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INTRODUCTION

The toples discussed in this thesis and the order in wﬁieh they
are arranged rather acecurately reflect the trend of the author's
interests with time,

Because of the work on the phase diagram described here and also
experimental work on other alloy systems and some problems in the
casting of metals and metal fabrication the author became interested
in the bonding of solida., This led to the use of Xeray diffraction
which is one of the most powerful tools for investigating the structure
of solids,

The determination of the structure of dimethylberyllium by means
of Xeray diffraction 1s of theorctiecal value since it is another link
in the chain of evidence concerning electron deficient compounds and,
in fact, is a striking confirmation of the theory, first proposed by
Dr. R. E. Rundle that metals with more low energy orbitals than valence
electrons should form electron deficient compounds when combined with
groups containing no unshared electron pairs. The theory which explains
the bonding in dimethylberyllium may also be successfully applied to
explain the bonding in various intermetallic compounds and, in fact,
has been so applied by Rundle and Pauling.

Determination of erystal structures by means of Xe-ray diffraction
led naturally to interest in the theory of intermetallic bonding and,
in partiecular, metallic valences which are discussed in the last section

of this thesis.
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Thus, 1t may be seen that the apparently unrelated sections of
this thesls are bound together by the author's interests which have

progressed from the strictly experimental to the somewhat theoretical.
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THE URANIUM«CARBON SYSTEM
I. Introduetion

The need for a complete study of the uraniumeearbon system arose
from: (1) experiments at Iowa State College (under contract with the
Manhattan District, U, S. Corps of Engineers) which showed that uranium
eould be east in graphite without exeessive carbon eontaminstion, and
(2) requests for cast forms of uranium carbide for experimental pile
studies,

Chemical, thermal, metallographic, and X-ray methods of analysis

have been employed in this study which covers the entire binary syatem,
I, Historical Background

Perhaps the earliest attempt to make uranium sarbides was that of
Moissan (1) (1896) who reported the preparation of a metallie, crystale
line material by reaction between 3308 and earbon in an electriec furnace
to give a compound which he supposed to be 326 3° Although his analyses
showed 8 carbon content slightly higher than the theoretical walue, he
thought that 132(23 was a definite compound and also that it was the high-
est ecarbon compound possible in this system,

In 1911 Lebeau (2) reported the preparation of UCy which he assumed
to be the same material as Moissan's UyCy. He explained the difference
in formula by supposed errors existing in the analysis method used by

Moissan,
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Also in 1911, Ruff and Heinzelmann (3) reported the preparation of
a compound analyzing clesely to the theoretical composition of 802. They
reported the melting point to be 2425°6.

G. Higg (4) in 1931 dstermined the cerystal structure of a UC, sample,
prepared by Arnfelt, by means of X-ray diffraction studies,

Polushkin (5) (1921) while inveatigating iron-uranium alloys, pro-
duced by reducing mixtures of U308 and steel turnings with petroleum
coke, found that uranium carbides were present in the iron. These car-
bides were assumed to be UC and 9233.

With the exception of Hagg none of these investigators had any
definite proof of the existence of their "compounda®, In each case the

composition was deduced from chemical analysis with slight additional

proof that such a compound actually existed.
III, Materials and Apparatus

The uranium used in this investigation was metal produced at Ames
for Manhattan project purposes. Two forms were used (1) metal recast
into graphite molds containing carbon as the main impurity and (2)
"piscuit metal™ which is unrecast and contains some impurities,

When this investigation began an ococasional production billet would
contain a relatively large amount of iron (> 300 ppm). Use of this

material in preparing ecarbon alloys caused some misinterpretation of
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microstruetures at first but this impurity did not seem to affect thermal
breaks appreciably. Eventually anomalies in mierostruetures were traced
to iron content and the effect of iron could be compensated for in intere
preting microstrustures. (6,7,8) Other impurities present were oxides
and nitrides due to the great affinity of the metal for these elements,
Although they could not be eliminated completely, their effect was les-
seped by preparing all samples in vacuum,

The earbon in the samples was added in several ways, Usually the
uranium was heated in erucibles made of Acheson AGR and AGOT graphite
and the carbon was dissolved from the walls of the erucible. Although
the AGOT graphite is purer than the AGR grade in some respects, micro-
structures obtained from castings in these crucibles were identical. (9)
When the carbon was added to the samples as a powder, Acheson AGR, AGOT
and grade #38 graphite were used,

For alloys in which no change in carbon content on heating was
desired Bel, Zr0,, and Tho, erucibles were tried. Of these, Be0 was
found to be the most satisfactory because of its unusual resistance to
eracking from thermal shock and the fact that it does not react with
carbon apprecisbly below 2050°C. ThO, and Zr0, are much more subject
to cracking and react with graphite at 1750-1800°C, These erucibles
were made by the Ames ceramic section and by the author either by slip
casting or tamping.

An induction furnace was used for preparing the samples and for
some thermal analyses, The heater, consisting of a graphite cruclible
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with a tight fitting cover and a long chimney, was well insulated from
the quartz vacuum jacket by an inch and a half layer of Norblack, a
apaaiai grade of lamp black. Temperatures eatimated as high as 30009C
were attained with this set-up,

Temperature measurements were made by means of a Leeds and Northrup
optical pyrometer, end chromelealumel and platinumeplatinum rhodium ther
mocouples, The long chimneys used on the heater crueibles insured reason-
ably good black body conditions for the optieal pyrometer readings. Ther-
mal data were plotted to give the inverse rate type of cooling curve,

Some measurements of the uranium solld transformation temperatures
were made with s Leeds and Northrup differentisl tramsformation apparatus
in whieh a platinum reaistance furnace was used to heat the sample and a
nickel erucible served as the meutral body. (15) In this device sample
temperature 1s plotted as the ordinate and difference between sample and
erucible temperature as the abacissa., This method is a sensitive one
for the location of small heat effects,

Alloys were prepared in several ways,

1. By sclution from the casting erucible. (10)

The meta) was east into a graphite cruecible and held at some fixed
temperature for a period of time long enough to allow the molten metal
to dissolve carbon off the crucible walls. Fairly uniform alloys were
obtained in most melts by this method. In all cases adjacent areas
were used for carbon analysis and metallographic study.

2. By sintering powdered uranium and casrbon compacte. (11)
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Powdered uranium metal, made by decomposing uranium hydride, (12)
was intiﬁataly mixed with powdered graphite and compacted under pressure,
Due to the extremely pyrophoric nature of powdered uranium all manipula-
tions had to be performed in a vacuum or in an inert atmosphere (usually
€0y). After they were pressed the briquettes could be handled for a
short time in air, These samples were sintered in BeO orucibles for
alloys melting below 20009, Alloys melting above 2000°C were placed
on & uranium carbide block and heated to the desired temperature, This
was an extremely effective way of preparing some of the samples since
there was no reaction of the sample with its support.

3. large amounts of UGy end UC, were prepared by Daane by heating
U0, and carbon in graphite crucibles to approximately 2400°C. (13) In
order to produce UsC, it was necessary to add UO; to the melt while the
reaction between carbon and the dioxide was ocourring, If this procedure
was not followed, only UC, resulted,

Lo Other methods tried were: (14)

a. heating uranium turnings with powdered carbon in graphite
erucibles

b, heating uranium turnings with powdered ﬂé03 or UCy

¢, heating pressed blocks of pewdered uranium mixed with
powdered UC

All of thease methods ylelded identical results when the samples
were allowed to come to equilibrium,
It was necessary to clean the uranium metal before casting since

uncleaned samples always had an oxide or carbide crust which did not
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allow the samples to flow, The most effective cleaning method was a
soak In l-l nitric acid, which usually removed most of the surface
scale, Small amounts of fused MgF, or caF2 slag, which sometimes re-

mained after the acid soak, were easily ground off,

IV. Constitutional Diagram

All attempts to obtaln the liquidus line of this system by means
of thermocouples failed so thai only the solidus up to 4.8 wt¥ and the
uranium solid transformation temperaturss could be determined by ordinary

cooling curve techniques, Sample data are given in Table 1. Blank

spaces indicate undetermined data, Some of these date were obtained

by Pr. J. H, Carter,

The microstructures and Xeray photograms suggest that the last

liquid freezing in these alloys is pure uranium, The Battelle labora=-

tory has presented evidence for a small amount of solubility of UC in

gemma uranium which may be evidence for a peritectic reaction in the

region around 0,1% earbon (1A),
The values for the gamma-beta solid transformation, given in Table

1, show no significent variation from the 0,03% earbon sample to the

higher carbon alloys and, considering the limits of error of the deter-

mination, are in agreement with the reported value for pure uranium.
The beta-alpha values are slightly lower than the reported value

0f,662°b, (17) but since they fall within the range of values reported
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Table 1 (15)
Solidification and Tranaformation Temperatures of Uranium-Carbon Alloys

Inverse Inverse
% ?ﬁ:ﬁ;ﬁ gigfgren- Gﬁzﬁn@ gi;fgron- G?o;;ng
Carbon Temperat., tial recorder  Curve tial recorder  Curve
0.03 11349 T15% 759%C 645% 640°C
0s09)  wewa T eoe 649 ———
0.11 1130 782 75 643 645
0.14 ———— 787 - 649 -
0,17 ——— 780 - 643 o
0.39 oo 785 oee 652 J—
0442 1130 788 770 643 640
0.47 1134 T T 648 650
0.63 —— 793 e 635 ———
077 1128 770 768 625 630
1.20 1123 Y 768 636 640
1,50 1123 766 760 633 635

All temperatures ¥ 15%
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by Manhattan projeet investigators for pure uranium, the effect of care
bon on this transformation is probably very small,

The mierostructures of these alloys show an increasing amount of a
dendritic phase which forms in lakes as the carbon content increases,
(See Figures 1-9) The fact that cerbide inclusions are noted in con-
centrations down to 0,007 wt$ carbon shows that an eutectic, if such

exists, must lie elose to zero per cent carbon,

The following methods were used by Carter, Tevebaugh, and the author
to separate the dendritic phase obgerved in low carbon samples,

1. Solution of the excess metal in HCl, (18) This method gave a
considerable amount of uranium oxide which was removed by gravity
separation,

2, Solution of the excess metal in an HCleH,0, mixture which pro-
duced considerably less oxide than the above method, A 3 molar HOl
sclution was used and enough 3202 was added to prevent precipitation of
uranium oxides,

3, Conversion of the excess metal to hydride and sifting out the
inclusions on a 400 mesh sieve,

The separated material had the same appearance as the inclusions
present in the alloys, Figure 10 shows some of the separated dendrites,
a few of which bave rétaimd their originsl shape,

A typical analysis of the material ocbtained from each of the three



mathods of separation showed:

zU 94490
%C 4470
%N 04016 |
%0 0.38, (by difference)

Speetrographic examination showed only trace quantities of other metale
lic substances so that the oxygen content could be assumed by difference
with a reascnable degree of accuracy, and, assuming the oxygen to be pre=
sent as UQ, and the nitrogen as UN, this leaves a U:C ratio of 1:1.01.
Xwray photograms of these inclusions showed that they were cubie
erystals, different from any of the higher carbides, (See I-ray section).
A sample containing 4.8 wt¥ carbon was carefully prepared
by briguetting a mixture of powdered uranium and carbon and heating this
to 2000% on a Béﬁs block., The microstructure of this sample showed one
vhase which etched the same as the dendritic inclusions in the lower car-
bon alloys, and X.ray photograms were found to agree perfectly with those
of the separated dendrites.
The welting point of UC is approximately 2350-2400°C (see section

IVE).

" Since it was impossible 1o obtain any indications of e liguidus
break in the O=4.8 wt% earbon samples, it was necessary to resort to

other methods than cooling curves to determine the liquidus (19),
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Thermal data taken with an optical pyrometer sighted on a closed
end refractory tube immersed in the metal gave a good value for the
solidus but no reliable indlestions of the liquidus,

A method used in an attempt to locate the liquidus line was metallow
graphie examination of pressed and sintered briquettes of mixtures of
powdered UC and U which had been heated to definite temperatures for a
long enough time to obtain equilibrium conditions. (20) The monocarbide
which had dissolved in the molten metal was precipitated in the form of
dendrites or lakes. As the liquidus line was approached the dendrites
became larger. In the specimens in which the UC had not completely dise~
solved two aress were visible; (1) an upper zone consisting of undis-
solved UC partiecles which had floated to the top of the specimen (Fig-
ure 11) and (2) a lower area consisting of UC dendrites in a metal
matrix (Figure 12). In those samples in which solution was complete
only large dendrites in a uranium metrix were observed (Figure 13). By
this method an 0.41 wt¥ carbon alloy was found to be completely liquid
at 1950°C, but not at 1700°C,

Though this prosedure conld have been refined to give narrower
temperature ranges and, therefore, more precise results, a more feasible
method was devised which was used to determine the liquidus values given
in FPigure 27,

Cylinders of uranium metal were heated in graphite erucibles at
definite temperatures for a long enough time to allow a carbide layer
to form on the interface between the molten metal and the eruclible and
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for equilibrium conditions to exist between the metal and the carbide
layer. (19)

It had been noted that when uranium was heated in graphite crucibles
for long periods of time a crust formed on the graphite from which the
metal could easily be separated., The microstrusture of a horizontal
cross section of such a sample showed that the outside crust contained
the high melting carbides with UC forming a layer inside of this, and the
center consisted of a uranium metal matrix contalning UC dendrites, The
distribution of phases may be explained in the following manners When
the uranium iz first melted in the graphite erucible, it dissolves car-
bon from the walls and becomes saturated with UC, Additional uranium
earbide that is formed builds up on the erucible wall and this reacts
with the crueible to form higher carbides which in turn build up on the
walls of the crucible, If this process were allowed to continue for a
long encugh period of time the entire sample would consist of the highest
carbide possible, but heating is not earried out long enough to allow
this to oécur. UC and the higher earbides are solid at the temperatures
used in this determinstion, and only the uranium is molten. This molten
uranium reacts with the UC wall until, at equilibrium at a definite teme
perature, it becomes saturated with UC, Since the liquidus line represents
the aolubility of UC in molten uranium at various temperatures, the posi-
tion of the liquidus may be cbtained by plotting the carbon content of
the central portion (uranium metal) of each of the heated e¢ylinders

against its equilibrium temperature.
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Samples for chemical analysis were taken from the center of each slloy,
and, to avold errors due to segregation of the UC on cooling, three or
four vertical sections were analyzed from each sample,

The cylinders, 3 em in diameter and 2,2 em tall, were heated in an
induction furnace and held at the desired temperature i! 500C) for
periods of time ranging from two %o two and one-half hours, Samples
heated for longer perioda of time showed that equilibrium conditions
were reached in two hours, Figure 27, shows the liquidus as determined
by this methed, Each short vertical line represents the degree of
accuracy of the temperature measurements. This range could be improved
by use of a heat source capable of better control than an induection fure
' nace.

-The steepness of the curve up to 1800°C explains why casting of
uraniom in graphite crucibles has been successful. The usual casting
temperature for large scale production of uranium is about 1300°C and
this temperature should result in a maximum carbon eontent of less than
0.1 wt¥ ecarbon according to Figure 27. In ordinary casting procedures,
equilibrium conditions are never approached because of the size of the
charge and the short time approached because of the size of the charge
and the short time during which the uranium is molten. This method

gives finished metal with a carbon content of about 300 ppm.

Bo ;d@asixigﬁt;m Qi gzga a}‘g nga

UG, had been studied by X-ray methods and confirmed as a compound

before the project began. Xe-ray work at Ames confirmed earlier results.
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For detalls see the X~ray section of this report,

knder the mieroscope alloys of composition gzloaa to that of 3203
appear as a two phase area arranged in a striking Widmanstatten pattern
(Figni'es 15 and 16), When examined by Xeray diffraction the phases are
shown to be UC and UCy. At 7.03 wtf earbon, the formula value for 6263,
the maoroorystals are perfectly cuble, but when the carbon composition
is just a litile higher or lower than this value, the cubes are distorted
although the microstructure is practically unchanged., Since the Wide
manstatten structure 1s indicative of a decomposition of a one phase
area, alloys of composition close to that of 0263 were quenched from
various temperatures in an effort to obtain a one phase area but in
each case the typical Widmanstatten structure resulted (Figures 16 and
17). Ewven quenching the molten U,C; in molten lead did not change the
microstructure. (21)

Because of the Widmanatatten atructure appearing within the grains
at this composition, it is probable that this carbide consists of one
solid phase at some high ﬁomratm. Perhaps it 1s a cubie compound
at 7.03% carbon but off to each side of this value it dissolves some
UC or UCy and so distorte its structure, An alternative explanation
is that a solid solution of UC and 1302 exists at high temperatures which
decomposes to give the mierostructures observed, In the phase diagram
presented in this paper, the compound is suggested as a stable phase at
high temperature with some solubility of UC and UC, in it, See the
Xeray section for s further diseussion of the exlstence of U203 as a

definite compound at high temperature,
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Recently Mallett, Gerds, and Vaughan at the Battelle Memorial
Institute (30) have unsuccessfully attempted to obtain a one phase
mierostructure at compositions in the vieinity of that of U0, by
annealing for "reasonable® pericds of time in the temperature range

1250-1800°C, They have found, however, that if a sample of UC, 1s

3
cold worked and then annealed at 1600°C. a monophase microstructure
is obtained, The most complete conversion to one phase is obtained
by heating a sample at 2000%, fu:g #+ hour 1in a vacuum and then cooling
to 16009, The sample is “then held at 1600 degrees for two hours in
a vacuum, being jostled sbout in the eruclible, at intervals by meana
of a remotely controlled tungsten rod during the 16009C. heat treate
ment,." No sample has been converted wholly to one phase, The maximum
econversion has been 90%. Surprisingly it was found that even the small
amount of cold work put into a sample by removing it from a furnace and
placing it in a glass vial on a work bench for a half hour was enough
to osuse some conversion to a one phase area on reheating to 1600 de-
grees, holding at 1600°C. for an hour, and then letting the sample
furnsce cool., Alloys of this composition are spparently one phase only
up to 1800°0. They can be easily converted to UC and UC, by heating to
some temperature above 1800 degrees for a short period of time and then
eooling in the furnace,

Since the positions of the Xeray diffraction powder maxima show
little shift with overall composition of the sample the authors state

that the 6233 structure covers "a very narrow single phase fleld",
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Although there is a narrow single phase field below 1800 degrees Centie
grade, the microstructures obtalned at Ames by the author definitely
show that there must be a fairly extensive single phase field (extend-
ing over approximately 9 atomic per cent) at some temperature between
1800 degrees and the melting point. See section IV F, for a further

discussion of this reglom,

- fo—Mz

The melting polnt wvalues for the compounds in this system were

Table 2

Melting Points of Uranium Carbides

%$C By analysis
Compound (Theoretical) % C of sample used Melting point
L 4480 2.,7% 2250-2300°C
W203 7403 , 6.95 23502400
Ucz 9.16 92.18 23502400

appraximated by heating samples in a vacuum to successively higher teme
peratures and examining them for signs of fusion. The samples were
roughly tetrahedral in shape, approximately 8 mm, high and 4«5 mm, wide
at the base, and were mounted on a graphite disk cut so that there waa
as little contact as possible between the sample and ite support, This

method is not a very accurate one because the carbon present may change
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~the composition of the sample and therefore its melting point, It was

adopted because it was the simplest feasible method which sugpested

itself with the eguipment available at the time of these determinatioms.

The melting points determined in this manner are listed in Table 2,

Distribution of Regions in High Carbon Alloys

Table 3

.G, and IC, (23)

In order to examine this portion of the system a series of carbides

Composition Rumber of regions
Figure %t% Carbon visible Regions
19 48 1l ue
20 5.2 2 UC § delta
21 6459 1 delta
7004 1 delta
22 8,36 2 delta & epsilon
23 2,16 1 epsilon
varying in carbon content from 4.813,0 wt% was prepared. In each of

these samples, except for the monocarbide (4.8 wt%), two phases were

viaible which X-ray analysis showed to be UC and UC,. The distribution

of these phases varied, however, as the composition changed and defie

nitely separate and distinet regions could be observed,

(See Figures

18422} A region may be defined as an area containing the same phases
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in the same proportion throughout. Table 3 gives a summary of the num-
ber and kinds of reglons found in each sample,

As the carbon content increases one notes the regular alternation
of regions. Exemination of the microstructures shows that there is
little doubt that each region must be a one phese area at some high
temperature., Assuming each region to be a one phase area one sees the
regular 1, 2, 1, 2 alternation of the number of phases viaible which ia
characteristic of any phase dlagram. In Figure 18 the only phase
present 1a the dark etching UC., In Figure 19 the phases present at
high temperature would be the dark UC and the delta phase formed from
the striated region visible in the photomicrograph. In Figure 20 the
striated Widmanstatten structure region would appear as a one phase
area (delta phase), In Figure 21 the broad lined region would be
present as delta phase and fine lined structure would be the epsilon
phase, In Figure 22 the laminated reglon would be a one phase area
{epsilon phase).

As noted above in this report all attempts to locate the tempera-
ture at which the delta phase breaks down to UC and UBZ were unsuccesse
ful. Yet its Widmanstatten structure is characteristic of the break-
down of a ons phase area into two phases, The failure of all quenching
experiments to retain the delta phase indicates, therefore, that the
change from a one to a two phase area in this system 1s an extremely
rapid one., In the phase diagram presented in this report (Figure 28)
20009 has been arbitrarily set as the temperature at which the delta
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solid solution breaks down., Because o£ its extreme ranldity it is doubte
ful that the change occurs at a temperature lower than 2000°C, The

exaet location of the transformation line is not now known, however,
with any certainty,

In order to determine whether or not a higher carbide than UCZ
existed, samples aontaihing up to 13 per cent carbon were prepered by
heating uraniumecarbon mixtures up to 2800%, (23) The microstructure
of these sémplea (Figuraa 23 and 2) consisted of precipitated carbon
in UC, plus a few areas of carbon which had never been in aolution,
showing that molten UC, dissolves carbon and that this carbon is pre-
cipiteted on cooling and does not form a carbide higher than UC,. X=
ray study showed no carbide other than UC2 to be present and when the
UG, wﬁs‘diaaalved and the insoluble residue examined, it was found to
be graphite, showing beyond a reasonable doubt that UC, 1s the highest
stable carbide of uranium,

The solubility of carbon in liquid UC, at temperatures above
2400° has been determined by Chiotti by holding samples of molten UCZ
at the desired temperatures in a graphite crucible and analyzing the
resulting alloy for carbion mych as the liquidus between uranium and UC |
was determined, (24) The data for this determination are shown in
Figure 29, The 3000%C temperature was obtained by extrapolating
beyond the calibrated range of an optieal gyrometer and is a rough
figure,

Leray phatogfams have shown that the lamellar phase present in

slowly cooled wcz samples is UC (see Xeray seetion)., On quenching uc,
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from 24009, this lamellar structure disappears and only one phase is
pregent, (FPigure 29) Aecompanying this change in microstructure is a
decrease in the lattice apacings of Wz. The UC Xeray diffraction

pattern and the lamellar microstructure reappeared when these quenched
samples were annealed at 10009 and 2000%C. It seems fairly certain,

therefore, that there is some solid solubility of UC in 062 above 2000°C,

V. Hardness of U-C Alloys from 0-4.8% Carbon

Rockwell hardness walues for alloys up to 4.8 wt per cent carbem
are given in Figure 30, Due to the rather large UC dendrites in the
samples, hardness values varied considerably over the surface of some
of the test pieces, The alloys beyond 4.8 per cent carbon eculd not be
teated with a Rockwell tester because of their brittleness,

VI, ZXeray Study of the Uranium«Carbon System

(25,26)

Xepray analysis of inelusiona aepé.rated from uranium carbon alloys
of less than 4.8 wt4 showed that the Xeray diagram consisted essentially
of maxime from a single, face-centered cubic phase, a, ® oa, 4.9 :. The
separation of these inclusions is described in section I B. Chemical
analysis of the separated dendrites closely approximated the value for
uranium monocarbide and the X-ray data left no doubt that the chemical
analyses were not fortuitous but that the dendrites are a definite

chemical compound, uranium monocarbide,
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The lattice spacings of the purest samples of uranium monocarbide
(prepared from uranium and carbon in an atmosphere free of nitrogen and
oxygen) were determined by using a symmetrical, self-focusing, back
reflection camera of five centimeter radius and copper K radiation.
The lattice parameters have been sorrected by Cohen's extrapolation
as recommended by Jette and Foote,

Spacings varying from 4.951 3 to 4.948 Xwere obtained in various
samples, Examination of spacings in samples containing excess ecarbon
and in samples containing excess uranium showed that there was no con-
sistent varistion of spacing with carbon content but that there did
seem to be a lowering in spacing in samples when nitrogen and oxygen
contamination were appreciable, This point is disoussed more fully
below. It is believed that the most reliable value for the lattice
parameter of the monocarbide is the highest that has been obtained,
namely,

e =4.95 & O = 13.63 g/ee

Uranium monocarbide contains four uranium atoms in face-centered
positions. The probable structure is eonsequently either the sodium
chloride or the zine blend structure, A comparison of the intensity
of reflections (420) and (331) showed that the more probable structure
which corresponds to the intensity distribution is the sodium chloride

structure,

B, : (27)

Regently uranium monoxide and mononitride have been discovered,
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Both of these compounds are isomorphous with UC and all three have near-
ly equal lattics spacings. (Spacings are UN = 4,88 f, U0 = 4.91 g,

e = .95 2). Conditions are therefore ideal for matual replacement

of sarbon, nitrogen and oxygen in a mono-uranium compound,

In all preparations where there was not a careful exelusion of
nitrogen and oxygen the spacing of the monocarbide was lower than when
prepared in an inert atmosphere, In order to confirm this poeint equimo-
lar amounts of monocarbide and mononitride were heated together at 1950°%C
for fifteen minutes., Analysis of the resulting product showed that the
spacings of each compound were changed toward a common average. The

results were as followas

ue ]
Initial Spacing 4.947 * 001 A 4.883 + .00 £
Final Spacing 4.921 2 001 & 40917 & .001 1

The reflections in the heated sample were resolved in a selfefocus=-
ing back reflection camera,

Probably continued heating would have caused a complete converasion
to one phase, Simlilar experiments were not carried out with uranium
monoxide due to the difficulty of preparing this compound but there is
little doubt that replacement of carbon by oxygen is possible.

Reasoning from the evidence presented above it is likely that a
major portion of oxygen and nitrogen impurity in a uranium casting is

contained within the uranium carbide dendrites.
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All Xepray diagrams of samples corresponding to the stoichiometric
composition of uranium sesquicarbide show that at room temperature it
sonsists of a mixture of uranium mono- and di-carbide., Uranium sesqui-
carbide has been reported in the literature as a definite compound but
no microscopic or Xeray evidence has ever been presented to date for
the high temperature form.

There is, however, good evidence that at very high temperatures
UzC3 exists as a definite compound, When material of this composition
(7.04 wt$ C) is melted and allowed to freeze, what appear to be single
perfectly cuble erystals are formed, A ¥single crystal® Xeray diagranm
cbtained from one of these crystals showed that it consisted of uranium
mono= and di-carbide phases which had orystalliszed with their axes
parallel, From the form of the macro-erystels uranium sesquicarbide
is assumed to be cubic but sinece it is stable only at very high tempers-
tures (see section IV D) there is little hope at present of obtaining an
X-ray diagram from this compound unless a high temperature Xray diffrace
tion apparatus 1s used,

Mallett, Gerds and Vaughan report the following erystallographie
data for the single phase sesquicarbide obtained by them below 1800 degrees
Centigrade., The unit cell is body centered cubic with g equal to 8,008 2.
Caleulated density is 12.88 g/ec, The space group is IZBd. Only the
uranium positions were determined and they are in position 16 (e) of the

space group a8 listed in the Internationalle Tabellen zur Bestimmung von
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Krtystallstrukturen (31) with the X parameter equal to 0,20,

As reported in 1931 and confirmed in this laboratory uranium dicare
bide 1s body centered tetragonal and its structure 1s isomorphous with
tﬁat of lanthanum carbide,

Both Xeray analysis and mieroscopic study showed that when uranium
dicarbide is slowly cooled from high temperature or when quenched samples
are annealed, the dicarbide contains menocarbide in appreciable quantities,
Even when a considerable excess of free carbon 1s present the monoecarbide
phase is noted, On the other hand if the dicarbide is quenched from
temperatures above 2400°C no monoearbide phase is present,

X-ray spacings of UC, depend also on thermal treatments., Table 4
eontains spacings of dicarbide treated in variocus ways. Worthy of note
is the fact that the carbide spacing is lower on samples quenched from
very high temperature,

411 of the samples in Table L contain excess earbon (i.e. ecarbon in
excess of the stolchiometric composition for UC, 9.16 wt$). Enough of
this excess carbon was present to be easily visible under the mieroscope.
Hence, all spacings are for dicarbide saturated with ecarbom. The melting
point of the dicarbide is approximately 2375 & 259,

4 review of chemical analyses, X-ray spacings, and microscopic
examination leads to the eonclusion that at some temperature below
24,00° urenium dicarbide is unstable and decomposes into monocarbide and

carbon., It also appears that the spacing of the diearblde is decreased
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by carbon solubllity and that the carbon solubility is appreciable in
the liquid state using with inereasing temperature but is much less in
the solid state falling off to an insppreciable quantity by 1000°.

The deerease in uranium dicarbide lattice parameter with inoreasing
carbon eontent shows that the dicarbide is probably not an interstitial
solution of carbon in uranium. If it were an interstitiél solution of

carbon in uranium one would expeet an increcase in lattice parameter with

inereasing ecarbon content,

Table 4

lattice Parameters of Quenched Samples of 602

rrugtéan# of UC, &a?:§§e Pnr?zgtors
Cooled slowly to room temp, 3.517 g 5.987 K
Quenched from 1000°C 3.517 5,985
Quenched from 2400°C 3.509 5,962
Quenched from 2700°C 3,505 5.951

It seems best to regard the dicarblde as conslsting of relatively
negative 62 ions with small positive ursnium ions contained within the
interstices of the negative ions, A decrease in lattice spacing with
increased carbon content could then be aseribed to a defieiency of
uranium in the carbide leaving some of the interstices vacant with a

consequent shrinkage in the molecule., A similar phenomencn occurs in
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uranium dioxide whose lattice spacing decreases as the oxygen content
is increased,

If the above interpretation is correct the larger values of the
dicarbide spacing correspond to pureﬁdiearbide. Hence, for
3&2 a = 3,517 X e ® 5,687 E P = 11.68 g/cmB.

The substance of this Xray section is taken from a report by the
- Amss Xeray groun ccnaistihg of Dr, R, E. Rundle, A, 8, Wilson and K,
C. ﬁganziger. A more complete discussion of the X.ray structures of
uranium carbides is given in "X-ray Analysis of the UraniumeCarben

Systen" in Volume XI ¥ of M,P.R. and also in reference (42).
ViI. Polishing and Etching

To study microstructures samples were ground through a 4/0 Behre
Manning emery paper and then polished on a Gamal or billiard cloth with
a soap susvension of levigated alumina, | _

For lom carbon (0-4.8 wt% C) samples an electrolytic polish (14)
was used consisting of

5 parts 85% phaaphorié acid

5 parts ath&lane glyeol

8 parts ethyl aleohol

The current density usually used was 3~5 amp/sg.dm. for about 10
minutes, Good results were obtained using 18 volts and a bath temperae
ture of 30-50°C. Using a lower current density, this bath served as an
etoh, Oxalic scid (104 solution) and 2% nitric acid were also used as

electrolytic etches for samples in the 0-4.8 wt% region,
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The carbides could be satisfactorily etched by a short dip in l«l
HNO; solution which gave high contrast. Finer detall was brought out
be a 10% oxalie acid electrolytic etch,
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Fige 1 =~ Uranium metal of high purity. 10% oxalic acid electrolytic
etch, X 10,

Fig. 2 = 3egregation at top of production ingot. Top 0.325 wt% C,
Bottom 0,123 wt% C. Unetched. X 50.

Fig. 3 = 0.0065 wt% C. Uranium plus UC inclusions. Fine material in
background is due to Fe impurity. ZElectrolytic polish. X 5C,.

Fig, 4 = 0.0443 wt% C, Uranium plus UC inclusions. Electrolytic polish.
£ 50,
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8

0,203 wt% C, Uranium plus UC inclusions. Unetched. X 50,

3

5
¥Fig, 6 - 0,70 wt% C, Uranium plus UC inclusions., Unetched. X 10.

2.33 wt% C. Uranium in grain boundaries. UC inclusions.
Electrolytic polish. X 200.

tzi
[N
m
-
~3
L]

Fig. 8 - 2.12 wt% C. Uranium in grain boundaries. UC inclusions.
Electrolytic polish, X 500.
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11

4e83 wt?d C. UC., Dark spots are voids, 10% oxalic acid

Figo 9 -
electrolytic eteh. X 500,
Fige 10 = 4.8 wt$ C, UC inclusiong separated from alloy containing 1.50

wt? C. X 10,
Upper zone of U-UC briquette heated to 1700° C.

0.41 wt% C.
X 100,

Electrolytic polish,
Lower zone of U-UC briquette heated to 1700° C.

X 100,

Fig. 11 -

0.41 wt% C.

Fig. 12 -
Electrolytic polish,



Tig. 13 = 0.41 wt? C. U=-UC briquette heated to 195CO C. Electrolytic
polish, X 100,
Fige 14 - 7 wt# C (approx.). Typical decomposed delta phase Vidmanstatten
structure. 10% oxalic acid electrolytic etch. X 50.
Fig. 15 - Same sample as shown in Fig. 15, 10% oxalic acid electrolytic
eteh., X 100,

Mige 16 = 7.03 wt% C. Lelta phase quenched from 1900° ©.
acid electrolytic eten, X 200,

10% o xalic
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19 20
Pig. 17 - Sameé sample as shown in Fig. 16, 10% oxalic acid electrolytic
etch., X 500,
Dark spots are voids. 10% oxalic acid

Fig. 18 - 4083 Wt% Co UC.
electrolytic etch.
5.2 wt% C. UC and decompnosed delta phase., Dark phase is UC,
Banded areas are decompoged delta phase. 1-1 HNO etch. X 500.
3
Bands are UC and UCz.

X 500,

6.59 wt?% C. Decomposed delta phase,
1-1 HNOB etch, X 500,

]

Fig. 20
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24

23

Fig. 21 - 8,36 wt? C. Decomposed delta and epsilon phases., Broad lined
areas are decomposed delta, Fine lined material is decomposed

1-1 HNO, etch. X 500,

epsilon, 3
Fig. 22 - 9 wt% C (avorox.). Decomposed epsilon phase. 1-1 HNOB etch,
X 500,

Pig, 23 =~ 11.0 wt% G, Decomposed epsilon phase and C. Thite areas are
104 oxalic acid electrolytic etch, X 500,

graphite inclusions.
g. 24 - Decomposed epsilon phase and G, Dark inclusions are free

Fi
graphite, Unetched. X 250,
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10,66 wt% C.,
phase and O,
quenched from 2700° C,
No laminations due to
decomposed egsilon phase
are visible ir this
sample even at 1000 X,

Epsilon
Sample

1-1 HNO, etch, X 500.

3

Juenched sample, shown
in Fig. 25, annealed at
2200-2300° C, for 20
minutes. 10% oxalic
acid electrolytic etch,
X 250,
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THE STRUGTURE OF DIMETHYLBERYLLIUM AND ITS BEARING ON CHEMICAL VALENCE
I. Introduction and Historical Background

In recent years there has been much interest in electron-deficient
compounds, Electron~deficient compounds are those which do not contain
enough electrons in the valence shells of the conatituent atoms to proe
vide an electron pair for every bond which may be assigned, in the cone
ventional manner, to adjacent pairs of atoms, The compound of this
type which has been investigated moat thoroughly, by a wide variety of
experimental methods, and which has been discussed at greatest length
from the theoretical viewpoint is diborane (Bzﬁé). Since discussions
of the diborane molecular structure serve as a prototype for many dis-
cussions of electron-deficient compounds we shall examine this compound
in some detall,

Practically every remotely reasonable type of structure attainable
by permutations in the positions of two boron atoms and six hydrogen
atoms has been proposed for diborane (32), but experimental evidence
has supported only fwo of these, namely, the ethane and the bridge
structures. The ethane structure is similar to the arrangements of
the carbons and hydrogens in ethane, but with the boron atom replacing
the carbon atom. The bridge structure, first proposed by Dilthey (33)
and Core (34), is shown below. Its configuration is simlilar to that

proposed for the aluminum chloride dimer,
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The experimental evidence for each of these structures ia given
below,

@ = Diborane reacts with electiron donors to form
molecules with no electron deficiency, but this sort of reaction does
not give any information in regard to the originel configuration, The
fact that at the most only four of the six hydrogen atoms can be sube
stituted by methyl groups indicates that perhaps the two unsubstituted
hydrogen atoms ogcupy a unique position in the molecule. This supe

poasition is more in harmony with the bridge than with the ethane~like

eonfiguration,

g » The X=pray diffraction determination of the crystal
structure of the s0lid by Mark and Pohland (35) has often been quoted
as support for the ethane structure, but examination of their peper
ghows that although the boron positions were approximated from the
intensity data, the hydrogen positions were merely assumed,

tign ~ Elestron diffraction data obtained by Bauer (36)

was originally interpreted by him as favoring strongly the ethane
structure. Subsequently, Bauer and others (36) showed that the data
conld also be satisfastorily interpreted on the basis of a bridge

atructure,
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Shand (37) investigated tetramethyldiborane by electron diffraction
and found that the data were better explained by an ethylene-like

strueture than an ethane«like structure, Thias evidence supports the

bridge model.

a -« The Raman spectrum of liquid diborane was
investigated by Anderson and Burg (38), The infra red spectrum of the
gas was investigated by Stitt (58) and Price (40). Early attempts were
made by Stitt to interpret his data on the basis of the ethane model
by the use of various gd hoc assumptions about low-lying energy levels
and resonance splitting., Even with this method of approach frequency
assignments were not very satisfactory.

Bell and Longuet-Higgins (39), Price (40), and Webb, Neu and
Pitzer (51) have shown that the vibrational data are consistent with
a bridge model but not an ethane model,

g - Stitt (58,59) used his specific heat data to cale

culate the barrier to rotation of the hydrogens in diborane. These
calculations led to a potential barrier of 4000-6000 cal./mol. for
diborane in contrast to a barrier of only 3000 cal./mol. for ethane,
Taking supposedly low-lying energy levels (needed to explain the infra
red date on the ethane model) into account he obtained an even higher
barrier to rotation of the hydrogens in diborane. Longuet-Higgins and
Bell (39) point out that potential barriers of this type are due to
interactions of hydrogens and/or partial bond character in the central
link. On either basis one would expect less hindered rotation in di-
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borane than in ethane since the hydrogens would be farther apart than
in ethane and the amount of double bond character in a boron-boron
bond should be less than in carbonecarbon bond, ,

In addition to Longuet-Higgins and Bell (39), Nekrassov (41),
Sirkin and Diatkina (42), and Pitzer (43) reviewed the experimental
data and concluded that the bridge structure is the most probable one,
Pitzer described the bridge bonds as %protonated double bonds®, His
ideas were similar to those of Wiberg's (32), suggested years before,
except that Pitzer was more specific about the location of the bridge
protons, Pitzer's deseription implied that the gn? orbitals of each
boron atom were involved in two B~H bonds and one BB bond. The two
lobes of the remaining p orbital om each boron atom overlap with the
8 orbitals of hydrogen above and below the plane of the moleculse,
Rundle (44) has pointed out that this orbitsl arrangement leaves one
elactron pair to bond both bridge hydrogen atoms, so that they have a
formal charge of + 4 and might be expected to be weakly bound and
acidiec, Rundle suggested the use of tetrahedral orbitals of boron to
form BeH bonds with the g orbital of hydrogen. If Rundle's arrangement
of orbitals is correet no formal charges are necessary for the hydrogen
atoms, and the hydrogen atoms are bound more firmly than ascording to
Pitzer's suggestion, The type of bonding suggested by Rundle also
helps to explain Burg's observation (60) that no acidic hydrogens are

present in diborane.
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Walsh (45) favored a type of bonding which may be represented as

folloms

\ Y4
B B

/NN
(ne of the consequences of %alsh's proposal is that the terminal hydro-
gens are not éa’plamr which is in conflict with the experimental evi=
dence obtained from infra red and Raman spectra, Among other sugges~
tions was that of Burawoy (46) who proposed that the association in di-
borane is caused by hydrogen bondiiag. The electronegativities of hydrow-
gen and boron are so nearly alike, hmevér, that one would not expect a
very strong hydrogen bond to form in diborane, Several authors (47,48,
49) have suggested a resonance formulation of the bridgs bond, The

hypothetical separate resonating structures are shown below,
H H 4
B B
./ N AN

NN Ny
NN N, \
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Although it is usually not considered that the two parte of a molecule
ean be held together sclely by resonance stabilization, theoretically
there is nothing to §revent this from happening.

Mulliken (52) has applied the molecular orbital method to the
structure of diborane, His early treatment, based on the ethane model,
predicted that this compound should be paramagnetiec, This prediction
was not borne out experimentally., Utilizing Pitzer's suggestion (43)
that the structure for diborame could be derived from ethylene by
1maéining the removal of a proton from each carbon nucleus, Mulliken
has enumerated the moleculsr orbitales and found that they are similar
to those of ethylene except that the 7T orbitals now include the pro-
tons as well as the boron nuelei, Mulliken also found that there should
be considerable overlap of the 2p orbitals of boron even at single bond
distances, which makes the éxistenee of a double bond seem wery probable,

Lately it has been shown (57) that electron-deficient bonding is
not a rare ogcurrence. Such bonding is to be axpeeted whenever certain
rules, which will be presented later, are satisfied (56).

Trimethyl aluminum is known to exist in the dimeric form and,
>thora£orm, the aluminum alkyl dimer must contain electronedeficlent
bonds, A bridge structure has been proposed for this molecule also,
but opinions differ in reference to the type of bonding present in the
bridge., Pitzer and Gutowsky (53) proposed the following structure for

this compound,



Pitzer and Outowsky suggested that the negative carbon atom is
attracted to the positive aluminum core, Rundle has suggested that the
hydrogen atom between aluminum and carbon must interfere with this
attraction and in faect the weak C-H dipole has its positive end directed
toward the aluminum, The bond cannot be a ®protonated double bond"
since it is unlikely that aluminum would violate the octet rule., Ale
though the polar nature of the bridge bond proposed by Pitzer and
Gutowsky is not unlike a hydrogen bond, Rundle states that it camnot
be as strong as such a bond between very electronegative slements,
and, in faet, he doubts that eucﬁ 8 bond would be strong enough to
overoome the decrease in entropy accompanying dimerization., As an
alternative to Pitzer and Gutowsky's ideas Rundle (56) has proposed the
following strucutre for the aluminum alkyl dimer, This structure will
be discussed in the light of results obtained for dimethyl«beryllium in

a later section of this thesis.
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Another interesting electron-deficient compound is tetramethyle
platinum ﬁhosa structure was determined by Rundle and Sturdivant (54),
Since this compourd is a solid at room temperature the authors were
able to determine its structure by means of Xray diffraction which is
 less ambiguona than are other methods for the determination of molecular
structure, The tetramethylplatinum molecule is a tetramer with platinum
atoms and methyl groups at the corners of a distorted cube, Bonded to
each platinum are three external methyl groups. The bonding around
platinum is essentlally octahedral and presumably the bonding arcund
the cube~corner carbons is octahedral also, although the hydrogen atoms
cannot be located by X-ray methods in this particular compound. The
platinumeplatinum distance, 3.44 4., is much too long for any metale
metal bonding, 8o that metalenon-metal eleetronedeficlent bonding is
the only bonding holding the tetramer together, The question of the
importance and necessity for metalemetal bonds in electron deficient
compounds will be discussed more fully later,

Metals are regarded as examples of electron deficlent bonding

according to several points of view (61,62), but these ideas will not

be discussed here. Rundle (55) has also shown that the formation and

properties of various interstitial compounds can be understood on the
basis of his theory of electron deficient bondinge.

Runﬁle (56) has formulated some general rules which predict when
elaétranndaficienx bonding is to be expected. He explained electron=
deficient bonding as caused by the great tendency of an element to use

all of its lowslying orbitals in bond forration even at the expense of
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& lower than normal electron density in some bonds, For such bonding
to occur, the sum of the strengtha of the electron~deficient bonds
formed must be greater than the bond strengths of the alternative non-
polymerised non electron-deflicient compounds. On the basis of semi-
quantitative caleulations Rundle (57) has shownvthat for diborane the
sum of the strengths of two electron~deficlent B-H-B bonds is apnroxie
mately 30% greater than for & single B-H bond,

Aocording to Rundle (56) electron deficlient bonding is to be
expected in a compound, one of whose constituents has an excess of low
energy orbitulslovar valence electrons and is, therefore, usually a
metal and the other component is one which does not have a surplus of
low energy orbitals over electrons and is, therefore, usually a non-
metal. The electronegativities of these elements must not be too far
apart since the stabilization of the electron deficient compound is a
resonance stabilization and the gain in stability will be greatest if
the electronegativitics are equal. ¥When the conditions described are
fulfilled the non-metallic constituent will use one orbital to form more
than one bond and so is, in a gsense, orbital defieient. Since in many
of the examples congidered one electron pair occuples two bonds these
bonds have been designated as ®half bonds®,

On the basis of the ideas presented above it would seem likely
that in dimethylberyllium, a solid subliming at 200°C,, the beryllium
atoms would tend to form four tetrahedrally directed bonds to the care
bon atoms and that the Be~C bonds would be electron deficient, There

is some danger in such a predietion since trimethyl boron, which also
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might be expeoted to polymerize, exists only as a monomer. Iwo rea-
sons for the non-polymerization of trimethylboron have been advanced (56).
One is that since boron has a small tetrahedral covalent radius the four
membered ring formed would be under considerable strain, Beryllium has
a larger covalent radius and, consequently, there would be less strain
in a four membered berylliumemethyl ring. Another reason for trimethyl
boron remaining monomeric is stabilizetion caused by the greal hypere
conjugation of the three methyl groups with the boron atom. Evidence
for this hyperconjugation is given by Mulliken (52). In dimethyl
beryllium there would be much less stabilization by hyperoonjugation
of only two methyl groups, Another factor, which may have some lmpore
tance, is that in monomerie trimethyl boron only one stable low-lying
orbital remains unused wheras in a hypothetical monomeric dimethyl.
beryllium two atable orbitals would remain unused,

Considerations such as those outlined above led us to undertake

determination of the strueture of dimethylberyllium,
IX. Preparation of the Compound

Dimethylberyllium was prepared according to the method of Gilman
and Sehulze (63). In this method the compound is prepared by means of
a double decomposition reaction between beryllium chloride and methyl
magnesium iodide,

The apparatus used for the preparation is shown in Figure 31,
This apparatus 1s basically the same as that used by Gilman and Schulze

with the exception that here ground glass standard taper joints were
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Fig. 31 - Aoparatus for preparation of dimethylberylliium.
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used throughout and there were some modifications in the manner in which

solutions were added to the reaction flask F and also in the design of

the receiving flask G, Due to the reactivity of the product with air

and moisture all preparative operations were carried out under a nitrogen
atmosphere. The nitrogen was purified by passing the dried gas over

heated copper oxide and uranium nitride according to the procedure of

Newton et al. (64).
Magnesium turnings were placed in reaction flask, F, and the

apparatus was then assembled., After removal of air by passing nitrogen
through the system and allowing the gas to exit at H, the apparatus was
then sealed at H by attaching a piece of small bore rubber tubing closed

Ethyl ether was added from the droppling funrel, E,
After

by a screw clamp.
and methyl iodide was then added from the same dropping funnel.

preparation of the methyl magnesium iodide, an ether solution of beryle

lium chloride was added from the dropping funrel, P, Excess ether was

removed by stopping the cireulation of water in the condenser, 0, and
heating the flask up to 150°C. This ether was collected in the cooled
flask, C. After distillation of the ether the water was gradualiy

allowed to cool the condenser, O, and the concentrated solution was

distilled into the receiving flask, G. The solution in G could be cone

centrated by back distilling the excess of ether into F. In this method
it is difficult, as pointed out by Gilman and Schulze, to know when the
distillation is finished, but since only enough material for an X-ray
examination was wanted yield was not a primary consideration, so that

distillations were arbitrarily discontinued after ebout eight hours,
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Rhen the distillation was considered complete the tube, I, of the
apparatus shown in Figure 32 was attached at H to the preparative
apparatus. The newly attached section was evacuated by attasching it
to & vacuum pump at M. The screw clamp at H was then opened 2nd solu-
tion in G was quickly transferred into J. The tube, I, was then sealed
off and the apparatus was attached to & vacuum system at M. Before
attachment to the vacuum system the solution in J was cooled by a dry
ice trichloraethyiene ﬁath. After attachment its temperature was
allowed to rise gradually and the bulk of the ether distilled into a
cooled receiver in ancther part of the system., After most of the
ether héd distilled white crystals were left behind which were puri.
fied of the last traces of ether by subliming them back and forth
under a vacuum of better than half a mieron, The erystals were then
distilled into the ecapillaries at K, short lengths of which were then
gsealed off, The excess crystals were sealed off in the tubes above
the ecapillaries for storage,

Obtaining material from storage tubes was somewhat of s problem.
A drybox transfer under & nitrogen atmosphere was possible but whene
ever this procedure was followed there was always some loss of material
dus to oxidation. A better altermative adopted is shown in Figure 33.
The tube containing the dimethylberyllium powder was placed at 0 between
the two halves of a ball-and-socket standard taper joint, After evacue
ation of the apparatus the tube was broken by bending the ball-and-
gsocket joint, The apparatus was then disconnected from the vacuum

system and the glass and powder were poured into the reservoir, 8.
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Fig, 32 - Apparatus for filling capillaries with purified dimethylberyllium,
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Fig. 33 - Apparatus for obtaining material from storage tubes,
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The apparatus was then reconnected to the vacuum system, a seal-off made
at X, and then the dimethylberyllium eould be sublimed wherever wanted.
For obtaining Xeray powder diagrams, the eapillaries, loaded as
deseribed, could be used directly, but since, as shall be shown, the
erystal structure 1s too complex to be solved by powder methods alone,
single crystals were necessary. The obtaining of single erystals of
large enough size and loeated in the desired orientations in a capillary
was the most timeeconsuming part of this investigation. The method first
used was to grow the erystals in a thiek tube by subliming them under
a temperature gradient, The tube was then broken under a nitrogen
atmosphere and the largest most perfectly formed orystals were worked
into thin capillaries made of Pyrex or Lindemann glasa, The capillaries
were temporarily sealed by a bit of medeling elay and then were per-
manently sealed by a coeting of pyseal wax over the modeling clay upon
removal from the dry box. The crystal would usually stick to the clay
and would be held firmly in place., Although some early Welssenberg
diagrams were obtained ffmm erystals mounted in this way this method
was, in general unsatisfactory. One of the drawbacks was that there
was always some slight cmid@tion of the erystal, although this was not
too serious a faotor. A more serious difficulty wes in loading the
extremely fragile capillaries in the dry box. The capillaries had to
be made as thin as possible because all of the components of dimethyl-
beryllium have a poorer X-ray scattering power than the oxygen, siliecon
and sodium of the glass. In handling, the thin capillaries were easily

broken. The glass scattering could be lessened by using Lindemann
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glass, a lithium beryllium borate glass, which was satisfactory enocugh
for dry box tranaférm but was not satisfactory for attachment to the
vacuum system, Another diffieulty was the fact that this compound
under sublimation grows in the form of needles which have a great
tendency to form twinned crystals or a-gregates of erystals which

grow with their needle axes paralled with the other two major axes
rotated with regpect to each other, In practice, what appeared in
the comparatively poor visibility of the dry box to be a single, large
eross~gectioned needle often appeared under Xeray examination to be
composed of many erystals, This situation was so bad with sone crys-
tals that it was possible to obtain what apreared to be a complete
rotation Xeray diagram without rotating them at all.

Beecause of these difficulties the crystals were grown directly by
sublimation in the capillaries in which they were to be mounted on the
camera, The capilleries which contained a smell amount of dimethyle
beryllium powder were ovut into a pyrex tube around which was wound
nichrome wire with a dacraqfing dengity of turns per unit length of
tube so that there was a fai;ly continuous temperature gradient along
the length of the tube, The input voltage was controlled with a Variae
and the progress in the growth of the erystal could be followed by
plaeing the tube on the stage of a low powered microscope, Here the
problem was isolation of a single orystal from all of the other eryse
tals and orystallites present. By distilling slowly one could, if

fortunats, start growing only a few crystals or, if very fortunate, one
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erystal and by cautious heating arocund the erystal one could drive most
of the other material away. Usually a little powder remained which
added to the background on the X«ray film, especlally at low angles,
These crystals were fibrous in character and showed a tendency in many
cases of growing as many thin erystals from a single nucleus rather
than one single crystal. The growth properties of the crystals are
consistent with the determined structure but they are of a nature which
ereates many experimental dirficultiai.

Iwo crystalline forms of this compound were noted under the polare
izing mieroscope, The neéﬁla»liké farﬁ, which is stable at room teme
perature shows only parallel éxtinctien between crossed Nicol prisms,
The other form shows extinetion al all orientations between orossed
Nicols and is therefore 1aetiap1c. This second form was cbtained in
some sublimations at first but after standing at room temperature would
transform in approximately ons<half hour into the birefringent form,

On some samples of the isotropie form apparently square and triangular
faces, perhaps corresponding to the (100) and (111) faces of a cube,
were obgerved, Attempts to stabilize this form by cooling a capillary
containing it to the temperature of a dry ice trichlercethylene bath

were unpuccessful,

III. Identification of Dimethylberyllium

As shown above, this material was prepared by sxactly the sawe
method used by Gilman and Schulze (63). The physical properties, in

regard to sublimation temperature and external appearance of the crystals,
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were simllar to those desoribed by them, The purified erystals were
dissolved in ether and tested for a metal-carbon linkage with Michler's
ketone, according to the procedure of Gilman and Schulze (65), An im~
mediate positive color test was obtained, in sccordance with the results
obtained by the anthors cited, Since the reported physical properties
are of a qualitative nature a rough chemical analysis was performed
for the author by ¥r., Ayres of the Institute for Atomic Research at
Ames., A beryllium analysis performed on a small amount of sample gave
a value of 27 ¥ 5%. The theoretical value is 23.09%. The large limits
of error are due to the small size of the sample used. Even at its
widest limits this analysis is sufficiently accurate to eliminate the
possibility of an etherate existing or of oxygen atoms being implicated
in the structure. In addition, the experimental density of 0.88 ¥ 0.10
g/ec. checks well with the X-ray density of 0.88 g/ecc. As shall be
ghoan, the symmetry of all possible space groups demsnd that all of the
carbon atoms must be equivalent. The presence of methyl groups is shown
by the fact that the hydrogen positions must be included in order to
ascount for the intensities of low order reflections. Furthermors,

the hydrogen electrons must be asymmetrically placed with respect to
the carbon atoms which indlcates that the methyl groups cannct be re-
placed by an atom of higher atomic number, such as nitrogen, which
would have a symmetrical arrangement of electrons around the nucleus,
The evidence listed above plus the excellent agreement of ocalculated
and observed intensities comprise a sufficient proof of identity for
this compound, In order to aid in future identification of dimethyl-



beryllium a list of d values and relative intensities ig given in
Table 5.

IV, Determination of the Structure

Diffraction data were cbtained by means of Welssenberg, precession
and powder cameras, The radius of the Weliasenberg camera was 2.8, om,
The rsadius of the powder camera wss 5,73 enm,

Weissenberg diagrams were obtained using filtered copper K< radia=
tion and filtered and unfiltered molybdenum Ko< radiation. Precession
diagrams were obtained using filtered and unfiltered molybdemum Ko

radiation.

B,

Intengsities of Welasenberg reflections were estimated by the
sultiple film technique using five films, The factor between successive
films for copper K« radiastion was sssumed to be 3.7 for the Eastman
Kodak No-Screen Medical Xeray film which was used for all exposures,
Some precession diagram intensities were alaoc estimated by the multiple
film technique, Silver foll was placed between these films to increase
the absorption of the molybdenum radietion, leading to a combined absor-
ber-film factor of 5.3. Some intensities on precession dlagrams were
estimeted by means of a series of timed exposures with a ratic eof two

between successive exposures. For zones where only single films were
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available, intensities were determined by comparison with a series of
~ f1lms whose intensities had been determined by the multiple film tech-
nique,

Intensity data for the (hk0), (bkl), (o), (0kf), (1x0), (3xf),
and (hh/) sones were obtained on Weissenberg, rotation, and precession

ﬂiagrm .

C. Laue Svameiry

All Welssenberg and precession diagrams obtained around the three
major perpendicular axes showed the symmetry C2/, The Laue symmetry is,
therefare, D2h which is the orthorhombic diffraction sysmetry,

The lattice constants determined from hkO and Okl precession dia~-
grams for the orthorhombic unit cell are
8, 3 6,14 20,01 A,
be “11.53 ¢ 0.01 A.

oo = 4.18 ¥ 0.02 A,

The density of dimethylberyllium was determined by flotation come
parisons in a series of liquids. The erystals were heavier than
‘Skelly A (€= 0.4 gfcc) and cyclohexane (O 0,78 g/ec) and were lighter
than chlerocyclohexane (O 2 0.98) and chlorcbensene { 0= 1.11 g/ec).
The caleulated densities for two, four, and six Be (033)2 units per
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cell are 0.44, 0.88, and 1,32 g/ce, respectively. Since this compound
1s body-centered the number of 30(633)2 units per cell must be a multiple

of two. Comparison of caloulated values with the experimental range
leads to four ﬁe(@ﬁ;)z units per cell,

The Miller indlees of all reflections from dimethylberyllium can
be represented by the following relationships,

Reflection Condition for Appearance
(nk ) L+nsks2n
(hk0) hekZ2n
(ox/) ‘ k®2n, =2n
(n0) h=2n, =2n

The symbol n denotes any integer, The condition that, for all re-
flections, the sum of the indices must be even indicates body centering,
The (Ok() and the (h0/) data indieate the presence of b and g glide
planes, respectively. All observable (Ok/) and (h0f indices conform-
ing to the requirements of a body-centered lattice are listed in Table 6,

The number of extinetions cbserved for odd indices makes it proba-
ble that the glide planes really are present and that the odd index
oxtinctions are not merely accidental. On this basis the two most
probable sgpace groups are ngalbam and G%%-Iba in the nomenclature of
the Internationalle Tabellen zur Bestimmmg von Kristallstrukturem (31).
The small number of reflections observed to be present is due to the
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Table 6

" Observable (h0/) and (0k/) Indices

(h0() Reflections (0k/) Reflections

he2n; /s2n  haznel; [ =2nel he2n; /320  h=2nsl; {z2nel

* (200) (101) * (020) (011)
# (400) (301) « (040) (031)
* (600) (501) » (060) (051)
» (002) (103) » (080) (os1)
* (202) (303) # {0°20°0) (o)
* (402) (503) % (0°12+0) (091)
(602) (10%) » (002) (0elle1)
» (004) (022) (013)
(204) * (042) (033)
» (062) (053)
(080) (015)

(0+10+2)

+ (004)

* (024)

(044)

* (064)

(084)

# This symbol indicates cbzerved reflections,
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smallness of the lattice constants in the a  and o, directions and also
to the large temperature factor which greatly weakena reflections of h
or k index which are of large magnitude compared to the index. The
temperature factor will be dimcusged in detail in a later section. If
one of the glide planes is not present the two most probable space

D3S.1ame and c32-Im, Caloulations mde on the basts of

groups are
the b glide is not present in the space group p28.Tama showed that,
for this assumption, this space group is eliminated since no poseible
parameter values could account for the uncbserved (h0() reflections

where the individual indices are odd.

The intensity, I, of a reflection from a given plane of Miller

indices, (hk/), may be represented as follows
I = KFFLPAMT

Rere F is the structure factor, which will be defined in the next
equation, F* is the complex conjugete of ¥, K contains universal
econstants plus the intensity of the incident beam, the exposure time,
and factors dependent on the size of the erystal irradiated., These
factors enter into K in such a manner that the intensities of reflec
tions from the same zone measured on films exposed under different
conditions are directly proportional to each other. L is the Lorents
factor which takes into agcount the varying times different planes are
in position to give a reflection, P is the polarisation factor which



corrects for the fact that s polarized source of Xerays is assumed in
the derivation of XK, whereas the incident beam is actually unpolarised.
A i3 the sbasorption factor which takes into account absorption of X-
rays by the ocrystal., M is the multiplicity factor uhich counts the

nunber of equivalent planes which contribute to the same reflection.

Table 7

Possible Atomlc Positioms for Be (t)‘i!3)2

Space Group Positions

[

6ZL.1ve 4 (a) 00z3 0,0,1/2 & 5

8: (o) xyz; Xyzs x,¥,1/2 ¢ 33 X,y,1/2 ¢ 2
D28-Tban 43 (a) 0,0,1/45 0,0,3/4

8: (3) xy0; X305 x, ¥7,1/2; X,¥,1/2

Add (000) amd (1/2,1/2,1/2) to each position.

T is the temperature factor which takes into account attenuation in the

intensities of reflections caused by vibrations of the atoms,
Frye 3 £3 exp 2ri(hxy + kyy -l-sz)
In this equation fi is the atomic scattering factor which represents
the ratio of the amplitude of the incident beam scattered by an atom
to that scattered by an electron., The asymbols, Xgs Yqo end 3z, are the
parameter values for each atom and locate the positions of the atoms in

the unit cell in terms of the fraction of a translation along the three

major axes of the cell.
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The only space groups that will be considered are Cgi-lba and
ng-lbam. Possible atomic positions are listed in Table 7. The other
posgible four-fold positions available in both space groups are equiva-
lent to those listed since they do not change the relative positions
of the beryllium and carbon atoms but merely involve a change in the
origin of the unit cell. The other eight-fold positions in D;ﬁolbam
are impossible because they do not allos any reflections to appear
with odd index and many of these are observed.

In Ggi-xba the square of the structure factor, FF*, is equal to

FF* = 26(2,.% o 25,1, cos 2L 3 o £5%)

Since (008) is observed to be much of greater intensity than (006) the
z parameter is restricted to regions around 4. By noting at what value
of the parameter, z, the intensity of (006) will equal that of (008)
one can set safe limits on the z parameter, This procedure gives the
value; 2 2 0,25 ¥ 0.03. 1In space group D§§~Ibam the structure factor
for (00f) data if 3 is equal to O is

Fe éfBB * 8fc
If z is equal to # the corresponding strueture factor is

F = 4fp, cos 2TL/L » 81,

If the parameter is 0 one would expect a continuous normal decline of
intensity at high orders due merely to the Lorentz and Polarization
factors, For a parameter value of % there should be an alternation of
intensities. Since there aectually 1s an alternation of intensities

the parameter in this space group must be }, The only difference
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between the space groups is In the placement of the beryllium atoms
with respect to the planes of carbon atoms, If the beryllium atoms
are located exactly halfway between the planes containing the earbon
atoms the space group is Dgg-xbam. Any deviation from this position
makes the space group C%%bea. Since the z parameter is not dise
tinguishable from ¢ in the nonecentrosymmetrieal space group we shall
consider it to have exactly this value and, therefore, in all of the
discussion which follows shall consider only space group Dgg-lbam.

Since the structure factors for (h00) and (0kO) reflections have
exactly the same form, the values of the x and y parameters may be
obtained in exactly the same manner., The form of the structure factors
is given below,

F = Aifp, ¢ 8!6 cos 2TThm mExXory

Both of these equations contain just one unknown, the parameters
themselves. By plotting caleulated values of P2 against possible para=-
meter values of x and y, respectively for variocus orders of (h00) and
(0k0) and looking for regions on the plots where calculated ratios of

correspond with observed ratios one may obtain regions of possible
parameter values, Observed values of ¥ for {h00) and (0kO) refleetions
are listed in Table &,

The condition, cmoeo)zeccso) L F2(0°10°O), leads to the
following regions of parameter values for y,.
0.096-0,102
0.120-0,190

0.398-0,404
0.310-0,380
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The condition that F2(200) > F2(400) £ F2(600) leads to the follow-
ing regions of parameter values for x,.
0.07-0.09
0.17-0.19

0e41=0.43
0.31-0,33

Table 8

Observed Fz Values for (h00) and (0k0) Date

Indices (n0O) 7 Indices (Ok0) P2
(200) 212 (020) 316
(400) 34 (040) 251
(600) 59 (060) 91

(080) 85
(0*10°0) 110

Ruling out duplications due to crystallographically identically

sets the following parameter pairs are possible,

x | vy
A 0.07-0.09 0.096-0,102
B 0.,07~0,09 04398=0,404
C 0.07-0.09 0.310-0,380
D 0.,07-0.09 0.120-0,190
E 0.17-0.19 0.096-0,102
F 0.17=0.,19 0.120-0,190
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G 0.17-0.19 0.398-0,404
H 0.17-0.19 0.310-0,380
I 0.41-0443  0.096-0,102
T 0.41<0.,43 0+120+0.190
K 0.31-0.33 0.096=0,102
L 0.31-0.33 04120-0,190

The observation that (150) was not observed whereas (170) was
present served to eliminate groups B, D, F, H, I, J, K, L. The condie
tion that (220) is absent served to eliminate C, F, G, J, K., Comoarison
of (200) and (020) led to a strong reversal for set A. The condition
that (022) is absent also eliminated set A. The only set which was
possible was set E, The unrefined parameter values, therefore wers

x = 0,17-0.19
¥y = 0.096-0,102

In addition to the trial-andeerror method of determining approximate
parameters described above, Patterson and Fourier projections of the
structure were made in the xy plane. These projections led to parameters

eonsistent with those determined by the trialeandeerror method,

On comparing Fz, calculated from the rough parameters with the
obgerved Fz values it was evident that a large temperature fastor
correction was necessary since the calculated values at high indices
were much larger than the cbserved ones. This correction is to be

expected because of the lightness of the atoms in this compound and
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also because of the type of bonding involved in the erystal, The
bonding will be discussed in detail later,
The temperature factor has the fora'given below,.
T-exp (=B sinzb/;z)
The constant E was determined in the ususl manner, from the

/F2
obgerved’  ecalculated
(Ok0), (hko), (hhO), and (h0O) data, respectively. A value of

slope of a plot of log (F2 ) versus 8in8 for
B (5.88 x 10°%0) consistent with the slopes obtained on all of these
plots was used., In determining the temperature factors the hydrogen
positionsg deseribed below were included in the calculation of Fz.
Application of this temperature factor to the (hk0) data gave

good agreement at high orders, but the agreement was not as good as
when this factor was used for (hk/) data., The larger the ratio of the
l,indax to the h or k index the greater was the disecrepancy between
caleulated and observed values, In addition, the wvalue of B obtained
from (00/) data differed considerably from that obtained from (hkO)
data. It was also noted on very intense Films containing (hQﬂ) data
that the (00[) reflections extended to much higher angles than the
{(h00) or (h0/) reflections. This evidence indicated the need for an
anisotropic temperature factor, Sinece in thig structure the extent of
vibration in the &, and b, directions should be essentially the same,
and since the same temperature factor satisfactorily accounted for ell
data in tha-(}x@} zone, the temperature factors for all (hk0) data were
assumed to be the same, The temperature factor constant B in the e,

direction was obtained from the (00£) data. Its value is 2.87 x 10716,
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The temperature factors were combined, in the standard manner (67), as
shosn below,

%6 » B) sine

Iovs, ® Teale, o¥p =(C cos
Here C = AB where A 1s the temperature factor in the ¢, direction and
B is the temperature factor in the {001} zone. Cos 8 is the direction
cosine of a given plane,
A comparison of the application of the isotropic and anisotropile

temperature factors is giiea in Table 9, In this calculation the
Table 9

Comparison of Isotropic and Anisotropie Temperature Factors

ANl A AR A MO TSN AT

Bumber of Terms

hk/ Considered R isotropie B anisotropie
n1g 8 0.14 0.10
o/ 11 0.13 0409
5Y) 8  0e22 0.09
k() 16 0.17 0.16

refined parameters, x # 0,182 and y # 0.101, were used and hydrogen
positions were included, The function R is equal to

- . - Z
RZZ IPOEL) oo =IFORD oyl 7 gifT (K0 gg |
The relative values of R for a given aset of data are a criterion of
egorrelation, The smaller the walue of R the better ia the correlation

between observed and caloulated data, Because of the small number of

reflections considered, the absolute value of R does not have much
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significance. Only observed reflections were included in this calcula-
tiaa;

The anisotropic temperature factor gives a definitely better cor-
relation factor in three of the four examples considered., There i1s not
any significant difference in application of either method to (1kf)
data, These data are the poorest quality of all of the zones listed
since they were determined from a single film whereas the intensitles of
the other zoneg listed were determined from multiple filme,

The x and y parameters were refined by a trial-and error procedure
by comparison of the following pairs of reflections,

(080) and (420)
(080) and (440)
(510) and (190)
(520) and (0+10%0)

Intensities of the reflections listed were determined on an (hkf{)
precession diagram from timed exposures with a factor of two between
successive exposures. The parameters were determined by setting the
measured intensity ratlo as an upper limit and getting a lower limit
by applying a temperature factor correction greater than that determined
above for the ’{?Oi} sone, The temperature factor used in these cal-
culations was 8.2 x 1016 whieh is sufficiently above the experimentally
determined factor of 5,88 x 10°16 to be a perfectly safe limit. By use
of the limits described, it was possible to eliminate regions in para-

meter space which could not poseibly account for either limlt, Proceed-
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ing in this way the following parameters were obtained.
x = 0,182 ¢ 0,002
¥y = 0.101 ¢ 0,002

Hydrogen atoms might be expeated to make a significant contribue-
tion to the intensities of low order reflections because of the compara=-
tive lightness of the other atoms as compared to hydrogen and also
beoause of the relatively large number of hydrogens in the unit cell,
Investigation of the low order data showed several discrepancies which
eould be improved by inclusion of hydrogen contributions, The calou-
lated intensity of (040) was much too low when compared to the ine
tensities of (020) and (002), The intemsity of (200) was too low when
compared with that of (002). Another difficulty was that (130) which
was not observed, even on films of wvery long exposure time, should
have been cbserved if the hydrogen contributions are neglected,
Various attempts were made to account for the effect of the hydrogens.
One method was to use the astomic scattering factor of fluorine for the
mothyl group, This procedure has the effect of placing all of the
hydrogen electrons on the nucleus of the carbon atom, It cannot be
strietly correct since the fluorine nucleus has a ehé.rge greater than
that of the ocarbon atom and, therefore, the electrons will be too
eclose to the nucleus, Another method was to épproximta the atomic
scattering factor of the methyl group by adding the difference between
the secattering fastors for unionized nitrogen and triply negatively
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ionized nitrogen to the atomic scatterimg factor of carbon, The
value of the methyl scattering factor was also calculated by the method
of James and Brindley (66) using a carbon atom with three extra elec-
trons in the p shell, This should be the most accurate method of
approximation for & symmetrical arrangement of hydrogen electrons
around ecarbon, None of these approximations helped to remove all of
the diserspancies in the low order data. The most succeasful of
these was the fluorine approximation whieh helped to raise the walue
of (040) but did not help regarding difficulties with (130) and (200).
Mulliken (52) had suggested that in an electronedeficient compound,
such as dimethylberyllium, the ecarbon atom nses its tetrahedral
orbitals to bond the hydrogens, Accordingly the hydrogen atoms were
tetrahedrally loocated with respect to the carbon atoms, The hydrogens
were placed in the 16 and 8 fold positions of the space group D%g-lbn
whose positions are listed below,
8: (3) xy0; X50; x7k; Xyd & (000); (34h)
163 (k) xys; Xy83 3333 xyi; X,7,0985 X,7,45) x,7,3485 X,7,48

4+ (000); (344)

Since there are two similar orjentations of hydrogen atoms rotated
at 180° with respect to each other, both sets of positions were used
with half a hydrogen atom in each positicn., For the first trial the
C-H distance was taken as 1.09 A., with the hydrogen parameters listed

below,
x b 4 x b 4
8 fold 0.349 0,068 0.125 0.187
16 fold 0,148 0.149 0.277 0,080
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This procedure helped the low order intenaity agreement somewhat but
(040) was still too weak compared to (020) and the reversal between
(200) and (002) remmined., The intensity of (130) was reduced by a
factor of two., It was found thet the intensity agreement ceuld be
improved by shortening the C«H distance, Accordingly this distance
was taken as 0,5 4 with the parameters listed below,

x y x b 4
16 fold 0.167 9.126 0227 0,09

Now the agreement in relative intensitles of (020), (040), (200),
and (130) was much improved, Although this procedure eould have been
continued, the use of 0.5 as the C«H distance gave satisfactory enough
agreement between caleulated and observed intensities that further
refinement of the hydrogen parameters seemed unwarranted. This treat-
ment does not really loecate the hydrogen atoms, but it does show that
their contributions camnot be neglected,

Including the hydrogen positions introduces complicatioms in regard
to the temperature fastor correction. Although it might not be too
bad an approximation to ugse the same temperature fastor for both earbon
and berylliium, yet the hydrogen atom must vibrate far more than the
relatively heavy beryllium and carbon atoms. Although one should
correct the hydrogen atomic scattering factors individually, this was
not done, since it was deemed inadvisable in view of the other un-
certainties involved, The hydrogen contribution, therefore, is probably
welghted a 1ittle too heavily in the calculated intensities of the |
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higher order reflections, If the hydrogen contributions are included

and if the x and y parameters are determined in the same manner as

described before the following values are obtained. These values

are identical to those obtained without ineclusion of the hydrogen
contributions,

x = 0,182 ¥ 0,002

¥y 2 0,101 2 0,002

Caleulated and observed structure factors are listed in Table 10,
The observed values were corrected for Lorentz and polarization factors
and the calculated values have been corrected by the anisotrople
temperature facﬁor described in section H, Intensities of reflections
whose indices are not deaignated by reference to the footnotes of the
table were obtained from (0k/), (1x/), (2kf), and (3k{) precession
diégrams. Intensities of (Ok/) reflections were estimated from multiple

films, Only single films were available for (1k{), (2x/), and (3k/)

reflections., Intensities on these films were estimated by comparison

with both (hh/) and (0k{) multiple films., The average of the two
measurements was taken for the measursd intensity. Reflections de-
signated in the faetnotea as unobgerved were unobserved because no
data of a type that would include these reflections were obtalned.
The intensity estimation of observable reflections which are of hizh
h or k index relative to the / index is not tﬁc accurate, since the

high temperature factor in the ‘{boi} zone may reduce these intensities
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~ Table 10

Ubserved and Calculated Structure Factors for Dimethylberyllium

Indices Observed ¥ Caleulated ¥
(020) 316 316
(ow; 251 =264,
(002 182 198
(022) 0 ol
(060) 91 «91
(042§ 167 216
(080 85 8
swzg 142 «137
082 0 0

(0+1040) 110 89
004) 147 123
024,) 53 58
(110)8be 338 338
(130)e ] 20
(121)d
(141) 127 ~127
(112) 0 -5
(150) 0 -28
(132) 90 =90
(161) 69 89
(170) 46 40
(152) 97 =95
5181) 79 o)
123} 76 ~-106
(190 59 58

2 (hhl) data
b (h1f) data
¢ (hw; data
4 (hkl) data
e (no/) data



-8 -

Table 10
(Continued)

Indices Cbaerved F Calculated F
(172 L8 «56
(143 51 -58
(163 34 L5

(1+10.1) 0 -,
(192) 0 -l
(114) 66 62

(1+11+0) 36 34
(134) 0 39
(183) 43 46
(154) 0 el

(110.3) ) 2
(174) 34 13
(194 46 2
(200)® 212 -212
(220)8ac o 9
(2113'" 146 «140
(240)° 206 278
(202)® 163 «207
(251)d 27 17
(222)a 93 =93

22)t
(zem;g 128 \ 157
(2m 68 73
o %

: 49
(262) ) 13
(233) 67 68
(291) 0 22
(253) 0 0

(282) 39 ~49

f Unobserved. For explanation refer to section J,
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| Table 10
(Continued)
Irdices Observed F | Caleculated F

(2+10°0) 0 -1/
(273) 47 43
- °
0 15

293) 0 20
(264) 55 4
(284) 0 g
5313 : 83 «102
(32318 N =
(341)4 69 31
(350)° 187 162
G & ¥
(361)4 0 | -16
(370)¢ | 53 61
(3a1)d 0 26
(323) 0 24
(372) 0 -11
(390) o «20
5343) 0 13
363) 0 «10
(3°10.1) 0 0
(392) 55 =55
(3°11+0)° 0 ~10
(314) 0 -9
(334) 31 36
(383) 0 0
(354) 58 54
(3+10+3) 0 0
gm) Y 22
400)® 34 35
(420)° 54, 43
(11)¥2 72 68
(431)8 107 )
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Table 10
(Continued)

Indices Ohgerved F Calculated F
(440)2 37 43
(402)° 66 i,
(451)d 0 -2
(422)F
(460)° 0 23
(471)8 88 62
(480)e 0 17
(462)F
(41333 0 48
(491) 0 20
(404)° 0 11
(mgf
(444)a 0 10
(510)¢ 73 81
(530)° 0 12
(521)d 69 3




-81.

to a walue so low that the reflections are uncbservable. These reflec-
tions may actually have a finite intensity which, when correated by
the Lorentz and polarization factors, will bring their structure
factors into closer agreement with the calculated ones,

The factor, R, deseribed in section H 13 coming into increasing
use a8 a criterion of correlation between caleulated and observed
structure factors. Its value for this structure, if only cbserved
reflections are included is 0.13. Booth (68) has found that values of
R ranging from 0.12 to 0.22 have been found for completed structures,
The use of R as a criterion of reliability has been oriticised, but a
low value does indicate, in general, good agreement between calculated
and observed intensities. The closeness of fit of the data is some-
what surprising when the errors in intensity determination are con=-
sidered, One of the chief systematic errors in measuring intensities
is the effect of absorption of X-rays by the glass capillaries which
were employed, Inhomogeneitles in capillary wall thickness will be
reflected in errors in relative intensity measurement. Apparently the
capillaries were thin encugh that this was not as serious an error as
night have been predicted, The effect of absorption in the ecrystals
themselves was negligible due to the amall size of the crystals employed
and slso because of the low scattering power of all of the components

of this compound. No corrections for extinctlion were made,

The structure of dimethylberyllium consists of linear chains with
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the beryllium and methyl gz;aupa in one chain arranged as shown in
Figure 34i. Two unit cells of the structure are shown in Figure 35,
A view of the structure projected on the plane (001) 1s shown in
Figure 36, A Fourler projection of the structure om (001) is shown

in Figure 37, This structure is isomorphous with that of 81S.. The

2
Be«C distances in the electron-deficient bords along the chains are
1.93 T 0,02 in the centrosymmetric space group, as compared ‘ith dis-
tances of 1.84 A. calculated from Pauling's rule (69) and the following
single bonded metallic radiijy rp = 0.889, r,® 0.771. Pauling's rule
is that interatomie distances may be calculated from the foliming
equation, derived on empirical and theoretical grounds,
R (1) =R (n) ¥ 0,300 log

R (1) is the single bond redius; R (n) is the radius of an atom
participitating in a bond; n is the bond nusber, considered to be the
number of eleetron pairs in the partieular bond under consideration,

The C-Be-C angle in the four membered rings along the chain is
114 ¢ 13, in the centrosymmetric space group, which shows that there
may be a alight distortion in this structure from the ideal tetrahedral
angle of 109° 287, Methylemethyl distances between chains are 4.1 A.
which is perfectly normal for van der Waals distances between methyl
groups., It may be seen in Figure 36, that the chains tend to pack in
an arrangement very similar to the c¢lose packing of cylinders. If the
chains really were closest packed, one could draw a hexagonal net which
would pick out equivalent atoms in the (001) projection (Figure 36).
The two dimensional unit cell of this net would have an obtuse angle
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Fig. 34 - Arrangement of beryllium atoms and methyl groups in one
comtinuous chain in the structure of Aimethylberyllium,
Large circles represent methyl groups. Small circles represent
beryllium atoms,
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Fig. 35 ~ The structure of dimethylberyllium. Large circles represent
rethyl groups. Smell circles represent beryllium atoms.
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Siomsiomeis
8,% QL Q

Sioeione

Fig. 36 - Projection of the structure of dimethylberyllium on (QC1).
Large circles represent methyl groups. OSmall circles reoresent

beryllium atoms.
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Fig. 37 = Fourier projection of dimethylberyllium on (001).



- 87 -

of 120°, If one draws an approximately similar net which would pick
out equivalent‘étams in the experimentally determined atomic positions,
the obtuse angle of the two dimensional cell would now be 1249, Thus,
there is a slight distortion from true e¢losest packing.

The physical properties are eoﬁp&tible with the determined

structure, The weak van der Waals forces between chains allow large

vibration amplitudes perpendicular to the e, axis, which aecounts for

the large temperature factor in these directions, The bonding along

the chain is more rigid, which leads to a lower temperature factor in

this direction. The bonding in the a, and b, directions is similar

enough to aceount for the pronounced tendency of this corpound to form

twinned erystals along the fiber axis,
The configuration shown below, which is exactly analogous to the

suggeation of Pitzer and Gutowsky (53) for trimethylaluminum, is pro-

hibitel by symmetry considerations alone,

An analogous type of structure is parmitﬁed by symmetry considera=

tiona, ;
N // ‘;:>Bu//,
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As shown in section G, however, the beryllium atom cannot be dise
placed from a location equidistant from the carbon atoms in the chain
by more than 0,1 A, This 1imit on displacement of the beryllium atoms
makes the distance of the two éhortnr and two long bonds so nearly equal
that this structure also is not permitted,

The geometry of the aluminumemethylealuminum bridge in trimethyle
aluminum has not yet been unambigously determined, The compounds are
aiﬁilar enough that one would expect a type of bonding analogous to

that of dimethylberyllium, with the aluminum atom in a symmetriecal posie

tion between the four neighboring carbon atoms, This type of bonding

has been previocusly suggested by Rundle (44).

In a recent investigation of diethylberyllium by Goubeau and
Rodewald (70), the authors have suggested that it is a polymer, One
evidence of polymerization is its high boiling point (180.240° C.) at
atmospheric pressure as compared with diethyl zinc (118° C,) and
diethyl mereury (159° C.). The Raman spectra are also interpretable
on the basis tha£ this compound is a polymer. The authors were unable
to determine from thelﬁaman spectra whether the polymer contained four or

six membered rings. The two possibilities are shown below,

Be/ c’\‘z\&/ Eiz\m/ :
fl/ \Tﬁ/ \ca/ |
2 2 | 2

CHB ~ 033 GHB
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CH—CH.  CH—CH
3 2 3 2
N
' Bu'// _/::fBo
CH— CH \on——' cH
2 3 2 3

In the light of the dimethylberyllium structure and also the theory of
electron~deficient bonding, the four membered ring is the more probable.

Rundle (44) has suggested a hybridization of the carbon atoms to
permit more electron density in the bridge bonds than one elsctron
pair. The geometry of the bridge bond with the sharp Be-(Ce«Be angl;
of 654° suggests that the methyl group remains essentially normal.

The bonding is consistent with the suggestion of Mulliken (52) that
one tetrahedrsl orbital of carbon is shared between beryllium orbitals
to form one bonding orbital for the three atoms,

The Be-Be distance (2,09 A.) is short enough to suggest that there
is some possibility of Be-Be bonding, This distance, however, is
almost exactly the distance required by the essentially tetrahedral
angle about beryllium and the required Be~{ bridge distances, Pauling
and Schomaker {78) have sugyested that in bridge bonds of this type
the metal has a coordination number which is greater than the number
of low energy orbitals. HNeither dimethylberyllium nor diborane are
very good examples on which to check this theory, since in both come
pounds the small metal-metal distance is required by the metal-none
metal distances and angles., A better example is tetramethylplatinum
in which the Pt~Pt distance is so long (54) that there are no good
metalemetal bonds so that the metal is held together by entirely by

electronedeficient bonding,
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The determination of this strueture extends the region of the
periodic teble where metal atoms are known to form electron-deficlent
compounds of the type congidered here, Strictly metallic étructures
have been excluded from conaiderétioﬁ. Tetramethyl platinum extended
the known electron~jeficient compounds to the eighth group and dimethyl-
beryllium extends it to the second group of the periodic table., The
only suggestion in accord witﬁ electron-deficient bonding in all known
cases is the one first suggested by Rundle (56) that such bonding
results from the tendency of a metal to use all of its low energy
orbitals in bond formation even when these exceed the number of

valence electrons.
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METALLIC VALENCES

The concept of valence has played a very important part in core
relating end predicting the formulae and reactions of inorganic and
organic compounds. Only recently, however, have atiempts been made
to apply valence concepts to intermetallic systems, both solid solue
tions and compounds. A pioneer in the field of application of valence
concepts to metals is Hume~Rothery (71,72) who has made many correlae
tions between analogous metsl systems baged on the concept that their
properties depend to a great extent on the retio of electrons to
atoms, Perhaps the best known of these applications is to intermetallie
compounds, He pointed that certain intermetallic compounds with
closely related structures, but unrelated stoichiometric composition,
can be eonsidered to have the same ratio of electrons to atoms, For
compounds having the @ brass structure the electron-toeatom ratio is
3/2, For the ¥ brass structure the ratio is 21/13, For the € brass
structure the electron~to-atom ratio is 7/4. These compounds do not
have an absolutely fixed stoichiometric composition but actually have
a solubility range which usually include the electron-atomeratios given
above., Similarly, the prineiple of constancy of electroneto-atom ratio
has been applied to correlate the solubility limits of various inter-
metallic solid solutions, In calculating the electron-to-atom ratio,
he has, except for the tiansition metals, used valences suggesied by

chemical valences. Some typical valences used are given below.
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Hetal Valence
copper ‘ l
ziﬁc | 2
aluminum 3
silicon 4

A different procedure was followed in regard to transition metal

valences, In order to cbtain the same electrone-to-atom ratiocs for

compounds containing tranaition metals as for isomorphous compounds
of known electronetoe-atom ratio, he has assumed that the valences of
transition metals are zero., Mott and Jones (73) ﬁave interpreted
the zero valence obtained in this manner, as indicating that the
transition metals contribute no bonding eleetrons to theée compounds .
Mott and Jones have assumed that in the transition metals, themselves,
it is thbe unpaired electrons which are the bonding electrons. On this
basis, one would expect 0,61 bonding electrons for nickel, 1.71 for
éobalt, and so on, where these numbers corresvond to the number of
unpaired electrons in the slement as determined from magnetic susceptie
bility data.

| Pauling (69,74) bas adopted a different approach to the concept of
the valence of metals. The valences which he obtains differ from those
used by Hume-Rothery for the transition metals, rare sarths, and the
families of the periodic table headed by copper, sinc, gallium, and
germanium., For the remainder of the periodic table he used the same

valences as Hume-Rothery. Pauling's transition metal valences were
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derived from magnetic moment data in the following manner, The atomic
gaturation magnetic moment at absolute zero for iron is 2,22 Bohr
sagnetons indicating that there are 2,22 unpaired electrons in the metal,
Pauling assumed that the remsining 5,78 electrons outside the argone
like core were bonding e;actrona. The constancy of the value, 5.78
was shown by the fact that there is an equal change in the value of
average atomlic puwber and saturation magnetic moment for iron and the
elements immediately preceding and following it in the periodic table,
¥hen the average atomic number is grester than 18 & 8,44 the saturation
magnetic moment begins to decrease at the same rate as it has increased
in going from chromium to iron, Pauling assumed, therefore, that

there are 2./4 nonebonding orbitals and that the decrease in saturation
magnetic moment for alloys of average atomic number greater than 26,44
was due to the pairing of electrons in this non«bonding orbital, At

an average atomic number between nickel and copper the magnetic moment
is zero, Pauling assumed that at this point the non-bonding orbitals
were filled with electrons, The extra electrons tend to decrease the
valence of elements following nickel, Copper uses 2.4/ electrons to
completely £111 the nonebonding orbitals with electron pairs. This
leaves copper with 0,39 electron mare than nickel outside the none
bonding orbitals. Because the interatomic dlstences in copper are
greater than those of nickel Pauling assumed that the 0,39 electron
paired with some of the bonding electrons, leading to a valence of

5ebd
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The essential difference between the Pauling and KMott and Jones
points of view is thét ¥ott and Jones regard the unpaired electrons
ag the bonding electrons, whereas Pauling regards these electrons as
non~bonding electrons,.

Hethods of choosing betwecn the two valence sets are not plentie
ful since, in general, they give results which are very close to each
other, Jones (73) and Ewing and Pauling (75) have investigated the
extent of filling of Brillouin zones in gamma brass, Using valences
similar to those of Hume~Rothery, Jones considered the first zone to
bounded by the forme {?0@) and {;OQ}. Using Pauling's valences,
Ewing and Pauling considered the Brillouin zone bounded by the forms
{éoé} and {2&@}. Since Pauling's valenceg are larger than those of
Hume=Rothery for copner and zine, he needs a larger zone to contain
the electrons, Jones filled 93,5% of his zone and Ewlng and Pauling
filled 98,5% of their zone. On the basis of these data, Pauling's
valences seem the better, if one grants that the complete filling of
a zone leads to the lowest energy for a compound. There is a2 school
of thought which holds that if the electrons fill the volume of a
sphere inscribed in the zone and tangent to the zone boundaries then
the lowest energy state is reached. On this basis Hume-Rothery's
valences would seem to be the better., In any event this method of
approach is not helpful in deciding which set does the betier job of
correlation,

There are many other examples of where application of Pauling's

valences leads to results just as consistent as does the application
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of HumseRothery's valences. Raynor (76) has recently used only Hume=
Rothery's valences to interpret the following data, It is known that
compounds which have the MgCup, ﬁgﬂiz, or Mgin, structures can be trans-
formed from one of these structures into ome of the other structures

‘by replacing some of the element that is not magnesium by a foreign
metal. In order to help in the clarification of the discussion which
follows, electroneto-atom ratios for these compounds and valences of

all of the elements discussed are given béldw.

Compound Bume~Rothery Pauling
Ratlo Ratio
Mgn, 2,00 3.63
uglu, 1.33 4429
mgﬁiz 0.66 4e52
Valences Mg Zn Cu 5 si | Co
Pauling Basis 2 | Chebh  SJ4h 5,78 4 5,78
Hume=Rothery Basis 2 2 1 0 4 0

If silicon raplacés copper in Mgﬂuz the ngnz structure is obtained,
if a poly#alent metal replaces nickel in Mgﬁiz, the Mgcnz structure

i{s obtained, If cobalt is added to Man2 the Egﬁué structure is cbe
tained, Uaing the Hume-Rothery valences, Raynor was able to explain
all of these transformations by noting whether the added metal tends
to raise or lower £h& electron~to-atom ratic. One obtains exactly

the same predictions by use of ?aﬁling’a valences, aé may be seen by

reference Lo the table above,

Raynor (76) has assumed that electron-to-atom ratlo is important
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Hume Rothery (77) has attempted to decide between his and Pauling's
valence ideas by investigating the effect of manganese, iron, and
nickel of tha09ﬁgbraas equilibrium, assuming that the major factor
influencing the termary isothermal, solid-solubility boundaries is
the electronwto=atom ratio, By comparison of predicted and experimental
solubility curves for isotherms]l solubility as a function of added
transition element, he finda that if the metallic valences of copper,
zine, and aluminum are 1, 2, and, 3 respectively then the wvalences of
manganese, irom, snd nickel are 2, 1, and 0,4=0.6 respectively,

Hume-Rothery states that,

whatever may be the validity of Pauling's views regarding

the number of electrons responsible for cchesion in the

erystals of the transition elements, these numbers are

not the effective valences of the atoms as regards the /3

aquilihrim .

and

ose the directions of the curves are quite different from
those to be expected for elements of valency 5 or 6.

Hupe~Bothery's conclusions are valid only if coguper and zinc have
valences ﬁf land 2 réapeetively. If one chooses a valence of 5,44
for copper as suggested by Pauling (74), and 3 for aluminum, one obtains
a valence of 4.22 for zinc from the 550° G, 42§ff3 boundary in the cop=
per-aluminum-zine system, Using these values for zinc and copper, on
examination of the ternary solubility curves given by Hume=-Rothery (77),
the following valences are obtained: iron 5.44; manganese 4.22; and
nickel 5.93-6,17. Pauling's values (74) are zinc 4.44; iron 5.78;

manganese 4.16 and 5,78; and nickel 5,78, Not too much reliance ias
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to be placed on the exactness of the valences obtained, but the cale
culation outlined above éoes shon that Pauling's valences, if changed
slightly, form a self-consistent set,

Using the wvalences quoted above, one obtains exactly the same
theoretical solubility curves as does Hume~Rothery., Giving copper
a valence of 5.44, niékel has the highest valence of the three transi-
tion metals considered, whereas manganese has the lowest valence, a
result in opposite order to that obtained by assuming copper to be
univalent,

The particular ternary alloys considered by HumeeHothery in his
paper do not offer a means of distinguishing between the two vieww
points on valence, since both yield identical isothermal solubility
curves,

One method of distingulshing between the two valence sets is to
consider a ternary solid solution in which two of the compoments have
valences for which HumesRothery and Fauling give identlical values, If

the third element is one on whose valences the two views disagree,

 different isothermal ternary solubility curves will be predicted on

the basis of the two views, By comparison of calculated and empirical

solubility curves, one may distinguish between the two points of view,
Even if constancy of electron.to~atom ratio, on which the above |

argument depends, is a valid concept, one must, however, consider

carefully the effects of electronegativity, relative atomic size, and

the orbitals available for bond formation in all of the components of

the solid solution,
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Examples of possible ternary systems which may be investigated are
aluminumeberyllium-nickel, aluminumeberylliumeiron, and aluminume
beryllium zine. The components of all of these systems have atomic
radii which do not differ greatly and the eleetronegativitias should
not be greatly different., The system containing nickel should be an
especially good one to investigate since the predicted valences of
nickel are so different (0,60 vs., 5.78). By measuring the paramag-
netiam'of the alloys containing paramagnetic elements additional conclue-
sions may be deduced about the bonding in these alloys. Correlations

of relative valences with compressibility and hardness data may also be

possible,
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SUMMARY
I, The UraniumeCarbon System

A conatitutional diagram of the UraniumeCarbon system has been
constructed from metallogfaphie, thermal, chemical, and X«ray data,
Two compounds, UC (4.8 wt% carbon) and UC, (9.16 wt$ caibon), have
been identified, Thara is no evidence of solubility of uranium or
of higher earbides in UC, UC is stable at room temperature, U02 is
stable only at high temperature and partially decomposes into UC and
¢ at lower temperatures. At high temperatures and at compositions
in the vicinity of 7 wt® C there is a possibility that either a come
pound, H263, which dissolves UC and GCZ, exists or that UC and uc,
form a eontinuous solid solution which extends over a range of approxie
mately 9 atomic per cent. Although the Vidmanstatten ty@a structure
indicatea that the postulated UZGB exists as one phase at high teme
perature, all attempts to retain this one phase structure by quenching
have been unsuccessful. Results of other workers (30) indicate that

at a compogition corresponding to Uéc & compound with very narrow

3
solubility limits and unstable at temperatures above 1600° C, can be
produced in samples that have been cold or hot worked. It has been
shown that this compound, stsble only below 1600° C., is not the phase
which has degomposed into two phases to give the Widmanstatten structure,
The soiubilit& of carbon in liquid uranium up to 1800° C, is small
(less than 0,60 wt%), but the solubility increases rapidly with teme

‘perature thereafter., The gamma~beta and beta-alpha uranium solid
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transformations are not affected by the presence of carbon.

UC has a face centered cubic structure (NaCl type) with a, z
4948 T 0,001, UC, has & tetragonal structure (CaC, type) with
8o 8 4e947 & 0,001 and e, ® 5,987 = 0,001 A.

II., The Structure of Dimethylberyllium

The proposal that metals with more low energy orbitals than
valence electrons should form electran—deficiént compounds when combined
with groups with no unshared pairs has suggested that electronedeficient
binding might ocour in dimethylberyllium, & solid subliming at about
200° ¢,

Dimethylberyllium is orthorhombie with the following lattice
constantss a, ¥ 6,145 b, = 11.53; ¢, = 4,18 A, It contains four
Ea(GH3)2 units per unit cell, Veissenberg and precession data ine
dicate the space groups D%ﬁ-lbam or c%%-lba.

Atomic positions were determined by trial and error methods and
checked by Patterson and Fourier projections., The hydrogen atoms
contribute significantly to the intensities of low order reflections.

The structure derive& from Xeray data 1is isomorphous with that
of 8i3,, Continuous chatns /B3N, T3 [~ wit

~a” e, Sens”

3 3 3
approximately tetrahedral configurations about beryllium are fourd in
agreement with the fibrous nature of the erystals. The bond pair,
RBe«CeBe contains one electron pair. The observed Be«C distance is

1.93 £ 02 A, for the centrosymmetric space group, The CeBe=C angle
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in the ring is 114 & 10, meﬁhylnmethyl distances between chains are
4s1 A which is normal for Van der Waals bonding, so that negative
methyl ions are not indicated, |
| Space group 022%—21 would permii two short and two long bonds to
beryllium, but intensity data restriect the difference to 0.1 A, too
symmetrical to allow structures similar to Pitzer and Gutowsky's proe
posal for trimethylaluminum, (53). It is suggested that the bonding
in the trimethylaluminum dimer is simlilar to that in dimethylberylliium,
This is the firs£ established electron-deficient bonding in the
second group, the second outsiie the third group, and the second in

which the methyl group is found bound to more than one other atom,
III., Metallic Valences

Two different sets of valences are now being applied to metals in
alloys, that of Hume-Rothery (71,‘72); Mott and Jones (73), and Pauling
(69,?4). In the former, metallic valences appraach a minimum of or
nearly zero for the transition metals, whereas in the latter a maximum
of about 5,78 is reached for the same metals,

The applicability of both of these walence ideas to explanations
of alloy solubility 111:111{3 stolchiometric composition of intermetailile
compounds, and the theory of metallie bonding has been discussed, In
many of these applications the princiole which has been used is that
electron~to-atom ratio is an important factor in intermetallic inter=

actions, It has been shown that for very many applications the Pauling
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valences lead to exactly the same correlations and conclusions as do
the Hume-Rothery, Mott and Jones valences.

A method of determining which valence set is the more applicable
to explain intermetallic bonding has been proposed. Assuming constancy
of electronetosatom ratio is the governing factor in determining the
isothermal solid solubility boundaries in ternary solutions, one may
predict the slopes of the ternary aolubility boundary curves if the
valences of all of the campohenta aré known, By choosing ternary
gystemz for which two of the components have valences for which Humee
Rothery and Fauling give identical values, one may find the valence
the third element by comparing various predicted solubility boundary
curves with the experimentally determined ones. Precautions which
must be followed in this procedure and gome possible ternary systems

which fulfill the necessary conditions have been discussed.
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