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Abstract

Section I contains a description of the structursl
investigations of several compounds of boron, using
electron diffraction and X-ray diffraction techniques,
The structure of stable pentaborane has been determined
and the interatomic distances and bond angles have been
derived. The structure of tetraborane has been found
and approximate values for the parameters are given. A
possible model for unstable pentaborane has been found,

A magnesium boride, MgB,, has been prepared and shown

to be isomorphous with AlBe. A beryllium boride of
approximate composition BeaB has been prepared in impure
form and shown to have a structure similar to CaFy. An
unsuccessful attempt has been made to prepsre the copper
boride Cu382 that 18 reported in the literature,

Section II contains 3 description of some other
electron diffraction and X-ray diffraction investigations.
The interatomic distances and bond angle in formyl fluoride
have been determined., A partially successful study has
been made of ozone, A reinvestigation of copper silicide
has removed the major portion of an unpleasant random
feature of the previous structure, A method has been
devised for simplifying the calculation of theoretical

intensity curves containing temperature factored terms,
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Introduction

On the baslis of early electron diffraction
investigations, many of the boron hydrides were assigned
molecular structures similar té those of the correspond-
ing hydrocarbons. Diborane,(l) tetraborane,(a) unstable
pentaborane,(e) and stable pentaborane(3) were described
as belng analogous to ethane, butane, pentane or isopen-
tane, and methylcyclobutane respectively., The agreement
between the observed and theoretical electron scattering
curves for these configurations was, however, not as good
as might have been expected even over the limited range
of data: Cfor example, a maximum in the scattering curve
for stable pentaborane was predicted at a position where
no maximum was actually observed., Moreover, these struc-
tures did not suggest any explanation of the relative
stabllities of the varlous hydrides, in particular of the
presumable instability of hydrides contalning three boron
atoms, none of which are known to exist.

More recent, spectroscopic investigations of dibor-

ane(u) verystrongly favored the bridge model,

H/B\ /B\H

A reinvestigation of diborane by electron diffraction was
carried out by Hedberg and Schomaker(S). Careful compari-
sons of the observed scattering curves of ethane and
diborane, especlally in the difficult region of low g
values, led to the same conclusion; that the bridge

structure 1s the correct onse.
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Meanwhile, an X-ray diffraction investigation of
the crystal structure of decaborane(®) had shown that
this compound has a structure based on an icosahedron,
with two of the icosshedron atoms removed, and also
has bridge hydrogen atoms., It accordingly seemed likely
that the bridge hydrogen bond might be an important fac-
tor in all of the boron hydrides and, since structures
containing it were not studied in the early electron
diffraction investigations of the two pentaboranes and
tetraborane, reinvestigation of these compounds was evi-
dently necessary. A reprint of a paper describing the
successful investigation of stable pentaborane, and des-
criptions of the methods used to obtain the structure of
tetraborane and a possible structure of unstable penta-~
borane are given in the following parts of this thesis.

At a polnt during the Investigation of tetraborane,
I noticed an interesting commentary on the original method
for its preparation by the acid hydrolysis of magnesium
boride. Stock remarks(7) that tetraborane seems to be
a favored product of the hydrolysis, and suggests that
the magnesium boride, actually a complex mixture, contains
a compound MgéBu which 1s responsible for the formation
of the hydrides. The interesting relationship of this
boride, which might well contain Bh units, to the struc-
ture of tetraborane led to a study of the preparation
and crystal structure of magnesium boride. The totally

unexpected results of this investigation created an interest
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in other metallic borides and led to studies of beryllium
boride and copper boride., A detalled description of these

investigations 1s given in the latter parts of this thesis.
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Methods and Materials

Samples of stable pentaborane were kindly provided
by Professor H., Schleslinger of the University of Chicago
and by Dr., I. Shapiro of the Naval Ordnance Test Station
in Pasadena. The samples of tetraborans and unstable
pentaborane were prepared by Professor A. Burg and Mr,

E. S. Kuljian of the University of Southern California,
Immedlately prior to the photographing, any hydrogen
formed by thermal decomposition of the hydrides was
removed by pumping at liquid nitrogen temperature. All
other decomposition products have considerably lower
vapor pressures than the primary compounds and would not
interfere with the experiments,

Electron diffraction photographs of the three hydrides
were prepared in the apparsatus described by Brockway(B).
The camera distance was 10.94 cm. for stable pentaborane
and 10,985 cm., for tetraborane and unstable pentaborane.
The electron wave length, 0,0608 X for stable pentaborane
and 0,0605 2 for the other two hydrides, was determined
by 2zinc oxide calibration(g). For some of the photographs
a beam catcher was used. Corrections were made in all
cases for film expansion., The photographs of each compound
were interpreted using the visual method.

Radial distribution curves were calculated(lo’ll)
from the visual Intensity curves according to the equation

q max.

rD(r) = > I(q) ¢ M) sin %éqr, where q = 40/2 sin
q-l,z,oo ®
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¢/2, I{q)yyg, is the visually estimated intensity, and
M(q) 1s a modification function introduced in view of
the fact that the data do not extend to an infinlte
scattering angle. In all cases radial distribution
curves were calculated for M(q) = exp(-ag2) with
exp(-aqgax.) = 0.,l. For both tetraborane and unstable
pentaborane, curves were also calculated using M(qg) =

AqlL exp(-a'qz) with A and a' adjusted to the conditions
o0

Aqgax. exp(-a'qgax.) = 0.1 and _SAqhexp(-a'qz) =

o
;gxp(-aqz), with exp(-aqZ,, ) = 0.1. Theoretical
o

intensity curves were calculated(11s12) according to

/
the equation(lc) I(q) = . Zizjri§ exp(—aijq2) sin %érijq
i}

using an effective Z value of 1.25 for hydrogen. The
a4 3 values used for diborane(s), 0.00016 for B-Hy ng?
0.00028 for B'Hbridge’ and 0,00062 for non-bonded B...H,

were also used here in most cases.
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Reprinted Irom the Proceedings ot the NATIONAL ACADEMY OF SCIENCES,
Vol. 38, No. 8, pp. 679686, August, 1952

THE STRUCTURE OF STABLE PENTABURANLE
By KeNNETH HEpeDBERG, MORTON E. JONES AND VERNER SCHOMAKER

GATES AND CRELLIN LABORATORIES OF CHEMISTRY,* CALIFORNIA INSTITUTE OF TECI-
NOLOGY. PAsAnENA, CALIRORNTA

Communicated by Linus Pauling, June 2, 1952

Stable pentaborane, BsHy, is one of the boron hydrides, a short, compara-
tively little studied series of extraordinary compounds for which a satis-
factory elementary valence theory is lacking. Ii 1947 we decided to under-
take new electron diffraction studies of the molecular structures. The
early diffraction work and most of the theoretical discussion had been too
much influenced (it now seems) by unfortunate analogies to ordinary
valence compounds, and it had become reasonably clear that at least the
old, ethane-like structure for diborane was incorrect and that a bridge
structure (I) was more likely. In the case of BsHy, also, the structure from

H H H

\\ // S //

SN N
H H H
(D

the previous diffraction study! was not in complete agreement with the
appearance of the photographs, one of which was available to us. The
bridge structure of diborane has now been well established,? the crystal
structure of decaborane (B;Hs) has been determined,® and the BgH,
structure has been determined, both from the gas diffraction pattern in the
work here to be described* and from an x-ray study of the crystal by Dul-
mage and Lipscomb.® The most impressive attempt at a theory of the
compositions and structures, however—Pitzer’s protonated double bond
theory,® which based the structures of all the boron hydrides on diborane
bridges and on some plausibly assumed conjugation properties of these
bridges—has been a casualty: each of the new boron hydride structures has
shown little over-all relation to the previous ones and neither involves
the diborane bridge.

The Structure Determination.—The method used has been outlined in
recent reports from this laboratory.”

New photographs were taken with samples kindly provided by Professor
H. I. Schlesinger of the University of Chicago and by Doctor 1. Shapiro
of the Naval Ordnance Test Station, Pasadena. The camera distance was
10.94 em. and the electron wave-length 0.0608 A. Independent visual
interpretations of the photographs were made by two observers (see Fig. 1).

The radial distribution curves, showing only two strong peaks, at 1.74 A.
(B—B) and 2.57 A (B.- B and B---H), exclude both the structure ad-
vocated in the original study! (IT) and that proposed by Pitzer® (TI1):
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11 would requre significant B- -+ B interactions at 1.74 /2 = 2.46 A. and
at 2 X 1.74 sin 135°,2 = 3.22 A, at least if it were normally rigid, and I11
at an average of 2 X 1.74 sin 108°°2 = 2.82 A, (The original specification
of TIT would also require the 1.74 A. peuk to be obviously doubled.) The
radial distribution curves did not lead directly to the structure, mainly
because neither the relative areas of the widely separated main peaks nor
the indicated absence of minor interactions outside them could be relied
upor.

Nevertheless, the radial distribution mformation provided a starting
point for a more detailed analysis of the visual curves themselves. This
analysis first showed that the observed doubled character of maximum 9-10
requires two groups of BB interactions, of about equal weight, separated
by 0.11 = 0.01 A. Even then, the outer part of the observed intensity
curve, including max. 9-10, could not be reproduced without severely
restricting the distribution of weights and distances within the 2.57 A,
radial distribution peak, either by making the distribution essentially
continuous {corresponding to severe ‘‘temperature’’ factors) or in other
ways which, given the B-—B split, were fairly obvious. Finally, when this
was done on the assumption that the 2.57 A. peak was due mainly to rigid
B---B interactions, it appeared that the B-—H terms were probably also
split, by about 0.15 A. into two groups of about equal weight. Corre-
sponding to this distance information three unsyumnetrical urrangements of
the boron atoms, a puckered five-membered ring, a dimethylcyclopropane-
like arrangement, and an ethyleyclopropane-like arrangement, all actually
rather closely similar, were found.

Before constructing and testing actual models based on these arrange-
ments of boron atoms (the theoretical intensity curves already calculated
lacked the B - -H terms), we decided to re-examine the tetragonal pyramid
arrangement, which had been considered but rejected in the original dif-
fraction study, had moré recently been further advocated by Pauling,®
and, unlike our unsymmetrical arrangements, was in agreement with re-
cent indications of high symmetry from spectroscopic® and calorimetric’
data. The 2.57 A. peak now had to be attributed mainly to B- - -H rather
than B---B interactions. contrary to our previous assumption,!! but with
the help of the previous analysis a suitable disposition of hydrogen atoms
was readily found (Fig. 2) and all others of full symmetry (Cy,) were ten-
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tatively eliminated. The new structure, with the By—B, and By—H;
distances the longer of their respective kinds, seemed plausible and met
with immediate success.

All except H- -+ H terms were included for the theoretical intensity curves. The
coefficients «;; of the temperature factors exp( —a.;q?) were taken as 0.00016 for By—Ha
and Bi—H,, 0.00028 for By—H;, 0.00060 for B+ - +H, and zero otherwise, as for dibo-
rane,® and the effective value 1.25 was used for Z;  Of the selection of curves shown
in Fig. 1, G, M, und [ arc accepiable, 4, B, and C are doubtful, and IJ, K, and F are un-
acceptable. Important items for these conclusions are the depth of min. 4, the shape
of doublet 4-5, the relative inteusities of minima 6, 7, 8; and ¥, the shape of max. 7-
min. 8, and the position and shape of doublet 9-10.  For the best curves, the only point
of substautial disagreement concerns the heights of the first three main maxima; it is
almost inconsequential for the parameter determination and probably arises from an
underestimate, such as could be expected, of the height of the broad inner max. 1-2.

In terms of B—B,,. = 1.740 A. the best shape parameter values and
estimated limits of error, together with the ranges for which intensity
curves were calculated, are: B~—H,., 1.288 = 0.044 A. ( 1.22-1.35 A,
B—Hpiie, 0.125+0.090 A. (0.05—0.35 A.); B—Bypui, 0.105 = 0.010 A.
(0.09-0.12 A.); £ By—By—H,, 120 = 20° (83~123°); and external dihedral
angle B;B;B»-B:B:Hs, 187 £ 10° (165-200°), all for the assumed Cy, sym-
metry. These values and the values of {(eale./qobs.)av. (see table
I for an example) lead to the following results for the bond lengths:
Br—Bs, 1.700 = 0.017 A.; By—B,, 1.805 = 0.014 A.; B,—H; and B;—H,,
1.234 =+ 0.066 A (By—H,; = By—H, assumed); and By—Hs, 1.359 £ 0.077 A.

The limits of error are conservative except that no allowance has been made for the
possible effects on the angle determinations of our rough assumption that the previous
guess for ap. . .y in diborane should apply to B;H,, for all the different B+ - +H terms.
The concentration of all the B - -H distances within the 2.57 A. peak makes the ques-
tion. of interaction between temperature factor and distance parameters more serious
than usual, but the boron parameters and probably the B—H distances should not be
much affected, since they are determined largely by the outer part of the pattern, where
the B+ - *H contribution is in any case small. It may be noted that the crystal® and gas
values for the bond angles and bond lengths in B;H, are in good agreement except for the
R—RB lengths, for which the crystal values (1.66 == 0.02 A. and 1.77 == 0.02 ‘&) arc
shorter than ours by possibly significant amounts compared to the limits of error. Our
B-—B lengths, however, are in good agreement with the preliminary results 1.69 A. and
1.80 A. of a recent microwave investigation,!? from which none of the other parameter
values have yet been reported.

The x-ray confirmation of the structure type, which was communicated to
us during our parameter determination, made unnecessary any further
study of other possibilities, including the unsymmetrical ones described
above. The high over-all symmetry and especially the Cy, skeletal sym-
metry have also been confirmed by the microwave investigation.

Discussion.—The ByH, structure has high ligancies, two for the bridge
hydrogen atoms, five for the apical boron atom, and six for the basal boron
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atoms, in agreement with the principle!? that electron deficiency gives rise
to structures showing ligancies in excess of the respective numbers of suit-
able atomic orbitals. For the count of ligands, we take the direct B—B
interaction of a bridge bond as bonding, although the related B- - - B inter-
action in diborane is often regarded as not bonding. We helieve onr.assimp-
tion is the more likely one in view of the comparatively short B—B
distance. It also makes the ligancies of hydrogen and boron in the boron
hydrides and other high-ligancy compounds of boron more uniformly
consistent with the high-ligancy principle, and is the natural assumption
to make if these compounds are to be related to ordinary covalent compounds
in terms of resonance, following Pauling’s discussion of the metals.* Paul-
ing’s relation 7, = r; — 0.300 logi # yields an attractive correlation of the
actually very widely varying bond distances,” as well as inferences about
certain other aspects of the structures. For example, the boron radius
which would be exactly compatible with
the bond distances of our preliminary
report for B;Hy is 0.795 A., in excellent
agreement with the average 0.794 A. ob-
tained from all these compounds.

The basal boron atoms of BsHy and
the apical boron atoms of BjHy form
just the same set of bonds; similarly,
the apical boron atoms of BsH, resemble
the boron atoms of the calcium boride
structure in an octahedron arrangement
except for replacement of external B by
H. As King and Lipscomb pointed
out, ' moreover, the whole B;H, struc-
ture is related to the calcium boride
structure in almost precisely the same way as the BjH,s structure is
related to the boron carbide structure.”” We may add that the hasal
boron atoms of B;H, and all the boron. atoms of decaborane, as well as
the boron atoms of boron carbide and the icosahedron atoms of ele-
mentary boron (in the modification of known structure'®), all have six
ligands in the icosahedron arrangement, with bond angles approximating
the ideal values of 60°, 108°, and 1213/,° about as well as would seem pos-
sible under the constraints imposed by differing bond lengths and incompat-
ible over-all symmetries.’® Accordingly, it seems reasonable to suggest
that these structures all reflect a strong tendency for sexiligated boron to
adopt approximately the ideal icosahedron arrangement.

The occurrence of the icosahedron and octahedron arrangements is
remarkable because they are motably anisotropic, in violation of what
might be expected to result from the sp? (and sp?, for the hydrides) hybrid

FIGURE 2.
The B;Hy structure.
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orbitals on which the bonding is presumably mainly based and because
there is surely no lack of itore conventional alternatives. Tor elementary
boron, for example, ordinary octahedral coordination in the simple cubic
structure would seem suitable, especially in view of its frequent occurrence
in complex structures for other atoms which are regarded as forming six
half-bonds.® To be sure, the icosahedron and octahedron arrangements
would seem less anisotropic if the external bonds were stronger than the
mternal bonds, as indeed is the general indication for BsH, and decahorane.
For the basal boron atoms of B;Hs, for example, the bridge B-—H, bridge
B-—1B, and slant B-—~B bonds have the respective Pauling bond numbers
0.46, 0.45, and 0.67, with a total of 2.49, or only about three times the bond
number 0.77 of the B~~H external bond.¥ But for boron carbide, ele-

TABLE 1

CoMpARISONS OF OBSERVED AND CALCULATED POSITIONS OF MAXIMA AND MINIMA FOR
MopeL H

Qeale./ qobs.
- VoS .
MAX, MIN, MAX. MIN.

1 1119 7.76  10.89  8.06  (0.956) (0.979)  (0.983) (0.943)
2 1641 13.31  17.31 13.88  (1.012) (0.939)  (0.950) (0.901)
3 25.00 20.47  25.34 21.03 1012 1.2 0.998  0.994
4 33.87 20.70  33.33 2077 (1.025) 1.024 (1.041)  1.021
5 3852 35.41  39.66 36.42  (0.971) (1.011)  (0.943) (0.983)

6 48.70 43.46 48.59 43.62 1.008 (.999 1.011 0.995
7 H59.51  53.53 60,45 54.25 L. O0U .04 .94l 1.007
8 72.66 66.95 71.87 66.61 0.998 1.004 1.009 1.009
9 83.20 78.03 82.23 76.50 (0.984)  0.993 (0.997) 1.013
10 H.07  86.30 89.97 85.57 (0.989) 0.991 (0.991) 1.002
11 .. 93.23 .. 91.89 0.992 1.007
Average, 12 features 1.0047 1.0048
Average deviation 0, 009 0.007

mientary boron, and calcium boride there is no definite indication one way
or the other. Altogether, a proper understanding of the details of the
bonding is lacking.

Nevertheless, it scems unlikely that the immediate bond arrangement in
these structures is superior. Instead, the essential point may be that they
allow an increase in liganey without a corresponding increase (or even with
a decrease) in the number and severity of close non-bond interactions:
compare, for example, the joined icosaliedron wuit of the boron and: boron
carbide structures with the simple cubic structure. In the latter, each
atom has twelve next-nearest neighbors related to it by 90° bond angles,
whereas the icosahedron atom has only five internal next-nearest neighbors
at 108° and five external next-nearest neighbors at 122°. This strongly
suggests that the next-nearest interactions are repulsive and important
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and that the high-ligancy principle should be revised to say that the high
ligancies tend to be achicved in such a way as to minimize the numbers and
maximize the distances of next-nearest neighbors, even if the resulting hond
arrangements would appear by standards of ordinary covalence to be un-
duly strained. It may also account for the lack of apparent extra strength
of the external bonds where two octahedra or two icosahedra are joined:
for the icosahedron, again, each external bond would be opposed princi-
pally by ten next-nearest interactions at 122° and ten second-nearest in-
teractions (assuming the staggered orientation of groups about the external
bond) of the type

whereas each internal bond is opposed (a full counting shows) by only one
internal next-nearest interaction at 108°, two external next-nearest interac-
tions at 122°, and one external interaction of the type

in the opposed orientation. The present situation is evidently related to
the cases of cyclopropane and cyclobutane,?! where the energy and C—C
bond length in cyclobutane are both greater than normal, apparently
hecause of cross-ring repulsion, while in cyclopropane, in which the repul-
sion is avoided by formation of the three-membered ring, the bond length
is less than normal and the energy still greater than normal, both apparently
in consequence of the angle strain.  In the high-ligancy boron compounds
the relationships are no doubt different, especially because of the compli-
cated resonance situation; nevertheless, the importance of next-nearest
neighbor repulsions seems to be verified and there is the additional indica-
tion that angle-strain shortening of the internal bonds may also occur.
For the calcium boride structure, of course, the role of the metal atoms
has also to be considered.

We should like to express our thanks to Professor Pauling for his con-
tinued helpful interest in the investigation.
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search under Contract N6-onr-24423.
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provide a reasonably long H,- - - H; distance, which we presume to be non-bonding, are
obviously serious constraints; nevertheless, the average external angle is 121°, in sur-
prising agreement with the ideal value. Also, our value 120° for £B;B:H, approxi-
mately equalizes the external angles, and the smaller, crystal value of 115°, which by the
quoted ==5° limit of error is considerably more reliable than ours, equalizes the apparent
strains very well indeed.

20 Rundle, R. E., J. Am. Chem. Soc., 69, 1327 (1947).

2! Dunitz, J. D., and Schomaker, V., submitted for publication in the Journal of Chem-
ical Physics.
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fetraborane: buﬂlO

A careful examination of the photographs by K.
Hedberg and M., Jones led to the visual intensity curve
and corresponding radial distribution curve shown in
figure 3. The strong radial distribution pesk at 1,855
% was assigned to bonded B-B interactions, This pesak
has a half width of 0.098 2, slightly greater than the
value of 0.090 X expected for a single distance; it 1is
therefore compatible with such a single distance, or
with two or more distances split by as much as 0.1 K,
The radial distribution peaks in the regilon 1,26-1.5l 2
were assigned to bonded B-H interactions which are obvious=-
ly split into two or more groups. The indication of
distances in the neighborhood of 1.0 2 seems to confirm
the presence of bridge hydrogen atoms in the molecule,
since in the known hydride structures these bridge distances
are about 1,35-1,L0 K whereas the normal B-H bonds are
about 1,20 &. The 1.54 2 peak does not correspond to any
expected distance and may be due to errors in the visual
intensity. The 0.83 ﬁ peak is surely caused by errors
in interpretation. The broad and asymmetric peak at
2.65-2,85 R was assigned a distribution of both B.,.B
and B...H non-bonded interactions, as in the case of
B5H9; it 1s hopelessly unresclved., The Aqu exp(—aqz)
radial distribution curve does, however, seem to yleld
some further information about the distribution of terms
under the peak. This curve gives greater emphasis to

data at larger values of g than does the normal exp(—aqz)
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function, and might therefore be expected to cause peaks
due to the relatively highly temperature factored B.,.H
terms to decrease appreclably in size relative to pesks
due to the more rigid B...B terms. (The theoretical Aqh
exp(—aqz) peak shapes of Fig, 3 show this effect.) A
careful comparison of the two radial distribution curves
indeed shows that the inner portion of the peak decreases
noticeably in size relative to the outer portion, indi-
cating that if any B...B interactions are present in the
molecule they probably lie under the outer portion of the
peak at a distance of about 2,85 X.

The task of thoroughly studying the sacsttering inten-
sity from all of the many possible configurations gener-
ally compatible with the radial distribution curves and
containing four boron atoms and ten hydrogen atoms, and
of investigating a sufficiently large range of parameter
variations for each possible configuration to determine
the likelihood of obtaining a fit to the data, is truly
a monumental one, It was therefore decided to use an
aspect of the radial distribution curves which 1s ordin-
arily less reliasble than its indications of distance
values; namely, the relative peak areas,:

The tetraborane molecule has six boron to boron

interactions of which from three to six may be bonds,

#The relative areas of the B-B and non-bonded B.,.B=-
B...H peaks proved to be reliable in the case of stable
pentaborane, The area of the bonded B-H pesgsk was not in
good agreement, and for that reason the corresponding
peak for tetraborane was not used in the following argu-

ment.
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and the remainder non-bonds, Aside from the 2,65-2,85 s
peak, only the 3.85-4.30 2 peak lies at & great enough
distance and has sufficient evident area to contain a
non-bonded boron-boron interaction. And since the only
plausible configuration with a B...B dictance as long

as 3,85 £ is a B), chain, we may assume that for all other
configurations the non-bonded B,..B terms either all fall
in the region 2.65-2,85 2 or have, some of them, extremely
severe temperature factors, a possibility which we ignore
for the present. It 1s then possible to calculate, for
any assumednumber of boron-boron bonds, the number of
B...H interactions, in addition to the remaining number
of B...B interactions, which must lie in the 2.65-2.85 %
reglon in order to fit the observed peak areas. The

results of this calculation are shown in Table 2.

Table 2
no. BB BobsoniBE & 2ebso585 &'
6 0 30
5 1 21
I 2 12
3 3 3
3 (chain) 2 7

Now the total number of boron-hydrogen lnteractlons
1s forty, of which ten or (if bridge bonds are present)
more are B-H bonds, Since the radial distribution curve

appears to show that bridge bonds are present, 1t seems
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reasonable to assume that there are about fourteen B-H
bonds, leaving about twenty six long interactions to be
disposed of. Since it is improbable that all of these
could be made to fall in the 2,65-2,85 h regions, or
that as many as nineteen, or even fourteen, would fall
outside it without being noticeable elsewhere on the
radlial distribution curve, five and four become the
most likely numbers of B-B bonds, with five the most
likely. The relative area of the 1,27 X peak indicates
twelve and nine B-H bonds respectively. It must be
realized, of course, that these conclusions are not
necessarily valid; we have merely shown that the five
bond models will be capable of giving the best agreement
with the radial distribution pesk areas and therefore
have, in this respect, the best possibility of yielding
a good fit to the data.

For each boron configuration that was consildered,
reasonable hydrogen distributions were assumed, the
parameters were adjusted in order to obtain approximate
asgreement with the radial distribution curve, and a
theoretical intensity curve was calculated. In most
cases only a rather superficial study was made of the
probable effects on the calculated curves of varyling

the parameters for each configuration, but a much more

#Twenty four out of the thirty four B...H interactions
in BgHg fell under the corresponding radial distribution

pesak,
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thorough study was made in the case of the butane-like
model reported by Bauer from his electron diffraction
investigation(g), and in the case of models containing
four or five boron-boron bonds as suggested by the
analysis of the radial distribution curve.

Several theoretical intensity curves were calculasted
for butane-like models, The model reported by Bauer is
in disagreement with the radial distribution curves,
since the tetrshedral B-B-B bond angle leads to a strong
peak at 3.03 %. The curve for a model with a bond angle
of 90° is fairly satisfactory (Fig. 3). However, no
attempt was made at the time to carry out a complete
parameter determination and, in view of developments
which will be described later, no further work was done
on the butane-like model at all.

Models containing four boron-boron bonds could not
be made, it seemed, to give a good fit, but models con-
taining five boron-boron bonds showed immediate promise
and excellent curves were readily obtained. This Coy
model (Fig. li), in addition to being in agreement with
the data, was extremely pleasing, especlally in compari-
son with the known structures of the other boron hydrides,
and for this reason was bellieved to represent the actual
structure of tetraborane, a belief which was born out
somewhat later by a low-temperature X-ray investigation
of crystalline BjH,, by Nordman and Lipscomb.(13)

Once the correct molecular configuration of
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tetraborane has been established, a determination of
accurate parameter values 1s desired., The C2v Bhﬁlo
structure is particularly unfortunate, however, because
a total of twelve parameters, in addlition to temperature
factors, have to be fixed, becausse all of these are of
roughly the same importance, because only two of them
can be eliminated on the basis of reasonably safe
assumptions, and because, in spite of the Implication
of detail, the pattern is actually very simple, The
non~bonded distances to hydrogen atoms may often be
assumed, since both individually and collectively they
have little effect on the total scattering curve. How=-
ever, the relatively large number of non-bonded boron-
hydrogen distances in tetraborane, the relatively high
value of ZH/ZB, and the fact that the majority of these
distances are nearly alike, make it essential here to
include them among the parameters to be adjusted to the
data,

It is virtually impossible to use the correlation
procedure for a problem of this complexity, since a
minimum of about 3n curves are required for solving an
n parameter problem, The possibility of carrying out s
least squares refinement of the parameters was therefore
considered, and a preliminary refinement was made; how=-
ever, the results were not satisfactory and it was linally
decided that the data were simply not adequate (in number

and quality) to precisely fix all ten parameters, or even
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any interesting combination of them, The following
method was used to obtain a set of parameters which

is certainly near to the correct one. A theoretical
intensity curve which was in good agreement with the
data was chosen and the contribution of each individual
parameter was determined, The effect of each parameter
on that particular feature of the curve which needed the
greatest improvement was noted, a decision was made as
to which varlations would best improve the feature with-
out causing major changes of the remainder of the curve,
and a new theoretical curve was calculated. This proce-
dure was repeated until it was felt that no further
substantial improvements could be made., The resulting
parameter values, gilving the curve shown in Figure 3,
are B1-Bp = 1.87 £, By-By = 1.78 %, B,-B) = 2.92 &,

1.21 %, B -H, = 1.4S 2, Ba-ng -

= 2.65 A, and

By~Hg = B,-H, B-Hg = ¢

1035 X, Bh‘...HS = 2'76 R’ B1000H7 w BoseosH

1 8

B).. Hg = 2,96 £

Application of the scale factor (table 3) to these
parameters ylelds the followlng interatomic distances:
B1-B, = 1.85 £, By-By = 1.76 &, B,-B, = 2.88 X, B,-Hy =
By-Hy = By-Hg = 1.19 &, B,o-Hy = 1.33 £, and By-H, = 1.43 £,
The direction of the split in the bridge hydrogen distance
is most uncertaln since changing its sign has no notice-

able effect on the curves, and even the existence of the

#For thils model, a value & i = 0.00040 was used for the
bridge hydrogen atoms.
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split itsell 1s questionable, It is mainly a consequence
of the low amplitude of maximum 6, and in view of a re-
examination of the original photographs, together with
those of a new sample of tetraborane,i this amplitude

is in considerable doubt., Moreover, it was concluded
from a consideration of the boron atoms involved in the
bridge bond that a split in the bridge hydrogen distances
‘would not be expected., FEach boron forms two bridge bonds
and one bond to hydrogen; the central boron forms a half
bond to another boron, while the apical boron forms a
three-guarter bond to hydrogen. If the resulting charge
on the hydrogen atom is then neutralized by transfer of
one=quarter of an electron from the apical boron, the
bridge bond would be symmetric,

The parameters obtained by Nordman and Lipscomb from
their X-ray investigation of tetraborane(13) are By-B, =
1,815 &, By-B; = 1.750 2, B,-B) = 2.786 2, B-H, 4=
1.11 &, By-Hg = 1.21 &, and B,-H, = 1.37 §. The bonded

B-B distances are in excellent agreement with our elec-

tron diffraction results, but the B-H bond distance 1is

#An examination of the photographs by Professor Schomaker
showed that those of the new sample were different in
some respects from the older ones. In particular, the
amplitude of maximum 6 appeared to be much closer to
the average of maxima 5 and 7, and minima 6 and 7
appeared to be more nearly equal, The new photographs
also appeared to die out more rapidly at high scatter-
ing angles. His conclusions based on the old photographs
alone were in excellent agreement wlth our earlier
interpretations, even to the extent of differing in just
such a way as to account for the 0,83 ? error peask in
the radial distribution curve,
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15.99
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0.995
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(0.991)
0.998
(1.007)
(1.015)
1.002
1,001
(1.00L4)
(0.990)
(0.980)
1.008
0.975
0,970
0.979

0,987

0,013
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obviously much too short. This may be due to series
termination errors, or it may be due to displacement

of the average position of the hydrogen electron to-
ward the bond, resulting, for the case of X-ray
determinations of C-H bond distances, in typical wvalues
of 0.9-1,0 3.

Application of Hedberg's method of calculating the
boron radius to compounds of this sort,(lu) using our
set of interatomic distances, gives a value Rp = 0,802 2,
in excellent agreement with the average value of 0.799 R
calculated for the hydrldes BoHg, B5H9 and Bloﬂlh' This
result lends support to the conclusion that the parameter
values are near to the correct ones, The X-ray parameters
give Rg = 0.75 X; evidently it is the short B-H distances
which cause the small value.

The results of this electron diffraction investiga-
tion, together with the results of the independent X-ray
investigation, definitely establish the structure of
tetraborane as that shown in figure l;. As mentioned
earlier, this model 1s pleasing when compared to the
structure of other boron hydrides. The molecule is
very simllar to the end groups of the decaborane boat.
The bonding about the central boron atoms is similar
both to that about the apical atoms.of decaborane and
about the basal atoms of stable pentaborane. The end
boron atoms are unique in having bonds to two other

borons, but the total number, and directions, of thse
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bonds is a common one. The tetraborane model may be
cleaved into two equal parts resembling diborane
molecules with a bridge hydrogen atom removed. The
model also shows structural similarities to a model
of unstable pentaborane described in the following
part of thls thesis.
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Unstable Pentsborane: BSH11

The radial distribution curves for BcHy 4 (Fig. 6)
were calculated with modification functions exp(-aqz)
and AqlL exp(~a'q2), just as for BAHIO’ and they resemble
the Bhﬂlﬂ curves rather closely., In particular, the
strong B-B bond peak, at 1,81 ﬁ, is somewhat broader
than theoretical (0,11 & ¥s 0.09 X), indicating the
possibility of two or more different bond distances,
the broad B-H peak, at 1.27-1.51 E, suggests the pre-
sence of bridge hydrogen atoms, and the prominent non-
bonded B...B and B...H feature at 2.,62-2,98 & (here
better resolved than for tetrsborane) seems to contain
B.+.B interactions in its outer component, at 2.98 R.

There are now ten boron-boron interactions, of
which from four to nine may be bonds. The number of
the remaining boron-boron interactions which can possi-
bly lie outside the 2,62-2,98 2 region is again limited,
but not so severely as before; table L shows, for each
possible comblnation of B-B bonds and B...B interactions
within the 2.6-=-2.9 X peak, the number of B...H interactions
required to fill out the observed ratio of peak areas.
The total number of boron-hydrogen interactions is fifty-
five, of which at least eleven, and (assuming the exist-
ence of bridge hydrogen atoms) probably about sixteen,
are bonds, This leaves about thirty-nine B...H terms to
be accounted for, and we assume, as before, that not all
of them will fall in the 2.6-2.9 & reglon, and that as

many as twenty-five or more falling outside of this region
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would be noticeable, This seems to indicate that models
containing six, seven, or eight B-B bonds are the most

promising ones,

Table I
now BB De6oo5.98 8 Beboo2i56 &

9 1 Lo
8 2 31
7 3 22
6 I 13
6 3 17
5 5 5
5 L

5 3 13
4 6 -
L 5 0
b n n
N 3 8

The similarities of the tetraborane structure to
the other borane structures suggest that the structure
of unstable pentaborane should also show such similari-
ties, The configuration shown in figure 5 is one which
satisfies this condition as well as the radial distribu-
tion curve arguments: 1t was deduced from a study of

the decsborane and tetraborane structures.s+ A theoreticsal

#+The same boron framework, but a different distribution
of the hydrogen atoms was arrived at independently by
Professor W, N. Lipscomb from a conslderation of the
stable pentaborane structure,
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intensity curve (Fig, 6} was calculated for this model

By-B; = B,-B) = 2.96 2, B)-B), = 3.0? 8 B-m,_ . =1.20 %,
pridge = 1:42 &, ( 0.00040) B...H,(8) = 2.62 £,

aij - -
By..oHg(h) = 2,62 X, and B

with the following parameter values: B-B

B-H
vl = B...H _ = 2,62 &:
2 12 = 73 1z ©
the bridge hydrogen atoms were assumed to be coplaner
with the boron triangles. B...H interactions through
more than one angle were not included in the calculation.
Table 5 gives a comparison of the observed and calculated
q values, The pleasingly close asgreement between this
curve and the visual intensity curve suggests that this
structure, or one having the same boron skeleton, but a
somewhat different distribution of hydrogen atoms, may
well be the structure of unstable pentaborane. In view
of the large number of degrees of freedom involved, how=~
ever, there can be no assurance that this is the only
structure which will satisfy the intensity data,

It seems wise to postpone further work until the
proposed structure has been verified (or ruled out) by
the low temperature A-ray investigation of the crystal
structure, which is belng carried out by Professor W. N,
Lipscomb, When the configuration is known, it may then

be desirable to attempt a determination of the parameters,

#For example, a small movement of a bridge hydrogen atom
to a position nesar three boron atoms would add a mirror
prlane to the molecule and would result in all of the
boron atoms having six-fold coordination,
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Table 5

min. max. 9cale, 9obs. qcalc./qobs.
1 7.0 ( 6.59) (1.062)
1 8.6 ( 9.04) (0.951)
2 11,1 (11.90) (0.933)
2 15.5 15,51 0,999
3 19.7 19.98 0.986
3 2,2 24,32 0,995
L 30.1 30.19 0,997
L 35.6 35.17 1.012
5 39.0 (37.30) (1.046)
5 4o.2 (39.65) (1.01L)
6 L2,y h2.91 0.988
6 L47.5 47.71 0,996
7 52,2 52,12 1.002
7 56.9 56.29 1,011
8 59.2 (58.5l) (1.011)
8 61.0 (60.16) (1.01))
9 6ly. 2 611,09 1.002
9 69.1 69.53 0.994
10 7h.2 7h4.78 0.992
10 80.8 80.63 1.002
11 85.7 85,88 0.998
ave, 1l features 0.998

ave, deviation 0,006
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Magnesium Boride

Until recently, the standard method for preparing
the boron hydrides involved the acid hydrolysis of a
"magnesium boride" 7)., Powdered metallic magnesium and
boric oxide were mixed in a thin-walled iron crucible,
a current of hydrogen gas passed over the mixture, and
the crucible heated until a glowing of the mixture indi-
cated that the exothermic resction had occurred. After
cooling, the resulting dark brownish mass was powdered
and hydrolyzed with 8-10 N phosphoric or hydrochloric
acld to obtain the boron hydrides. An anslysis of the
boride mixture by Travers and Ray(IS) indicated the pre-
sence of a magnesium boride of the composition Mng, but

a subsequent study by Ray(lé)

was interpreted as showing
that the boride was MgBBZ and, furthermore, that this

was the only stable boride of magnesium., According to
Stock(7) it is this boride which is important for yleld-
ing the boron hydrides. Since the principal boron hydride
resulting from the acid hydrolysis is BquO’ and since an
intermediate in the formation of the "magnesium boride"
has been isolated as the potassium salt BuﬂéKz, Stock also
postulates that magnesium boride contains Bh complexes

and consequently has the formula MgéBu. Because of the
interesting relationship between these possible Bu groups
and the Bhﬂlo molecule (the structure of BhHlQ was being
investigated by the electron diffrsction method at this

time), the preparation and investigation of the crystal
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structure of magnesium boride was undertaken.

Although Ray(lé) reported that metallic magnesium
and crystalline boron would not react to form the boride,
it was decided to try this method for the initial attempt.
Commercial powdered boron (99,05%) was heated with a
piece of clean magnesium (99.7%) larger than required by
the stolchiometry of Mg352 in a magnesium oxide coated
iron crucible to about 800° C for one hour. In order
to minimize the formation of oxides and nitrides, a
current of hydrogen was passed through the crucible
throughout the heating perlod. After cooling, the excess
magnesium, which was in the form of a metallic button,
was removed, The product was a black powder, simlilar in
appearance to the powdered boron, but noticeably darker
in color. A small amount of thls powder was introduced
into a vessel containing 8N hydrochloric acid and a vigor-
ous evolution of gas having the charscteristic boron hydrlde
odor was observed,

Samples of the powder were sealed into thin-wall soft
glass capillaries about + mm. in diameter and X-ray powder
photographs were prepared in a Straumanils type Norelco
powder camera of nominal radius 18/ﬂ‘ cm, using nickel-
filtered Cu K, radiation., Two double film exposures were
made and a second similar preparation of the compound was
photographed in the same manner, The positions of the
diffraction lines were accurately measured and the inten-

sities were estimated visually. A film factor of 3.7 was
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used to relate the intensities of each palr of
photographs. In addition, a check of the estimated
intensities was made by comparison with photographs
of HaanB, a compound for which excellent agreement
had been obtained between observed and calculated
intensities.

2 e were calculated for all of the

Values of sin
observed lines and 25 out of the 31 lines were indexed
on the basis of a hexagonsal lattice. Of the remaining
slx weak lines, one had a macro-crystalline appearance
which was obviously different from the maln pattern and
corresponded in position to the strong 200 reflection of
elementary magnesium. The other five lines showed appre-
ciable changes of intensity, relative to the main pattern,
between the two different preparations and were therefore
dismissed as belonging to an unidentified impurity.

Preliminary values of sin20100 = 0.0834 and sin29001=
0.0480 were chosen and were then refined by a least
sguares treatment.(17) The observational egquations were
of the form:
(b2 + k2 + hk) d 3100150 + 2 d sin0,4; = d siney,

and the resulting normal equations were of the form:

[Z wy (02202 4 sine (5 4,22 (n2+k2eni) |o

100 T
2 21,2 2pobs. _ 2gcalc,
sin 0001 = E:.w (h<+k“+hk) (sin thp sin ghkR *)
and Ez:w 2 (h +k2+hk)} l&sinzg tz:w RHJA
31n29001 = zzjw £2 (sin29§§f‘ - sinzsgﬁ%c ).

The weights, w;, were set equal to w} (cos@sin@)'z, with
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wi an suxiliary weight depending on the physical char-
acteristics of the line. S3olution of the normal equations
yielded the results:
1sin®e = =0.576 x 10~4 anasine 0.709 lO'h

100 = ~Ye 001 = ~Ve x .
With 2= 1.5418 R for CuKy, the resulting hexagonal cell
parameters and standard deviations are:

3.0834 + 0,0003 %

%

3.5213 + 0,0006 K.

C

i

o

The standard deviations were obtained from the residuals
and coefficients of the normal equations in the least
squares treatment.(17)

A cell of this size is certalnly too small to con-
tain the three magnesium and two boron atoms corresponding
to the formula M83Bg- Two alternatives are possible:
elther the formula approximates Mg332 and the structure
is of a random type, or the composition differs from Mg382
with fewer atoms per unit cell, The similarity in the
shape and size of the unit cell to that reported for
A152(181 pointed out to us by Dr. K. Hedberg, indicated
that the two borides might be lsomorphous, and structure
factors were calculated on this basis using the atomic
form factors of James and Brindley(lg). The atomic posi-
tions are 1 Mg at (0,0,0) and 2 B at (1/3, 2/3, 1/2);
(2/3, 1/3, 1/2). This structure consists of alternating
layers of magnesium and boron atoms, the boron layers
having twice the atomic density of the magnesium layers.

A comparison of Fob and F for all reflectlons

Se calc.,
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within the sphere of copper radiation is given in table
6 along with observed and calculated values of sinZQ.
The Fg,g, values were reduced to an absolute scale by
application of an empirical scale factor and the Fcalc.
values include the temperature Tactor exp{(-1l.04 sin®e Ve
For the unresolved (00L, 203) doublet, values are given

e = (mF2 . )oOl +

2
for Gobs. = I/kLp and for Gcalc. calc.

(sz

cale )203, where I is the observed intensity, k is

the scale factor, L and p are Lorentz and polarization
factors, and m is the multiplicity of the appropriate

roflection. Excluding this doublet and the unobserved

/

003 reflection, the value for R = EZ:[Fcalc - F
2 |Fops) 1s 0.105.
The density of the boride was determined by the flo-

obs.,

tation method to be 2,62 g./cc., in agreement with the
value 2.633 g./cc. calculated on the basis of the size
and composition of the unit cell, The compound is thus
established as being a magnesium boride of the composition
MgBoo

In view of this difference from Ray's result,(lé) I
attempted to find MgB, in the products of the reaction
between Mg and 8203. The preparatlion was carried oubt by
the method described by Stcck,(7) and an X-ray powder
photograph of the product was made, The strong lines
on the photograph agreed well in position and intenaity
with lines of magnesium oxide, Of the remaining compli-
cated spectrum of weaker lines, two corresponded to two

of the three strong lines of the MgB, pattern (002 and 110),
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001
100
101
002
110
102
111
200
201
003
112
103
202
210
211
113
300
203
ool
212
301
104
302

Sinzgobs.
0.0478
0.0834
0,1313
0.1918
0.2501
0.2753
0.2980
0.333L
0.3809

0.4416
0.5151
0.5260
0.5841
0.6310
0, 6815
0.7499

0,76l

0.7749
0.799
0.0495
0.9410
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Table 6

Sj'negcalc.
0.0479
0.0833
0.1313
0.1917
0.2500
0.2751
0.2980
0.3334
0.3813
0.4313
0.1l18
0.5147
0.5251
0.5834
0.6313
0.681L
0.7501
0.76L7
0.7669
0.7751
0.7980
0.8502
0.9418

obs,
2.2

5.9
9.3
10.7
9.9
L.l
2.9
L5
6.4y

6.8
o6
2,0
3.5
5.3
1.2
5.0

it

obs,.

1.6
1‘2
1.2

2.9
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cale,

3.8
6.2
9.7
10.L
9.5
o3
2.6
3.9
6.1
2.0
7.2
5.l
2.8
2.6
b4e7
1.2
5.0

el
G"calc:. =

1.9
1.2

1.6
h.2

239
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The other strong line of Mg82 (101) is degenerate in
position with the strong 200 line of magnesium oxide.
Thus there is some evidence that the boride formed in
the reaction between Mg and 8203 is MgBZ, rather than
MgBBz; furthermore, since in our preparation from the
pure slements Mg52 was formed even in the presence of
a large excess of magnesium, it seems doubtful that
Mg352 is a stable compound.

The complexity of the powder photographs of the
product from the Mg—B203 reaction indicates that the
actual reaction which occurs is considerably more com-
plicated than the mere formation of magnesium boride
and magnesium oxide, and that other products are formed
in amounts comparable to Mng. According to Stock(7),
the product contains, in addition to the boride, borates
and hypoborates that are derived from oxides of boron
lower than B203 that may play a part in the production of
the boron hydrides.

Although Ray, in his investigations, used amorphous
boron rather than boric oxide and, therefore, appreciably
reduced the amount of these side products, the amorphous
boron itself contained about 10% oxygen. His assumption
that, upon completion of the reaction, this was elther
unchanged or in the form of a single magnesium boride
appears unjustified, Lack of information on the composi-
tions of the hypoberates and the detalls of Ray's result
make it impossible to interpret his results in terms of

the boride MgBo,
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MgB, is the ninth metallic boride now known to
possess the A1B2 structure, Besides A1B2, the compounds
TiEZ, VBZ, CrBZ, ZrBz, MbBe, and TaB2 have been reported
by Kiessling,(zo) and Bertant and Blum(gl) have reported
on MOBZ. In table 7 there are given the lattice pars-
meters and interatomic distances in these nine borides.

The existence of these nine isostructural borides
containing metal atoms of differing properties affords
an opportunity to attempt to correlate the observed
internuclear separations on the basis of present-day
theories of bonding in metals, On the basls of Pauling's
equation relating bond number n with observed internuclear
separation Dn,(za)

Dy =D = 0.6 log n ,
where Dy is the sum of the single-bond radii of the two
atoms involved in the bond, there is, for any value
assigned to the single-bond radlus of the metal atom
in a compound MB,, only one value for the single-bond
radius of boron which will result in the total calculated
valences of the atoms being equal to the number of valence
electrons present in the compound. Furthermore, the single=-
bond radius assigned to the metal atom should be consistent
with the valence calculated for that atom and may differ
from the normal valence in view of electron transfer,
This is the method used by He&berg(13) in his discussion

of the boron hydrides and related boron compounds,

The single-bond radii for the metal atoms (other
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than magnesium and aluminum) were chosen according to
Pauling,(QB) with appropriate corrections for any assumed
electron transfer and resultant change in the d- char-
acter of the bonds. The single-bond radil for magnesium
and aluminum were caloulated from the emplirical formula
Ry = 1,759 - 0.055z - 0,488p, where z is the number of
outer electrons in the neutral atom and p is the p-
character of the bonds, arrived at by interpolating
between Pauling's values. In this regard, the value
chosen for d= or p=-character was an interpolation between
values for neighboring atoms, thus the bond orbltals of
titanium, which has an assumed valence of li.li (the excess
over l1.0 being attributed to electron transfer), were
given a d-character interpolated between the values

0.27 and 0.35 assigned to the bond orbitals of neutral
titanium and neutral vanadium respectively.

In table 7 there are given the final calculated
values for the boron single-bond radius for each of the
compounds, as well as the valences of each atom and the
calculated bond numbers. The average for the single-bond
radius of boron is 0.767 X with an average deviation of
0.012 1.

The single=bond radius of boron might be expected
to vary directly with the valence of boron as is observed
for other atoms. However, the least squares line,

Rl(B) « A +C(3-vg), for the nine points gives A = 0.768

and C = 0.005 with the estimated standard deviation of



-l 1=

C, 0,018, so large as to make even the sign of C unre-
liable, '

It should be polnted out that the calculated slngle-
bond radius for boron in each compound is dependent upon
the single-bond radius chosen for the other atom, which
in turn is very sensitive to the amount of d-character
assigned to the bond orbitals. Furthermore, there is
little wvalid reason to suppose that the d-character of
bond orbitals of charged atoms can be accurately deter-
mined by simple interpolation., Thus the compounds IiIbB2
and TaBp, which glve evidence of little electron transfer,
yield single-bond radii for boron very close to 0.768 £;
the compounds with an appreciable amount of electron
transfer, which necessitates an 1interpolatlon of p- or
d-character, show larger discrepancies,

The observed pattern of electron transfer is in
agreement with Pauling's theory(za) that boron, although
a hypoelectronic atom, tends to transfer electrons to
the less electronegative and likewise hypoelectronic
atoms magnesium and aluminum. The tendency for boron
to donate electrons decreases as the hypoelectronic
character of the other atom decreases (and its electro-
negativity increases) until the buffer atom chromium,
with an electronegativity approximately equal to that of
boron, is able to transfer a large amount of charge to
boron, thereby increasing the latter's bonding power
without great loss to its own.

The observed value for the single-bond radius of
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boron, 0.77 X, is considerably shorter than the value
reported by Hedberg(lu) for the boron hydrides and
related compounds. This discrepancy is probably to be
expected in view of the great dissimilarity in the types
ol structures involved. The A182 structure, with well
defined layers and consequent anisotropy of bonding,
would be open to strain and deformation of bonds. Even
more important 1s the high coordination of boron (9-fold)
compared to that in the more covalent type structures.
Professor V. Schomaker pointed out that this effect is
obvlious from the results of Hedberg?s calculation.

A complete study of other metal=boron compounds
would throw some light on the bonding characteristics

of boron.



Beryllium Boride

The formation of boron hydrides by acid hydrolysis
of the product of heating magnesium with boric oxide
appears to occur in similar yield if beryllium is used
in place of the magnesium.(7) If the first process in=-
volves a magnesium boride, the second presumably involves
a similar beryllium boride; on the other hand, the beryl-
lium atom i3 s0 small compared to the other metal atoms
of the MB, series that the composition BeB2 is rather
unlikely. Altogether, an attempt to prepare a beryllium
borlde and study 1its crystal structure seemed deslrable,

A mixture of approximately equal weights of commer-
cial powdered boron (99.05%) and powdered beryllium metal
(premium grade) was heated with a gas-oxygen torch to
about 1400° C for several minutes in a beryllium oxide
crucible under a current of helium. (Because beryllium
is so very toxie, all operations of handling and heating
were carefully performed in a hood,) The resulting inho-
mogeneous mass contained particles having a copper appear-
ance., Some of these particles were powdered and sealed
in a thin-wall soft glass capillary tube, and an X-ray
powder photograph was prepared by the method described
for magnesium boride. The photograph indicated the
existence of at least two phases, as evidenced by the
macro-crystalline appearance of a rather small number of
lines in addition to a complex spectrum of smoother lines.
The positions of the lines were measured and those having

the macro-crystalline appearance were indexed on the basis
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of a face-centered cublc unit cell with a =~ .66 2. The
intensitles of the lines indicated a fluorite type of struc-
ture., Further preparations were made from varying relative
initlal amounts of beryllium and boron, and X-ray powder
photographs were taken of the products in each case, For
most of the experiments, a quartz tube was used in place
of the beryllium oxide crucible. It was found that the
maximum yield of the cubic phase occurred for an initial
atomlec ratio of beryllium to boron between 2:1 and 1:1,
presumably closer to the 2:1 value; the other lines appeared
to be due to one or more phases having a higher beryllium
content. Several unsuccessful attempts were made to pre=-
pare the cubic phase in essentially pure form for relisble
determinations of composition and density. The positions
and intensities of the cubic lines were measured on several
photographs by the methods described for magnesium boride,
Least squares refinement on the sinzehkﬂ values led to the
result a, = 4.6583+0.0017 &; the observed and calculated
values of .<3i1.n\20h}t{!2 are given in table 8,

Structure factors were calculated for a fluorite
structure of the composition BeosB, with 8 Be at (3,%,%).
(3/4s3/4,3/L) + F.C. and L4 B at (0,0,0) + F,C., using
the atomic form factors of James and Brindley.(lg) The
resulting modull showed approximate agreement with the
observed intensities and the signs, together with the
observed modull lFobs.‘ , led to the plot of g(x,x,x)
vs x shown 1n figure 7, In addition to the expected

peaks at the origin and %,%,%, there is a peak at %,%,%
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about one-quarter as high as the main peaks. This posi-
tion has eight beryllium neighbors at a distance of 2,02

3 and cannot, therefore, contain a beryllium atom with a
single~bond radius of 1.07 3. It therefore appears that,
in addition to eight beryllium atoms and four boron atoms,
the unit cell contains approximately one other boron atom:
randomly distributed among the four positions (3,3,3) + F.C.
giving a composition approximating BegBS. Structure fac-
tors were calculated on the basis of this composition and

a comparison with the observed values is given in table 8.

The reliability factor, R = EZ'}Fialc. - Fibs.l/”ﬁilpfbsj,
is 0.15.
Table 8

hk1l sin®ePPSe  ginZegale. g2 obs. g2 cale.
111 0.0822 0.0822 100 57.2
200 0.1094 0.1095 10 11.6
220 0.2192 0.2191 542 534
311 0.3003 0.3012 26 28.5
222 0.3269 0.3286 L 18.1
1,00 0.14372 0.4382 37l 1426
331 0.5201 0.5203 27 21.6
20 0.5h7lh 0.5L77 7 15.6
22 0.6572 0.6473 1405 332
£333§ 0.7392 0.739) 31 18.7
(511)

4o 0.8765 0.876k 235 274

531

0.9586

0.9585

18

17.1
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Electron density along the body diagonal
of the beryllium boride unit cell.
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The densitles of several of the copper colored
pieces, as measured by flotation, ranged from 1.96 to
2.20 g./cec. 3 the calculated density for five boron
and eight beryllium atoms in the unit cell is 2.071
g./ce. An 81.2 mg. sample of the copper colored mater-
ial was dissolved in concentrated HCl and analyzed,

The beryllium was precipitated with ammonium hydroxide,
filtered using Whatman #40 paper, ignited to constant
weight and determined as the oxide, Sodium hydroxide
was added to the filtrate and the ammonia expelled by
boiling. After adding bromine, the solution was boiled
further to insure conversion of all of the boron to bor-
ate. The pH was adjusted to correspond with a comparison
solution containing an approximately equivalent amount of
boric acid; methyl red was used as the indicator. Mamni-
tol was added and the solution was titrated with standard
0.1 N sodium hydroxide to a phenclphthaleln end point.
The result of the analysis was

Be = 70.5 mole %

B = 22.2 mole %
The remaining 7.3% was material which was insoluble in
concentrated HCl, and was probably boron of some form;
however, the indication from the powder photographs that
the boride was not a pure phase made any attempts to
obtain further information unworthwhile. The composition
BegBg corresponds to 61.5 mole % beryllium and 38.5 mole %

boron. Indications from the powder photographs that other
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phases may comprise as much as 30% of the sample, and
evidence that these phases are on the high berylliunm

side of BeaBS, make the rosults of the analysis not
unreasonable, Direct determination of the exact com=-
position wlll require a sample of much higher purity

than we have so far been able to obtain;.Professor Pol
Duwez has kindly consented to investigate the possibility
of obtaining improved samples at the Jet Propulsion
Laboratory,

The tentative structure, of approximate composition
BegBg, 1s truly an interesting one. Of the many metallle
borides which have been studied, the great majority con=
tain boron frameworks of some sort, such as chains,
hexagonal nets, or three dimensional networks of joined
octahedra, The boron-boron distances in these borides
have lengths in the range 1,7-1.8 K, and appear strong
compared to the boron-metal and metal-metal bonds. MNore-
over, a given structure type is stable over a rather wide
range of different metal atoms, as for example in the ﬁBe
series, Presumably, it is the ability of boron to form
the frameworks in these compounds which is chlefly res-
ponsible for their formation and stability.

Beryllium carbide, BezG, has been studied(zs) and
found to have the fluorite structure. One may, therefore,
consider the structure of 86885 to be a compromise between
the desire of beryllium to form the fluorite arrangement
and the desire of boron to form some sort of network con-

taining boron-boron bonds, The boron does 1in the proposed
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Beng structure, but not in the related ideal fluorite
arrangement, Also, in contrast to BeBB&, BeaBS has
almost identically the same number of valence electrons
per unit cell as Begch, and this may be significant.

We can only conclude that both points of view lend
credibility to a fluorite structure with about ons

extra boron atom per unit cell.



Copper Borids

Our work on magnesium boride led to an interest
in Marsden's report of a copper boride GuBBZ.(aé)
Marsden heated a mixture of amorphous boron and metal-
lic copper in a porcelain ecrucible for 3 - I hours to

a8 temperature above the melting point of copper, The
brittle, yellowish product resembled iron pyrites in
appearance, and, by qualitative analysis, contained
copper, silicon, and boron; the density wae 8,116 g./coc.
Quantitative analysis for copper and silicon, together
with the assumption that the sample was a mixture of
silica and a copper boride, then led to the formula
CuBBZ’

Our attempt to prepare this boride was carried out
in a similar manner, a current of helium being passed
over the sample during the heating period. In addition
to unreacted copper and boron, the product contalned
small particles of a silvery substance. These particles
were brittle and had a density of about 8g./cc.

X-ray powder photographs, prepared from a crushed
sample of the substance, turned out to be identicsal
with photographs obtained later from a sample of the
copper silicide CuSSi. It was also noticed that frag-
ments of the substance changed, on standing in air,
until they had the appearance of pyrite. The powder,
when heated to 100° C for a short time in the presence

of air, also developed this yellow color,
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The X-ray photographs and similarities in the
preparation and properties of our sample to Marsden's
CuBBZ’ together with the failure of other attempts to
prepare a copper boride,(27’28) seem to indicate that
both preparations are actually copper silicide, or
possibly a ternery Cu-8i-B compound.

Additional attempts using the electric arc furnace
of the Jet Propulsion Laboratory were unsuccessful, and
it appears that no copper boride can be formed by a

direct union of the two elements.



“53a=

IT SOME OTHER STRUCTURAL STUDIES



Formyl Fluoride

The desire to understand the properties of the

0

/
-—&( group (such as high reactivity, dipole moment,
X

and bond force constants) has led to investigations of

the molecular structures of several acld halides and
related compounds. An electron diffraction study of

the acetyl halldes by Allen and Sutton‘Z?) showed the
fluoride to have a carbon-fluorine bond length in agree-
ment with that in methyl fluoride, but the acetyl chloride,
bromide, and lodide showed long carbon-halogen bond lengths
as compared to the corresponding methyl halldes, Moreover,
this lengthening of the halogen bond was observed to
increase in the sequence Irom fluoride to ilodide, Inves-

(30) and phosgene(3l)

tigations of carbonyl fluoride
showed no appreciable lengthening of the halogen bonds,
but the C = 0 distance was found to be slightly shorter
than in aldehydes and ketones,

Similar cases of the lengthening of bonds to halogen
atoms has been observed for the nitrosyl halides, and it

has been pestulated(Bz) that this is due to the contribu-

o
tion of the resonance form N20 to the ground state of the
X

molecules, Schomakar(Bl) and Allsn and Sutton(zg)

have
discussed the possibility of a simllar type of resonance
in the acid halides, the resonance structures

+ ™
A
R=GC and R—C . both contributing significantly to

X" Nx
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the ground state, A discussion of the properties of
phosgene in terms of this resonance has been given by
Schomaker.(3l) The investigation of the structure of
formyl fluoride was undertaken to obtain further experi-
mental information on these compounds.

The sample of formyl fluoride was prepared by the
method of Nesme janow and Kahn(33) from formic acid,
sodium fluoride, and benzoyl chloride. The crude
product was collected in a dry ice trap, distilled
under vacuum at -40° C, and then redistilled at -35° C.
The boiling point of the distillate was measured and
found to bhe -390 C, considerably lower than the value
of =24° C for pure formyl fluoride. A small portion
of the sample was introduced into water and tested with
silver nitrate, The resulting white preciplitate indi-
cated the presence of a considerable gquantity of chloride,
probably rormed as a result of the reaction

FCOC1+HCOOH = PCOOH+HC1+CO,
In order to remove this hydrogen chloride, the sample
was distilled twice through a trap containing sodium
fluoride. The resulting product boiled at -2,° C and
gave no precipitate with silver nitrate,

The sample was photographed by the methods pre-
viously described and visual intensity curves (Fig. 8)
were drawn independently by two observers (M. Jones
and K. Hedberg). Comparisons were made with photographs

of formic acid, which were very similar to those of formyl



e 7

VISUAL INTENSITY

2 4 5 [ 7 8 9 10
M.J.

A AV AYAVAVAV YA VALY

RADIAL DISTRIBUTION

-]
4 5 A

THEORETICAL INTENSITY

Fig.8. Formyl fluoride: theoretical intensity

curve for R=1133 and £ =121°
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fluoride, and the small differences were tsken into
account in drawing the visual intensity curves. The
two visual curves show excellent agreement on all
points except the relative depths of minima 5, 7 and
8, where, re-examination of the photographs showed,
curve K. H, is to be preferred, A radial distribution
curve was calculated (Fig, 8) using the exp(-ag?)
modification function. The strong, barely resolved,
first radial distribution pesak indicated C=z0 and C-F
distances of about 1.20 K and 1.37 2, respectively.

The peak at 2.22 X corresponds to the 0...F interaction
and indicates a bond angle of 119,3°.

Theoretical intensity curves were calculated for
models having parameters in the range C-H = 1.09 A
(assumed), ratio C-F/C=0 = 1.072 to 1,197, and angle
0sC-F = 117° to 127°. These curves showed that a model
having ratio and angle of 1.133 and 1210 was near to the
correct one (Fig., 8).

It was considered worthwhile to apply a least squares
method, as devised by W, Hamilton,(Bu) for the purpose of
refining the parameter values. In order to convenliently
utilize the curves already calculated, the parameters
were chosen as ratio C=F/C=0, S =z average of C=F and C=zO
(scale parameter) and ratio F...0/S. Variation of the
C-H distance had been shown to produce a negligible
effect on the curves and was, therefore, not included

as a parameter in the least squares adjustment. The
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observational equations contained twofold and threefold
comparisons of intensity, in addition to the positions

of the maxime and minima. The methods of Hamilton(Bu)
and Ibers and Schomaker(BS) were used for assigning
weights to the observations (table 9). The observational
equationa were transformed to the normal equations in the
usual manner.(l7) Solution of the normal equations
yielded the results

AR 0.00179

AF... 0/s = 0.00676 R.

The resulting final parameter values were
ratio C-F/C=0 = 1.13457
S = 0.99016
F...0/S = 2.24676 %,
or, in terms of the interatomic distances,
1.353 &
C=0 1.192 §
Fe.u0 = 2.225 X

C=p

1]

1]

corresponding to an 0=C-F angle of 121° hrt,

The standard deviations and correlation ccoefficients
of the parameters were obtained(l7) by calculating the
moment matrix M, from whlch the approprilate maﬁrlx M,
corresponding to standard deviatlions and correlation
coefficlents in the interatomic distances, was calculated,
An additional contribution to the standard deviation in

the scale factor due to errors in the measurement of the
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electron wave length, the camera distance, and the film
factor, was estimated to be 0,004, and was included in
the treatment by assuming Gé(final)z - 5&(L.5.)2+(O.00u)2.
The resulting moment matrix in terms of interatomic dig-
tances was
C=0 C=F Foosl
( 0,316 0,266 0,661 )
M = E 0.266 0.359 0.705 3 x 107k
% 0.661 0,705 1,587 %
It has been estimated by Hamilton(su) that a satisfsasctory
estimate for the limit of error would be given by 2¢ .
The final parameter values and limits of error obtalned
from this investigation are then
C=0 = 1.192 + 0,011 %
C-F = 1.353 * 0.012 %
F...0 = 2,225 + 0.025 K.
The average deviation in qcalc./qobs‘ for 12 features is
0,00,

The bond distances in formyl fluoride are comparable
to those in other acid fluorides and related compounds,
and are much closer to the normal values than the dis-
tances in the corresponding chlorides, bromides, and
iodides., The observed lengthening of carbon halogen
bonds, increasing in the sequence from fluoride to lodide,

may be accounted for by considering the contribution of

the resonance forms
o* 0"
7/
R-¢7 _ and R-c(_,
X X
T 1T
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postulated by Schomaker(Bl) and discussed by Allen and
Sutton(gg) (although the latter authors did not seenm

very enthusisastic). AS one proceeds from fluorine to
iodine the tendency to form the ion decreases, but the
double~bond forming power decreases at an even greater
rate., If, in the case of the fluoride, the contribution
of the resonance forms I and 1I is sbout equal, the
contribution of Il would be expected to decrease more
rapldly than that of I as the fluorine atom was replaced
by chlorine, bromine, and ilodine atoms, resulting in an
increase 1in the carbon-halogen bond lengths in the manner
that 1is observed. No quantitative treatment of this
effect 1s possible due to a lack of sufficiently accurate
data on the relative tendencies of the halogens to form
resonance structures of the sort proposed; however, on

a qualitative basis the explanation appears to be a

reasonasble one,
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Qzone

This investigation was initiated at a time when
the value of the bond angle in ozone was in consider-
able doubt, and even the obtuse-angled structure was
doubted in some quarters, In this laboratory, an
electron diffraction determination(36) had led to an
angle of 127°, but a subsequent spectroscopic study(37)
seemed to indicate a considerably smaller value, at
least if the bond length were at all close to the electron
diffraction value of 1,26 K. Reinvestigation by electron
diffraction was surely in order.

The ozone was prepared from commerclal tank oxygen
uging a silent discharge ozonizer. The resulting gas,
containing about 6% ozone, was passed through three dry
ice traps and condensed in a sample bulb at -192° C.

When a sufficient quantity of liquid had condensed, the
ozonlzer was disconnected, and the liquld ozone-oxygen
mixture was pumped on with a mechanical vacuum pump at
-192° ¢c. & mercury manometer was used to indicate the
progress of the oxygen removal., After the vapor pressurec
of the liquid became unobservably small, the pumping was
continued for several minutes, the sample bulb stopcock
was closed, and the ozone was allowed to wvaporize. EKlec-
tron diffraction photographs were then prepared, within
about a half hour, in the normal manner, with the sample
at room temperature. The initial ozone pressure in the

bulb was estimated to be in the range 100-200 mm, Hg,.



-63-

The photographs were very much superior in appearance
to the old ones.

A visual intensity curve was drawn. Theoretical
intensity curves were calculated for models having bond
angles in the range 115-127°, 1In additlon, curves were
calculated for varlous admixtures of oxygen. On the
basis of 100% ozone, the theoretical intensity curves
indicated a bond angle of aboub 118°, Unfortunately,
however, the oxygen impurity could not be determined
from the appearance of the photographs since it, and
a certain simultaneous increase of bond angle and de-
crease of bond length, in the ozone model, have closely
similar effects on the theoretical intenslity curves, It
was necessary, therefore, to determine by chemical methods
the purity of ozone samples prepared and handled in a like
manner to those used for obtaining the photographs.

Samples of ozone were prepared by the method pre-
viously described, and the bulb plus sample was weighed
at room temperature. Approximately thirty minutes after
the ozone was firat vaporized, the sample bulb stopcock
was opened for a short time and some gas allowed to pass
through the electron diffraction nozzle into an evacuated
flask containing a neutral potassium iodide solution.
This solution was acidified with HCl, and the ozone
determined by titrating the liberated iodine with a
standard thiosulfate solution. The total quantity of

gas represented by the analysis was determined by
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rewelghing the sample bulb after the experiment. The
values obtained for four such experiments ranged from
48% to 58% ozone by weight, indicating a decomposition
so rapid under the conditions employed as to make the
actual composition of the diffracting gas stream for
any particular photograph quite uncertain. Although
the procedure for the analysis was as similar as possi-
ble to the electron diffraction experiment, a consider-
able amount of time elapsed between the two, and there
is, therefore, no assurance that the 50% ozone value
was the same as the value at the time the photographs
were prepared. This result discouraged any further
attempts to interpret this first group of photographs.

Further studies were carried out on the effect of
keeping the gaseous ozone samples at -80° C. The pro-
cedure was the same as before except that a manometric
method was used for determining the total amount of gas
in the sample bulb., The ozone content of such samples
was found to drop from an initial value of 88 mole % to
gbout 83 mole % after thirty minutes at -80° C,

Attempts to photograph samples kept in this manner
were unsuccessful because of troubles with the eleciron
diffraction equipment, It is to be hoped that good
photographs eventually will be obtained.

During the course of the present Ilnvestlgatlon,
the results of two independent microwave studies of

ozone(38’39) were reported, The two determinations
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gave bond angle values of 116.50~117° and 116°u9'i30‘,
and bond distance values of 1.27 X and 1.278 + 0,003 ﬁ.
These values are in reasonably good agreement with our

estimate on the basis of the impure oczone photographs.
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Copper Silicids: CuSSi

Attempts to prepare a copper boride (see page 51)
by heating copper filings wlith powdered boron in a
porcelain crucible yielded some small silvery particles.
Semples of thls materlal were crushed and X-ray powder
photographs were prepared by the method described for
magnesium boride, The positions of all of the lines on
the photographs were measured, values of sinzg were
calculated, and the photographs were indexed on the
basis of a primitive cubic unit cell with a, = 6.222 2.
The intensities of all the lines were estimated wvisually
by the multiple film technique described for magnesium
boride,

T.aue photographs of several small fragments were
prepared, and, although none was a single crystal, one
proved sufficiently simple to indicate the Laue symmetry:
0p+ This fragment was oriented, and Welssenberg photo-
graphs of several zones were prepared. The Weissenberg
photographs were useful for assigning approximate rela-
tive intensities to the components of degenerate powder
lines, and for showingkthat the h00 reflections, most of
which are degenerate with other reflections, occur only
for h = ln, This extinction, the 0y Laue symmetry, and
the primitive unit cell limilt the possible space groups
to the enantiomorphliec pair 06 - 07.

Up to this time, the silvery material had been
assumed to be a copper boride; however, Professor Linus

Pauling pointed out the similarity of the unit cell to
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that of CuSSi, which had been studied.(uo) A comparison
of the unit cell dimensions, and a comparison of our pow-

der photograph with a reproduction of a photograph of the

silicide, left little doubt that the sample was not a bor-

ide, but rather was Cu531. Samples of Cu;Si were then
prepared from copper filings and powdered silicon metsal,
powder photographs were taken, and a comparison was made
wlth photographs of the earller preparations, These
proved to be ldentical, thereby conflrming the identity
of the "boride" and the silicide.

According to Fagerberg and Westgren,(uO) CuSSi is
cubic, with a, = 6,211 X, and has the @ -manganese struc-
ture.(ul) Referred to the space group 07, the 20 atoms
per unit cell occupy the positions 12(d), with x = 72°,
and 8(c), with x = 22°.:+ These twenty positions were
reported to be occupied randomly by copper and silicon
atoms, since the powder intensities of @ -manganese, with
only one kind of atom, and of GuSSi are simller, A random

structure of thls type is not so pleasing as an ordered

#These positions are

12(d) = 3/8,%,3/h+x; 3/h+x,3/8,%; %,3/4+x,3/8; 7/8,1/2+
x,1/h-x; 1/h-x,7/8,1/2+x; 1/2+x,1/4-x,7/8; 5/8,
1/2-x,3/h4=x; 3/4=x,5/8,1/2-x; 1/2-x,3/li=x,5/8;
1/8,x,1/h+x; 1/b+x,1/8,x; x,1/4+x,1/8,

and 8(c) =z x,x,x; 1/2+x,1/2-x,%; %,1/2+x,1/2-x;1/2-x,%,

1/2+x; 3/4-x,3/-x,3/bh-x;1/l1~%,3/i+x, 1/l+x;
1/L¥+X: 1/5"xa B/LH'X; 3/2—1r+x’ 1/1;:*'}(, l/br“XO
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structure, Further study of the question seemed worth-
while, especially since an appreciable amount of X-ray
data had already been gathered.

More silicide was prepared as before. Two pycno-
metric determinations on 10 g. samples ylelded density
values of 7.906 and 7.910 g/cc., and iodometric deter=-
minations(hz) on nitric acid solutions of 0.2 g. samples
gave values of 91.02 and 90,83 weight % copper.

Several X-ray powder photographs were prepared
from the new samples and the positions of the lines
were accurately measured. Reciprocal spacings
(1/4 = Uiy = 2_%%32) were calculated from the positions
of the powder lines, Analysis of a few lines in the
back reflection region gave a tentative value of
0.,160838 g—l for 1/a,. An absorption parameter K was
introduced in conjunction with the absorption function
of Nelson and Riley,(uB) and a least squares refinement
of l/ao and K was carried out. The observational equa=-

tions were of the form

dgy 1 + 1 003291 + coszgi K -
VLT ag) A(1/ag) + Va3 (Sin‘g:1 > ) K =

\/ﬁi(ngs’ - qgalc.)’ where (1/a,) and K are the para-
meters to be solved for, g; 1ls the reciprocal spacing

of the ith

line, and wy = wi/cosgei is the weight of
the 1 1ine (where wi is an auxiliary weight based on

the physical appearance of the line). The derivative

dqi/&(l/ao) is equal to Vh2+k2+12.
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Normal equations were obtalned in the usual way(l7)
and solved for the two parameter values and expected
standard deviations:

a = 6.2216 + 0,0003 %

0
K

17 x 107% + 1.8 x 107k

The value 1.5418 2 was used for the CuKe wave length.
The observed and calculated values of g; are given in
Table 10.

At about this point a new General Electrie XRDa3
X-ray spectrometer was installed in the laboratory and,
both to obtain accurate intensity data and to test the
spectrometer, it was tried out on copper silicide., A
sample of the silicide was powdered in a mortar to about
200 mesh, mixed with a binder prepared by diluting two
drops of Duco cement with one ce., of acetone, and poured
into a cellophane mold. After drylng for two days, the
resulting brick of sample, about 1.3 x 3,0 x 0.2 ¢cm, in
size, was freed from the mold, smoothed on one face with
fine emery paper, glued to a strip of plastic, and
mounted on the spectrometer. The X-ray Iintenslty was
then recorded over an angle range from 20° to 165° at
a speed of 0,.2°/minute. Nickel filtered CuK« radiation
was used, and the recordesr was calibrated in counts/seo.
at several points both before and after the run. The
intensity readings through the region of each observed
reflection were then transferred from the logarithmic

recorder scale to a linear scale and the areas measured,
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But about half of the reflections proved too weak for
satisfactory measurement by this method; for these the
counting rate was measured directly with the scaler at
small intervals throughout the region of each reflec-
tion, plotted on a linear scale, and integrated as
before., The results were in general agreement with
the visual estimates that had been made from the multi-
ple~film powder photographs, the average deviation
between the two sets being about 10%. No attempt was made
to determine experimentally whether there was any partial
orientalion of small crystallltes in the powder sample,
in which case considerable errors might be introduced
in the intensity measurements.,

The Welissenberg data were used to separate the
degenerate reflections, the intensitlies were reduced

to |kF values by dividing out the multiplicity

obs,
values and Lorentz and polarization factorse, and were
used, with signs calculated on the basis of Fagerberg

and Westgren's random structure, to calculate the Fourier
projection g(x,y) (fig. 9). The peaks in thia pro-
jection, which correspond to the 12{(d) positions (4),

are appreciably larger than those corresponding to the
8(¢) positions (B). The ratio of the areas, l:3, are
accounted for by a structure in which the 12(d) positions
are occupled solely by copper atoms while the 8{(c¢) posi-

tions are occupied randomly by both copper and silicon

atoms in a ratio of about 4.3 to 3.7. The density
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caleulated on the basis of this structure, 7.855 g./cc.,
agrees well with the observed value 7.908 g./cc. The
composition, Cuh'u]Si, is in excellent agreement with
the wvalue Cuh'kBSi obtained from the analysis. The
elongation of two of the three 12(d) peaks (Al and AZ)
and the relative sharpness of the third seem to indicate
that the atoms in these positions are undergoing asym-
metric thermal vibration. Since an atom in the 12(d)
position has twelve neighbors at an average distance

of about 2.6 £ which are distributed fairly uniformly
about it, there appears to be no reason to expect any
preferred direction of vibration. The effect may be
real, or it may be due to the use of the relatively
inaccurate Weissenberg data in conjunction with the
spectrometer data, or to errors in the spectrometer
data due to a partial orientation of crystallites in
the sample.

On the basis of the conclusions drawn from the
electron density maep, the structure factors were
recalculated on the assumption that only copper atoms
occupy the 12(d) positions, while both copper and
silicon atoms randomly occupy the 8(c) positions in
the propoertions L.3 to 3.7.

The scale factor and temperature factor were
determined from a plot of log EZ:mi(Fgalc‘)Z/Iobs’
(L.p‘)'lj] vs (sine/A )2, where I, is the observed

bs.
intensity, L.p. are the Lorentz and polarization factors,
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my 1is the multiplicity of the 1th component of a
degenerate reflection, and the sum is teken over the
i components. The resulting value of B is 2.3L 2-2.

2
and Fobs are shown

@

2
The resulting values of Fcalc.

in Teble 10, In the case of degenerate reflections

the values of Gfalc. = €Xp [-QB(sing/l )2:]§:mi(pgalc.)2

and Gsbs. = k210bs./L.p. are shown. Excluding unob-
. 2 2
served reflections, the quotient EZ[Fbalc. - Fong

2 17 ps.
is 0.155,

This investigation has partially removed the
complete randomness of Fagerberg and Westgren% struc-
ture, Further refinement of the structure on the basis
of only the spectrometer data i1s contemplated., A least
squares refinement of the positional parameters and
composition, and study of the possible asymmetric

temperature factor should be done,



hkl

110
111
210
211
220
221
310
311
222
320
321
400

calc,.
9y

0.2295
0,2805
0.361L
0.3957
0.4566
0.1841
0.5101
0.53U49
0.5586
0.5812
0.6031
0.6445

0.6643

0.6835

0,7021
0.7203
0.7380
0.7553
0.7888
0.8050

0.8208

-71;_..
Table

obs,
43

0.3619
0.3959
0.h841
0.5101
0.5353
0.5584

-

0,6033

0.6834

0.7027
0.7202
0.7391
0.7551
0. 7884
0.8050

0.8206

10

e C
Pkl

(6

(32

0,3
0.6

10.7
Sely
0.7

22l
1hly

72.6
8.6
1.2
9.5
3.6

(9.2)

€9)

0.2
25.2
1.2
11.1
8e2
18.L

20)

F

x10

hkl

(737)

1.5
29.3
0.6
17.1
16.1
17.3

(4100)



hkl

qgalc.

0.8667

0.8815
0.,9103

0.9243

0.9382

0.9509
0.9653
0.9785

0.9917

1.0174

1.0299

1.0421
1,056
1.0668

1.0788

-5

Table 10 (Cont'd)

obs,
e

0.8665

0.8812

0.9381

0.9521
0.965]
0.9787

0.9916

1.0304

1.0553

1.0789

2 calc,

Py %10

(561)

(2660)

18.4
3.7

(13.7)

(197)

15.3

h7.2
29.8

(1020)

249

(593)

0.5
6.3
0.4

(512)

2 obs,.
Fhkl

(643)

(3087)

13.3

(358)

16,8

L3.8
2.3

(999)

-2
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1.0907
1.1141
1.1256

1.1370

1.1369

1.159,

1.1705

1.1815

1.2031

1.2137

1.224)

1.2348

1.2555

1.2657

1,2859
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Table 10 (Contt'd)

obs,

9y

1.1256

1.1369

1.1705

1.1816

1.2031
1.2138

1. 22l

1.2348

1.2555

1, 2658

1.2859

Z calec, =2

Fhkl

1.7
0‘6

11.3

(398)

(89.8)
1.1

(h21)

(332)

12.8

(L4L80)

(813)

(859)

(710)

21.1

2 Obs. "2
hkl

x10

9¢3

(320)

(3119)

(331)

12.8

(le70)

5.3

(831)

(1120)

(727)

27.6
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The Use of Punched Cards in Molecular Structure
Determinations. IV. Approximations to the
Temperature Factor

; mRTOV K.

E punched-card method! which <we use for the functions
Z:G; sinyir that have to be cvaluated in the course of
action -studies - of the molecular structures of randomly
sriented molecules requires that the coefficients G; be constants,
; dcpmdmt of x. However, in the espression for the intensity ot
diffraction, in our case,?
IG6)y=2"1 2 jrif ! )
these coefficients often include the so-called temperature factor
exp( a5, which takes into account the vibrational variation
or an-effective vibration:d variation of the interatomic distance
about its mean value r; .. The cuantit aij is 3{ér; My or, in order
to-make negligzible the variation of yme: of Lhc coetlicients, an
effective value (3ar; Da—ay).
S Previously, this variation has ordi
+. by constructing the corresponding distribution of the form
exp i (r—ri;j?¥4da, 7 and approxireating the required integra-
tion over the disiribution by a suni of equally spaced sinrs terms
having constant coetlicients taken from this curve with suitable
normalization. Bul in the absepce of any readily applicable
analysis of the situation, the desire for accuracy has usually Jed
to the use of more {erms than are actually necessary. Therefore,
it was decided ro work oot to knoewn accuracy several cconomized
representations of this type for general application.

exp(—a: i5%) sinrijs,

1y Leon approximatal

JonEes aND VERNER SCHOMAKER

tnd. Crellin Lohoratories of Chemistry,* California
nstitute of Technology, Pasadena, Californis

{Received February 22, 1951)

In order to simplify the work, the equal spacing of terms was
retained. Then, in terms of appropriate reduced units, the ampli-
tudes and spacings of terms were adjusted so that the approxi-
mation difiers from the desired value by no more than a fixed
maximum amount for 5 < Spax, With suax as large as possible, This
has been done for 2, 3, 4, and 5 term representations and for
maximum errors of =2}, 5 and :1:10 percent of the ideal
initial amplitude, and the results have been arranged in a table.
For vach of the twelve cascs, this table gives directly the a values
that can be achieved with spacings of integral hundredths of an A
(somewhat unhappily, ¢ontinuous variation of a is not afforded},
the amplitudes of-the terms of the representation, and the maxi-
mum values of @ for which it is accurate, respectively, to s=20
and s=30; a simple interpolation gives the maximum a valucs
for other values of suux.

Use of the tuble has simplified the punched-card summation of
Fig. (D Ly reducing by 50 percent, on the average, the number of
terms used 1o represent temperature factors. It has also reduced to
almost nothing the considerable preparatory work which was
previousie involved in setting up the caleuldations.

Copies of the table and notes on its use have been prepared and
are available upon request.

* Contribution No. 153¢
1 Shatler, Schomuker, dud Pauling, J. Chem, Phys. 14, 659 {1940).
RSy mr.md V. Schouiker, J. Am. Chem. Soc. 64, 2693 (1942},
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Procedure for Using Table 11
I, Decide on the maximum error (2%, 5 or 10% of the
initial amplitude) in the effective value of the
temperature factor which will be tolerated.

II. By interpoletion from the first two columns of
the corregponding part of the table determine
the representation needed to gilve this accuracy
for g8 < Smax. The distribution and amplitudes
of the required terms may then be read fTrom the
last column., (If g is eilther 30 or 20

=maxX,
3imply pick the lowest value of a s in the
=max

appropriate column, which is greater than or
equal to the desired a value,)

ITI, In the body of the table find the nesrest value
of a to the desired one and read out the corres-
ponding value of §.

Example: B-H bond: a = 0.0016; A £ 20; r = 1.17;
Snax, = 30
I. Let the maximum error be 25% (corresponding to an
error in A of % part in 20).

II. According to column two, a three-term representa-
tion may be used and, from the last column, the
central term will have amplitude 10 (rounded) and
the terms at +8§ amplitude 5 each.

III. The nearest value of a is 0,0018, giving § = 0,08 8.

Conclusion: The B-H term may be temperature factored

with a maximum error, for s < 30, of % plus the



w8 =

errors due to the rounding of the amplitudes and
the fact that the representation actually corres-
ponds to a = 0,0018 rather than a = 0,0016, The

terms and amplitudes are the following:

r A
1,09 5
1.17 10

1.25 5
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Propositions

wdid

o)

1al digtribution curves

ei)

e

The peak helights ol rad
based on the modification function u(q) =

exp («a‘q2§ are proportional to (l/a'}5/2.
This 1s, therefore, a senslitive method for
distinguishing betwcen pcaks duc to rigid and
to highly temperature-factored terms.

Stock guggagtg(l)that a magnesium boride 1is
regpongible for the formatlion of boron hydrides
by the acid hydrolysis of a complex "masnesium
boride" mixture. found evidence that

By ig pregent in the mixture and that it

yields poron nydrides on acld hydrolysls. A
study of the relative ylelds of the

obtained from equlvalent quantities

the complex mixture should show whe

o
n
o
Pyt
+
@D

sole active ingredient.
The investization of pervlilium poride showed that
one or more high beryllium content phaseg exist.

A determination of the Be=-3 phase dliagram and an

X~-ray study of the high beryllium content

ghould be made,

The possipllity of using as a reducing agent

ot
H«
]
Al
—
@
jeh
®

for organic compounds ghould be 1inves

5



()

Paper chromatography vprovides a raplid and simple
method of qualitative or seml-guantitative
analysis of inorganic salts.
a. I propose that a developer composed of
secondary butanocl, dioxane, and water 1is
ugeful for effecting certain separations.

5 y

b. I propose & possible mechanism Tor

1

action of this developer.

A ¥elvin Water-Drop generator should be used

purpese of deponstrating electreostatic

o]

for th

inductlion to sophomore physics students.

The validity of Present's theory (2) that
separate threshholds exist for symmeitric and
asymmetric fission should be checked by
measuring the product yield curves for fisslon
at freguent energy intervals ranging from

thermal Lo several lMev.

o+t o

. /'W
The resonance structures R-07 and R-ﬁ( s
X~ Nyt

1 II
(3)

proposed by Schomaker in econjunction with

W

study of phosgene, provide a satisfactory
gualitative explanation of the observed bhond

g in the acid nalides. In order to

@O

distanc

obtain a ouantitative treatment, a measure of



10.

the relatlive Lendencles of the halogens to form

hese resonance sLructures 1s needed. The relative

double-bond forming powers would provide a

gatisfactory measure of the tendency Lo

and could be obtained Trom an accurabte redetermin-

atlion of the bond distances in the halobenzenes,

Studies of the thermal pclymerization of diborane

nave ghown the reaction to be of order 1l.5.

(4,5)

a. A mechanism for the polymerizatlon, involving

’

grounstable triborane interwmediats, is

proposed.

b. A structure for this intermediate 1s oproposed,

The "7alTech Alchemists", formerly the "JalTech
Shemists™, have fielded a baseball tsam for many

<

vears

e 7

and have recently expanded to include
volleyball and basketball. Considering the

availabple talent these Leams have been respectanl

N

b EPNIN oy 2 LI T O W A, E,
ories and have, more Lnan once brousht home the
3 3 >

bacon." I propose that a subsidization of athlete
by the Chemistry and Blolozy Departments would

greatly ilmorove the caliber of ithese teams and
o 1 s 2

as a consequence, result in more "bacon" for the

W

Srellin Trophy case,

“
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