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PREFACE TO VOLUMES 111 AND 1V

The Western Reserve University Frontiers in Chemistry lectures have
demonstrated their worth as a mechanism for presenting to graduate
students the flow of chemical research, and for keeping industrial chemists
abreast of their science. In spite of the shortage of gasoline and rubber,
and in spite of the forty-eight hour work week, they have drawn an ample,
an attentive, and an enthusiastic audience. They are highly appreciated
in the Cleveland-Akron industrial area, and are recognized as a force therein.

The lectures are characterized by the distinction of the lecturers, by
organization of their over-all subject matter, and by the effort which the
individual lecturers evidently have put into their contributions. It is no
wonder that, already, they have been imitated—this is to be encouraged.

The publication of these lectures in book form makes them available to a
much wider audience, and allows those who have heard them to assimilate
the material more completely. In many cases, the lectures are published
in the coloquial style in which they were presented. This, as a matter of
fact, was the request made of the lecturers. Others, however, have elabo-
rated upon their lectures and, in some cases, developed them into striking
and thoroughgoing contributions to the chemical literature.

David Rittenberg of the College of Physicians and Surgeons, Columbia
University, who had delivered the lectures on ‘“Isotopes, Recent Progress
and Applications in Chemistry and Medicine,” because of severe illness



was unable to provide us with the manuseript for Chapter I. A. 8. Keston,
also of the College of Physicians and Surgeons, was kind enough to write,
on very short notice, an original article on the subject of Dr. Rittenberg’s
lectures. We wish to express our appreciation to Dr. Keston for the time
and effort he has devoted to the preparation of his contribution.

April, 1945 R. E. Burk
OLIVER GRUMMITT

PREFACE TO VOLUMES 1 AND II

The burdens of keeping abreast with the forward movement of science
must be felt even by the brightest minds and the most energetic souls in
that profession. This problem presents itself with particular force to
Universities who seek to train graduate students to be well-informed
research workers. It is the custom for Universities to have a rather small
number of professors who may be specialists in certain fields such as
physical, organic, inorganic, and analytical chemistry; but one or a few
professors in each of these fields can no longer hope to master the entire
field, nor therefore to present a well-proportioned impression of the subject
to graduate students.

The problem of keeping abreast of science is also an important one to
industrial research departments and to the individuals therein. There is
a great tendency for the individual industrial research man to work in a
rather narrow practical field. He may serve well in his capacity, yet
actually be less valuable at the end of a few years’ work, because he may



have lost touch with broader aspects of his field and become somewhat
obsolete as far as attacking a new and somewhat different problem is
concerned.

To meet these difficulties, Western Reserve University conceived the idea
of inviting distinguished scientists in the field of chemistry and closely
related fields to be professors for a day. Each of these men presents two
lectures. This gives him an opportunity ‘to present a substantial view of
his work. The lecturers who follow present somewhat different, though
definitely related fields, so that at the end of a series one has what is, after
all, a connected course of lectures, but one in which each lecture is given
by a real expert. Thus far two courses of 12 lectures each have been pre-
sented. They have met with outstanding success, and the plan may well
appeal to others.

The participants in the lectures enjoyed the personal contact with the
lecturers. The reader of the following pages is not in the same fortunate
position. To compensate for this lack, we have added, in the biographical
part of the book, pictures of the lecturers and short biographical sketches
about each of them.

R. E. Burk
OL1vER GRUMMITT
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I.  Electron Diffraction and
the Examination of Surfaces

LESTER H. GERMER
Bell Telephone Laboratories, New York, N. Y,

I. INTRODUCTION

HE DIFFRACTION OF ELECTRONS by crystalline and pseudocrystalline
materials has become a method of procedure for various chemical and
physical investigations. Electron diffraction is thus an immediate ““ practi-
cal” application of the wave nature of matter. This is a position which it
shares with the electron microscope, although the latter would probably
have been invented independently of wave mechanics and its present
technical development would not have led to the discovery of electron
waves.

The effectiveness of the electron-diffraction method in obtaining desired
information can be judged from the fact that it is being used in this coun-
try in thirty or forty laboratories, divided about evenly between educa-
tional and industrial institutions. Much of the electron-diffraction work
of these laboratories has been published in about 300 scientific papers,
and about 700 papers have been published dealing with similar work
carried out in foreign laboratories.

Of all these investigations, many are pioneer studies connected with the
discovery of the diffraction of electrons and with the observation of the
phenomenon under various conditions. Others, and especially the more
recent investigations, are more properly the application of the electron-
diffraction technique to various problems of more or less immediate
and practical importance. Researches of the latter type only will be con-

1



2 L H GERMER

sidered here Since, furthermore, there exist comprehensive summanes of
the literature on the subject, 1t seems undesirable to include any extensive
bibliography or any account of more than a very few of the studies which
have been made  This chapter will deal first very hriefly with the funda-
mentals of the experimental technique* then with 4 consideration of the
fields of npsefulness of electren diffraction, and finally with some selected
researches upon the structure of exceedingly small particles and exceed-
ngly thin films

II EXPERIMENTAL METHOD

It 18 customary to produce electron diffraction patterns by the scatter-
g of a beam of (lcctions of umform speed The speed, ¢, determines the
electron wave length A\ through the de Brogle formula, \ = h/mv The
wave length usually employed 15 of the order of 5 X :0-% c¢m corre-
sponding to electrons which have been accelerated by a pesential difference
of about 30 ky  The electrons of the primary beam, mus® recerve this ac-
cefelapienit @ wcuum ghamber After eecleration and collimation the
evcesmmn. bean | fattcred by'‘the expemmc ntat'spccunen inttthe diffi wtion
PATSREN UF the ~pccuncn 18 recorded on a photograpific plat‘é’ placed perhaps
56 :m from 1t and noifial to the beam The evacuated chamber in which
the electrons are produc%d, accelerated, collimated, scattered and recorded
18 commorily called n (lectidh QiffT i hion cameraw  Itfissttached to vac-
uum pumps, and 18 equyppx d Mith mew for fd)ﬁffﬂlg'ﬁﬁ’e specimen and
the photographic platé while *fhe Ycamera 15 exhausted '

A photograph of the camera used in the Bell Telephone Laboratories
appears as Figure 1 A description of an earlier model of this apparatus
was published several years ago (1) Most experimenters have built their
own cametas, many of which have been described 1n the literature (see, for
¢xample, the bibhiogiaphy of Thomson and Cochrane, footnote below)

An up to datq account of most clectron diffraction mvestigations 1s in the book by
Thomson and Cochrane 7 heory and Practice of Electron Diffraction Macmillan London
1939 The many determinations of molecular structure by electron diffraction are well
described 1n three papers by L O Brockway  Electron Diffraction by Gas Molecules
Rev Mod Phys 8, 231-266 (1936) by J Y Beach Electron Diffraction Investiga
tion of the Structure of Gas Molecules ’ Recent Advances in Surface Chemustry and Chem
seal Physwes, Publications of the AAAS No 7 88-97 (1939) and by L R Maxwell
¢ The Electronic Diffraction Method J Optical Soc Am 30, 374-395 (1940) From
among a number of other general treatises on the subject of electron diffraction I wish
to hist here only' F Kirchner Elektronemnterferenzen und Roentgeninterferenzen
Ergeb Naturw 11, 64-132 (1932) and G I Finch and H Wilman The Study of
Surface Structure by Electron Diffraction bud 16, 353436 (1937)
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Since an electron microseope can be modified to function as & diffraction
camera (2), this type of equipment may become widelv used.

Fig. 1.—Electron-diffraction camera used in the Bell Telephone Laboratories.

III. FIELDS OF USEFULNESS OF ELECTRON DIFFRACTION

Electron diffraction has been applied to the determination of the arrange-
ment of atoms both in molecules in the gaseous state and in solid bodies.
Although the former s the more systematically developed field of useful-
ness (3), it will not be considered here. We shall be concerned only with
the diffraction of electrons by solid bodies, or rather with conclusions re~
garding the structure of solid bodies which can be drawn from the wa.y in
which they diffract electrons.

The atomic structure of solid bodles is premsely the type of m.fﬁrmatmn
obtained by the methods of x-ray diffraction. Yet, because X-rays are very
penetrating and electrons of the speeds which are commonly used. are
strongly scattered and thus penetrate very slightly, the fields of usefulness
of the two techniques do not greatly overlan. If one attempts to describe
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the weakening of a primary beam of electrons of 50 kv. equivalent speed
in a mica crystal by means of an absorption coefficient 4, one obtains
g~ 2 X% 105 cm.~! (4). For heavy metals it would be considerably larger.
Translated into empirically useful language, one can state that information
regarding the structure of a material made up predominantly of heavy
atoms (atomic number of the order of 75) can be obtained only when the
experimental conditions are such that the path of the electrons in the ma-
terial is considerably less than 10—% em. in length. Suitable upper limits
for length of path vary from about 500 A for gold to 2000 A for magnesium.

From these estimates of penetrating power, it is clear that electron dif-
fraction can be used to investigate only the structure of extremely thin
films and extremely thin surface layers. Thus, its field of usefulness is
limited, but it is limited to a region which is in many cases of great funda-
mental and practical interest and which cannot be so adequately studied by
any other known method. ’

Within its restricted field, electron diffraction can be put to various uses.
The most widely developed of these uses, leaving out of account investi-
gations of the structure of gaseous molecules, is in microchemical analysis.
An electron-diffraction pattern from a solid block is characteristic of the
material at its surface. Comparison of the pattern from an unknown ma-
terial on the surface of a block with patterns obtained from known ma-
terials can enable one to identify the unknown. For this type of analysis
to be effective it is necessary that patterns from a large number of sub-
stances be observed and recorded in accessible form. A tabulation of the
crystal spacings, and relative intensities of the corresponding reflections,
for 1000 materials in powder form has been published by Hanawalt, Rinn
and Frevel (5). A committee of the National Research Council, under the
direction of Dr. Wheeler P. Davey of Pennsylvania State College, is en-
gaged in assembling and publishing sets of spacings for a larger number of
compounds. The actual structures are available (6) for many compounds
for which powder patterns happen never to have been recorded; identifica-
tion of one of these appearing as an unknown substance at the surface of a
block can frequently be made, although not so readily as if the powder pat-
tern data were available.

This method of chemical identification by means of an electron-diffrac-
tion pattern is similar to identification from an x-ray pattern. Either
diffraction method yields more detailed information than any other
analytical procedure: it determines not only what chemical elements are
present but also just how they are combined, and, if the crystal structure
of the material is already known, precisely how the atoms are arranged in



ELECTRON DIFFRACTION 5

the crystals. In addition, either method will in general give a great deal of
information in regard to the crystals themselves: information in regard
to their average size; whether or not they are randomly oriented and, if
not, quantitative-data on the distribution in orientation; whether or not
the crystals are seriously strained; even in some cases data regarding
shapes of the crystals.

Since an x-ray pa.ttem is produced by the .body of & block and an elec-
tron pattern by its sutface layers only, in some cases only the former yields
useful information, and in other cases only the latter. In many instances,
the two diffraction patterns are characteristic of different compounds or
the same compounds in different proportions, and the patterns supple-
ment each other, both being necessary for the knowledge which is desired.
As an illustration of the need for both types of analysis, one can cite studies
of the oxidation and reduction of iron under conditions which are industri-
ally important. For example, the electron-diffraction pattern of Figure 2

Fig. 2.—Electron-diffraction pattern ot
Fe,0; obtained from the surface of an iron
plate.

from the surface of an iron plate can be identified as due entirely to the
oxide, Fe;03; but the strongest lines of an x-ray pattern from this plate are
those of Fe;O, with weaker lines of iron and still weaker lines of Fe,Q,.
From the two patterns one can conclude that the iron was covered by a
layer of Fe;O4 about 102 em. thick on the surface of which was a 10~% cm.
layer of Fe;0;.

In the analysis of an unknown material from its x-ray pattern, the
identification can be greatly aided by a supplementary spectroscopic analy-
sis to determine the chemical elements which are present. In fact, in a
laboratory where such analyses are frequently made, it may be the usual
procedure to carry out the spectroscopic analysis first, and to follow this by
the x-ray analysis. On the other hand, identification from electron pat-
terns cannot in general bz aided by spectroscopic analysis. The surface
layers which produce the electron patterns are frequently too thin to per-
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mit a spectroscopic analysis to be made. If they were not too thin, then
probably the x-ray method would be applicable; and the latter is always
more convenient if the layer to be studied is sufficiently thick. Because of
technical difficulties such as those arising from an unfavorable surface con-
tour of the specimen, and because aid cannot, in all cases at least, be ob-
tained from spectroscopic or ordinary microchemical analysis, identification
of a surface film from its electron-diffraction pattern is in general more
difficult than the identification of the bulk material from its x-ray pattern.
Yet the electron-diffraction method is being widely used in industrial
laboratories and elsewhere for the identification of surface films because
of the precise knowledge whichrit is capable of giving and because in a great
many cases there is no other available method.

Although microchemical analysis of surface layers is at the present time
the most widely developed use of electron diffraction from solid bodies,
analyses of this sort aré not, the subject of the bulk of the papers on elec-
tron diffraction, nor is microchemical analysis as such by any means the
most interesting applieation. Others are extremely diverse and poorly
systematized, but they séem at present to offer potentialities of great future
development. o ‘

‘One thinks at once of using electron diffraction to obtain information
about catalytic processes. Although catalytically active surfaces are being
studied by electron diffraction in some industrial laboratories, one cannot
judge how extensive and how successful this work is because very few of the
results have been published (7). :

From a great number of diverse applications of electron diffraction, I
have chosen to describe here three which have to do with particles of sub-
colloidal dimensions, or with films only a few molecules thick. The choice
was arbitrary and dictated by familiarity with the researches. These
studies can perhaps be thought of as belonging to a branch of science
appropriately described as surface chemistry or surface physics. Thought
of in this way they are representative of the most interesting, and, although
the least well developed, perhaps ultimately the most important of the uses
which can be made of electron diffraction. They illustrate furthermore the
extreme sensitivity of the method in its application to very small amounts
of material.

Iv. ELECTRON-DIFFRACTION STUDIES
1. Diffraction of Electrons by Small Crystals

By using an extremely thin organic foil as a support, very small amounts
of various elements and inorganic compounds have been studied by elec-
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tron diffraction by the transmission method (8). With a foil as thin as 100 &}
electron scattering from the foil makes an inappreciable addition to the
scattering pattern from a deposited laker of heavy metal atoms as thick as,
or thicker on the.average than, two or three atomic layers. The method
is therefore adaptable to the determination of the arrangement of atoms
in exceedingly thin films,

In one series of experiments, diffraction patterns have been obtained
from films of widely *different mean thicknesses and of various materials

Fig. 3.—Diffraction pattern from a film of
cesiym iodide of 30 A mean thickness (8).

deposited in vacuum upon a Formvar supporting foil by vaporization from
a tungsten ribbon. A pattern from a cesium iodide film of 30 A mean thick-
ness is reproduced as Figure 3. TFrom estimated breadths at half maxi-
mum AR of the rings of this pattern, one can calculate the mean crystal
size C by means of the well-known Scherrer formula, which can be written
in the form C = LA/AR, where L\ is the product of the specimen-plate
distance and the electron wave length. In this manner one determines
that the crystals of cesium iodide in this film have average linear dimen-
sions of about 200 A. This value, together with the fact that the amount
of deposited material was sufficient to form a layer only 30 A thick on the
average, leads to the inevitable conclusion that under the conditions of
formation of the film the molecules are unstable when spread out uni-
formly and that they cluster at once into quite large erystals.



8 L. H GERMER

Somewhat similar deductions have been drawn regarding conditions of
stability in films of many different substances, although in many cases the
mean crystal size has been found to be much smaller than 200 A. In particu-
lar, metal atoras in general form smaller crystals than do molecules of
most inorganic compounds which have been investigated.

A rather extensive study of copper films has been carried out, the metal
in these experiments being vaporized upon supporting Formvar foils
within the diffraction camera itself, in order that in each test a diffraction
pattern could be obtained without exposing the freshly prepared film to
oxidation in the air. The films of copper studied have had various mean
thicknesses, the greatest being 780 A, and the least 3 A, which is only
slightly larger than the diameter of a copper atom. All films thicker than
20 A produce diffraction patterns characteristic of the face-centered cubic
structure in which copper crystallizes. The sharpness of the rings varies
somewhat from one pattern to another, the rings of the patterns from the
thicker films being narrower than those of the patterns from the thinner
films. This variation of sharpness arises from differences in mean crystal
size in the different films, the calculated size varying from about 70 A in the
thickest films to 50 A in 20 A films. It is clear in the first place that crys-
tals are never larger than 70 & no matter how thick the film, and in the
second place that in films as thin as 20 A the originally uniform distribu-
tion of atoms is unstable and they draw together to make 53 A crystals.

Diffraction patterns from films thinner than 2J A appear at first to be
qualitatively different. The rings are not only broader than those from
thicker films, but they appear to be altered in relative intensity so that a
pattern can no longer be recognized as that of face-centered cubic crystals.
The interpretation of this is quite simple. , A spherical crystal of copper
of 20 A diameter contains somewhat less than 400 atoms. The resolving
power of crystals of this size is sufficiently good so that a resulting powder
pattern will be readily recognized as that of face-centered cubic crystals.
If, however, the number of atoms in the individual crystals is much less
than 400, the resolving power will be so poor that the characteristic ‘face-
centered cubic reflections” are no longer distinguishable. In Figure 4 are
given calculated scattering curves for randomly oriented spherical or near-
spherical face-centered cubic crystals containing various small numbers
of atoms. (In order that these curves shall be applicable to crystals of
different metals, the atomic scattering factor of copper has not been in-
cluded in the calculation; this would introduce a factor which is continu-
ously decreasing with increasing angle.) The locations, Miller indices, and
relative intensities of reflections from extended face-centered cubic crystals
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are indicated at the bottom of the figure. By comparing these with the
calculated scattering curves above, it is clear that crystals containing 379
atoms will produce a pattern from which the face-centered cubic arrange-

\/
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Fig. 4.—Theoretical scattering curves from randomly oriented
face-centered cubic crystals made up of various numbers of atoms (8).

ment of atoms can be readily deduced, but that crystals of 55 atoms or any
smaller number cannot be interpreted in this manner. It would certainly
be utterly impossible to interpret an experimentally observed pattern like
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the caleulated pattern for 55-atom crystals, unless one had independent
reasons for suspecting a face-centered cubic structure.

When the electron-scattering pattern from the film of copper of 3 A
mean thickness is compared with the calculated curves of Figure 4, it is dis-
covered that the experimental pattern is intermediate in character between
the curve for the 379 atom crystals and that for crystals of 55 atoms. Thus
it appears clearly that the anomalous patterns obtained from extremely
thin copper films are accounted for by the small number of atoms in the
individual crystals and their resulting poor resolving power. It is possible
to estimate from the character of the pattern from the 3 A film that the
individual crystals contain on the average about 200 atoms and that they
are more or less equi-axed. Thus, for this thinnest film also, the originally
uniformly distributed layer of atoms is unstable and crystals of appreciable
dimensions are formed.. For such excessively small crystals the character
of the scattering pattern gives a quantitative measure of mean size which is
a considerable extension into the extreme subcolloidal region of the range of
crystal size which can be determined.

2. Arrangement of Molecules in Monolayers and Multilayers

Layers of various long chain organic molecules can be built upon the
surface of a block, one layer at a time, by the well-known Langmuir-
Blodgett technique in which imolecules in a single layer floating upon water
are transferred to the block when it moves through the water surface.
Electron-diffraction ipatterns of such built-up layers of molecules yield in-
formation regarding the structure of the layers. The patterns are simple
and readily interpreted, because in each molecule the separation between
alternate carbon atoms is repeated over and over, because the carbon atoms
of each molecule are coplanar, and because the molecules of any one layer
align themselves with their axes parallel. The information regarding the
structure of these built-up layers of long molecules is of interest in itself;
but perhaps of more importance is the experience which experimenters have
gained by interpreting these patterns. This has enabled them to attack
successfully diffraction patterns of surface films made up of organic mole-
cules having less simple shapes, although these latter investigations are
still of a rather rudimentary character. It will suffice here to reproduce
patterns obtained from a few layers of long chain molecules, to indicate
how these patterns are interpreted, and to state conclusions drawn from a
systematic study of built-up films containing various numbers of layers of
two simple organic molecules (9).

The diffraction patterns of Figure 5 were produced respectively by u
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single layer of barium stearate molecules upon the surface of a metal block,
and by three layers of molecules. The separation, R, between the diffuse
vertical bands of these patterns corresponds, by the Bragg formula, which
can be written Rd = L, to a spacing, d = 2.50 A, repeated many times in a
direction normal teo the surface; observation of this spacing is conclusive
proof that the bands are due to hydrocarbon chains standing perpendicular
to the surface, The distribution of scattering intensity is markedly differ-
ent along the bafds.of even erder from that along the bands of odd order.
This difference arises from the zigzag nature of the chains and from the

a. A single layer of molecules. b. Three layers of molecules,
Fig. 5.—Diffraction patterns from barium stearate.

fact that all the carbon atoms of each chain lie in one plane. The diffrac-
tion features lying upon the bands of Figure 5b are produced by regu-
larities in the lateral arrangement of the molecules; and it is easy to calcu-
late from the positions of these features that the molecules are built into a
number of structures in each of which the axes of the molecules intersect
the corner-points of an extended two-dimensional close-packed hexagonal
net lying parallel to the surface, the side of the net being 4.85 A. From
the absence of any diffraction features on the bands of the pattern of
Figure 5a, we must conclude that in the first layer of barium stearate mole-
cules upon the surface there is no regularity of lateral arrangement; in the
first layer the molecules are packed closely together but without definite
regularity.
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Electron-diffraction patterns produced by stearic acid molecules built
upon a metal surface show some similarities to patterns from barium
stearate molecules