweys the
case. Sometimes the formation of the surface compourds (activated adsorption)
is accompanied by measuresble activation encrgy. Balandin's work shows that the
assumption of splitting up may hold true in some importent cases (4).

"Perhaps it should be emphasized that though the chemists frequently
have spoken of the splitting up of hydrogen on the catalyst as a reason for
its activation, they have given no explanation whutever for the catalytic
activity involved in the process. Such an explenation must at least show
(1) why the splitting up is & quick process, (2) why thn reactions of surface
compounds are faster than those of ordinary moleccules, (3) why desorption of
the products should generally go quickly. To show this was the aim of ry
paper of 1929,

"Homogeneous? I do not feel quite hopeful on the subject, but I don't
see that we have acturlly come any nearer to the subject than in its treatment
by Lapworth, Lowry, Brénsted, Dawson.

"Of course, the energy of any transition state which has a higher elec-
tric moment than the initisl and the final states must be lowered by the

presence of ions, dipoles, or polarizecble particles. It would be eeasy to
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sketch this out in general tcrms, but it is nothing substantial as yet."
The above remarks of Polanyi together with those in H. S. Taylor's
contribution constitute a valuable summary of responsible opinion on the
nature of activation by catalysts. Thc writer wishes to point out that
concepts relative to this subject developed in the Sixth Report of the Com-
mittee on Contact Catclysis (5) do not require a very profound modification

on account of the later developments.

The Nature of Active Cemters

Thet catalytic surfaces are not necessarily uniform in their activity
is to be concluded from the foregoing discussion, and represcnts a widely
accepted view. The more active portions of the catalyst are called "active
centers" although agreement as to thoir naturc is by no means so generesl.
The conceptions developed relative to the nature of activation provide for
two factors which may contribute to the effectiveness of an active center
(a) the nature of the aveoilcble forces of the surface atoms, (b) the spac-
ing of these atoms. |

The possibility that both factors would be favorable in precipitated
catalysts is ovidently greater than for crystelline catalysts unless by
rare chance the lattice dimensions in the lotter case should be near the
optimum. Not only is this true beccuse of the various inter-particle dis-
tances in amorphous precipitates, but Tnylor, Eyring and Sherman (1) find
that minute crystals (which probably form the unit of structure in amor-

phous precipitaotes) mey in genoral possess lattice dimeusions differing
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widely from tho normal.

On the whole the impression which may be gained from recemt work rela-
tive to the nature of active centers does not differ substantielly from that
presented in the Sixth Report of the Commitiee on Contact Catalysis (5) except

a possible special position of ions was neglected there.

dons in Catalysis

It was pointed out under "General Considerations" that an importent
function of catalysts may be to relieve restraintc on energy transfer, by
providing a perturbation betwecn systems otherwise relatively isvlated. Ions
would be espaecially effective for this purpose. Anothar type of catelytic
action by ions is included in the above remerks by Polanyi. A. K. Brewer, for
some years has been suggesting that ions play a substential part in catalysis.
hhile his suggestions have not been pointedly connected with relief of energy
transfer, in view of our new consciousness of this field of catalytic action,
Brewer hac been asked to suamarize his evidence and hes done so in what

follows.
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Surface Ionization of Gases and Catalytic Activity
A. Keith Brewer*

In summarizing the effects of gases on the emission of ions from hot
surfaces, Richardson (1) concludes that the result harmonizes with the view
that the carriers arc charged atoms or molecules of the gas liberated by
its interaction with the metal. Racently these results have been extended
by Brewer (2) who has attempted to correlate ion formation with surface
catalysis.

The presence of adsorbed gas ions (adions) can be detected by meas-
uring the change produced in the work function for electrons, and by an
enhancement of the positive thermion current. An electron or ion in escap-
ing from a conducting surface must do work against its electrostatic image
attraction. This work is expressed by 300/4 r® volts per cm. (3); it
becomes appreciable at 104 cm. from the surface and amowunts to 36 x 108
volts at 10~/ cm. removed. The presence of positive adions tends to
decrease the work function for electrons by counteracting the image ficld.
A quantitative estimation of this decrease was obtained from measurements
of the enhancement of the photoelectric emissivity from iron and tungsten
surfaces on which a known amount of alkali ions had been deposited. The
results showed that for small fractions of thc surface covered the emissiv-
ity increases, and hence the work function decreases, in a manner nearly
proportional to the fraction of the surface covered. The wave length vs.
emissivity curves possess dist.iﬁct characteristics for this type of compos-
ite surface; they show that the work function varies from point to point

over the surfaces and that the field about the adion is appreciable to azbout

*Bureau of Chemistry and Soils, U. S. Department of Agriculture.
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ten times the ion radius.

Adsorbed gases, in specific cases, affect the photoelectric emissivity
in exactly the same manner as do adsorbed alkali ions. To illustrate: the
threshold of iron, normally about 2575 A, is shifted to 2750 A by Hy; to
2810 A by Hz; and to 4000 A by NHS; but is unatfected by A. At 5 mm. NHS
pressure the wave length vs. emisasivity curves are identical to an iron sur-
face 2% covered with K* ions, and show the seme peculiarvities characteristic
of composite surfaces. The effect of various gases on platinum is distinctly
different from iron; the threshold of 2650 A is unaffected by A, is shifted

to R750 A by N2 and NH, and to above 3850 A by H2' Thus NHS is highly disso-

3
ciated on iron and only slightly on platinum, while just the opposite is true
for hydrogen.

The dissociation of adsorbed gas into ions can be detected by an
enhancement of the positive thermion emission as well as by the change in the
photoelectric emissivity. It can be shown (3) from kinetic theory considera-
tions that the number of adions escaping from 1 sq.cm. of surface per second

is given by

f— 2
N=n / KT - m vio/2 kT (i)
v 2t m

where n is the ion density at the surface, k is Boltzmen's constont, m the
mass of the ion and w, the velocity component an ion must have normal to the
surface tuv just overcome the surface attraction. ‘Since 0.5 m 1‘;_2, is work it
may be replaced by e #, where e is the charge on the ion and g is the work

function in volts. The positive ion current, therefore, is expressed by

{ =2.AT0'59_'¢66=1_110'59."D/2, (i1)


http://www.nap.edu/catalog.php?record_id=21518

- 100 -

where b is Richardson's work function.

The results (2) from the positive thermion emission were in complete
accord with those obtained photoelectrically. In the case of iron positive
ions in the presence of NHS were detected at a lower temperature than from
the best potassium impregnated emitters; N2 had a more pronounced effect
than did Hz. The results with nickel surfeces wore similar to iron except
that the effect of NHS was not quite as marked and that of H2 was much more
pronounced. Platinum on the other hand showed no effect from N2 and a large
effect from H2; NHS showed a moderately small effect which came from the H2
liberated from the small amount of NHs decomposed.

It is possible to correlate the above results with the catalytic
activity of these surfaces as may be showmn by the following examples. In
the case of the decomposition of NHy, iron and nickel are excellent cata-
lysts and platinum is poor; NHs is markedly dissociated into ions on iron
and nickel and not on platinum. Iron and nickel are good catalysts for NHq
synthesis and platiaum is poor; N2 is appreciably ionized on iron and nickel
surfaces while not on platinum —- the synthesis of ammonia is induced by H;

+

ions but not by H2

catolyst for the oxidation of H2 while iron is coumparatively poor; 12 is

ions (4). OUn the other hand platinum is an excellent

dissociated into ions on platinum far more than on iron.-- the reaction is
readily induced by ﬁ; ions (5).

If the chemical activity at a given surfece is a function of the con-
centration of the ions initiating the reaction, then from equation (ii) the

rate per unit volume can be expressed by

[ 4 1
dt (iii)
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where ¢ @ is the work necessary to loosch the iond stifficiently from the
surface for reaction to toke place; g @, therefore, is the chemical work
function, ond is identical to Q, the encrgy of activation in the ordinary
expression for the rate of reaction. The fact that @' for chemical action
is smaller than @ for thermionic emission indicates that it is not necessary
to remove the ion to any appreciable distance from the surface for reaction
to take place.

In summary it has been shown by photoelectric and thermionic measure-
ments that gases in specific cases arec dissociated into ions upon adsorption
by metallic surfaces; that there is a distinct correlation between the amount
of dissociation and the possible catalytic activity; that the effect of tem-
perature on the rate of ion emission and the rate of chemical action is
expressed by tie same form of equation; and that the values of the work func-
tion in thesc equations are in line with the concept that the chemicrl ecctiv-

ity is dependent on ion formation.

— e = . e o s

0. Schmidt (6) has suggested that catelytic hydrogenations proceed
through the formation of ions in accordance with tha schemes:
Ho+ 2@ = 2K
vhen the catalyst is an alkali or allaline eearth, and:
Ho —> Hg —y Hy + 28 — 0% +H
(% represents a deformed molecule)
when the catalyst is a metal of the varicble valence type such as iron,

platinum, copper, chromium, mengoenese and rhenium.
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INTERCHANGE OF ENERGY IN MOLECULAR COLLISIONS
Clarence Zener,

University of Bristol.

CONTENTS
Part I Interchange of energy between massive bodies
Introduc£ion
Anomalies in sound propagation
Unimolecular dissociation
Energy interchange between atoms and solid surfaces.
Part II Interchange éf electronic energy.

Part III Interchange of energy between electrons anua massive bodies.

PART 1
Interchange of energy between massive hodies.
Introduction

In meny collisions between molecules und betwecn molccules end surfaces
tho electronic structure of matter necd not be considercd. The atoms may be
regarded as massive particles which attract, or rcpel, one nnother with =
force depending cnly on their distances apart. It is with sueh collisions
that the present section is concerued.

A naive model of a collision is one in which the atoms of each system
are bound together by clastic forces, while the atoms of diffaerent systems
intoract 28 hard elustic spheres. The energy interchange may be calculated
directly froa the principles of conservation of energy and momentum provided

only a single impact occurs during the collision. On this model it is
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possible to explain the persistence of the rotation of 12, and the still

greater persistence of the vibration of I_, in He gas (1). In general more

2’
thean one impact would occur according to this model, such as with the col-
lision of an atom heavier than A with an H atom bound to a molecule. A cal-
culation of the energy transfer on this model would then be very involved.
Moreover, the calculation, if carried out, would give much too large an
energy exchange. Tnis is becausc the collision between two atoms is not
instantaneous, but has a finite duration.

It has long been recognized that the finite time required to estab-
lish contact bctween twe systoms on collision acts as a severe restraint
upon the change of the internal energy of the two systems. Thus if the
contact between two solid rods took place instantancously, their collision
would in genercl be very inelastic (2). The observed high elasticity of
such collisions is due, as Hertz (3) pointed out in 1882, to the roughness
of the surfaces which makes the time taken in establishing a maximum con-
tact longer than the time required for a sound wave to travel to and fro in
the two rods. Jeans (4) (1903) has showm that the effect is even more pro-
nounced in molccular collisions, und predicted that billions of collisions
would be required to convert an appreciable fruction of vibrational energy
into translational energy, or into vibrational eunergy of lower frequency.
This is because the interaction between molecules is so gentlc that in gen-
eral many vibrations occur during the effective time of collision. The
theory shows in fact that the energy transfer dies off exponentislly with

the number of these vibrations.

The simplest improvement upon the model of rigid spheres is the


http://www.nap.edu/catalog.php?record_id=21518

- 105 -

assumption that the atoms of scpsrate systems repcl one another according to
some simple law. The law in vogue until recently was to teke for the mutual
potential energy ‘Y/ an inverse power of the interatomic distance, Cr 2 (5),
This law is unsatisfactory because of the lack of a theoretical justification,
and because not only is the cxponent n difficult tc determine umiquely, but
the best value of p varies from gas to gas. The repulsive law, ‘»/ = ng!%g 5
is more plausible since at large distances the charge distribution about an
atom dies off exponentially. Moreover, thc quantity d is fairly constent from

atom to atom, as may be seecn from Table I.
TABLE I (6)

Values of d(x 10%)

F Cl Br I

Li 0.357 0.382 0.382 © (0.460)
Ne 0.326 0.334 0.384

K 0.319 0.316 0.326 0.351

Rb ' 0.356 0.340 0.351

Cs 0.310 0.327 0.355

The classical mechanics hos predicted correctly, as we have seen, that,
for d not too small, the energy of a rapid oscillator has en extreme reluc-
tance to be transferred to a less rapid oscillator, or to translational degrees
of freedom. For the sctual calculation of the energy transfer, however, we
nust use quantum mechenics. The guantum numbers of the internal vibrations

are usually small, so that the mclecules have some essentially nonclassical
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properties. In particular, we cannot specify the phase of the oscillators.
The rotational quantum numbers of molecules are generally large, so

we may specify the phase of the rotational coordinates at the beginning of

a collision. Thus if we wish to find the energy transferred from the vibra-

tion of & diatomic molecule A to the rotation of a diatomic molecule B, we

specify the initiel phases as in Fig. 1.

N /
™ O NI
= ™

Fig. 1
Change of Rotationel Energy.
In the case illustrated the energy trensfer will be essentia’ly the scme as
if the collision wers between the moiecule hland a frece atom. H2 is an
exception. Its low rotational quantum number at ordinary temperatures pre-
vants us from specifying thc phasc of its rotational coordinate. Here the
rotation Guantum number must be treated as an internel quantum number. The

large energy whicih is absorbed by a change of rotational quantum number
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(the rotational Qunnm aumber wust change by an eVen nufiBér, since pare-H,

o» &nd ortho—H2 remains 6rtho-H2) gives H2 unique powers as a

catalyst. In Table II we give for future reference the energy quanta which

remains para-H

can be absorbed.

TABLE II

Rotational quanta absorbed by Hz

Quantum number J 0 1 2 3 4 5

Fraction of molecules

in state j. 0.24 0.39 0.27 0.104 0.023 0.004
Ej g _Ej in
electron volts. 0.042 0.070 0.10 0.13 0.15 0.18

We now consider the probability of a particular inelast.‘;c collision,
Let one or more internal quantum numbers change, the total loss of internal
energy being hv . If the initial relative kinetic energy is & , the final
energy is then € +h .. . The probhbility P of this particular inelastic
collision may be expressed as a product of factors (7), the first factor
being a function of & , h v , and the reduced mass of the two systems,
while each succeeding factor is associated with the change of only one inter-

nal quantum number. Thus P = (<)
LA T X (1)

Except in experiments with molecular beams, we know only the distribu-

tion for the initial relative kinetic energy = , i.c., only the temperature
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is given. Since the probability of an inelastic collision is very depend-
ent upon the time of collision, and hence upon ¢ , the average value of
w ( € ) is, in general, of a different order of magnitude from the value
of y( €) for the avorage velue of & . The average value of ¥( £),
LyJ» is given in Fig. 2 (8). If we wish the average vclue of , when
‘the internal coordinates absorb insteand of lose the net energy h v7 , we
have merely to multiply r y 7 as given in Fig. 2, by exp(-h v/ /kt).

In a collision involving H_ one factor p may be associated with the

2
change of rotational quantum number cf H2. In all other cases each factor
p is associated with a particular normecl coordinate of vibration which gains
or loses energy. When a vibration quantum number changes from n - 1 to n,

or from n to n - 1, the corresponding p is given by the equation

p = n( £ 5/0)* (11)
The quantity V% represents the coupling of the normal coordinate with the
atom which suffers the impact during the collision. Thus if we expand the
displacement of this atom from its position of equilibrium (with respect to
its axis rotating with the molecule) in terms of the normal coordinates of
the molccule, ﬂ will be the coefficient of the normal coordinate in ques-
tion. Thus in a diatomic molecule /3 = 0.5. In the collision of an atom
with a solid surface, we regard the solid as a cube having say M atoms.
The ;ﬁ = ﬂ—0.5 for such normal coordinates of the solid as correspond to
a displacement normal to the surface. When we then sum over ell trensition
probabilities, the factor M™% vanishes. The quantity s is the matrix elo-

nent of the normal coordinate with rcspect to the normal and first excited
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1 2 3
(Reduced Hass)l/ R
Fig. 2
Average vaiue of %, calculated for 300°K, with

d - 0.35 x 108 cu, Mass is in units of stomic
H, hv is in units of clectron volts.
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states. It is given by the equation (9)

0.5 .

s=Waav )" Jenm (iii)

where m is the mass, and 717 is the frequency associated with the particu-
lar normal coordinate. Typical values of g8 are given in Teble III. The

length d may be taken to be 0.35 x 10°8 cns. The factor associated with a

change of the quentum number by more than unity is much smaller. Thus the
factor for the transition n = O to n = m is equal to the m'th power of the
factor for the transition fromn =0 topn = 1.

Before we can give the value of p which is associated with a change

in the rotational quantum number of H_, we must know the dependence of the

02
interaction energy upon the angle © from the nuclear axis. A reasonable
dependence is 00820. Then the factor p for a change of two units is i./4,
and zero for other changes. i

As an example of equation (i), we calculate the average probability
of en inelastic collision between & He atom and an Op molecule in t.helfirst
excited state. Here the reduced mass is about 4M,, md h v = 0.23 e&%.ac—

tron volts, so from Fig. 2 we obtain ty1 = 10"5. From equation (ii) ‘and

TABLE IIT

ks

Values of x x 108

Hy N, 0, C-¢ W (solid)*

0.040 0.017 0.017 0.019 0.019

#* 8 of normal coordinate of highest frequency.
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Table III we obtain, using /5 = 1/2, p=6&x 10_4'. We thus have

(Py=6x107°

Vie ere now in a position to examine more closely the restraint which
the gentleness of the collision has upon the transfer of energy. In the first
place let the lack of resonance h v be zero. The probability that an energy
quantum is transferred from a normel coordinate of one molecule to the normal
coordinate of a second molecule 1s proportional to gl_"4. For the particular
case of the transfer between, say, two N2 molecules we obtain for the proba-
bility average P the value 4, 22 =40 x (6 x 1004% & 107, When hv
is different from zero the restraint is much more severe. It is the more
important the heavier the molecules (cf. Fig. 2), for then the relative veloc-
ity is lower, and hence the time of collision is increased.

Equation (i) will give a probability greater then unity when the
reduced mass is large and when h v is sufficiently smell. The assumption
under which this equation was derived is of course then no longer valid. In

such a case thie probability will be less than but comparable to unity.

Anomalies in Sound Propagation

P

The reluctence of the internal energy of molecules to be converted
into translatiocnal energy may have a profound coffect upon the propagation of
sound in polyatomic gases (10). As a sound wave passes, the periodic expan-
sion and contraction of the gas is accompanied by a periodig change in the
temperature. Now 1f the period of the sound wave, 1/ g g? is much shorter
than the time -« required for equiiibrium to be established betwecn the

translational energy and the internal cnergy (assuming only one internal
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vibrator) the internul energy will not follow the fluctuations, and hence
will not contribute to the effective specific heat. Conversely if
LA/}%)‘T’ , then the specific heat associated with the vibrator will
have its normal value. The velocity of sound will have different constant
values in the two regions. In the transition region the velocity will vary
with the frequency, and the encrgy of the sound wave will be dissipated.
Gas molecules with more than one vibrator will have a transition region
associated with each vibrator.

The time 1 required to establish equilibrium is roughly equel to
the time required for a quantum of vibration to be converted into transla-
tional energy. From equation (i), Tablo II, and Fig. 2, we see that for
O, 7 4is of the order of seconds (hv = 0.23 electron volts, number of
collisions 2 10%° sec™), Hence equilibrium camot be established by 0,
molecules alone. Certain gases may, however, act as catrlysts for maintain-
ing equilibrium. If such a catalyst is to transform vibrational energy into
translational energy in a single collision it must be very light &. Fig. 2
(Hz, He?)]. Or the catalyst must be able to absorb nearly the whole hV
as internal energy and then dissipate this energy as translational energy
in smaller quanta. We see from Fig. 2 that internal energy will be dissi-
pated much more rapidly if it can be given up to translational energy as
several small quanta than as onc large quantum. Knudsen (11) has found
that water molecules act as such a catelyst.

The smeller hv of COp and Ho0 allow equilibrium to be established
without the aid of catolys‘t.s; although water has beea found to hasten the

equilibrium. The experimental results are given in Table IV in terms of
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the number of collisions necessary to dissipnte an internal ﬁﬁnntum of vibra-

tion,
TABLE IV
Number of collisionc necessary to dissipate one
vibrational guontum. Experimental.
002 H20 O2 N2

(0.084)* (0.17) (0.23) (0.35)
Collisions with like & x 10% (12) 5 x 105 (18)  pol@** 1ol 2k
molecules
Collisions with H0 200(14) 104 (15)

#Numbers in brackets are thc energy quanta hv in electron volts.
#*Calculated.

It is interesting to note tuc much groater effectiveness of the colli-
sion of H,0 with CO, than with O,. Tiis is probebly due to the greater diffi-
"~

culty of H20 in absorbing a lergs quantum of 0.235 clectron volts.

Unimolecular Dissociation

A study of unimolecular rcactions yields interesting information about
changes in the internal energy of molecules during collisions. Complex mole-
cules dissociate with a unimolecular rate when the natural life of the acti-
vated molecules is much longer than the time between deactivating collisions
(16), oOf particuler interest is tue fact that H2 alone of all foreign gases

(pxcept gases of similar nature to the dissociating gas) ic able to deactivate


http://www.nap.edu/catalog.php?record_id=21518

- 114 -

the molecules (17). Moreover, = molocule of ﬁg is about as effective as a
molecule of the dissociating gac.
Vie shall not investigats what information the theoreticsl considera-

tions of the above introduction yiocld upon this problem. Following Rice (18),
we shall tcke as a tyvicel deactivating collision one in which cn oscillator
of frequency hv/ = 0,125 eclectron volts gocs from the fourth to the third
quantum level. Vhen the deactivating moleculc is of the same kind as the
activated molecule, except that its oscillators arc in their normal state,
we obtain . 10%, and p = 6 x 107 and 1.5 x 10™2 for the activated
and the deactivating molecule respoctively. We have omitted the fectors

',3 , a8 in the most favourable case they will discppcar when we sum over
ell the normal coordinates of both molecules. In this cose we thus obtain
the average deactivating probability P = 0,06, We sholl now calculate the
efficioncy of Hz, ascsuming the energy to be mostly absorbed as rotztional
energy. Assuning that on the average 0.025 clectron volts (cf. Table II)
nust be absorbed as transletional. cnergy due to lack of resonance, we

obtain =5, and p = 6 x 107%, 0.25 for the activated molecule and

v 3
for the Hy, molecule, respsctively. This gives the same efficiency as before,
namely 0,04, We now calculate the efliciency of the deactivating collisions
whea all the cnergy h v  must go into tronslationgl cnergy. We have

Cyy = 0.016 or 0,006, according to whether the deactiveting molecule is
Ho or He, and the p for the activated molccule is the same ns before. Ve

obtain for the efficiency 0.001, 0.0004 for H_, He, respecctively. The

2!
efficiency of any heavier gas will be much less (cf. Fig. 2).
We thus conclude that the comparatively large quanta which H2 can

absorb as internal cnergy of rotetion mekes it unique in deactivating
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efficiency. We also see the efficiency for deactivation by like molecules
may be considerably less than unify, as is sometimes observed (19).

Energy Interchange between Atoms and
Solid Surfaces.

The interchange of encrgy between solid surfaces and u gas is obtained
experimentally by the cooling effect of the gas. The energy interchange with
the light gases, H2 and He, is of most interest, since other gases are in
general first absorbed and then re-emitted (20).

If T is the tempcrature of the surfacs, and _1:._1, j_'._2 are the temperatures
of the gas atoms before and after collision, then the energy interchange is

measured by the accommodation coefficient.

A=t -4 /-4

The only measurements of & using clean surfaces are those of Roberts (21),
with He and W, His volues are shown in Fig. 3(Sec Page 117). These low values
of X are due to several causes. In order to examine these effects scpa-
rately it is best to consider only collisions of the type shown in Fig. 4 (See
Page 117). Double collisions arc thus avoided. We isolate the effect of the
small ratio of the masses of He and W by regarding the gas and surfuce atoms

as hard elastic spheres, and by letting the surface atoms be bound to their

positions of equilibrium by such small forces that their energy quanta h V'
arg much smaller than kt. Then (22)

A = 4 [ = 0.087
He

and would be again raised by avuole collisions.
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The primary effect of the quantisaticn of energy, h v > kT, is to
introduce a dependenge upon the temperature. This is given approximately
by the factor

energy contont per atom of sulid / ki ;
this effect thus makes X approach zero at the absolute zero temperature
(no attractive forces between He and surface being assumed). It is readily
seen how the small specific heat of the sclid at low temperatures will
reduce the amount of energy transfcrred.

Finally, there is the effect of the gentleness of the ropulsive
forces between the gas atoms and the surface, which was discussed in the
Introduction. The effect will be quite different according to whether we
regard the surface atoms as hound to positions of equilibrium, as in the
Einstein theory of specific heats, or treat the motion by the normal
coordinates of the solid as in the Debye theory of specific heats. For we
say in the Introduction that the restraint upon the exchange of energy
between an atom and an oscilletor depends upon the ratio of the time of
collision to the period of the oscillator. This restreint is thus much
nore severe for the normal modes uf vibration with high frequency, which
are the only ones present in the first model.

Although the small encrgy interchange between He end a W surface is,
aside from thé temperature dependence, essentially a classical effect, the
high per cent glastic reflection of light atoms from surfaces is a distinct
quantum phenomenon. Only the atoms reflected elastically (no cnergy inter-
change with the surface) cen give de Broglie diffraction patterns. Such

diffraction patterns have been observed for i and He atoms with crystels
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Fig. 3

X experimental points. Curve (a); & for no energy quentisa-
tion. Curve (b): Debyec function, U/kt, times an arbitrary

constant .
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Model of a collision of an atom with a solid surface.
Only the normal component of the velocity of atoms is
changed.
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of LiF, NaCl, ctc. (23). According to the classical mechanics some energy
would always be either gained or lost in a collision. This is not true in
quantun mecheonics, thore being a probability not much lesas then unity that
no encrgy transfer occurs during the collision (24). This difference
between the two mechanics is best seen by considering a single linear oscil-
lator acted upon by a small externzl force between the times 't"o and _'I_;_j_

The calculation of the energy change of the oscillator is the same whether
performed according to the classiczl or quantum mechanics, provided, in the
first case, that wc avercge over 2ll initial phases of the oscillator. How-
ever, according to the classical mechenics the probability is infinitesimal
that the energy be the same after the applicetion of the force as before,

while this probobility is finite in the quantum mechanics.

PART 1I

Interchange of Electronic Energy

The interchange of electronic cnergy betwecen two systems is very
improbable unless the electronic energy given up by one system can be almost
all absorbed as clectronic cnergy by the second system. In such a case the
energy interchange has a probability of 1/2 if the closest distance cf
approach of the two systems, p, is less than a critical value p, (25). As
p becomes greater than B> the probability vanishes very rapidly. The
effective cross section for the transition is thus equal to 7 gﬁ/& The
case where both systems are isolated atoms, and the transitions are opti-
cally allowed, has been thoroughly investigated. The effective cross sec-

tion is shown in Fig. 5 (See Page 119) as a function of the energy o
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Effective cross section for optically allowed
transitions at room temperature. The effective
dipole moment of each atom hac been taken as

e x 108, o~ is in wnits of electron volts.
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wvhich must be absorbed as transletional energy. Other types of transition
have been studied (26), but no general results can be given.

The writer wishes to stress that the extremely sharp resonance shown
in Fig. 5 is not peculiar to the quantum mechanics. Exactly the samc curve
is obtained if we replace each atom by a system of virtual oscillators and
calculate (27) on the classical mechanics the effective cross section for
the energy transfer from an excited to a non-excited virtuasl oscillator in
a different atom. Then of course o = h¥ , whore  is the frequency
difference of the two oscillators. In the literature this sharp resonance

is often spoken of as a pure quantum phenomenon.

PART III
Interchange of Energy

between Elgctrons and Massive Bodies

In Part II we examined a case wherec a change of electronic quantum
numbers is accompanied by a very small change in the translational energy
of two colliding systems. However, the collision of two systems is in
general accompanied by a large change, at least a transitory change, in the
kinetic energy of the massive bodies, even when the electronic quantum
states remain unaltered.

Since the electronic moticn is much faster than the motion of the
atoms, it is customary to regard the atoms as interacting with a mutual
potential energy, this potential energy being, aside from the coulomb inter-
action between the nuclei, the total energy vhich the electrons would have
if the atoms were stationary. The potential energy diagram of a diatomic

molecule is a familiar example. A trivial example of the interchange of
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energy between electrons and massive particles is thus the vibration of a
diatomic molecule.

Interesting conclusions may be obtuined when we consider the potential
energy as a function of tio parameters. Thus toke the collision of an excited
Hg atom with a hydrogen molecule, the two paramncters being indicated in Fig. 6.

If we let x and y be rectilinear conordinates, and plot the potentiel energy

(Y 4

N/
AN
<

Fig. 6
Model of collision of excited Hg atom with

H2 molecule.

along the 2 axis, we obtain a potential energy surface. This surface will
have two valleys, one parasllel to the y axis for large values of y, and one
parallel to the x axis for large volues of x. These two valleys represent
the systems normal Hgh + H, excited Hg + H,, respectively. Since the
first valley is deeper than the second, the collision of excited Hg with H2

may be accompenied by the formation of HgH + H, the hydrogen atoms after
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the collision having a large amount of kinetic energy which has been obtained
from the electronic energy of the excited Hg atom. This mothod has been

used extensively by Eyring and his collaborators in studying chemical reac-
tions (28).

If the parameters of a system move sufficiently rapidly past a region
where two potential energy surfaces come close together the electronic quan-
tum state will change, so that the system will pass from one potential
energy surface to another. The one dimensional case has received special

atudy (29). It is illustrate2 in Fig. 7.

T o
QJI!gl - 32 )

where £ 1is the smallest distance between the two potential energy curves,

-

The transition probability .. BxPE -

v is the velocity ’d]_i/d._t.,l, and 8,, 8, are the slopes of the asymptotes

to the two potential energy curves.
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CHAIN REACTIONS AND INHIBITORS

In the simple cases of chemical reaction, one set of properly acti-
vated reactent molecules react to give the stoichiometric set of product
molecules and further reaction must wait for additional active molecules to
be created through the normal processes of energy distribution. But it may
also happen that, during the reaction, bodies are generated which increase
the rate at which active molecules form. These reactions are very differ-
ent kinetically from the simple types and are called chain reactions. These
bodies are evidently in a sense catalysts. They may be (a) merely product
molecules of high energy content (in the c;se of exothermic reactions) (1),
(b) radicles or atoms (2) as illustrated by

H, + 0, —> 20H

O + Hy, —> HO + H etc.

(c) orthodox molecules which act as catalysts but are themselves destroyed
after a short lifo. This is illustrated by the peroxide theory (3) of the
oxidation of hydrocarbons. |

The field of chain reactions has been reviewed by Semenoff (4) and
more recently by Hinshelwood (5), both of whom have contributed extensively
to the fielu,

Milas (6) has collected 273 papers on the subject of autoxidation,
perhaps the most prominent example of chain reactions. His point of view,
however, is not the kinetic one.

Not only are chain reactions particularly sensitive to catalysts

which may act in the sense of a trigger, but they are often susceptible to
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inhibition. A theory of inhibition based upon the first type (a) of chain
reaction was put forward by Christiensen (7), and received a substantial fol-
lowing induced partly by the experimental work of Bickstr¥m (8). According
to this theory an inhibitor acts by taking selectively the energy from the
product molecules in such a way that this energy becomes ineffective in acti-
vating fresh reactant molecules.

The thermal chain theory itself indisputably represents a possible con-
tributing factor in some cases. It would be most probable when reactant and
product molecules are small, in the early stages of a strongly exothermic
arrangement reaction in the gas phase at low pre.ssure. Departures from these
ideal conditions render the mechanism less and less probable the greater the
departure. Thus if the molecules are large, they act as reservoirs for the
storage of energy of reaction and activation so that the certain selective
transference of this energy to a fresh reactant molecule becomes improbable
and the certain reaction of this large reactant molecule even if activated by
such a procedure itself becomes improbable. As cold product molecules pile
up the chance for the dissipation of energy of reaction and activation to them
rather than to fresh reactants increases.. In solution the molecules of sol-
vent also would act os acceptors for this energy. For reactions involving
more than one product molecule, there is distribution of energy in the act
of reaction itself. For the proposed mechanism of inhibitor action to obtain,
one then h.as to assume that it is very specific in its ability to take up the
energy from energized products even when compared with the corresponding
power of reactant molecules, and that it is then umable to give up the energy

in such a way as to activate fresh reactants with high probability.
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The writer (9) feels that this compounding of probabilities renders
the thermal chain interpretation of inhibition of reactions as a general
mechanism a little too much to expect of one's credulity. Moreover, inhib-
itors are effective in preventing the oxidation of rubber which would seem
to offer a superlatively inappropriate setting for a chain mechanism.

Bickstrém's "proof" of a mechanism of inhibition consisted in set-
ting up a general parallelism between the influence of inhibitors on the
dark and light reactions for certain oxidation reactions, the latter having
been shown from quantum efficiency measurements to be of the chain type.
There were, however, various irregularities in BHckstrdm's proof, e.g.,
when a sodium sulfite solution was illuminated with line 265, the reaction
with oxygen proceeded after the light was turned off at a rate not sensibly
lower than the rate in the light indicating the formation of catalytic
bodies, since line 254 was as effective but did not give rise to a photo-
chemical after effect anything like as great (10). In other cases (11) the
quentum efficiency for the light reaction varied with light intensity.
Worst of all for his argument, there are cases (12) when an inhibitor
affects the light reaction without affecting the dark reaction and vice
versa.

More recently quite different interpretations of some of the reac-
tions investigated by Bdckstr¥m have appeared. Thus Franck and Haber (13)
suggest that in the autoxidation of sodium sulfite solutions, the chains
are not thermal but are propagated by means of atoms or radicals. In their
mechanism, the known powerful catalytic action of cupric ions is likewise

taken into account.
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Bodenstcin (14) too suggests that in the oxidation of hydrocarbons and
aldehydes, more or less stable intermediates structurally, not merely ener-
getically, different from product molecules are formed in the process.

Various other factors may be advanced against thermal chains in many
practical cases. Thus some oxidation reactions (15) are thought to start at
surfaces, whereas highly energized product molecules would be expected to lose
that energy to the surface and leave it with average energy corresponding to
the temperature of the system. According to Raymond (16) benzaldehyde when
sufficiently pure does not react with oxygen at ordinary temperatures.

The writer feels in view of the foregoing end other considerations that
the chance of the thermal chain mechanism and therefore the Christiansen
theory of negative catalysis applying very generally in their original form
is remote. A firm decision in the matter depends among other things upon the
quantitative values which may be given to the probabilities of energy exchange
in various cases. ‘

The state of knowledge in this respect is set forth on page 103 in this:
report by C. Zener.

If one limits probahle general chain mechanisms to (b) and (c) above,
and then revises Christiansen's theory of inhibition accordingly, the writer
would concur in the attitude. It should be remarked, however, that the
theory of inhibition would then become substantially the same as the original
one, i.e., that an inhibitor acts by preventing the action of a positive cata-
lyst (17). The difficulty of determining the precise mechanisms in such
cases should also be reiterated.
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Homogeneoug Catalysis

fhile a huge number of ;pe-lpera ha_we appeared uporlal the S;ij.t_ac‘_l; of catal-
ysi'a‘:i_.p_ splgtian, untilrecent.ly no examples of homc.:gene;:us,_catgl;;rsis in the
~ gas phqae:_have been subjected ;_bo kinetic study because the c.-hgice of a suit~
able example was a matter of discovery rather than selection. Thus the writer
and G. J. North (1) at.'bempted. to study the gaseous reaction |
S0

+ NO, = NO + S0

2 2 3
catalyzed by water vapor, Unfortunately the reaction appeared to be largely
heterogeneous.

Hinshelwood and Glass (2) discovered that iodine had a pronounced cata-
lytic effect upon the thermal decomposition of isopropyl ether apd that the
catalytic reaction was homogeneous. Subsequent investigations (3) disclosed
that certain types of compounds: aliphatic ethers (except dimethyl), aldehydes,
aliphatic amines (except methyl amines and mono amines), and esters were cata-
lyzed. Ketones, alcohols, alkyl halides, carboxylic acids, and paraffins are
thought not to be catalyzed.

‘The reactions.-all consist of the migration of a hydrogen atom and the
breaking of a bond which possesses a dipole moment. They are characterized
by a simplified activation mechanism, The catalyst is the iodine molecule
rather than the iodine atom. In the catalyzed decomposition of .diisopropyl
ether only two square terms need be taken into account, that is the number of
collisions between iodine molecules and ether molecules is the total number
.of collisions multiplied by gfy-l?-_—'ll-. E in all these cases has a much lower
.Yelue than for the uncatalyzed reaction.

It is concluded that the polar nature of the bond which is broken
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together with thc polarizability of the iodine molecule make for a facili-
tation and simplification of energy transfer to that particular point. The
bond in question is likewise thought to be weakened by the iodine. The
explanation is in part thought to be an increase in the perturbation factor
required by quentum mechanics for energy transfer.

Some of the kinetic forms which homogeneous catalytic reactions may
take are outlined by Hinshelwood (4). He also considers various solvent
effects from the same general point of view as homogeneous catalysts. A
quantitetive kinetic pursuit of such matters in liquid systems involves the
necessity of knowing the collision number between solute and solvent mole-
cules.

This problem has been attacked by Jowett (5) and by Moelwyn-Hughes
(6). The latter has developed a formula for the calculation of this number

which in its development uses the reciprocal relation between viscosity and
diffusion coefficient

D =R/6Ty rN

His formula makes the collision number proportional to the wviscosity and it
therefore decrcases as the temperature increases. The physical recourse to
explain this would be an increase in the free space of liquids. However,
experimental work on the viscosities of liquids denies this conclusion (7).

The writer feels that the theory of the structure of liquids advanced
by C. V. Raman (8) and supported at the time by . H. Bragg has much to rec-
ommend it. Raman points out that on account of the difference in potential
energy of molecules, e.g., in the crystelline state, and when they are free

frou each other, some of the molecules must be in that state above the
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melting point. In other words above the melting point we have within the
liquid submicroscopic crystals which may, however, differ from macrocrystals
in certain ways.

Their presence has been deomonstrated experimentally (9) by G. W.
Stewart and others; an extreme case is represented by "liquid crystals".
Herzfeld (10), in discussing the viscosities of ideal liquids (11), shows
that a "jumping of momentum" effect, i.e., high vclocity transmission of
momentum thrcugh molecules themselves by means of elastic waves becomes a
large factor in such liquids. Raman assumes that such high velocity trans-
mission of momentum occurs through his microerystels so that the viscosity
of the liquid would be augmented in proportion to the fraction of the volume
occupied by such microcrystals. This fraction is in turn determined by the
Boltzman law, and would decrease exponentinlly with increase in temperature
as the viscosity of simple liquids such as benzcne does.

This factor tending tc augment the viscosity of liquids would hinder
diffusion to a corresponding extent and would therefore account for the recip-
rocel relation existing between these two quantities.

If we are to accept thc reasonableness of this picture of the structure
of liquids it should be emphasized that what appcers to be a homogeneous reac-
tion in solution might turn cut to be a hetcrogeneous reactién occurring on
the invisible surface of the microcrystals. The extent to which properties
of liquids may be accounted for.by this assumed structure of liquids has not

been investigated experimentclly.
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Catalysis by Ions in gQlution

The interesting possibility that electrostatic perturbations may be
of great importance in chemistry renews our interest and confidence in the
large amount of work which has been done on acid and base catalysis, and
renders desirable a summary of accomplishments.

J. N. Brénsted (private communication) summarizes his work on acid
and basic catalysis in the following statement:

"My ideas on acid and basic catalysis (or protolytic catalysis, as
I should like tc designate the two effects) is that the catalysis is not
only escribable to the hydrogen (H50+) or hydroxyl (0H™) ion, (or, for the
case of protic solvents other than water, to the corresponding protolytic
ions of the solvent) but to all acid and basic molecules at a proportion,
that depends upon thelr strength as acids and bases. For a number of cases
there has been shown to exist a linear relation between log k and log K,
where k is the catalytic constant of the acid or base and K theé strength
constant. In this plot, however, statistical factors have to be considered.™

Twenty-four references (12) are included.

The work of Dawson has been summarized by Moelwyn-Hughes (13) and
need not be repeated here. Suffice it to say that Dawson suggested that in
accounting for catalytic reactions in solution, the contributing effect of
all species present must be taken into consideration. He has succeeded in
evaluating the contributions of the various participating species in cer-
tain instances such as the enolization of ketones and the hydrolysis of
esters.

Moelwyn-Hughes (14) has alsc reviewed the work of Lowry on "proto-
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tropic" and hydrolytic changes. Lowry appears to regard these processes as
being similar to electrolysis. Thus when such changes are catalyzed by acids
in aqueous solution, the following steps are involved:

(1) "the reactant molecule collides with a proton-donor, giving rise
to an acid complex; (2) this complex collides with a molecule of water; where-
by (3) internal electrolysis of the reactant molecule results, the water act-
ing as a proton acceptor in the case of protetropy and as a hydroxyl donor in
the case of hydrolysis."

This theory is cited in explanation of the efficiency of amphoteric
solvents.

In his general review of catalysis in solution, Moelwyn-Hughes (15) has
analyzed some complex cases such as the mutarotation of glucose and finds the
effects of some of the participating species such as hydrogen ion are of such
magnitude as would be given by

Number of molecules reacting / Total number of collisions 'g,"y BT ’
where, in this instance, the total number of collisions refers to those
between hydrogen ion and reactant, and E is the experimentally determined
energy of activation.

Moelwyn-Hughes (16) also makes clear the position of activity coeffi-
cients in reactions in solution. He says:

"The study of reactions in solution, including changes undergone by
both ionized and un-ionized molecules, affords evidence for regarding the
instantaneous rate of reaction (~dc/dt) as directly dependent upon the concen-
tration of reactants. If the reactant molecule is engaged in maintaining a

state of equilibrium by combination with either the solvent or any other
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compound, its concentration becomes indissolubly connected with its activity
coefficient, which enters into the kinetic scheme solely on account of this
circumstance. Accepting this interpretation as correct, we may look upon
parallelisms between velocity coefficients and activity coefficients as evi-
dence that the reaction concerned entails the establishment of such equi-
libria. When the chemicel reaction per se proceeds to completion, the equi-
librium must reclate to interaction between reactant and solvent."

On page 150 the way in which a velocity constant may be related to
activity coefficients is illustrated,
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CHAPTER II
TRENDS IN THE CURRENT APPLICATION
OF CATALYSTS

Hydrogenation

(a). Petroleum and Coal. This developmont which was started by
Bergius and is being developed by the Standard 0il Development Company (1)
and by the I. G. Farbenindustrie A.G. and Imperial Chemical Industries has
for its object (i) the production of motor fuels from substances which
hitherto gave poor yields of such fucl. (ii) The improvement of lubricat-
ing oils, burning oils, etc. (iii) The production of special products.

The catalysts used are not precisely known but judging from recent
patents (2) consist of chromium, molybdenum or tungsten oxides or sulfides
or mixtures of these possibly with supports or promoters or both. A manu-
facturing process involving a catolyst involves likewise the necessity for
constant efforts to improve the catalyst. This is particularly pressing in
the case of this type of process on account of the large capital investment
involved, and substantiel progress in this direction eppears to have been
made. Temperatures of 400 to 550°C and pressure of the order of 200 atmos-
pheres are used. The required purity of hydrogen is not as greet as in
some other cases of hydrogenation. It contains hydrocarbons end oxides of
carbon,

The process at the moment appéars to fall a 1little short of being
economic ac applied to the problem of meking motor fuel (3) in ths United
States but large plants are in operation for making lubriceting oils. The

process is a world asset of great voluc.
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(b) . Nitrogen. The fixation of nitrogen by ccusing it to combine with
hydrogen has been one of the most romantic applications of catalysis. The
technical process has been described by C. MHller (4). The present state of
the theory involved has recently been reviewed by Frankenburger (5). The
scheme which he supports is:

LY

N, (gas) ' Hy (gas)

v W
N, (adsorbed) [by Van der Waels' forces]  H, (adsorbed)

N/

Nitride (e.g. Fe,N [surface compounds Hydride on active
on active spots of or chem. adsorption] spots or adsorbed
the surface, or _ H atoms

adsorbed nitrogen atoms o

/

!

i

il
(hydrpgpaﬁﬁion of the nitride nitrogen at the boundaries
of active spots of the adsorbent)

Nd (adsorbed metal imide) + H NH_ (adsorbed metalamide)

+H NH5 adsorbed NH§ gas

Some of the implications of this mechanism have been discussed in Chapter I
of this report. This reaction, or rather the reverse of it, the thermal
decomposition of ammonia has been the subject of many theoretical catalytic
studies reference to which may be found in Frankenburger's papers. The -
writer wishes to emphasize the importance of knowing a great deal about one
reaction such as this one as well'as something of many.

The catalyst actually used technically in this reaction is thought to
be basically iron. It may be supported by alumina and promoted by alkali
oxides. The temperature used (in the Haber process) is about 500°C and the

pressure about 200 atm. It is also thought (6) that the world is ut the
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moment oversupplied with plants for the synthesis of ammonia.
(c). Oxides of Carbon. The results obtained vary widely depending

upon the catalyst employed.

A pure and inexpensive methanol has been made available by the use
of catalysts which are believed to be zinc oxide with additions of chromium
copper, etc. In any case such catalysts can be used (7). The pressure
used is thought to be about 200 atmospheres and the temperature less than
450°C, depending upon the activity of catalyst. This process is a well-
established component of the chemical industry. It is thought to coordinate
with ammonia synthesis as practiced, e.g., by E. I. du Pont de Nemours and
Company .

When dehydrating components are in the catalyst, higher alcohols
result at high pressure and dimethyl ether at low pressure (8). Among the
higher alcohols are n-propanol; isobutanol; 2 methyl-l-butanol; 2-methyl-
1l-pentanol; 2, 4-dimethyl-l-pentanol; 4-methyl-l-hexanol; isopropanol;
2-methyl-2-butanol; and 2, 4-dimethyl-3-pentanol (9). It is thought that
the ability to produce normal alcohols gives the process an advantage over
that involving the addition of sulphuric acid to olefines with subsequent
hydrolysis. The process is operated, e.g., by E. I. du Pont de Nemours and
Company (10). The mechanism of this formation of higher alcohols has been
discussed by Graves (9), and by Frolich and Cryder (11).

Somewhat related to the process of synthesizing higher alcohols from
CO and H2 is that of Fischer and his colleagues (notably Tropsch) for syn-
thecizing liquid fuel from the same starting materials (12). It is stated

(13) that on Ni, Co and Fe, higher hydrocarbons are the only product (except
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water) at temperatures less than 200°C. Pressures used in this process are
nominal., This process also appears to be under development in Japan (14).
While any process offering the possibility of making motor fuel from CO and
H2 is of military interest to countries like Germany and Jspan, this process
does not seem to have gained a substantial commercial footing as yet. With
prices of crude oil and motor fuel what they have been in the United States,
one cannot afford much expense in the production of the latter. The cata-
lysts mentioned do not appear to be robust ones from the point of view of
poisoning. The process also appears to involve the scrubbing of relatively
small amounts of liquid from large emounts of gas and high recirculation
ratios., Methane appears to be a by-product which restrains attempts to
increase temperatures. Whether these are the real difficulties involved in
process or whether the process is fundamentally inferior to Berginization for
motor fuel production, the writer cannot say (15).

Other products may be produced by hydrogenetion of oxides of carbon
which, however, at the moment appear to be of less importance (16).

(d) Hydrogenation of C = C Double Bonds. The classic exaaple here is
of course the hardening of fats as practiced, e.g., by the Procter and Gamble
Compeny. According to J. E. Taylor of that Company (17), the preparation of
0il for hydrogenation is well described by Maxted (18). Taylor gnes on to
Bay: . . ."the catalysts that have been used most industrially ere prepered
by reduction of nickel carbonate supported on kieselguhr, mixed nickel and
copper carbonates, and nickel formate. The preparaticn and reduction of the
first two are described in Ellis's "Hydrogenation of Organic Substcnces" para-

graphs 1115-1122 and 3%722-26. The process of wet reduction of nickel formate
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and nixed copper and nickel carbonate is discussed in paragrephs 1132-38
and the preparation of the mixed nickel-copper catalyst is described in
paragraph 3713. ". . . The process of hydrogenation goes very well in a
gsimple machine like that described by Ellis, paragreph 3710. Hydrogenation
is cerried out as described in parapgraphs 3725 . . . nickel can be recov-
ered by the process described in paragraphs 3721-30."

This is the only process of industrial importance coming under this
head which the writer is aware of. It is, however, a reaction which pro-
ceeds with extreme ease and many other examples have been investigated (19).

The reverse reaction has recently become of interest in connection
with the desire of converting natural and refinery gases to olefines and
perhaps to motor fuel (20).

(e) Other Hydrogonationg. The hydrogenation of nitrobenzene to
aniline is thought to be in commercial operation. Iron is a suitable cata-
lyst (21), though others may be used. The Dow Chemical Company is thought
to have a superior process for aniline production in the catalytic reaction

of ammonia and chlorbenzene.

Production of Hydrogen

This process, too, in its most economical form has become catalytic.

Water gas may be produced by:

1000°¢C
G+H20=GO+H2
c+2320=002+232

GH4 + 2H20—-——--)002 + 4H2
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While coal is usually treated with steam at high temperature and in thé
absence of catalysts consciously added, the treatment of hydrocarbons for the
production of hydrogen is strictly a catalytic process. It mey be carried out
at about 875°C, and nominal pressures. Nickel is thought to be a suitable
catalyst (22). Both processes are in large scale operation.

Each is followed by the catalytic step CO + H20 —_ 002 + Hz, which is
carried out at 400-500°C and nominal pressure over a catalyst which is thought
to be promoted iron oxide. It is evidently highly desirable to lower the tem-
perature at which the first step occurs, which might go so far as to render

the second step unnecessary.

Catalytic Oxidetion.

On account of the fundamental position which this reaction occupies
not only in life processes themselves but in the means we have devised to
support life, and to amuse ourselves and make ourselves comfortable, it may
not be too much to say that oxidation is the most important type reaction.
Fhether or not oxidations generally are to be considered as catalytic reac-
tions is an open question depending upon the breadth of our definition of a
catalyst and upon the precisc mecnanism of oxidation reactions. Even the
simplest cases are in reality complex as may be illustrated by the rezction,
232 + 02 --9.320 (24). Oxidation reactions are often "chain" reactions.
While it has frequently been inferred that this means "thermsl" chains, the
writer continues to feel (25) thet this point of view has been presented
entirely too favorably. Definite evidence has been presecnted in some cases

that the chains are "material" in nature in some cases, that is, that they
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are propagated by rather definite molecular species, however strange the
species may'appear. In this case, since these propagating and therefore
accelerating species are different from the apparent reactants, such cases
may be considered as catalytic reactions. Others (26) suggest that the
reactions are catalytic in a more usual sense in that peroxides are formed
as intermediate compounds which catalyze the oxidation reactions. Still
others suggest mechanisms which do not necessarily involve catelysis. Thus
Bone (27) appears to believe that oxidetion of hydrocarbons proceeds by a

mechanism illustrated by
GH5 —— ca50}i — t:ﬂz(on):2

C.H?O + CH
) -

Ho
co‘!fﬂa/ H

+ H20

—ILe—

OH

8

b d

I
CO + H,0 OO(,L )g
I————--—) Co, + Hy0

2

2

It is thought that the kinetic method has not been sufficiently
employed in arriving at this conclusion.

A recent description (28) of the high pressure oxidation of the lower
paraffins shows that the major product in each casec is alcohols. The Bone
mechanism does not necessarily deny a participation of catalysts.

Yet another school of thought (29) would have preliminary dehydro-
genation pley an importunt part in oxidation processes. Catalytic agonts
could readily play a part here.

Wihether or not all oxidation reactions are inherently catalytic, it

is well enough established that they are very subject to catalytic action.
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The primary application of oxidation is in combustion for heating and power
generation. Here the natursl propensity of the reacting system to rise in
temperature with corresponding increase in speed largely obviates the neces-
sity for introducing catalysts. Nevertheless, a certain amount of combustion
space must be allowed in furnaces in order to allow the reaction adequate
time to complete itself which might to advantage be cut down (30). Bone in
his surface combustion has shown how catalysis may be applied usefully for
combustion. The principle is in common practice in household heating with gas
and a specialized combustion catalysis is exemplified by the waning Welsbach
mantel.,

While with complete combustion the products are simple even though the
mechanism may be complex, in the case of partial combustion both the products
and the mechanism are ordinarily of great complexity which tends to limit the
usefulness of this application. Starting with aliphatic hydrocarbons, not
only may one get a wide variety of oxygenated compounds (31) but depending
upon the conditions the products of decomposition of the hydrocarbons may also
be obtained (32).

In this connection, however, F. Fischer and H. Pichler (33) have sug-

gested the synthesis of acetylene from methane and other hydrocarbon gases by
means of dehydrogenation with oxygen.

The complexity of homogeneous (uncatnlyzed?) oxidation reactions ren-
ders the application of selective catalysis important if these reactions are
to be simplified for synthetic purposes. While oxidation products of some
complexity are now made commercially (34), that produced on the largest scale

being in all probability "blown" asphalt of the petroleum industry, the
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widest successes in oxidation synthesis have been in just those cases where
a high degree of simplification has been achieved through the application
of selective catalysis.

This is well illustrated by the oxidation of naphthalene to phthalic
anhydride, as practiced, e.g., by the Monsanto Chemical Company. Th2 funda-—
mentals of this process were worked out by Gibbs and Conover (35). Cata-
lysts consisting of oxides of molybdenum, vanadium, etc. are thought to be
suitable, at 350 to 550°C and at nominal pressures. The phthalic anhydride
mey be broken down to benzoic acid catalytically, a practical process being
used by the Monsanto Chemical Company (36).

An adaptation of the process is also practical for the oxidation of
anthracene to anthraquinone (37).

When the starting material is benzecne in a similar process, maleic
anhydride is the principal product (38). This process is thought to be in
operation by the Barrett Company but is of less importence at the moment
than the oxidation of naphthalene and anthracene.

While it seems to be casier to achieve catalytic simplification and
selection of oxidation reactions with aromatic sterting materisls than with
aliphatic, processes are being suggested for the oxidation of aliphatic
hydrocarbons. For example (39) very substuntial yields of mothyl, ethyl
and propyl alcohols nppear to be possible in the oxidation of propane at
136 atmospheres and 300-350°C. Difficulties appear to be (a) smell possible
conversion per pass, (b) introduction of oiygen ond (c) secparation of prod-
ucts (40).

Another example of the production of relative pure chemical substances
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by the oxidation of aliphatic hydrocarbons is that sponsored, e.g., by the I.G.
Farbenindustrie for making acids suitable for soap manufacture by the oxida-
tion of paraffin wax (41).

Other practicel processes involving catalytic oxidation consist of the
oxidation of alcohols to aldehydes with catalysts such as copper and silver
(42). The precise economic position of these processes is, however, not known
to the writer.

In the field of inorganic catalytic oxidations, the oxidation of sulphur
dioxide in manufacture of sulphuric acid in which platinum, oxides of nitrogen,
and vanadium pentoxide are employed as catalysts, and the oxidation of ammonia
in the manufacture of nitric acid in which platinum and base metal catalyst
consisting of iron oxide with possible addition of bismuth, copper, etc. may
be used as catalysts, are outstanding (43).

The removal of st from gas by means of hydrated ferric oxide may be
catalytic when oxygen is present, although as often practiced is an inter-
mittent one, not truly catelytic.

Polymerization and Condensation Reactions

The growth of the synthetic plastic industry, the start which has been
made in commercial synthetic rubber manufacture in the United States (44),
commercial production of special lubricating oils by the polymerization of
high molecular weight olefines (45), the opportunity offered by thc huge
quantity of olefines plroducad by cracking petroleum fractions or which would
be available by cracking such fractions for the application of polymerization

reactions (46), and various other factors have stimulated a growing interest


http://www.nap.edu/catalog.php?record_id=21518

— 148 =

in polymerization and condencation reactions.

The field of synthetic rubber has been rather elaborately revieaed
by Whitby and Katz (47).

Carothers and his colleagues (48) have been studying rcactions such
as the esterification of dibasic acids with glycols, the action of sodium
on di bromides, etc. in conncction with a general. study of polymerization.

Studies of polymerization reactions where high molecular weight com—
pounds result become involved in complexities due not only to the complex
structure of a single molccule but to the fact that = single molecule is
not and cannot very well be formed as a product. While most studies in
this field are from the organic or industrial point of view, it is evident
that a study of mechanism by the kinetic method would also be embarrassed

by complexity due to the variety of courses which the reaction may take.

Such studics are nevertheless to be recommended.

H. Staudinger's "Die Hochmolekularen Organischen Verbindungen",
(Julius Springer, Berlin, 1932) is a recent contribution (500 pages) to the
field. Our ignorance of mechanism in this field is accompanied by an igno-
rance substentially as deep of the viscosity of liquids. Staudinger (49)
concluded that many of the high molecular weight compounds have linear
structures and taat their viscosities are to be accounted for on the assump-
tion that these molecules spin and thus occupy a volume which Einstein's
formula (50) (and the measured viscosity) would suggest. The objection to
this picturec is that the density of, e.g., styrenc to which Staudinger's
theory was particularly epplicd goes up as polymerizaticn proceeds (51).

Einstein's point of view may also be correlated with that of Raman on the
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structure of liquids which has been cutlined in the theoretical section of
this report (page 132).

In order to gain an insight into the mechenisms of the complicnted
cases, thc study of the first steps of simple cnses is to be recommended.
However, recsults obtained so far have not given rise to genersl agrecement.
Thus it has been proposed that in the polymerization of ethylenc (52) the
first step may be:

20 H, —> C 4H8(butylanc)
3C,H, —) 2CgH,(propylene)

2021‘14 e C4H6 (butadicne) + H2

{32}[4 —_ 02H2 (acetylene) + H=a

polymerization

Polymerization reactions are very subject to catelytic action. It has
been suspected that the prosence of oxygen has a marked effect on them (53).
This suspicion has been confirmed by Conant and Tongberg, by Conant znd
Peterson (54) and by Adkins and Houtz (55) for the polymerization of styrene.

The writer end H. E. Thompson (56) have found that citral purified by
distillation in high vacuum and preserved in a "corex" tube, contrary to its
usual behavior, underwent no apparent change in three years, and would with-
stand exposure of many hours duration in direct sunlight or the full radia-
tion of a mercury vapor lamp without polymerization.

The part played by oxygen in the formation of gum in cracked gascline
is well known.

The writer therefore wishes to suggest that before attempts to


http://www.nap.edu/catalog.php?record_id=21518

- 150 -

correlate molecular structure with propensity to polymerize arc carried too

far, that the part played by calslysts in these procecsses be given adequate

consideration.

The best known application of the interrelation of oxidation and poly-—

merization is in paint driers where positive oxidation catalysts are used to

achieve a result which could be arrived at (and perhaps with better results)

by polymerization alone. These catalysts concist of lead, mangrnese, cobslt,

aluminum, calcium, zinc, and cadmium soaps (58).
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RESTRAINT OF SLOW OXIDATION REACTIONS

e e T e . .

H. P. Lankelma

Cracking coil distillate wmhich constitutes epproximately 50% of our
present motor fuel, deteriorates on storage. This deterioration is accompanied
by a loss of knock rating and the formation of gum. Both of these results are
highly undesirable in that they seriously interfere with the performance of
the fuel in the automobile motor. For example, losses of knock rating in the
neighborhood of 20% have been reported from six months storage of a cracked
gasoline (1).

The amount of gum formed may also be very considerable and may even
amount to several hundred milligrams per 100 cc. of gasoline, from a few
months of storage. This gum may deposit in the induction system of a motor so
as to interfere with or even prevent cngine operation. The deterioration of
cracking coil distillate has been shown to result from a process of oxidation
of the unsaturated hydrocarbons present, accompanied by polymerization (2).
The oxygen absorption curve (the conventional oxygen bomb stability test) of
the cracked distillate with time shows a measurable induction period. The
rate of oxygen absorption is markedly susceptible to catalytic influence.
Pro-oxidants notably copper (the conventional copper dish test for gum stabil-
ity) and copper salts reduce this induction period, and antioxidants (inhib-
itors) serve to lengthen it. In the class of antioxidants, phenols and their
derivatives (1, 3) are especially effective.

Egloff and coworkers (4) have correlated the effectiveness of an inhib-
itor with its critical oxidation potential, the effectiveness being measured

by the induction period in the accelerated oxidation test.
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The same type of chemical compounds have been succossfully applied

to the analogous case of inhibition of deterioration of rubber by oxidation

on ageing (6).
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. ANTIKNOCK gggggyggg
George_ Calingaert,
Research Laboratories,
Ethyl Gasoline Corporation,
Detroit, Michigan.

Another very important example of the practical utilization of oxida-
tién inhibitors is furnished by the use of antiknock agents to prevent knock-
ing-in internal combustion engines. The efficiency of the Otto cycle engine
increases with-a decrease in the volume to which the charge is compressed
before firiﬁg. | Unfortunately, the correspending increase in pressure and in
temperature causes the occurrence of an extremely rapid and violent combus-
tion of ﬁmt portion of the cherge which is the last to burn. This phenom-
enon is rcadily noticeable by the clicﬁiﬁg'metallic noisa which it causes and
from which it derives its name of "knock", The knock causes loss of power,
ovefheafing and excossive wear of engine parts, ‘thus making it imperative to
keep the ;:oinpressioh below a safe limit,

Alfhough the combustion processes which result in knocking ere by no
hmeans clearly undarstood, it is evident from irecent investigations (1) that
the phenomenon is dependent in general on the chemical nature of the fuel and
in particular on the occurrence of slow oxidation reactions in the air-fuel
mixture prior to its inflammation. The tendency to kmock is suppressed by
retarding or preventing this slow oxidation, and one of the simplest methods
of accomplishing this is by the use of antiknock agents which function, at
least in part, as oxidation inhibitors.

The quantitative measurement of knock itself has been the subject of

a considerable number of investigations in recent years. The outstanding
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result of this search, as far as the present revicw is concerned, is the
recognition that its occurrence and intensity very greatly with every vari-
able which may affect the operation of an internsl combustion engine. Suf-
fice it to neame a few of the most significant variables: nature of the fuel,
operating tempereture, air-fuel ratio, compression ratio, speed. Not only
does each variable affect the tendency to kmock, but each change in condi-
tions usually has a different effect on different fuels, To illustrate: a
gasoline-benzene blend gives the same performance under a given sst of con-
ditions as a lead-treated fuel; the cooling jacket temperature is raised,
and the benzene blend knocks much more than the leaded fuel. Again: A
blend of straight run and cracked Mid€ontinent gasoline is prepared which
matches a California gasoline; the same small amount of tetraethyllead is
added to both, and the California fuel becomes far superior to the Mid-
Continent gasoline. Likewise, tha relative velue of vorious fuels and the
relative effectiveness of various antiknock agents will. change witi the con--
ditions of the test. A study of these variations would be outside of the
scope of the present paper.

For these reasons the overall relative effectiveness of various com-
pounds as antiknock agents cannot be rcported with any great degree of
accuracy unless the exact conditions of testing are fully specified. Since
data reported by different laboratories wore usually obteined under differ-
ent conditions, the figures givaﬁ below may vary from other data reported
elpevwhere on the same compounds, It will, however, be fair to assume that
these figures correspond reasonably well to operation in a standard type of

automotive engine.
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A list of some typical antiknocl: compounds is given in Table I.

TABLE I

Relative Effcctiveness of Antiknock Compounds (5).

Reciprocal of number of moles giving the same
antiknock effect as one mole of aniline.

Benzene*
2,2,4-Trimethylpentane®
Ethyl alcohol#

Xylene*

Aniline

Ethyl iodide

Titanium tetrachlorids
Diethyl selenide
Diethyl telluride
Nickel carbonyl

Iron carbonyl

Tetrasthyllead

0.085
0.085
0.104
0,142
1.000
1.09
3.2
6.9
26.6
35.
50. (approx.)
118.

#* These compounds are commonly regarded as non-kmocking
fuels rather than as antiknock agents. They are included

here for the purpose of comparison.

As will be seen from Table I, antiknock agents, in general, fall into

threc categories:

compounds,

(a) inert fuels; (b) organic inhibitors and (c) metallic

The first class comprises relatively stable hydrocarbons such as ben-

zeno and 2,2,4-trimethylpentane ("isooctane").

Comparatively large percent~
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ages of these hydrocarbons must be uscd before any noticeable effect is

observed on the tendency to knock. For this reason, they are usually con-
sidered as non-knocking fuels rather than as antikmock compounds, and their
effect is attributed to dilution of the knocking fuel. In the absonce of
an absolute scale of measurcment of antiknock action, it is impossible to
determine by an engine test whether thc effect obtoined is merely the sum
of the partial effects of the two fuels or whether the non-knocking fuel
also acts as an inhibitor of the knock caused by the other fuel with which
it is mixed., There is at least a suggestion that tho latter is corroct:
Mardles (6) has shown that benzene inhibits the slow oxidation of p-hexsne
and cyclohexano, and Beatty and Edger (7) have found a similar effuct of
2,2,4~trimethylpentane on the rate of ovxidetion of n-hepterne.

The second class comprises the orgamic compounds of nitrogen. Table
ITI gives the reletive effectiveness of » comprehensive group of compounds

of this class.

A. Influence of Some Grcups Attached

to the Atom on the Antiknock Effoct of
Nitrogen (8)

Raciprocel of number of mols giving the

sane antiknock effect as one mole of

eniline,
Azmonia -0.09 (proknock effect)
Ethyleninc 0.20
Diethylamine 0.495
Triethylamine 0.14
Diethylaniline 0.24
Ethyldiphenylomine 0.58

Triphenylanmine 0.09
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(Teble II. A continued)
Diphenylaninc 1.5
Phenylaminc (aniline) 1.0
B. Eifect on the Antiknock Value of
Aniline of Substituting Veriocus Orgenic

Radicals for Hydrogen in the Ring ond
in the Amine Group (8)

Aniline 1.0
Toluidine 1.22
m-Xylidine 1.4
Cumidine ’ 1.51
Ethylaninobenzene 1.14
n-Propylaminobenzene 1.10
n-Butylaminobenzene 1.11
Amyiaminobenzene 1.15
Aminobiphenyl 1.14
Monomethylaniline 1.4
Monoethylaniline 1.02
Mono-n~-propylaniline 0.75
Mono-n-butylaniline 0.52
Mono-isoamylaniline 0.248
Diphenylamine 1.5
Dimethylaniline 0.21
Diethylaniline 0.24
Di-p-propylaniline 0.27

As & class, the nitrogen compounds are fer superior to the non-knocking
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hydrocarbons. Indeed, many cf ther are better than aniline, which is abcut
12 times as offactive as benzenc, une cf the best hydrocarbons. It is quite
clear, moreover, thot tho off'ective antiknock agont is not the eleoment aitro-
gen (nitro compounds are knock inducei's) but rather a special type of linkage
between it and orgemic redicals. Thus, thc least effective compcunds are
those containing nc aromatic linkage t« the nitrogen, while tho most effec-
tive contain at least one such linkage and at least cne N-il linkage. This

is probchbly iinked with somc oxidation or oxidation-reducticn process to
which compounds of this type are particularly susceptible.

The third clags comprises compounds of metsllic or nun-mnet~llic ele-
ments, in which the antiknock action is identified more closely with the
element itself, and is less affected by tho type of compound in which the
clement is present.

This class of compounds covers & widor range of offectiveness than
the nitrogen compounds; it also comprises the most effective antiknock com-
pounds known. Tables III and IV give the relative antikmock value of sev-

eral compounds of the same elements.

TABLZ III

Relative Antiknock Effect or Ethyl anc
Phonyl Compounds of Four Elements (9).

Reciprocal of number of moles giving
the same antiknock effect as onc mole

of aniline.
Element Ethyl Compound Phenyl Compound
Todine 1.09 0.88
Selenium 6.9 5.2
Tellurium 26.8 22.0

Oxygen '~ -0.036 (proknock effoct) 0.122
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TAELE IV

Relative Antiknock Effect of Various
Organo-Lead Compounds (10)

Reciprocal of number of moles giving
the same antiknock effect as one mole
of tetraethyllead.

Dibutyldiphenyllead 0.33
Diisobutyldiphenyllead 0.38
Di-gsec.-butyldiphenyllead 0.45
Tetraethyllead 1.00

Our knowledge of the mechenism of antiknock ection is still very scant.
The main reason for this is probably that we still know very little about the
mechanism of the simple combustion of hydrocarbons. A few facts, however,
appear to be rather generelly accepted at present:

1.~ The preliminary stages of the oxidation of hydrocarbons comprise the
formation of reactive oxygenated products (2,3).

2.~ A certain umount of oxidation takes place in the unburned portion of
the fuel charge in an internal combustion engine (4,11) under condi-
tions of incipient knock.

3.~ This amount of oxidation increases with the intensity of the knock (4).

4.~ The addition of an antiknock agent appears to decrease this amount of
precombustion oxidation (2).

S.—- When knock occurs, combustion spreads at & high rate of speed through-
out the unburned mass, or may even start spontaneously and very rapidly
thréughout this mass (4,12).

Based on the abovo facts, and by amlogy with the suggested mechenism
for the action of oxidation inhibitors, the following mechanism has been sug-

gested for antiknock action:
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(a) The unburned fuel ahead of the flame front is being heated by
radiation and by adiabatic compression. It undergoes partinl oxidation
with the formation of oxygenated products whose chemical activity is suf-
ficient to initiate chain reactions of oxidation. When the chain reaction
velocity reaches z critical vclue, the shole mess of unburnt fuel reacts
explosively, and the sudden increasc iu oressurc couscs the phenomenon
known as knocking.

(b) Antiknock agents act as deactivators or inhibitors of these
chain reactions, This mechenism of the dnhibition of a chain reaction satis-
factorily explains the extreme effectiveness of some antiknock compounds,
such as tetraethyllead, on¢ molecule of which exerts a noticeable effect on
the combustion of 215,000 molecules of a koroscne-air mixture.

No light has been thrown as yet on the actusl mechenism whereby this
inhibition is achieved. None of the compounds involved ure stable under
the conditions existing during combustion. It is sufe to assume, therefore,
that at least the organic antiknock compounds exert their action mostly on
the oxidation which takes place in the unburned mass ahead of the flame
front. To what extent they themselves underge oxidation in the process of
deactivating the oxygen carriers has not yet becn ascertuined.

The metallic antiknock compounds may likewisc act before ignition.
They will, however, yield by oxidation compounds which are stable in the
flame, and which, therefore, masy still be active during the process of igni-
tion. Pidgeon and Egerton (13) havs already shown that tetracthyl lead
must be oxidized before it becomes effective in reducing the rate of reac-

tion of a mixture of pentane and oxygen in a glass vessel undcr 400 mm.
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total pressure and at 265°, It wouid appear therefore, that at least some of
the effect of this type of inhibitor is directly attributeble to the oxide of
the metal. On the other hand, organo-metrllic compounds are also effective
as oxidation inhibitors in the liquid phase at room tomperature, under condi-
tions under which they are normally quite stable (14). It is conceivable,
therefore, that they are effective both before and after ignition, end that
their great effectiveness is duc to & reversible process of deactivating the
oxygen carriers, involving an equilibrium betwoon two degrees of oxidation of
the metal.

A large amount of work has been done on the effect of antiknock agents
on the lgnition temperatures end on the oxddation of hydrocarbons. This in
general confirms the rclationship between these processes, while at the scme
time revealing marked differences between thom. For this reason, tha best
way to gain more insight into the mechanism of knock and itz suppression
probably lies in the direction of a study of combustion in the cngine, before
and aftor ignition, by chemical nnalysis, a study of the emission and absorp-
tion spectra, etc.

The commerciel value of antikmock agents is o complex function of their
effectiveness, cost, and some of their other properties, such as stability,
freedom from harmful effects on human beings cr engines, etc. Although the
field has been scanned carefully by many investigators, as evidenced by the
patent literature, over tho 13 years since Midgley and Boyd disclosed the
results of their fundemental work, only tetraethyllead, iron carbonyl and
aniline have eyer reccived eny serious consideration as commercial antiknock

compounds.


http://www.nap.edu/catalog.php?record_id=21518

- 166 -

1. Boerlage, G. D., and Van Dyck, W. J. D., Soc. Chem. Ind., Chem. Eng.
Group, Advance prouof. 3l pp., Mar. 6, 1934,

2. Egerton, A. C., Nature 122: 20, 204 (1928); J. Inst. Petroleun Tcch.
14: 656 (1928).

3. Mondain-Monvcl, P., end Guenquin, B., Ann. chim. [10] 15: 309 (1931).

4. Withrow, L., ana Boyd, T. A., Ind. £ng. Chem. 23: 539 (1931);
Withrow, L., and Rassweiler, G. M., Ibid. 769 (1931);
Rasswoiler, G. M., and witnrow, L., Ibid. 24: 528 (1932); 25: 923,
1359 (1933) .

5. International Critical Tables II: 163;
Caupbell, J. M., Lovell, Ww. G., and Boyd, T. A., S.A.E. Journal 26:
No. 2, 163T (1930).

6. Gill, F., Merdles, E. W, J., and Tett, H. C., Trons. Faraday Scc. 24:
574 (1928);
Mardles, E. W. J., Ibid. 27: Pt. II, 68L (1931).

7. Beatty, H. A., and Edgar, G., J. An. Chem. Soc. 56: 107 (1934).

8. Boyd, T. A., Ind. Eng. Chem. 16: 894 (1324).

9. Midgley, T, Jr., Ind. Eng. Chem. 15: 423 (192%).

10. Gilman, H,, and Balassa, L., Iowa State Coll. J, Sci. 3: 105 (1929).

11, Egerton, A., ond Smith, F. L., Nature 131: 725 (1933);
Steele, Sydney, Ind. Eng. Chem., Anal. Ed. 5: 202 (1933).

12. Schnauffer, K., S.A.£. Journel 34: 17T (1934).
13, Pidgeon, L. M., and Egerton, A. C., J. Chem. Soc. 1232: 676,

14. Taylor, H. S., Nature 119: 746 (1927).


http://www.nap.edu/catalog.php?record_id=21518

- 167 -

SYNTHETIC PLASTICS

Some of the synthetic plastics which are manufactured or have been sug-
gested for manufacture are reprasentatives of condensation reactions, while
others are polymerizations.

Scheiber and SH#ndig (1) list the technically important resins as the
following:

(1) Cumaron resins. These are produced by the polymerization of cer-
tain fractions of solvent naphthe under the influcnce of sulphuric acid.

(2) Aldchyde resins. These are produced from acetaldehyde, croton-
aldehyde and the like by action of condensing agents such as olkalis and sul-
phuric acid.

(3) Phenol-aldehyde resine. These ere made from phenols and aldehydes
by using a variety of condensing agents such a&s acids. By varying the strue-
ture of the pnenol and the aldehyde and by varying the condensing agent prod-
ucts with various properties may be obtaincd.

(4) Uroce-formeldehyde resins. The condensotion betwecn the urea ond
the formaldehyde may be carried out without condensing cgent or with acids or
basic condensing agants. The nature of the product, of course, varies accord-
ing to the process chosen.

Resins of the "glyptol" type arc also thought to be of importance.
These are reaction products of phthalic amhydride cnd polyhydric alcohols.

The Goodyear Tire and Rubber Company appears to be entering this field
with a synthetic molding resin made by the action of chlorostamic or chloro-
stannous acid on rubber. This paper indicates some relations between the

rubber field and the resin field. A further development in this field by
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Thomas and Carmody is discussed later.
It is evident that the wide variety of starting materials, cata-
lysts, and conditions which may be employed to obtain resinous products of

various kinds outline the course of a vast amount of experimental work.

Hydration and Dgh tio:

The application of catalysis to hydration end dehydration reactions
is very important in the laboratory and has likewise achieved various suc-
cesses in industry.

Thus, as is well known, ethér is made from ethyl alcohol by cata-
1lytic deﬁydration using sulphuric acid, phosphoric acid, etc., as catalyst.

Hydrolysis of fots may be placed in this classification. A. S.
Richardson (private communication) recommonds Lewkowitsch's discussion of
the Twitchell process (6). Twitchell's reagent or any high molecular weight
sulfonic acid mey be used. The autoclave process is also discussed by
Lewkowitsch (6). The catalyst used here is a soap, particularly calcium
or zinc soap.

The direct hydrotion of olefines to form alcohols is an attractive
paper reaction in view of the vast quantities of olefines available from
cracked geses. Experimentally, however, tho tendency of the olefines to
polymefize appears to be a very disturbing factor. The hydration via sul-
phuric acid (7) is, however, in commercicl practice for making ethyl and
isopropyl alcohols.

The hydration of acetylene to acetaldehyde is thought to be commer-

cially established. Mercury salts and other compounds may be used as
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catalysts (8).

Catalysis has long been used in the manuftcture of esters, which have
found wide applicction as solvents, especially in lacquer manufucture. Not
only do we have the usual reaction of :n olcohol with an organic acid vhich
mey be catolyzed by mineral acids, but it has been proposod te form esters hy
the direct catalytic reaction of on olefine with nn acid (9), and also by the
reaction of aldehydes with themselves under the catrlytic influence of ﬂlumin
num alcoholate (10).

The elimination of water between an alcchel und cmmonisc or an amine is
thought to be a prectical procedure for the manufocture of amines (11). The

standard types of dehydrating catalysts crc thought to be effectiva.

Halogenati.on

The outstanding exemple under this heading is the chlorination of ben-
zene, catelyzed by iron (12). "Carriers" for the other halogens are listed
by Mexted. |

The addition of hydrochloric acid to olefines is catelyzed by halides
of antimony and bismuth (13). This may be an important process in view of
the large uses for ethyl chloride which have developed.

Antimony fluoride has been apnlied in the teciinical fluorination of
organic compounds (14).
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The Application of Alumirum Chloride as a Catalyst

H, Y. Lankelma

Since the publication in 1877 by Friedel znil Crafts of = new method of
synthesiging hydrocarbons, ketones, etc., which involved the use of anhydrous
aluminun chloride as the catalytic agent, an enormous amount of work has been
done utilizing this material in synthetic work. In goneral eluminum chloride
has been used to bring about the linking of carbon to carbon through reac-
tions involving exchange or addition, moleculer rearrangements including
changes in carbon skeletons, the addition of certain reagents to olcfines,
and dehydrogenation.

In spite of the fact that numerous investigators have studied the prob-
lem, no generesl satisfactory interpretation of the action of the aluminum
chloride in catalyzing these reactions has been reported.

Friodel and Crafts (1) in the synthesis of benzoic ecid from benzene,
carbon dioxide rnd aluminum chloride suggested an intermediate product
Cslisﬂacls. That intermediate compounds between the reactants and aluminum
chloride are fdmod has been shown by a number of workers ond a large number
of such compounds have been isolated and rcported (2).

Steele studied the reaction velocity in the formation of tolyl phenyl
ketone from toluene and benzoyl chloride in the presence of aluminum chloride(3)
and obtained evidence to show that the aluminum chlaride forms addition pred-
ucts with both of the reactants, depending upon the retio of aluminum chloride
to acid chloride employed. However, the role of those intermedicte compounds
in the main course of the reaction is not well understood. The well known (4)

deviaticns of the effect of variation of concentraticn of aluminum chloride
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from the ordinary effects of variation of the concentration of a cataylst,
Steel attributes to ‘the fact that this rcagent can combine with ‘certein

products of the reaction to remove it from the system.

Technical ﬂgpliccgions

_ The developuent of n technical process for the prepazntlon of 'alumi-
num chloride from bauxite (5) has made this reagent availablo for 'a number

of commorcial processes. In the field of organic chemistry, it is employed
in tho preparat;on of intormediates and 11niaheu products “sich’ as dyes, per-
fume materials cnd resins and for cracking end puriﬂying petroleun products

~and polymerizing olefines to lubricating oil
Dyos end Dye Intermediates : -

) Aluminum chloride is employed to couplelcyanQQic chloride with
napﬂtholéﬁto form 1,3,5 triazones (6). Oxythionaphthenes are obtained by
the action of aluminun chloeride upon aryltheoglycollic ﬁcia chtorides (7).

o-benzoyl benzoic acids arc obtained from phthelic anhydride end aromatic
hydrocarbens, dibenzopyrenequinones from benzoylchloride and benzanthrone

(8), and carbozole derivatives from X ~ dianthrimidenes (9).

Perfume lateriels

Acetophenone is prepared by the acticn of acetyl chloride on benzene

and tert. butyl xylene from isobutylene and m-xylene.

Rgsins and Resin Intormediates

Ethyl benzene is obtained from ethyl chloride or ethylene and benzene.
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A new synthetic resin having various industrial possibilities has been pro-
duced by the action of aluminum chloride upon suitable cracked petroleum

distillates (10).

Lubricating 0il

A lubricating oil of high viscosity index ana high oxidation stability
is obtained by polymerizing suitable cracked petroleum distillates with alumi-
nun chloride (11). A product for reducing the pour point of lubricating oils
without otherwise changing their properties is prepared by condensing chlorin-
ated long chain aliphatic hydrocarbons with a high molecular weight cyclic

nucleus in the presence of aluminum chloride (12).

Cracking of Petroleum

Aluminum chloride has been employed in the cracking of petroleum hydro-
carbons at lower temperatures than would be required for simple thermal decom-
position (13), although the process appears to be scarcely economic at the
moment. The hydrogen liberated in the cracking hydrogenates the resulting

fragments so that the gases and liquid distillate are largely eaturated in
character (14).

General

Catalysis has been or may be appliéd to various technical or poten-
tially technical reactions not considered in detail in the foregoing. Some
of these are: the various applications of fermentation, such as the manu-

facture of ethyl alcohol and butyl alcohol; the entire field of enzyms,
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vitamine, and hormone action; rubber accelerators; sulphonation of aromatic
hydrocarbons; molecular rearrangements; the Gatterman-Kock reaction; the
Sandmeyer reaction, etc. They have not been considered more elaborately
because of insufficient technical importence or because of the writer's
ignorance and lack of contact with the field.

However, withiﬁ these limitations the applications of catalysis which
have been treated are thought to include the major cases from the point of

view of present practice and near term pruospects. The work is not intended

" as an adequate, comprehensive treatise, but rather to give an impression

which is up to date and tolerably well balanced.
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CHAPTER III

" COORDINATION OF THEORY AND PRACTICE *

P Ty TR g e ‘thisory and practice in the field
of catalysis certainly does not exist. Most companies have more pressing
obligations than that of educating the world, and this is one reason why it
is difficult for enyone else to being aboutothat evspifnations” ok dn widis
tion many theoretical ﬁén are restrained on.accoﬁnt'of'training,_tempera-
ment, or circumstance from undertaking it., It was felt that one procedure
might be for companies interested in catalysis to suggest theoretical prob-
lems, the solution of which would be of direct value in the application of
catalysis.

Dr., E. K. Bolton of E. I. Du Pont de Nemours and Company has, for
this purpose, selected the following problems:

(1) The equilibrium of hydrogen, carbon monoxide, and methanol has
not been studied under conditions which avoid side reactions. A more accu-
rate study of this equilibrium with side reactions minimized would assist
in the interpretation of the behavior of the catalyst.

(2) Methanol may be dehydrated catalytically at high pressure to
yield higher alcohols, and at low pressure to yleld dimethyl ether. The
mechanisms of these dehydrating reactions, their relationship to each other
and to the catelyst, are not understood.

(3) The equilibrium of the system carbon monoxide, water, and formic
acid has not been studied with precision. Data on this reaction are needed
for the better understanding of the mechanism of the catelytic action

involved,
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(4) A knowledge“éf the behavior 'of Ehééh under higﬁ pressure is neces-
sary:befora therﬁndynaiic'caicﬁlaiioﬁs c&u:be;applied with even moﬁé}afe pre-
cision to high pressure catalytic reactions. Carbon dioxide and water are
produbed in aoﬁe of these high brasSura reactions. The‘inflﬁéﬁcé of these
two substances together on the pressure of the system is not kmown. A phase
rulé'SEﬁd& of ‘this twb-combonent sysfem at preﬁéurbs up to 1000 atmospheres
would be of value.

Likewiéa,.daia are needed rékarding the COmﬁressibflity of.binéry gas
mixtures ‘when one component is rélétiﬁelf'éésily condensible. A mixture of
nitroéaﬁlﬁhd methanol vapor, nitrogen and ammonia, or carbon dioxide and
carbon monoxide are representative examples. A study of such syatémé at 100°C
and at pressﬁiasbin'thé vicinify‘of lodblatms. woﬁi& ensble one to'know.whéther
Dalton's law of partial piessureslis valid ﬁnder these conditions. Oné method
of cdnductiné éxpérimenfa of this characfer.would be to add a measuréd quan-
tity of methanol, for exampla, to nitrogen at high pressure, observe the
increase in pressure and compare the final pressure with the value calculatod
from the‘applicatioh of Delton's law, |

(5) The solubility of hydrogen in pure organic compounds at various
temperatures up to 300°C and pressurea up to' 500 or 1000 atms. would be of
value in the study'of“cataiytic hydroééhations. Such data would allow onc to
Btudy the activity of the catalyst apart from apparont activity caused by an
increased aolubzlity of hydrogan with increase in pressure.'

- (8) The Frledel—crafts reaction between carbon monoxide and hydrocarh
bons is worthy of further study. ‘ -

(7) Active’hydrogen hes been feported to be ejected from a catalyst
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when the hydrogen contains a small quantity of oxygen. There is a possi-

bility that in these experiments the active hydrogen arose from a reaction
of the hydrogen with the oxygen in the gas phase. The experiments should

be repeated under conditions which would avoid possible activation of the

hydrogen by any homogeneous reaction.

A search for free radicals in a beam of reactant molecules reflected
from a catalytic surface should be made. After data have been collected
for numerous specles of molecules and catalysts at various temperatures,
important conclusions could probably be drawn regarding the mechanism of
many catalytic processes. If the thermal accommodation coefficient were
studied at the same time the date would have additional value. A close
relationship may exist between catalytic activity and thermal accommodation
coefficients. The thermel effects which occur when a molecular beam con-
taining a mixture of molecules cepable of reacting at the surface of the
catalyst is reflected from this surface may prove very interesting.

(8) Many catalytic theories can probably be given a crucial test by
using heavy hydrogen as e tracer of the hypothetical mechanism. For exam-
ple, the controversial point as to whether palladium and other hydrogena-
tion catalysts form intermediate compounds of some sort with hydrogen could
be determined by making an isotope exchange reaction test. A physical mix-
ture of heavy and light hydrogen molecules might be passed through a palla-
dium membrane, and the emergent gas inspected for hybrid molecules. If no
hybrid molecules were found, then thc ges passed through as though palla-
dium were merely physically porous to hydrogen. However, if hybrid isotopic

molecules were formed during the passage, a chemical combination of some
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sort with the palladium was involved. Similar experiments with other hydro-
genation catalysts, using adsorption — desorption instead of diffusion, would
yield valuable information about these catelytic materials. Care would have
to be taken, of course, to avoid the occurrence of other possible isotope
exchange.reactions.

Quantum mechanics predicts that the lighter isotopc will be found in
general to be more active chemically than the heavier isotope. Measurements
of the relative rates of catalytic hydrogenations, using the two species of
hydrogen with various catalysts and reactants, would have fundamental value.

(9) The selective halogenation of carbon atoms should be possible if
Norris' statement is correct that each carbon - carbon bond in an organic
molecule possesses a definite energy level depending upon the environment.

No experiments appear to have been done in this direction.

(10) One handicap to the study of many catalytic organic reactions is
the lack of accurate analytical methods for exemining the products of these
reactions. Accurate information about physical properties of pure compounds
is needed for the development of appropriate analytical methods. Melting
points, vapor pressure curves, density - temperature, and refractive index -
temperature curves for pure aliphatic compounds such as the alcohols, alde-
hydes, ethers, ketones, etc. containing more than five carbon atoms are the
data desired.

P-T-X data for binary and ternary mixtures containing four to nine
carbon atom aliphatic liquids are needed, for example, the P-T-X data for the
system methyl and butyl alcohols and water. There is a possibility that data

for one such system might be employed to predict P-T-X data for another
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closely related system.

The above data would greatly assist the development of practical
methods for the determination of:

(a) Primary alcohols in the presence of secondary alcohols.

(b) Aldehydes in the presence of ketones.

(c) Saturated hydrocarbons in the presence of aldehydes.

Dr. L. V. Redman of Bakelite Corporstion suggests the following:

"If and when certain types of organic bodies, such as Bakelite, are
polymerized and aggregated together into larger molecular masscs by means
of catalytic agencies, there is always produced in the material violent
changes in its cohesion or adhesion or adsorption to a coated surface; and
this change in film construction is sometimes very confusing to us, either
because the polymerized material will not adhere to the surface or it

adheres too strongly."

e e

In the field of petroleum chemistry, while important applications cf
catalysis such as anti-knocks, inhibitors, and hydrogenation have been made,
those who aspire to lengthening this list are beset with the following uni-
versal restraints.

(a) Variebility of raw matoriel due to variation of crude and of
refining prectice.

(b) The presonce of sulfur waich poisons maay catalysts.
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(c) Uneconomic formation of coke in many attempted applications.

Western Reserve University,
Cleveland, Ohio,
May 3, 1934.


http://www.nap.edu/catalog.php?record_id=21518

Tenth and Eleventh Repqrts of the Committee on Contact Catalysis, Division of Chemistry and Chemical Technology
http://lwww.nap.edu/catalog.php?record_id=21518

Copyrighl@ National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=21518

	Tenth and Eleventh Reports of the Committee on Contact Catalysis, Division of Chemistry and Chemical Technology

