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ABSTRACT

Part I presents the results of electron diffraction investigations
of some relatively simple four-membered organic ring compounds:
trimethylene oxide, 3-methylenetrimethylene oxide, trimethylene
sulfide, and cyclobutene. Discussion is given of the bond lengths
in these and other small-ring molecules. |

In a supplementary section are the results of an inye stigation of
dimethyl selenide, which indicates a somewhat larger radius for
selenium than is usually given, and preliminary results for deca-
borane.

In Part II the disordered BaMg9 structure is investigated and
discussed. It can be described on the basis of a CaCug-type structure
in which about half the barium atoms are replaced by pairs of magnesium

atoms.
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PART 1

A. The Molecular Structure of Certain
Organic Four-Membered Ring Com-

pounds.

B. Some Miscellaneous Electron Diffrac-

tion Studies.
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THE MOLECULAR STRUCTURES OF CERTAIN ORGANIC

FOUR-MEMBERED RING COMPOUNDS

Introduction

As improved techniques for molecular structure determinations
have become avaﬂable, it has become possible to examine with a
greater degree of assurance the effect of constitution on bond lengths
and angles. Electron diffraction results have become fnore reliable
partly by reason of improved mechanical procedures, partly because
of increased facility in examining and treating the expez;im.ental data.
The increasing number of results obtained by microwave spectroscopy
are also enriching the fund of reliable results on which we may draw.
Two convenient compilations are found in ref. 1 and ref. 2, for electron
diffraction and microwave spectroscopy, respectively.

Sufficient structural data about simple three- and four-membered
organic ring compounds have now become available to enable meaningful
comparisons to be made and some conclusions drawn regarding the
nature and relative magnitudes of the factors affecting bond lengths in
these molecules.

In brief, the following aspects of these small strained molecules
must be considered and balanced:

a) Shortening of bonds due to "bent-bond" effect. This is
important primarily for three-membered rings such as
cyclopropane (3), where the bond distance, 1.525 K, is

significantly shorter than normal.



b) Cross-ring repulsions. These have been suggested as a
plausible explanation for the longer bond distance (l. 568 R)
in cyclobutane(4). Such repulsions do not, of course, exist
for three-member rings.

c) Differential bond angle strain. Distortion of a bond angle
from its "normal! value produces strains and compres-

(5)

sions in bonds which cancel out completely for symmetri-
cal molecules such as cyclobutane and cyclopropane, but
are significant for other strained molecules, such as tri-
methylene oxide, cyclopropene, etc.

d) Miscellaneous lesser influences, including hyperconju-
gation, unshared electron pairs, ionic and double-bond
character, and others. It is generally possibie to ignore
these factors, except in cases where it should be a priori
clear that some effect is to be expected, as, for éxample,
hyperconjugation effects in cyclobutene.

e} Bond angle changes. No attempt will be made here to con-
sider the problem of bond angles except insofar as necessary
for discussion of (c).

Most of our discussion will be confined to qualitative examination of
these factors. It is possible to set up more quantitative statements, but
for the purpose of our discussion only an order of magnitude and its sign
(positive or negative) will be considered. A surprisingly good idea of
the expected effects or explanation of the observed parameters can be
obtained by thinking of a mechanical analog of the molecule, with spring

bonds emanating from fixed directions, and with stressed cross-ring



strains.

As concrete examples of the application of these ideas, brief,
and necessarily incomplete, discussions of cyclopropene and spiro-
pentane are given. For the most part, the calculations will be con-
cerned only with checking the internal consistency of a set of para-
méters for a given molecule in the light of the concepts set forth
above; in this way the problem of estimating true bending fofce con-
stants is by-passed, and it is sufficient to know only the rélative mag -
nitudes of these constants for a given molecule.

Cyclopropene is reported(é) to have the unusually short double-
bond length of 1'286 + 0.04 ﬁ, and a single-bond distance of
1. 525 +0.02 £. The bond- angle deformations are equal (to within
the estimated error of the determination): 125°16' - / C-C=C = 60.2°
and 109.5° - / C-C-C = 59.6°; the force required to bend / C-C=C
from normal by a given amount is, however, about 50 percent greater
than the force necessary to bend _/_ C-C-C by the same amount from
tetrahedral*. This difference leads to a compressive force in the
double bond and a stretching force in each single bond of about half the
double bond compression. Since the bond-stretching force constant for

a double bond is about twice that for a single bond, it is expected that

*The angle changes involved here are so large that it would be unwise
to apply potential functions intended for infinitesirnal ! angle changes.
But it might be hoped that the ratio of the energies involved for equal
angle deformations would remain roughly proportional to the ratio of
the energy constants, expressed in erg radian-2 (V=1/2 k56 ). In pro-
pane this constant is about 0.8 x 10 -1 and in propene about 1.2 x 10-11
{see ref. 7,8,9). It has therefore been assumed that the angle strain
energy is about 50 percent greater for / C-C=C than for / C-C-C, for
equal decrements. Although more detailed considerations might lead
to a different ratio of energy constants, for the present we only need to
be assured that the effective constant for / C-C=C is greater than for
/ C-C-C.



the shortening of the double bond would be about the same as the
lengthening of the single bond.

As reference values for discussing hyperconjugation, we take
1.330 & for a double-bond length, and 1.503 K for the adjacent single-
bond 1ength*.. The bent-bond shortening for a single bond in cyclo-
propane is about 1 percent of its "unbent" length (i.e. 1.540x 0.99 =
1.525); for the double bond, we assume (arbitrarily) a shortening
by 1/2 of 1 percent of the original bond length. The net double-bond
shortening due to differential angle strain only is thus 1.330 - 0.007 -
1.286 = 0.037 &, and we calculate the corresponding single-bond
length for cyclopropene to be 1.525 - 0.037 + 0.037 =1.525 _2, in good
agreement with experiment. The subtraction of 0.037 R is intended
to be a correction for shortening due to the adjacent double bond

(hyperconjugation).

sk .
These are the values found in isobutene (10); parameters for the more

comparable cis-isobutene have not yet been refined to a useful stage.
The following results &5? not yet generally available and are repro-
duced for comparison :

H,C - CH=CH,: C-C =1.49, +0.02 &
C=C =1.33; + 0.015 &

/Cc=C-C =125° + 2°

—

3

H,C

> >c.éCH2: C-C =1.50, +0.015 &
H,C C=C =1.33;4 0.0, &
/ C=C-C =123.5° + 2°

For a C-C single bond we adopt, somewhat arbitrarily, the value
1.540 &; this is reasonably close to both the electron diffraction and
the speftroscopic results for ethane (1.536 K and 1.543 g, respec-
tively) 1),



It has been suggested* that a more exact calculation might be
expected to modify the above results somewhat. By examining the
problem of differential angle strain analytically, it is found that, for
cyclopropene, the ratio of the stretching force in each single bond to
the compressive force in the double bond is equal to Cos / C-C=C;
if, as was assumed in the previous paragraph, i C=C-C is 60°%, then
this factor is 1/2. For the 65.1° value of /C=C-Cin cyclzlop'rt_:opene,
the cosine is 0.421. On the other hand the ratio of the double-bond
stretching force constant to the single-bond constant is not precisely
two, but somewhat greater; we may reasonably assume the ratio
497'5%- = 2. 13**. The value calculated for the single bond from the
double bond distance in cyclopropene is 1.525 - 0.037 + 0.037 x 0.421 x
2.13=1.521 R. The agreement now is not so good as in the preceding
cruder calculation, but the more precise calculation merits the greater
confidence. Since we have made use of a large number of ﬁncertain
data -- including especially the ratio of the effective bending constants,
as well as the ratio of stretching force constants, the shortening by
hyperconjugation of strained bonds, the reference values for single and
double bonds, the estimation of bent-bond shortening for double bonds,
and others -- better agreement, except fortuitously, could hardly be
expected. (The calculated value is also well within fhe 0.02 & estimated
limits of error for the experimental determination.)

(12)

Spiropentane presents a less clear-cut example. The central

*¥ I am indebted to Prof. V. Schomaker for bringing this to my attention.

3k
See ref., 22, p. 193.



bonds in spiropentane are short (1.48 + 0.03 ﬁ), the peripheral bonds
somewhat longer (1.51 + 0.04 X). The central angle in each three-
membered ring is under greater strain than the other two angles;
whereas the strain at a carbon in cyclopropane is partially relieved

by the expansion of / H-C-H :Erlcm tetrahedral to 1180(3), this compen-
sation cannot occur at the central atom in spiropentane. This differen-~
tial angle strain results in a2 compressive force in the central C-C
Bonds, and a stretching force twice as great in the peripheral bonds.

In addition, the central bonds should be further shorten.ed by more
effective bent-bond shortening.

The greater central angle strain in spiropentane might be expected
to lead to lengthened peripheral bonds; instead these appear to be
shortened by 0. 015 R relative to cyclopropane. Two explanations are
possible: . either more comprehensive and complex examination of the
problem would lead to the conclusion that the peripheral bonds really
should be short relative to cyclcpropane*, or else the electron-diffrac-
tion results are in error (although not necessarily by more than the
stated limits of error). To remove any uncertainty regarding the struc-
ture determination, it is suggested that spiropentane be reexamined**.
If the relative bond lengths are correct, however, they are in accord
qualitatively with the expected effects of differential angle strain and

bent-bond shortening.

3
In this regard, see ref. 12.

*In the new apparatus recently constructed in these laboratories. In
view of the rigidity expected of the strained carbon skeleton, usable data
to high scattering angles should be readily obtained. The outer portions
of the pattern should be quite sensitive to the slightly differing C-C dis-
tances. Uncertainty regarding wave length is also less in the newer
apparatus.



Trimethylene Oxide (C3H6O)

Several points regarding the previous investigation (13) of tri-
methylene oxide {TMO) seemed, to the present author, to indicate

the desirability of a reinvestigation. Aside from the interest connec-
ted with the structural parameters of this four-membered ring mole-
cule, it was felt necessary to have reliable data for comi)ai'ison with

the 3-methylene derivative. The following paragraphs outline what seem
to be the principal weaknesses of the previous work.

First: Shand had reduced the problem to one of determining a
single parameter by assuming that all three interior ring e;ngles at
carbon atoms were equal; with this assumption the shape of the ring
is completely fixed by the ratio of the two different bond distances
(the scale parameter fixing the absolute size). Although probably
not far wrong, this restriction seems arbitrary and unneceésary.
(Some models were investigated for / C-C-O # / C-C-C, but for
these i C-C-C was assumed to be 900, which again seems to be un-
necessary. In addition Shand calculated curves for some non-planar
models; this will be discussed later.) |

lSecond: Shand did not interpolate between calculated curves to
obtain his final result. Since the calculated models were spaced at
0.03 & in C-O (for fixed C-C) an error of 0.01 or 0.02 & may have
resulted.

Third: Shand's data went only to about q = 95, whereas the current
reinvestigation is based on measurements extending to q = 125 together

with qualitative visual observations extending even further. The region



from q = 90 outward is critically sensitive to some of the parameters;
given the extended data it is possible to distinguish between curves
which are otherwise quite similar up to q = 90.

The present investigation determines two parameters, _/_ C-C-C
and S%g . By calculating curves for fixed C-O and varying C-C at
intervals of 0.02 K, a series of curves is obtained which is more
finely graduated than Shand's (because of the smaller arﬁplitude of
tile C-C term relative to the C-O term). Recent work in these labora-
tories also benefits from various mechanical improveﬁents, such as

increased wave-length stability, and the use of glass plates.

Experimental. The photographs used in this work were taken in

conjunction with the photographs of 3-methylenetrirmethyleéne : oxide,
using without further purification a sample provided by Dr. D. E.
Applequist. Kodak 50 plates were used, with an accelerating poten-
tial of 40 kv. (corresponding to about 0. 06 & electron wave length)

and a 10 cm. camera distance; the sample-btﬂb temperature was about
-30° C. The usual correlation procedure, employing a visually esti-
mated intensity curve, was follbwed*.

The appearance of the plates matched that of the older photographs
used by Shand very well. The visual curve in Fig. 1 is drawn from the
measurements and observations of Prof. V. Schoméker; no radial dis-
tribution curve was calculated, however, since Shand's visual curve,
as far as it went, did not differ appreciably from the present one. The

following points were particularly useful in determining a best model

®
For a brief description of these procedures, with references, see,
for example, ref. 14.



and assigning the limits of error: the nature of the triple feature
max. 7, 8, 9 is approximately as shown in the visual curve, and cal-
culated curves differing too greatly were unacceptable; in the triple
feature max. 10, 11, 12 it is probable that min. 12 is deeper than
min. 11, but curves with the minima equal or even slightly re%rersed
in depth were accepted; the feature marked max. 13 appears to be
split, and although the precise nature of the doubling is éoméwhat
uncertain, curves showing a doublet were preferred to those without
it.

Theoretical curves were calculated for planar models with
these parameters: C-O =1.46; C-H=1.09; / H-C-H= 113°367;
1.52 < C-C< 1.58 (0.02); 84.2° ¢/ C-C-C £90.2%(2°). All terms were
included except H---H, and Z5" "= 1.25 was used. The simplifying
assumptions made are discussed in the following paragraphs.

The use of 113°36! for / H-C-H is quite arbitrary, butA-probably
a good average value. It is close to the value found in cyclobutane (4),
114° + 6°, and is also very close to the average / H-C-H which would
be calculated,by minimizing angle strain energy*, from the ring angles

(15

found by the current work. In addition the ocbserved moments of inertia'

)

lead to / H-C-H = 113.2° (assuming C-H = 1.09 K).

Av.

The planes of the two opposed CH2 groups were taken perpendicular

to the plane of the ring and were also assumed to be perpendicular to the

F
This leads to the approximate formula
/ H-C-H =109°28" +1/5 (109°28"' -« )

where O is / C-C-O or / C-C-C; [/ H-C-H

calculated in this way
for the best TMO model is 113°38!. Av.
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C...0 axis; this is an approximation, good to a degree or two, to the
bisection of / C-C-O by the plane of the methylene group. Even the
assumption of angle bisection may be in considerable error, however,
since the hydrogens may actually be attracted somewhat toward the.

16)

side of the oxyger_l( A curve was therefore calculated for a model
which differed from that for curve J by having the plane of each methy-
lene group adjacent to the oxygen tilted toward the oxygex;.t by. 12° from
the bisector of _/_ C-C-—O*. (The cross-ring C..:-H and O- - -H tempera-
ture factors were also slightly increased; see below.) No appreciable
differences between this curve and curve A were noticeable, and it is
therefore concluded that this point cannot be decided on the basis of
even the excellent electron diffraction data now available.

A microwave investigation has conﬁrmed‘ls) the planarify of TMO
and indicated the existence of a low-frequency anharmonic out-of-plane
bending vibration (the energy levels of the fir_st two vibratic;'nal states
are reported to be about 60 cm™! and 200 cm-l). This is in general
accord with the low frequency "flopping" vibration associated with

-1) (17,18) -1)(19)_

A crude test of the observable effects of such a vibration was made by

cyclobutane (145 cm and trimethylene sulfide (73 cm
calculating test curves for models like J and F, but with out-of-plane
bending simulated by a 0.01 &£ mean shortening of the rigid planar cross-

ring C---0 and C...C distances, temperature-factored slightly (aC- .. O

’FThis is no doubt an extreme angle change; its magnitude was suggested

by the corresponding change tested for trimethylene sulfide. In neither

case was any refinement of this parameter attempted. A smaller change
may be preferable; / H-C-H may also have to be altered.
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as...c =0 00045)*. Some small improvement occurs for max. 7, 8,9
of curve J, but at the expense of removing the sgplitting of max. 13;
curve F is also changed only slightly. Since good agreement with ex-
pefiment is given by rigid planar models, especially in the region of
max. 13, it was décided to base the determination on the assumption
of rigidity. It is recommended, however, that sectored diffraction
photographs be obtained, if possible, to see if some decision cannot be
reached regarding this point.

The following values were used in the temperature factor,

-ajjs?

e ac.0 “ 3¢c-¢c “%c...0° aC-'G:?Q. (but see previous paragraph);

= 0.0017; a =a .- = 0.0036. This latter value is pro-

*c-H C---H~ %0-..H

bably too small for the cross ring C-++H and O- - -H terms, but no
appreciable effect was observed by using ac...q4 “20...H " 0.0056
with these longer distances in a sample calculation.

Fig. 1 shows several of the calculated intensity curves. The best
model lies quite close to J, which shows the splitting of max. 13, and
is in good agreement with the other observations as well. Curves F
and E show minor points of difference with the visual curve, while
curve B is a typical curve well outside the limits of acceptability. All
the curves calculated look quite similar out to about q = 65.

Fig. 2 is a plot of parameter space: / C-C-C vs. C-C. The closed

curve encloses the region of models giving acceptable intensity curves.

The planar models considered by Shand lie on the two lines: the lower

&

Also suggested by work on trimethylene sulfide. A crude calculation
was carried out for the sulfur compound; the numbers used for the
TMO curves seemed reasonable by comparison.
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Table 1

Min.Max. qp  qgp/q, g9p ag/9, a;  9;/9, 9;  ay/4q
1 8.6 (1.026) 8.4 (1.002) 8.5 (1.014) 8.5 (1.014)
1 13.3  (1.058) 12.5 ( .994) 13.5 (1.074) 13.2 (1.050)

2 16.1 (1.086) 15.4 (1.039) 15.7 (1.059) 15.5 (1.046)
2 20.0 (L.111) 20.1 (1.117) 20.0 (1.111) 19.9 (1.106)

3 25.1 1.009 24.9 1.001 25.1 1.009 25.0 1.005
3 30.0 .998  29.8 .991  30.0 .998  29.8  .991

4 35.3  1.002 35.2 .999 35.3  1.002  35.1 .996
4 4l1.8 .995 41.7 .993  41.8 995 - 41.5  .988

5 46.4 (1.042) 46.3 (1.040) 46.4 1.042  46.2 1.038
5  48.4 (1.017) 48.5 (1.019) 48.5 1.019  48.5 1.019
6 52.0 1.011 51.8 1.007 52.1 1.013 52,0 1.011
6 57.9 1.000 57.8 .998 57.8 .998  57.7  .997

7 63.7 1.004 63.3 .998 63.7 1.004  63.3 .998
7  69.5 .998  69.0 .991  69.3 .996  68.7  .987

8 75.0 1.010 74.0 .996 75.0 1.010  73.6 .99l
8 79.1 1.021 78.2 1.0l0 78.6 1.015 77.5 1.001

9 80.9 .996 81.1 .998 80.6 .992  81.3 1.001
9 85.5 1.000 85.9 1.005 85.5 1.000 85.9 1.005

10 91.6 1.001 91.4 .998 91.1 . 995 91.3 . 997
10 97.1 .988 97.1 .988 76.7 .984  96.4 .98l

11 102.5  1.004 101.8 .998 102.2  1.002 101.0 .990
11 107.3  1.0l1 104.9 .988 106.7 1.005 104.9 .988

12 110.8 1.012 109.6 1.00l 110.1  1.006 109.5 1.001
12 115.2 1.009 114.9 1.007 114.7 1.005 114.8 1.006

13 120.2  (1.008) 120.0 {1.006) 119.9 {1.005) 120.2 (1.008)
13 125.4 (1.004) 128.1 (1,025) 125.1 (1.001) 125.6 (1.005)
Av., 18 features 1.0038 0.998, 1.001, 0.9963
Av. Dev. 0.006, 0. 004, 0. 006, 0.006,

For best model: C-C =1.556 x 0.9978 = 1.55, R

C-O =1.46 x 0.9978 = 1.45, R
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line is for models with all the interior ring angles at carbon equal, the
upper line for _L C-C-C = 90°. Shand's best model is very close to
E; it is interesting to note that the curves for models E and I are vir-
tually identical, a coincidence which is further evidence of the arbitrary
nature of Shand's assumptions.

Table I shows the calculation of q,/q'D for several curves. Following
are the final parameters and estimated limits of error for TMO:

C-O =1.45, + 0.02 &

7
C-C =1.55,+0.03 &
/ C-C-C =86.8° + 2.5°
Some additional computed parameters are:

/C-0-C =94.2° + 2.5°

/ C-C-0 =89.5% + 2.5°

%:_% = %—94%- (assumed)

Discussion. A comparison of the results of this investigation and

Shand's is presented below {Table II):

Table II
Shand Present Work Change
C-0 1.46 1.45, -0.003
C-C 1.54 1.55, +0.013
C:D 2.09 2.12 +0.026
Cc---C 2. 14, 2.13, -0.013
/c-c-c 88.5° 86.8° -1.7°
/c-c-0 88.5° 89.5° +1.0°
/ €-0-C 94.5° 94.2° -0.3°
S‘C‘?rb(c'c’ 1.49, 1.49, +0. 004
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The overall size and shape of the TMO molecule, judged by _/_ C-0-C
and the average bond length, remain almost unchanged by the new in-
vestigation. The significant individual changes are the lengthened C-C
bond, and the near-equality of the cross-ring distances. The uncer-
tainties of each investigation are sufficiently large so that their results
cannot be conside.red incompatible with each other.

An important check on the current determination is given by com-
paring the observedﬂS) with the computed moments of inertia. In com-
puting moments, the electron diffraction results for thé bonded distances
and ring angles were used, but the H-C-H angles were individually ad-
justed to minimize strain (by using the formula i H-C-ﬁ = 109028' +
1/5(109°28" - o¢ ), where al is / C-C-Oor / C-C-C), and the plane
of each lateral CH, group moved 12° from the C- - -C axis toward the
side of the oxygen. In addition, a C-H length of 1. 08 A was assumed.
Using this model, results in good agreement with observed moments

for the ground vibrational state are obtained:

Observed Calculated Difference
N 41.965 amuf 2 41.967 | 0 percent
IB 43.078 43.293 0.5
IC 75.101 75.315 0.3

)

It is repo:t‘ted(15 that work is proceding in an attempt to work out TMO
completely by microwave spectroscopy; the results are awaited with

interest.

The significance of the new results can be discussed in terms of the
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outlined in the introduction. The C-C distance is about 0.01 £ longer
than the normal, while the C-O distance = is about 0.03 R longer
than the 1.43 & distance usually associated with this bond*. It is sug-
gested that the two dominant factors here are cross-ring repulsion
and angle-deformation strain. The cross-ring repulsion energy for
TMO is probably of the same order as for cyclobutane. Since the_
bond-stretching constants for C-C and C-O*>=< do not differ too greatly,
it might be expected that all four bonds of TMO would show lengthen-
ings from normal of perhaps 0.02 - 0.03 K, in accord with the
lengthening of 0.028 & found for cyclobutane(4). But although the
C-O bonds are lengthened by about this amount, the C-C bénds ex-
ceed their normal distance by only about half this quantity.

Looking now at angle-deformation strain, it is noted that _[_ C-0-C,
94.2°, is not very far from the 90° angle which would be made by
pure p-bonds, whereas each ring angle at carbon is compréssed from
normal fetrahedral to less than 900; this unsymmetrical arrangement
of strain gives rise to forces which tend to compress the two C-C
bonds and stretch the two C-O bonds. Together with the stretching
forces due to cross-ring repulsion, angle-deformation strain thus

gives rise to the small stretching of the C-C bonds, and the greater

*As found, for instance, in the following relatively simple compounds:
(a) H,C - OH‘ZO).co—14z7+ooo7.&/COH-10852v+z
(b) H,C - O - CH3(21).C0-143+003§ / C-0-C = 11° + 3°
(c) H,C - H,C - oY c.o=1.43+0.02 8

sk

Treating H3C - CH3 and H3C OH as for diatomic molecules, it is
calculated that (kg.c/ kF 0.86; the stretching frequencies used
were: U c_c =993 cm

and D’ C-0 = 1034 cm-~ -1, " Data with references
are found in ref. 22, pp. 335, 344. :
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stretching of the C-O bonds.

Several points should be noted regarding the above argument. It
has been assumed that _/_ C-0O-C is almost strainless because it is
forming p-bonds at an angle close to 90°. The true value for the normal
angle is probably greater, somewhere between 90° and 109.5° (see
ref. 16 and ref. 23, p. 86), perhaps about 103°. The argument remains
unaffected however, since the angles at carbon are strained from tetra-
hedral by at least 12° more than the angle at oxygen is strained from
103°, (The normal angle for a carbon adjacent to an oxygen may also
differ somewhat from tetrahedral, but presumably the relative situation
remains the same.)

It has also been suggested(IS’ 18)

that the staggered non-planar con-
figuration of cyclobutane arises from torsional strain associated with
the preferred staggered orientation of hydrogens on adjacent carbon
atoms, and that the substitution of an oxygen for a methylene group
relieves a sufficient amount of this torsional strain to enable TMO to

be planar. But it seems likely that such strains have little effect on
bond lengths (% 24),

We have taken no account of possible delocalization effects attribu-
table to the presence of the oxygen atom. Some evidence for an effect
of this kind is found in diethyl ether (21), which has a C-C distance of
only 1.50 + 0.02 R; a similar effect is observed, although with less
certainty, in 1, 4-dioxane!®) with C-G = 1.51 + 0.04 R. This factor may

. *
contribute to the lesser stretching of C-C (relative to C-0) in TMO .

*A similar effect does not seem apparent in diethyl sulfide, ethyl amine,
or triethyl amine, nor in ethyl alcohol. Until further examples become
available, no attempt will be made to evaluate the significance or magni-
tude of the shortening. '
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Finally, ethylene oxide, C2H4O, may be mentioned. This sub-

stance has the following parameters(zs):
C-C =1.472
C-O =1.436

/ €-0-C = 61° 24"

/ €-C-0 = 59°18!
The deformation of the two i C-C-0O from tetrahedral is 50010', while
/ C-O-C is reduced by only 28°36! from a right angle (or by 41°36'
from 1030). The lesser strain in _(_ C-0-C results in a .compressive
force in C-C, and a stretching force half as large in each C-O. The
inner consistency of this explanation can be tested as follows: C-C
is shortened from the value for cyclopropane by 0.053 &; the cyclo-
prane value in turn is 0.015 & shorter than the standard C-C distance.
The expected C-O distance is then 1.427 - 0.014 + 1/2(0.053)(0.86) =
1.436 13, in good agreement with the observed value. Here we have
made a bent-bond correction for C-O of 0. 014 (1 percent of the unbent
bond) and have taken account of the slightly greater stiffness of the
C-0O bond by' multiplying by the ratio of the stretching force constants,
0.86. No correction has been made for deviatidn of the triangular

frame from strict equiangularity.
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3-Methylenetrimethylene Oxide (C4H60)

This derivative of trimethylene oxide was first prepared by

Dr. D. E. Applequist of these laboratories, and reported, together
(26)

with other compounds, in his thesis One purpose of the present

investigation, which was undertaken cooperatively with Dr. Applequist,
*
is stated in his thesis ;
"It was considered possible that 3-methylenetrimethylene
oxide would provide an example of 1, 3-T - bonding, in the
ground state, of the type used to explain the chemical behavior
of methylenecyclobutene.. In an effort to demonstrate such
bonding by measuring the interatomic distances in the molecule,
an electron diffraction investigation was carried out ..."
A brief preliminary report of the following results was given in an

appendix; a full account of the investigation is now presented.

¥
Experimental. Dr. Applequist reports a boiling point for 3-

methylenetrimethylene oxide (MTMO) of 70.0°C. at 745 mm. Electron
diffraction photographs were taken on Kodak 50 plates with 40 kv. elec-
trons at 10 cm. camera distance; the sample-bulb temperature was
about -35° C. The photographs were interpreted visually in the usual
way, and the usual correlation procedure applied***. .Data extending
to g = 130 were obtained.

Two visual intensity curves are reproduced in Fig. 3. The first,
VG’ represents the author's interpretation of the photographs. The
second, VS’ is taken from the observations of Prof. V. Schomaker

and is substantially the same as the other; it is notable, however, in

+Ref. 26, p. 25.
wxRef. 26, p. 66.

See, for example, ref. 14.
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its attention to fine detail. These details, not noted in curve VG’ are
as follows: slight bumps on the inner slopes of max. 1, 5, and 9; a
very slight change of slope on the outside slope of max. 1 near the
bottom of min. 2; some fine feature on the outer slope of max. 8;

and the compound nature of max. 10. Curve 13, which is close to

the final best model, is in very good agreement with this detailed
visual curve. The radial distribution curve (R of Fig. 3) was calcu-
1éted from VG' The vertical lines beneath the peaks are calculated
for the best model. (The appearance of a small spurious peak on

the outside of each main peak, associated with a minimum on the in-
side of the main peak, indicates unreliable measurements of qo.) A
number of theoretical curves are included in the figure, the more
important cases of disagreement with the visual curve being indicated

(27)

by critical marks

The present investigation determined three parameters: UTcz C ;

%—_%) ; and _{_ C-C-C. Fig. 4 represents a three-dimensional view of
parameter space and shows the location of models for which curves
were calculated. The closed curves demarcate the regions of ac-
ceptable theoretical curves; the small cross indicates the best local
model for each plane {(C=C constant). The best overall model is
indicated by the shaded circle.

Curves were calculated for models with the following parameters:
C-C=1.54; C-H=1.09; 1.42<C-0<1.48; 1.31£C=C<1.35;
83° < / ioief < 91° . As for TMO, it was assumed that / H-C%.H =

4

/ H-C™-H = 1139361, and that each of these methylene groups was per-

pendicular to the ring skeleton and to the straight line C=C- - *O; in
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5

addition L H-C’-H = 120° was used (28). The skeleton was assumed

to be coplanar and rigid. All terms except H'-+H were included in
the calculations, and an effective value for ZH of 1.25 was used. The
same temperature factors were used as for TMO.
Final results, together with estimated limits of error, are:
C-C =1.53, +0.02 R
C-O =1.45, + 0.03 &
C=C =1.33;+0.02 &

/ C-C-C =86.7° + 3°

Other quantities of interest are:

g:lé = 11.'50: {assumed)
/ C-0-C = 92.8°
/C-C-0=90.2.°
Ring C---0=2.12
C-.-C = 2.10g

Table III shows some typical calculations of q /q_o.
s
Discussion. Quoting again from Applequist :

"It was thought that the bonding interaction between the
oxygen and the opposite carbon atom might be sufficiently
large to make the intracyclic angle at C” substantially
larger than 90°, in which case the bonding would have been
clearly indicated, but in the absence of suitable data for
comparison, the present results cannot be interpreted as
evidence for or against 1,3 -7r - bonding."

Table IV lists the corresponding parameters for TMO and MTMO.

*Ref. 26, p. 25.
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Fig. 4

Three-dimensional representation of parameter space
for MTMO. On each plane of constant C = C is plotted
/ C-C-C vs. C-O for fixed C-C (1.54) and C-H (1.09).
(See text.) Intersections of volume containing acceptable
models with planes of € = C constant are indicated by closed
curves; best model for each plane is noted by solid circle,
best final model by shaded sphere.
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Table III

Min. Max. 9, 3
I 9.47 10.2
1 17.12 19.0

2 24.38 25.8
2 30.46 30.6

3 35.28 35.9
: 3 41.50 41.1
4 44 .17 44.8
4 47.54 46.8

5 51.60 51.3
5 58.41 58.9

6 64.10 64.0
6 69.70 69.3

7 74.18 73.7
7 78.60 77.2

8 81.82 80.6
8 85.46 84.0

9 91.36 96.7
9 97.28 97.8

Av. 10 best features

Av, deviation

Av. for best model:

q13/9,

S S . g~

-999

.077)
.110)
.058)
. 005
.018
. 990
.014
.984
. 994
.008
.998
.994
.994
.982)
.985)
.983)
.993)
.005)

.0091

- 997,

920

SNOUWODWWOLDOOROoOBDR®O®O

92079

(1.056)

(1.098)
(1.058)
.998
1.015
.988
1.005
.980
.988
1.008
.998
.994
.988
( .978)
( .981)
( .977)
2 . 996)
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Table IV
TMO MTMO Difference

C-0 1.45, 1.45, ~0.001
C-C 1.55, 1.53, -0.017

G0 2.12) 2.12 0
C---C 2.13, 2.10g ~0.026
/ c-0-C 94.2° 92.8° -1.4°
/ c-Cc-C 86.8° 86.7° -0.1°
8C-0+6C-C 1.49, 1.49, ~0.008

The limits of error on the determination of parameters for both TMO
and MTMO are sufficiently large to make it difficult to say whether
any significant change has taken place. If some weight is given the
figures in Table IV, then the overall shortening of the bond 1engths of
MTMO relative to TMO can be attributed to the methylene group and
hyperconjugation. Although it is difficult to say just how the cross-
ring repulsion energy should compare with that for TMO, the increased
strain at C3 tends to further shorten C-C and stfetch C-0O. Additional
effects (such as delocalization; see discussion of TMO) élso enter, but
are presumably about the same as for TMO. Until more data for other
compounds are available for comparison (methyl: allyl éther would be
interesting to compare with MTMO), it would be unwise to make any
positive assertions about cross-ring bonding in MTMOQO. Insofar as

any confidence may be put into such fine differences, the slight de-

crease in [ C—C3C and the decrease in C- - - C relative to the unchanged
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C---0 in going from TMO to MTMO weigh against the possibility of
cross-ring C- -0 bonding.

It should be instructive to compare MTMO to TMO and methylene -
cyclobutane to cyclobutane at the same time. The parameters

reported for methylenecyclobutane(zg) are: C-C =1.55+0.02 K;

° 429,

C=C =1.34 +0.03 R; / C-C-C =92.5 Unfortunately the deter-
mination is based on the assumption of equal C-C bond ’Leﬁgths in the
ring; since the methylene group is expected to shorten somewhat the
adjacent bonds, the value 1.55 Risan average value. In addition,
differential angle strain tends to shorten the two bonds adjacent to

the double bond and lengthen the other two. The over-aﬁ C-C bond
distance is presumably shortened from the cyclobutane value by the
methylene group.

The available results for {S-propiolactone(24) are inadequate for
purposes of comparison, since the investigators assumed equality
of the two C-C distances and of the two C-O distances (reported as
1.53 + 0.03 R and 1.45 +0.03 R respectively) despite the presence
of the carbonyl group. The potent influence of a carbonyl group on
C-0 and C-C bonds is seen by reference to methyl acetate(14)

(C-C = 1.52 + 0.04 &; carboxyl C-O = 1.36 + 0.04 &£; methoxyl

C-O = 1.46 + 0.04 &) and acetaldehyde>?) (C-C =1.50 + 0.02 ). The
only useful quantity from the investigation of B-propiolactone is the
weighted average distance in the ring; this is 1.484 1&, shorter (as
expected) than for TMO by 0.015 X, and slightly shorter than for

MTMO by 0.006 R. Taken by itself, however, the average C-O distance

in B-propiolactone appears much too long relative to the average in, say,
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methyl acetate (1.41 g). A reinvestigation of the lactone might provide

an interesting comparison if carefully done.
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Trimethylene Sulfide (C3H6.S)

Previously published work(lg) on trimethylene sulfide (TMS) has
supplied some useful spectroscopic and calorimetric data. The pur-
pose of the present work is to supply a check on the indirectly derived
structural parameters, and to provide further information about
distances in four-membered ring molecules.

sk
Experimental. A sample of TMS of a purity estimated at better

than 99 percent was used for this study; it is reported (31 that the
material is light-sensitive, so it was kept refrigerated and dark to
minimize polymerization. Electron diffraction photogralphs were taken
in an older apparatus (now discarded) on Kodak Process Panchromatic
sheet film with sample-bulb temperatures of from -20° C to 15° C,
and in a newer apparatus on Kodak 50 plates with a sample-bulb tem-
perature of about 0° C; the camera distance was about 10 cm. and
the accelerating potential about 40 kv. in both cases. Visual curves
and measurements from the old and new photographs check quite
well; data extending out to about q = 110 were observed.

The visual intensity curve {V) is reproduced in Flg 7. The
curve is not very rich in detail, the principal term, C-S, predomi-
nating. However, the following features and comparisons were useful

in determining a best model and estimating limits of error. Max. 6

*This sample of API-BM certified sulfur compound, purified at the
Laramie Station of the U.S. Bureau of Mines, has been made available
by the American Petroleum Institute Research Project 48A on the Pro-
duction, Isolation, and Purification of Sulfur Compounds and the Mea-
surments of their Properties. The gift of a generous sample of TMS
is gratefully acknowledged.
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and 8 have about the shapes shown in curve V, with max. 6 below the
average ileight of its neighbors; the relative heights of max. 7, 8, 9

is somewhat uncertain, but max. 8 may be slightly above the average
of max. 7 and 9. Max. 4 is below the average height of max. .3 and 5,
and max. 5 is above the average of max. 4 and 6, and is slightly asym-
metric. Max. 7 and min. 8 appear outstanding, and min. 6 is perhaps
somewhat deeper than the average of min. 5 and 7.

The radial distribution curve shows clearly separated C-H, C-C,
and C-S peaks, and compound peaks with maxima at 2.42 R (containing
C.-..S, C.- *+S, and three shorter S*-"H and C---H distances) and
3.24 R (containing the longer C-:+H and S-:-H distances).

The two parameters used in treating TMS were g—% and L C-S5-C.
Two different sets of curves were calculated: one set based on a rigid
planar model, the other based on a planar non-rigid model with a
large out-of-plane vibration. In addition it was necessary to adjust
i S-C-H by tilting ;the planes of the lateral methylene groups.

Both rigid and non-rigid models were calculated‘over the following
range of parameters*: C-H=1.09; C-S =1.84;1.52C-C1.58 (0.02);
76°< / C-5-C £82°(2°%); / H-C-H =109°28" + 1/5(109°28' - « ), where

a = iC-C-C or LC-C-S.

For the rigid models, ac_ g = 0.0017; ac...g ° 0.0056 for the
long cross-ring terms; and ag...g~%c...H " 0.. 0036 for the shorter
terms, were used in the temperature factor, e 1% In the first

set of models calculated, the plane of a lateral CH2 group bisected

*
For the non-rigid models, / C-S-C is the angle as the molecule passes
through the planar configuration.
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/ C-C-S. Curves Fl’ Gl’ Rl’ and S1 are some of the better curves
of this group. The principal points of disagreement are indicated

(27)

by the critical marks The best model is probably a compro-
mise between ]:"1 and Gl’ and possibly Rl: curve F1 is unsatisfactory
~with regard to max. 8 and 9, while max. 5 and 6 disqualify curves
G1 énd R1 The best model possible is indicated by the open circle
in Fig. 8.

Some improvement in the appearance of the calculated curves is
obtained by shortening the S ' *H distance. Such a change has little
influence on the features beyond about q = 70, but has a considerable
effect on max. 4, 5, 6, 7 and their associated minima. A shortening
of about 0.1 & in the shorter S- - -H distance was chosen by considera-
tion of how a change in this distance could be made to improve some
critical features in a suitable theoretical curve; this corres.ponds to
tilting the lateral CH2 groups about 15° from the bisector of / C-C-8
toward the side of the sulfur atom. This change is no doubt too large,
but it helps the appearance of several of the curves. No attempt was
made to refine the value of this angle, although such a refinement
would be highly desirable. The four curves shown in Fig. 6, F. !,
G1|’ R’l" and SI" illustrate the changes produced in the four previous

curves. A curve based on Rl"

would probably be in substantial agreement with our observations; the

but perhaps shifted a bit toward Gl"

shaded circle indicates this best model in Fig. 8.
From calorimetric and spectroscopic data, it has been inferredﬂg)
that TMS has a planar equilibrium configuration with a very low (unob-

served) frequency out-of-plane bending vibration. A frequency of 73 cm-1
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is needed for this vibration in order to obtain agreement of the calcu-
lated with the observed entropy (assuming point group symmetry CZV;
for lower symmetry, 148 cm—1 is needed). A number of the observed
infra-red and Raman frequencies are explainable as sum-combinations
of observed fundamentals with 73 cm™\ (148 cm™t leaves these fre-
quehcies unexplained). *

If the ring of TMS does indeed have an out-of-plane blend;'mg fre-
quency of 73 cm-l, the motion might be expected to have reiatively
large amplitude; it is probably also anharmonic. An estimate was
made of how this vibration affects the cross-ring distances _(see below);
the result was approximated by a mean shortening of the pl;':mar cross-
ring C**-C and C- - -S distances of about 0. 015 K, and an effective tem-

perature factor with a = 0.00045. An arbitrary mean

c---C “%c...s
shortening of about 0.020 R was applied to the cross-ring C- - H and
S---H distances, using an increased temperature factor witﬁ a=0.0066.
Although the vibration is of fairly large amplitude, it was assumed
to be harmonic for the purpose of calculating a distribution function
for the cross-ring distances. The following description outlines the
method used for calculating approximately the C* S distribution; since
C:-:-Sand C--.C are about equal, the same result was used for G---C
as well.

From investigation of the rigid curves C--:S was estimated to be

about 2.40 £. The TMS ring was idealized to a square with diagonal

X
The preceding argument is a condensed version of that offered in ref. 19.
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2.40 13, and the mode of the vibration was assumed to consist of one
pair of opposite masses moving up while the other pair moves down,
the bond lengths ‘remaining fixed. To preserve symmetry, it was
further assumed that the averaée mass of the opposed S " CH,

pair was — for the pair of opposed CH2 groups, a combined
mass of 34 was used. Under these conditions the square configuration
is preserved in projection onto the equilibrium plane, the projected
radial shortenings being equal for all four masses. In Fig. 6, iooking
down onto the equilibrium plane (in the plane of the papér), the solid
lines represent the idealized square molecule of TMS in its average
planar configuration. The dotted lines represent the molecule at some
instant during the vibration, with two masses {+ ) moving up and two

( ~) down with respect to the plane of the paper.

x
See ref. 4, footnote 17.
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Treating the two centers of mass as a harmonic oscillator, a mean
square vertical displacement between them of 0.05878 R 2 is obtained.
If x is the vertical separation of the centers of mass and r is the C-**S

separation, then the relative probability distribution for r is given By

- 2_1'%') XZ dx

P(r) = Ne X I
where N is a normalizing factor and the exponential is the distribution
fﬁnction for a harmonic oscillator. Although P(r) is infinite at x = 0
(r = 2.40), a value of P(2.40) was chosen which preser\.red the computed
value for :Z (=4 x (L. 20)2 - 2—;2) when calculated for r at intervals
of 0.01 &. By actually computing a curve for this distribution of r, it
was found that to 2 good approximation it can be replaced by a single
term of frequency 2.385 and an effective temperature factor with
2:...g about 0.00045. Although there are many crude approximations
in the calculation as given, the final outcome is probably as good as
necessary for the purpose at hand.

The four curves FZ’ GZ’ R2 and SZ are calculated for a non-rigid
model, using the approximations for cross-ring terms mentioned above.
The planes of the lateral CHZ groups bisect L C~-C-~S5. No curve, or
interpolated curve, can be considered satisfactory for this type model.

Fiﬁally, four curves (Fz', GZ‘, RZ" SZ‘) are shown for which the
lateral CH2 groups were adjusted as for the rigid models. These curves
show a definite improvement over the immediately preceding group.
Curve RZ' is so well in accord with our observations that it is taken

as the best model for this series of curves.

The principal qualitative difference between curve ' and curve R,!
p p 2
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is the slightly higher max. 8 in the latter curve. This is insufficient
evidence for discarding the rigid for the non-rigid model, and our
deciéion in favor of the latter is primarily determined by the spectro-
scopic and calorimetric data mentioned earlier. The situation is
further complicated by consideration of several other factors: itis
. possible (though not, perhaps, probable) that the spectroscop@c-
calorimetric deviation of 73 c:.m_1 for the out-of-plane bending is in
efror; an important quantity, L S-C-H, was not thoroughly investigated,
and should probably be treated as one of the variable pai‘ameters; the
calculation of the effect of the out-of-plane bending may be in error,
either by reason of excessively crude approximations, or anharmoni-
city; and finally, in the absence of more precise data (sectored electron
diffraction photographs) sﬁme critical judgements regarding the appear-
ance of the photographs must remain in some doubt.
Listed below are the final parameters and estimated limits of
error corresponding to best model RZ‘:.

C-§ =1.85 +0.02 &

C-C =1.544+0.03 &
(maximum angle)
/ C-5-C =
(mean angle)
2. 45 (maximum distance)
C--.8 = )
2. 44 {e stimated mean distance)
{maximum distance)
C---C =
2. 31 {estimnated mean distance)

g-IS—I = i’gz {assumed).
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Min Max. q,
1 6
_ 1 ' 11
2 15,
2 19

3 22.
_ 3 26,
4 30.
4 35.

5 39.
5 44.

6 49.
6 56.

7 62.
7 67.

8 73
8 78.

9 85.
9 90

10 96.
10 100.

11 106.
11 110.

.87
.05

24

.45

65
29
91
15
76
32
83
39

62

.20

63

.73

09
77
38
32

Av. 11 select_ed features

Av. deviation

-39.

Table IV
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.967)
.976)
. 000
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. 004
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.011)
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. 001
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.003)
.002)
. 001
1996
.991
. 986)
. 996)

- 998

.004
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12.
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95.
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.063)
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. 076)
.992)
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.012
. 006
.016
. 006
011
. 005)
.014)
.010
.007
.000
.004)
.994)
.003
.998
.995
.990)
.000)
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/ €-C-C = 97°30" (maximum)
/C-C-8= 92°15¢ {(maximum)

/ 8-C-H =105°33"

Table IV lists q_/q_o for typical curves.

- Discussion. The bonded distances in TMS show the characteristic
lengthening of four-member rings. The increase from normal is only
about 0.01 & for the C-C bonds, while the C-S bonds have lengthened
by at.least 0.03 A *. As for cyclobutane and trimethylene oxide, there
is probably an appreciable tendency toward lengthening present in all
bonds of the TMS ring. The new result of angle-deformation strain
is the application of compressive forces to the C-C bonds and tensile
forces to the C-S bonds. (Although / C-C-C differs from tetrahedral
by about the same amount that / C-5-C differs from 90°, it is assumed
that the deformation energy for / C-S-C is less than for / C-C-C. The
normal valence angle for sulfur is probably close to 900, unlike the
normal oxygen valence angle discussed in connection with TMO).

Since C-5 bonds are somewhat weaker** than C-C bonds the relatively

greater increment in the C-S bond length is not surprising. Using the

3 ' '
A value of 1.815 & is here adopted for the reference C-S distance.
The following are offered for comparison:

H,C-SH: C-S=1.815 & S-H =1.34 & / C-5-H = 100° (assumed)3?)
H,C-5-CH,: C-S=1.82+0.01 & ®Y), / C_5-C = 104° (see legend,
Fig. 13) - -
H,C-CH,-SH: C-S=1.81+0.001 £ C-C =1.54 + 0.02 &;
{/ C=C-8) = 1130 + 20 ~(21} .

*% The ratio of the force constants, kg_g /kg_¢, is about 0.70, treatmg
H3C-~SH and H3C-CHj as diatomlci I@O}ecules with D’C c =993 cm~ (ref
22, p. 344) and U,C-S =704 cmm”
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heat of formation reported for TMS, 6.20 kcal/mole at 25° C“g), a
total strain energy of 15.4 kcal/mole is calculated*, ;onsiderably
lower than that for cyclobutane {26.0 kcal /mole)(4). This suggests
that the cross-ring repulsions are lower in TMS than in the hydro-
carbon, and that the correspoﬁding bond-lengthening effects wbuld

also be lower.

Results are also available for ethylene sulfide(ZS):
C-S =1.819
C-C =1.492

1 C-5-C'= #§° 24/
' / H-C-H = 116°00"
The change in / C-S5-C from 90° is #1°3¢/ while / C-C-8 changes from
tetrahedral by %#3%40of; as for TMO, consideration of the unequal angle
strains leads to the conclusion that the C-C bond is being compreésed
by about twice the stretching force in each C-S bond. "Bent-bond"
shortening would be expected to reduce C-S from 1.815 Rt01.797 R

(i.e., by about 1 percent).. The C-C bond is shortened from 1.525 R

1 0.033 _

by 0.003 R, so that the expected lengthening for C-S would be > BAS -

0.024 X, where we have taken the significant difference in stretching
force constants into account. The calculated C-8 value is thus

1.797 + 0.024 =1.821 &, in good agreement with experiment.
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Cyclobutene

A considerable amount of structural evidence (see ref. 4) indi-
cates that carbon-carbon single bonds in three-membered rings are
shorter, and in four-membered rings longer than the standard dis-
| tance, 1.54 R; an explanation of the bond shortenings is suggested by
Coulson and Moffitt's(34) treatment of bond angle strain, and Dunit=z
and Schomaker(4) have related the lengthenings to a plausible répul-
sion between non-bonded carbon atoms. Cyclobutene, With its four-
membered ring, seemed to us to be a worthwhile additional subject
for study in connection with these distance effects.

Experimental. Samples of cyclobutene were kindly prepared for

us by Drs. E. R. Buchman, J. C. Conly, and W. Neville, by reduc-
(35)

tion of 1, 2-dibromocyclobutane with zinc dust Electron diffraction
photographs were made both in an older apparatus and in a newly con-
structed device, and were interpreted by two independent observers.
The work had been largely completed using the older data, but the
much better newer plates made possible a significant refinement.
Theoretical intensity curves were calculated over- the shape para-
meter ranges 0.837 C=C/C-C<£0.889, 0.673 < C-H Av. / C-C

0.752, and -0.08< c=c* - cXc*<+ 0.08 R (c=Cis cl-c?) fora

Av\.<

molecule of sz symmetry, assuming CZV local symmetry for C3 and

c*, / C=C-H=125%26' + 1/2 (125°16' - / C=C-C), and, for most of the
- 2

s - .
calculiations, LH-C-H =109°28' . In the temperature factor e 8i5%

3

*No doubt / H-C-H is somewhat greater than tetrahedral (see ref. 4);
however, we have found that variations as large as 10° produce only very
small changes in the intensity curves. The assumption on / C=C-H is
presumably better. -
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a3 was taken as 0.0016 for C-H, 0.0030 for C-:--H, zero for C-C and
C=C, and, usually, for best agreement beyond q ~120, between

0.0005 and 0.0010 for C---C. All terms except H---H were included
and the effective value 1.25 was used for ZH' As the work proceeded
it became clear that a determination of the C-H Av. distance would
"have error limits of about + 0. 06 &. We therefore made the additional
.'very reasonable assumption that C-H Av. =1.093 + 0.015 & in order
to simplify and make more precise the determination of the remaining
parameters.

The effects of small variations of the several parameters are
shown by the theoretical intensity curves in Fig. 9, all of which are
in acceptable agreement with observation. The usual comparisons
{Table V presents some of the quantitative comparisons) led to the
following parameter values and limits of error: C=C/ C-C =

Av.

0.862 +0.018 - 0.024; |cc* - c>c¥< 0088 c-c , -

5+ 0.04, 8 / C=C-C =94.0° + 0.8°.

4 C3—C4 less than 0.06 £, the curves are

1.53, +0.01; &; C=C =1.32
7 - 0
For any difference CLC
about equally satisfactory.
Discussion. Our value 1.537 R for the average carbon-carbon
single bond length in cyclobutene is very close to the standard length

of 1.54 K, in contrast to values found for cyclobutane, tetraphenyl

(4)

cyclobutane, and others, all of which are longer It is possible
that this nearly normal length in cyclobutene merely reflects an ordi-
nary bonding situation; however, it seems rather more likely that the

bonding situation is more complicated than in the saturated four-mem-

bered ring compounds and that the bond-lengthening and bond-shortening
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Table V

Diffraction Data for Cyclobutene

Model E
Maxima Minima
No. | 9obs q-/.qobs No. 9obs q/q'obs
1 11.72  (1.126) 1 8.37 (1.039)
2 19.57  (1.022) 2 15.63 (0.985)
3 29.33 1.019 3 24.76 1.010
4 41.26 0.994 4 35.14 0.996
5 50.77  (1.024) 5 46.48  (1.033)
6 57.95  (0.982) 6 54.04 (1.007)
7 68. 40 1.011 7 62.92 - 0.983
8 79. 46 1.013 8 73.94 1.009
9 96.54  (0.993) 9 84.97 (1.030)
10 107. 84 . 996 10 101.91 1.005
11 121.34 (. 989) 11 112.87 1.011
12 136. 04 (.992) 12 128.20 0.975

ave. 11 features 1.004

ave. deviation 0.007

For best model: C-C , ~ =1.53x1.0045 = 1.537 R
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effects arising from this situation are in near balance. One important
bond-lengthening effect may be presumed to be a repulsion between
cross-ring carbon atoms such as accounts nicely for the elongated

(4)

bonds in cyclobutane Another is a plausible difference in the
strains at the tetrahedrally and trigonally coordinated carbon atoms,
which, with the simplest guess of greater angle stress at the trigonal
atoms (cf. cyclopropene in the introductory section), would shorten
the double bond and lengthen the opposite single bond while leaving

the adjacent single bonds essentially unaffected (see ref. 5). A
shortening effect may be expected from the double bond,. which through
first order hyperconjugation (and the possibly shorter covalent radius
for the trigonally bonded carbon atom(36)) affects principally the adja~
cent bonds; that this effect may be large is shown by the short single
bonds in propylene (1.49 K), isobutene (1.50 X), and cis-butene-2

(1.51 8)10),

We have considered the effects of these three bond-altering factors,
which would seem to be the important ones, and find that bond lengths
may be predicted which are in good agreement with ob.servation. This
good agreement derives, of course, from rather arbitrary (but in
every case reasonable) assumptions, and is fairly sensitive to the.
balance between cross-ring repulsion and the effect of the double bond.

The single bond lengthening due to cross-ring repulsion we

have taken to be 0.028 R, the observed lengthening in cyclobutane,

less 0.007 X to take account of a presumably greater bent-bond
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effect*; for the double bond lengthening we take 0.014 R, since the
bond-stretching force constant is about twice as great as for the

single bonds, less about one-half the single-bond value for bent-

bond shortening, or 0.004 A. The estimated shortening effect of

the double bond on the adjacent single bonds is 0.035 K, the a\}erage

of the isobutene and cis-isobutene-2 values, plus about 0.01 A to

take account of the presumably greater hyperconjugation in cyclobu-
tene due to the presence of the more easily delocalized carbon-carbon
single-bond electrons adjacent to the acceptor bond. H.yperconjugation
may also be expected to shorten the unique single bond because of this
carbon-carbon vs. carbon hydrogen effect; we assume 0.02 R shortening
here since there are two adjacent carbon-carbon single bonds instead
of one. The differential angle strain is estimated to shorten the double
bond 0.005 &£ and to lengthen the opposing single bond 0. 010 A. These
values are about one-sixth those computed from the bending force con-
stants 0.33 x 105 and 0.51 x 105 dynes/cm. /rad. (from propane and
propene(s’ %) for use in the equation F = k1 &8 ; cf. cyclopropene dis-
cussion in the introductory section, where the constants are expressed
for use in a potential energy function), angle strains of 240_ and 31° for

i C-C-C and L C=C-C, and assumed values of 4.7 x 105 and 9.5 x 105

*See ref. 34. A value of 0. 0102 A for cyclobutene, corresponding to

an average angle strain of 277, is obtained by interpolation from a
curve relating angle strains and bond shortenings for cyclobutane,
cyclopropane, and ethylene; the cyclobutane value is 0. 005 R, Toa
surprisingly good approximation the observed bond lengths in these
compounds are related to the standard distance of 1. 54 R as the chord
is to the arc of a circle. See C. N. Copley, Chem. and Ind. 663 (1941),
and H. J. Bernstein, J. Chem. Phys. 15, 284 (1947).
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dynes/cm. for the single-bond and double-bond stretching constants.
The factor one-sixth is approximately the ratio between the strain
energy per CH2 group observed in cyclobutane and that calculated
using the above / C-C-C bond-bending constant. The results of these

considerations are summarized in Table VI:

Table VI
Estimated Effects of Bond-Altering Factors on Bond Lengths

in Cyclobutane.

Factor Bond ci.c* cl-c* cl.c?
Cross-ring repulsion +0.021 +0.021 +0.010
Hyperconjugation -0.020 -0.045 -
Differential angle strain +0.010 -—— -0.005
Resultant bond length 1.551 1. 516. 1.335

Av. single bond length 1.528
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Conclusion

In discussing the structures of the compounds whose molecular
structures have just been presented, we have emphasized the role
played by cross-ring repulsive energy and the energy of deformation
of valence bonds in four-membered rings. Few calculations of a
quantitative nature have been made, but in most places an attempt
has been made to demonstrate how consideration of these factors,
and others, helps in qualitatively understanding the boﬂd-lengths
in such ring compounds. The complexity of attempting more exact
calculations is shown in the paper on cyclobutene; but it.l the simpler
case of three-membered rings, it has been possible to demonstrate
the effect of differential angle deformation strain by very simple
means, avoiding the complete calculation in favor of a check on in-
ternal consistency. Some general discussion of the structures of
these small-ring compounds is given below,

The problem of evaluating the cross-ring repulsive energy is
a difficult one-, but no quantitative solution of the problem of bond-
lengthenings in four-membered rings can be given without it. The
following observations may be of interest in this regard. If Pauling's
relationship, -AR(n) = 0.353 log n, is assumed to apply at least
roughly to antibonding as well as bonding(4), then the bond numbers
n for Ce++C in cyclobutane and for the C**°*O and C...S distances
in TMO and TMS are very nearly the same, about 0.11, corresponding
to very similar increases in cross-ring distances over normal dis-

tances of about 0.68 &, on the average., The following table summarizes
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the calculations which can be made on the basis of Pauling's rule

for the cross-ring repulsions in three simple ring molecules:

P N

v -+
g8 b - P 8} O X O
< ge Y T oo w9 T
.ooes L el oL
. 0.2 O ®) ) . @) 0 (OS]
0 MO < g &3] @) < g f & [
1.54 0.68 0.109 6.4 2.22 0.68 0.109 6.4 12.8

C4H8 2.22
C3H60 2.12 1.43 0.69 0.105 7.4 2,13 0.59 0.146 8.6 16,0
C3H6S 2.46 1.81 0,65 0.120 6.5 2.33 0.79 0.076 4.5 11.0

a. EC' *»+X is the cross-ring repulsion energy corresponding to

-, ., . units are kcal/mole. Single bond energies taken from

ref, 23, p. 53,

Unfortunately, three compounds are too few to justify drawing any
empirical conclusions. Working with available data, however, we
note that (1) the C+++X cross-ring lengthening over the single-bond
value is very nearly constant (0.68 X, roughly); (2) the Cs++C cross-
ring distances tend to be larger or smaller than 2.22 Ras Cc...X is
larger or smaller than this amount; (3) the ratios of cross-ring re-
pulsion energies are the inverse of the ratios of the corresponding

stretching force constants:

Ec...0 _ 7.4 0.86 and kC-—C 0.86 { TMO)
— = 2~ - 0.86 an =~ =0, see
Cnooc 8. C‘-O
E k
c--oc - 4.5 - 0"69 and c-s = 0.70 (See TMS)
Ce--S 6.5 kc-c



-51-

Whether these observations are meaningful or only fortuitous must
await the results of further information for compounds such as
trimethylenimine and trimethylene selenide.

The results of a microwave investigation of ethylenimine .have

(37),

recently become available C-C =1.480 ﬁ, C-N =1.,488 &

are given for the single bond lengths. Assuming, as in previous
discussions, that the angle at nitrogen is less strained than the

angles at carbon (even if the normal angle for nitrogen is 1020(16));

keoN 22,38).

that the ratio of the stretching force constants kc? , is 1.08}1<
that the appropriate C-N bond length for use here is 1.480 R and,
as before, that the bent-bond shortening is 1 percent of the normal
bond length, the usual calculation then is:

1/2(1.525 - 1.480)
1.08

C-N =1,480 - 0.015 + = 1.486

Since the normal C-N bond length is uncertain, the calculation is only
indicative o.f the operation of bent-bond shortening and angle defor-
mation effects.

Much remains to be done: more three-membered and four-mem-
bered rings should be studied to increase our fund of empirical know-
ledge of strained rings, and more elaborate calculations than are given
here should be made. Sufficient evidence is presented here, though, to
indicate the nature and effective magnitude of some of the important

factors involved in shortening and lengthening the bonds in small rings.

"Most investigations yield 1.47 K(found in electron (dif)fraction investi-
gations of methyl—j dimethyl-, and trimethylamine 21 ; however, the
crystal structure ) of methylamine has C-N = 1.48 A, and, lacking
more accurate data, we have chosen 1.480 X as giving a better result.
A figure as low as 1.475 R would still give good agreement.
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SOME MISCELLANEOUS ELECTRON DIFFRACTION STUDIES

Decaborane (310H15): A Preliminary Study

Structure determination results are now available for five boron
hydrides? BZH6’.B4H10’ B5H9, BSHLl’ B10H14' All have been studied
by electron diffraction(40) and all but the first by X-ray diffraction(41) .
We shall be concerned here only with decaborane.

The previous electron diffraction study of decaboréne(42) was made
with a limited quantity of material of doubtful purity, and nozzle tem-
peratures of 110° - 120° C; the data extended only to about s=17 (q=54),
and although many different models were tried, it remained for the
X-ray study of crystalline decaborane to discover a satisfactory model
for the molecule(43) . A theoretical curve calculated for the crystal
structure parameters was claimed to be in good agreement with the

available eleciron diffraction data(44)

. The work presented here, how-
ever, indicates that the molecule in the gaseous phase may differ some-

what from the molecule reported in the X~ray investigation.

Experimental. A sample of decaborane, probably at least 99 per-

ke

cent ptlre'P, was used for the current work. Electron diffraction photo-
graphs were made on Kodak 50 plates in a new apparatus; the accelera-
ting potential was about 40 kv., the camera distance 10 cm., and sample

bulb and nozzle temperatures were 70° - 80° C.

*Prepared by Dr. J. R. Ladd and kindly supplied by the General Electric
Co. Presumably the 99 percent purity applies only with regard to boron
compounds present, since appreciable amounts of volatile hydrocarbon
were also present; the sample was sublimed in vacuum to separate out
these contaminants,
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Diffraction rings were observed to be beyond q=100, almost
double the range of the previous study. The rings are sharp and
clear, and the pattern is rich in detail. Two visual interpretations

are shown in Fig. 10: V _. by the author, VS more in accord with the

G
observations of Prof. V. Schomaker. The corresponding radial dis-
tribution curves (RG and RS) are also shown.

In regard to the depth of min. 3 and the shape of max. 2,3,
curve VG matches the interpretation of the previous investigation,
but more experienced observers favor the shallow minifnum and
closer association (possibly even doubling) of the adjacent maxima
as shown by VS. Max. 1 gives the impression of being a small sharp
ring. Although VG and VS show this feature somewhat differently,
both differ markedly from the interpretation of the previocus investiga-
tors, who showed a distinct separation from the central peak, the maxi-
mum having equally deep minima on either side. Since the region out
to about q=40 differs in the two curves VG and Vg it would be well
to establish more confidently the appearance of the photographs to
this point.

Discussion. The discussion which follows will be based on the

radial distribution curves, R . and RS' The numbering system used

G
is that of the crystal structure investigation, and is shown on the topo-
logical sketch of Fig. 11 along with a drawing of the molecule, Each
boron has at least one hydrogen atom (not shown; each hydrogen has
the same number as the boron to which it is attached); in addition

there are four bridge hydrogens, HVI’ common to BI and BIII’ and

HVII’ common to BIII and BIV; a similar arrangement holds for the
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primed ring.
The crystal structure parameters for decaborane are given as if

the molecule had only a two-fold axis. Since the symmetry of the mole-
cule is asserted to be mm2, however, an adjustment of these parameters
was made by the author, and all the interatomic distances for the mole-
cule calculated; the results, separated into boron-boron (skeletal) and
boron-hydrogen terms, are shown in Fig. 10. (The height of each bar
is proportional to the weight of the term, Z ! Zj .) Table VII

i,j ri:

i
tabulates the results individually. !

Following are some of the pertinent results of the crystal structure
work: The average normal B-B bond length is 1.76 R, the .average nor-

mal B-H bond length 1.25 R; BI-BIV' and BIV—B ' are longer than the

I
normal bonded B-B distances, about 2.0 K; the dihedral angle between
the bases of the two pentagonal pyramids formed by the boron skeleton
is about 760; the bridge hydrogens are located unsymmetrically, HVI
being closer to B (1.34 &) than to B (1.43 R).

An obvious and immediate result of examining the radial distribution
curves is to note an average B-B distance of 1.785 R (or 1.80 & from RG;
this is probably less reliable than the results obtained from RS), an in-
crease of 0.025 & over the average from the crystal structure. The peak
at 2.895 Rin RS is composed of non-bonded boron-boron terms, but
there is already disagreement between the spectrum of distances calcu-
lated from the crystal data and the shape and location of the peak. The
bonded B-H terms give rise to peaks on Rg at 1.15 and 1.35 &, but the

exact location of the distances is somewhat obscured by the irregular

background (the value 0.97 R from R . is obviously wrong). Although
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Table VII
Term No. Dist. Term No. Dist. Term No. Dist.
ByBy' 1 1.78 BH,' 4  2.43 BiHyy 4 3.06
BIBV' 4 1.73 BIHIII 4 2.67 BIII'HIII 2 4.65
BIBIII 4 1.77 BIHII 4 2.64 BIII‘HII 2 4.82
BHBV‘ 4 1.80 BIIIHI 4 2.57 BIV'HVI 4 2.45
BIIBI 4 1.75 BIIIHII 2 2.68 BIVHIII 4 3.62
B-IIBIII 2 1.73 BHHV' 4 2.62 BIV’HII 4 4.02
BIIHI 4 2.63 BIV'HVII 4 3.52
BIBIV 2 2.79 BIIHIII 2 2.60 BIV'HIV 4 4.73
BIBV 4 2.82 BV'HI 4 2.70 BIII 1 4 4.19
BI.IIBV 4 2.88 BV'HH 4 2.52 BH' HVI . 4 3.25
BV'HV 2 2.75 BII'HIII 2 4.92
BIBIV‘ 2 2.00 BIV'HI 4 2.96
BIBIII' 4 3.18 BV'HVI 4 2.85
BIBI‘ 2 3.43 BIVHVI 4 2.85
BIIIBIII' 1 3.48 BIIHVI 4 2.55
BIIIBII‘ 2 3.68
BIIBIV‘ 4 3.02 BV‘ HIII 4 3.99
BHBH' 1 3.02 BV' HVII 4 3.49
BV' HIV 4 4.00
BVHV 2 1.20 BIHIV 4 3 92
BIHI 4 1.30 BIHV 4 3.93
BIIIHIII 2 1.25 BIIIHV' 4 3.86
BIIHII 2 1.20 BIII‘HI 4 4.34
BIHVI 4 1.34
B, -H 2

v 1.43
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the distribution of B-H distances from the crystal structure is not
incompatible with the peaks on RS’ there is some suggestion that a
lower average value for B-H might be desirable; this would be in line

with the values found in B,H, (1.19 E)(‘LS), B, H,, (1.19, L.11 R) (46,47)’

4
(48,49)

and B H, (1.20, 1.23 &) . The asymmetrical B-H, (bridge)

" bonds found in the crystal (1.30, 1.43 X) are reasonable ones, both

from the viewpoint of the peak at 1.35 K on R_ and the distances found

S
: *
for a similar situation in B, H,, (1.33, 1.43 K) (46) .

The crystal structure parameters give a long distance for B.-B_,

I IV

and B BI', 2.00 . None of the features on either RG or RS can be

"
interpreted with certainty as corresponding to this dista‘nce; the small
peak at 2,06 & (and at 2.12 on RS) is probably spurious, a common
feature on radial distribution curves. Since the weight of this term is
appreciable, it must either be hidden under the B-B peak or moved
out to at least the peak at 2.34 R (or 2.45 R.for Rg)e We will return
to the former possibility below. The crystal structure distance spec-
trum also shows a cluster of terms in the range 2.40 - 2.60 R; these

are compatible with either R, or RS, although the suggestion is that

G
they should be rather shorter, and possibly, split into two groups to

match Rg. Beyond about 3 R it is difficult to reconcile either R

Rg with the non-bonded boron-boron distances found in crystal.

GOI‘

As a starting point for a complete investigation of decaborane by

electron diffraction, it might be assumed that all the bonded B-B dis-

However, the crystal structure gave an asymmetry just opposite that
obtained by the electron diffraction result; see ref. 41 and ref. 46. We
quote the electron diffraction result.
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tances are identical, say 1.785 R. In view of the symmetrical cha-
racter of the B-B peak and its relative sharpness, this is not an un-
reasonable assumption. If we also make the BI--BIV1 distance equal
to 1.785 &, then the boron skeleton becomes a fragment of a regular

icosahedron, needing only two atoms to complete the network of ver-
tices. It will be shown that this regularity leads to reasonable agree-
ment with RS' |

For the regular icosahedral skeleton, only two non-bonded boron-
boron distances occur, next-nearest neighbors at 2.89 R and diametri-
cally opposed pairs at 3.40 R; these distances are easily identified
with the peaks on Ry at 2.895 R and 3.44 R. Drawing in a reasonable
base line, the areas under the peaks at 1.785, 2.895, and 3.44 R are
roughly in the ratio of the calculated weights, 294, 173,and 29 respec-
tively.

Going on to boron-hydrogen distances, we might reasoﬁably take
1.20 R for B-H (a larger value is tolerable}, assuming that the B-H
bond makes equal angles with the five adjacent B-B bonds. The spec-
trum of next—ﬁearest B.:-H distances clustered about.2,5 X for the
crystal model now becames a single distance, 2.625 R, corresponding
quite well to the peak at 2.635 A. There are also many distances from
a boron to a hydrogen on a next-nearest boron; this distance is 3.96 K,
and is no doubt contributing to the small broad peak at about 4 R on
curve RS. An easily calculated distance is that from a boron to hydro-
gen on a boron diametrically opposite; four of these distances occur
in the idealized molecule at 4.60 £, coincident (though possible for-

tuitously) with a very slight peak in the radial distribution curve.
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The problem of the unsymmetrically placed bridge hydrogens -
presents' complications, If, however, we assume 1.33 and 1.43 R
for the B-Hb bonds, and if we assume the hydrogen to lie in the plane
of the triangle of associated boron atoms (as for tetraborane), a dis-
| tance of 2.60 & separates the hydrogen from opposed boron of the
. triangle. The BV-HVII separation is 2.87 &. Both of these distances
can be associated with nearby peaks (2.635 and 2.895 A, respectively),
but this still leaves the 2.34 & peak unexplained. If the triangle

B I—B H is folded about B -BIV until the'BH-HVII distance

I -1v v 111

becomes 2.34 &, the dihedral angle, / B -B...B..H

1iPirPrv - BarPrvBvn ¢
becomes about 125°, comparable to the dihedral angle of the boron
skeleton in tetraborane, 124°32"; crowding of hydrogen atoms makes
this arrangement unlikely. |

In conclusion, we can say that the model derived frém the crystal
structure study is in definite disagreement with our observé‘tions of
the electron diffraction pattern. The overall size of the molecule in
the gas phase (expressed as average bonded B-B), is larger than in
the solid, witﬁ a shorter B-H indicated. A trial_' structure based on a
regular model with equal B-B bonds of 1.785 & and B-H bonds of
1.20 R (or perhaps 1.22 X) is suggested as the starting point for a more
complete investigation by the correlation procedure; such a model is in
somewhat better agreement with the radial distribution curve than the
crystai structure model is, but presumably could be made to give even
better agreement by making fine adjustments of the B-B distances. A
complete correlation procedure, although of necessity laborious, should

prove feasible and worthwhile.
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An Electron Diﬁfa'ction Investigation of Dimethyl Selenide

By ELmu GorpisH, KENNETH HEDBERG, RICHARD E. MARSH AND VERNER SCHOMAKER
RECEIVED JANUARY 17, 1955

- The results of an electron diffraction investigation of (CH,):Se¢ are C-H/Se—C, 1.09/1.97 (assumed); Se~C, 1.977 £ 0.012
A.; Se---H, 2571 4 0.034 A; C--.C,298+023A: 2C-SeC, 98 = 10°; and £Se-C-H, 110.5 & 3.5°.  The sele-
nium-carbon distance of 1.98 A. leads to a single-bond radius for selenium of 1.22 A., which is considerably larger than the -

valye 1.17 A. chosen by Pauling.

A selenium—carbon distance of 2.01 = 0.03 A.
has been reported from an X-ray diffraction in-
vestigation of 1,4-diselenane.! Smaller values have
been reported for other molecules, but fione of
these molecules is comparable to diselenane. In
di-p-tolylselenium dichloride? (Se-C = 1.93 # 0.03
A), di-p-tolylselenium dibromide? (1.95 = 0.03),
diphenylselenium dibromide® (1.91 =% 0.05), and
diphenyl diselenidet (1.93 = 0.05) aromatic groups
are conjugated with the empty d orbitals and un-
shared p electrons of selenium and the codrdination
of selenium, except in diphenyl diselenide, is four-
fold rather than twofold. In perfluorodimethyl sel-
enide® (1.958 =+ 0.022) and perfluorodimethyl di-
selenide’ (1.934 = 0.018) the situation is exceptional
because of the perfluoro substitution.® We under-
took an electrondiffraction investigation of dimethyl
selenide in order to provide an additional, more
precise value for the Se-C distance in a simple com-

sec . ¢
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Fig. 1~—Theoretical intensity curves for dimethyl
selenide. All curves calculated with Se-C = 197, C-H =
1.09, ac-w = 0.0017, ase..w = c¢c..c = 0.0041. Beost
model: Se...H/Se~C = 1.300 and C,,.C/Se-C = 1.51

(close to curve C). Significant points of comparison with
observation arc indicated by critical marks. (See W. F.
Sheehan, Jr., and V. Schomaker, THis JourNAL, 74, 4468
(1952) )

(13 R. E. Marsh and J. D. McCullough, THIS JOURNAL, 78, 1106
(1951).

(2) 1. D. McCullough and R, E, Marsh, Acta Cryst., 8, 41 (1850).

(3) J. D. McCullough and G. Hamburger, Tr1s JournaL, 88, 803
(1941).

(4) R. E. Marsh, Acta Cryst., B, 458 (1952).

(5) H. J. M. Bowen, Trans. Faraday Soc., 50, 452 (1954).

(6) An anomalously short C~O distance is found (ref. 3) for per-
fluorodimethy! ather, an analog of perfluorodimethyl selenide, and pro-
gressive substitution of H by F shortens the C-F distance in the serics
CHiF - + + CFy (L. O. Brockway, Acte Cryst., T, 682 (1054)).

pound of bi-covalent selenium. Our result, 1.977
+ 0.012 A, is in fair agreement with the diselenanc
value.

Experimental

The sample (b.p. 57-59°) was supplied by Mr. Jordan
Bloomfield of the Massachusetts Institute of Technology.
Electron diffraction photographs were taken on Kodak 50
plates with 40 kv. electrons at 10 cm. distance in a new ap-
paratus recently comstructed in these laboratories. The
temperature of the sample bulb was about —50°. The
photographs were interpreted in the usual way.?

Theoretical intensity curves (Fig. 1) were calculated for
Se~-C = 1,97, C-H = 1.09, 2.52 < Se-.-H < 2,62, 2.80 <
C...C £ 3.30, with Ziff = 1.25, gc-g = 0.0017 and, for
most of the curves, @ge... 5 = ag...c = 0.0041.8 Reasonable
variations of the a values and of the ratio C-H/Se~C were
tested and found to have only very small effects on our final
results. ' :

The weak, rather sharp feature la is readily visible on the
photographs even though it is shown only very weakly by

‘the best curve, C, and but little more strongly by a corre-

sponding curve with (Z-F)’s rather than Z’s as coeflicients.
This, however, is characteristic of the appearance of such
features. All other aspects of C, including even the minor
differences in the widths, asymmetries, and amplitudes of
the maxima and minima, are in exceptionally good agree-
ment with our obsetvations.

TaBLE |

COMPARISONS OF OBSERVED AND CALCULATED POSITIONS OF

MaxiMA aNp MiNiMa (CuRve C) -
Minima Maxima

No. gobad. q/gobsd. Jobad.® g/ qobad.
1 7.10 (0.986) 10.64 (1.006)
la 12.95 (1.081) 15.13 (0.991)
2 17.79 (1.018) 22.79 (1.038)
3 28 .42 1.009 33.17 1.004
4 37.99 0.998 42.88 ©0.996
5 48.01 1.006 53.55 .1.009
6 58.92 0.999 63.62 1.002
7 68.10 1.010 :

Av. 9 features 1.0037 -

Av. dev. 0.0044

Se-C = 1.97 X 1.0037 = 1.977 A.

s Measurements of K. H. Check measurcmeuts were
inade by the other authors. :

(7) K. Hedberg and A. J. Stosick, Tais JourNAL, T4, 934 (1952).

(8) We write oy = 3/a(6r% — #rde_c). Approazimation of the
methyl group vibrations as pure bendings end pure stretchings leads to
the somewhat larger value 0.0053 for ag....H. Normal codrdinate
treatment of the molecule, regarded as triatomic with skeletal fre-
quencies assigned by P. Donzelot, Compt. rend., 208, 1069 (1938), shows
that for reasonable values of the potential constants agc...g varies
over the approximate range 0.0006-0.0060; the choice of 0.0041 for
ac...q is purely arbitrary.

The phase shift expected for the Se~C interaction (J. A. Ibers and
§. Hoerni, Acta Cryst, T, 406 (1954)) in effect iucreases $r3.c by
about 0.0016 A.? and should have been taken into account in. esti-
mating the other a;;. The nnly appreciable change would be the re- .
duction of sc-H to about 0.0009, and its effect ou the theoretical curves
would be very small.
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o Ourgﬁ:nal parameters and estimated limits of error, as
teduced from qualitative comparisons of calculated curves
(Fig.-1) and from ratios of calculated to observed positions of
maxima and minima (Table I is an example), are the follow-
-ing: C~-H/Se~C = 1.09/1.97 (assumed), Se:--H/Se-C =
©1.300 = 0.017, ( £Z8e—C-H = 110.5 = 3.5°), C.--C/Se-C =
1.51 £ 0.11, ( £C-Se~C = 98 & 10°), Se~C = 1.977 &
0.0124A., Se---H = 2.571 = 0.03¢ A., and C.--C = 2.98 =
0.23A.
Discussion
It seems appropriate to regard the selenium—car-
bon bonds in unconjugated compounds of bivalent
selenium as normal and, therefore, to take 1.98 A.
as the normal Se-C single bond length. With a
small (and perhaps unjustifiable) correction for
electronegativity difference, the selenium radius
then becomes 1.22 A. (1.98 = 0.77 + 1.22 — (0.09
% 0.1)). Thisisappreciably greater than Pauling’s
value 1.17 A.,° which is supported by the bond

(9) L. Pauling, ““The Nature of the Chemical Bond,” 2ad edition,
Cornell Univ'_ersity Preas, Ithaca, N. V., 1940, p. 165.
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lengths of 2.32 A. in hexagonal selenium!® and 2.34
A. in both a- and B-monoclinic selenium.!*32 It
has bheen pointed out,'* however, that nominal
single bonds in the heavier elements may actually
have appreciable double-bond character; our value
for the selenium radius is in agreement with this
possibility, which, accordingly, may deserve further
consideration.

Acknowledgment.—The support of this work
by the Office of Naval Research under Contract
N6 onr 24423 is gratefully acknowledged.

(10) A, J. Bradley, Pkil. Mag., 48, 477 (1924).

(11) R. Burbank, Acia Cryst., 4, 1406 (1951).

(12) R. E. Marsh, L. Pauling and J. D. McCullough, sbid., 8, 71
(1853). .

(13) V. Schomsaker and D. P. Stevenson, THiS JourNaL, 63, 37
(1941).

PAsADENA, CAL.




~-63-

An Additional Note on Dimethyl Selenide

Since the C-Se-C angle in dimethyl selénide has such large
limits of error (i 100), it is somewhat reassuring to note that the
. angle" chosen is cémpatible with the central angles for the methyl
derivatives of neighboring Selements . Fig.:lZa shows a plot of peri=
odic row (I, II, III) for thé,‘_.i:’.ifth and sixth periods versus é@_ﬁﬁtral
bond angle of the hydrides; the parallelism is quite marked. Fig. 12b

shows a similar plot for the methyl derivatives of the same elements

which supports the choice of 98° made for / C-Se-C.
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Fig. 12a, b

Central bond angles in certain hydrides and methyl derivatives.
The values used and references are:

H,0 : 105931 . G. Herzberg, "Infrared and Raman Spectra
o of Polyatomic Molecules!, D. Van Nostrand
H,S : 92716! '~ Company, Inc., New York, N.Y., 1945,
p- 489
H,Se: 90° D. P. Stevenson, J. Chem. Phys. 8, 285
(1940) -

D. M. Cameron, W. C. Sears, and H. H.
Nielsen, J. Chem. Phys. 7, 994 (1939)

NH, : 107° M. T. Weiss and M. W. P. Strandberg, Phys.
o Rev. 83, 567 (1953) |

PH, : 93.5 C. C. Loomis and M. W. P. Strandberg, Phys.
o Rev. 81, 798 (1951)

AsH, : 92.0 Idem. ~—

SbH, : 92.5° Idem.

(CH3)ZO: 111° V. Schomaker, priv. comm.

(CH,),S: 104° J. H. Gibbs, J. Chem. Phys. 22, 1460 (1954)
L. O. Brockway and H. O. Jenkins, J. Am.
Chem. Soc. 58, 2036 (1936)
See also H. W. Thompson, Trans. Farad Soc.
37, 38 (1941) | -

° This work

(CH3)ZSe: 98

(CH,),N: 109° See (CH,),0.

3)3

o]
(CH,),P : 100

"H.D. Springall and L.. O. Brockway, J. Am.
Chem. Soc. 60, 996 (1938)
(CH,)3As: 96°  Idem. —
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PART 11

The BaMg9 Structure .
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THE BaMg9 STRUCTURE

Introduction

In 1947 Klemm and Dinkelacker (1) (referred to hereafter as
- K & D) published the complete phase diagram of the barium-mag-
nesium system, completing and correcting a partial investigation
of the same system ten years earlier by Grube and Dietrich(z) . The
pilase diagram of K & D shows two well-defined compounds, assigned
the formulas Batl\/[g2 and BaMgg, and an incongruently melting phase
of uncertain composition, designated ”BaMg4". The structure of
BaMgz has been investigated previously(3) and found to be of the
well-characterized ]f\/[an2 type(4) . An investigation of the Bal\/Ig9
phase seemed worthwhile since few structures for compounds of
formula AB9 have been reported previously. Our results show a
disordered type of structure with interesting groupings of atoms;
the true formula for the substance has at least ten maghesiums per
barium, rather than nine.

In the following account we attempt to present a lbgical exposition
of the coufse of the investigation, although the actual order of events

was not always as described.

Experimental

The starting materials were cleaned before use but not further

purified. Magnesium metal rod (Eimer and Amend; purity unknown)
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was turned on a lathe to remove a scaly surface coating; a portion
of the rod was then cut off and weighed. The barium metal (also
Eimer and Amend) is marked as 99-plus percent pure. It is stored
under a protective oil which was removed with turpentine or other
solvent before weighing.

Although K & D had prepared melts in iron cruicibles for their
study of the barium-magnesium system, our first preparlations were
made in a long quartz tube sealed at one end. As in a11_ the succeeding
preparations the barium and magnesium metals were weighed out in the
atomic ratio of one to nine. The metals were placed in the tube and air
was flushed out with helium gas which was retained as an inert atmos-
phere by a rubber stopper. The bottom (sealed) part of the tube with
the metals was heated by a gas-oxygen flame to a temperature esti-
mated to be above the melting point for Ba.N[g9 of 707° C given by
K & D. The stopper was loosened occasionally during the ﬁeating to
allow for expansion of the helium.

There are several disadvantages associated with the quartz-tube
method: 1) the tube crazed and cracked about the metal slug on cooling,
mixing fine quartz dust into the sample; 2) the.tube could not be in-
verted during the heating to improve mixing; 3) the temperature could
not be pushed much higher. Subsequent preparations were therefore
made in iron containers, as K & D's preparations had been.

One end of a length of seamless '"Shelby' iron tubing was hammered
and welded shut. The metals were put in and, after displacing the air
by helium, the other end was similarly sealed off. The entire system

then was heated to white heat by a glass-blowing blast lamp; during the
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heating the tube was shaken and turned end over end to ensure adequate
mixing. The torch flame was gradually reduced over a period of seve-
ral minutes and, after cooling to room temperature, the tube was cut
open, |

A somewhat more elaborate device was also tried. An ifon tube,
sealed at one end, was threaded at the other end to receive a plug
with two holes. While the metals were being heated in the tube helium
was passed in continuously through one hole, escaping through the
other; the object was to ensure that no air remained or entered during
the heating. Since it was not possible to shake the device too sharply
or turn it upside down during the heating, and since magnesium vapor
escaped through the exit port, this apparatus was abandoned after one
preparation, |

Fractured surfaces of the slugs of metal have a silvery metallic
appearance when fresh, but become dull after exposure to fhe atmos-
phere, presumably from oxidation. Crushed samples effervesce in
water, the reaction subsiding in a few minutes, and if the sample is
not removed from the water, it continues to slowly evolve gas and is
completely reacted after several days .*

For most of the succeeding work the method of treatment adopted
was to crush a small amount of alloy in an agate mortar and place it
in water for fifteen minutes to an hour, depending on how rapidly the

reaction proceeded. During this reaction period the water was changed

-*As K & D note, "Gepulverte Legierungen, die mehr als 10At.-Proz.
Barium enthielten, verpufften beim Einbringen in wasser regelmassig
unter Feuererscheinung." One of our samples, very finely powdered,
did flash up as it was being poured into water.
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several times (to prevent an accumulation of alkaline decomposition
products) and finally decanted off as completely as possible. The
remaining slurry was spread on filter paper and permitted to dry in
the open air. Ome virtue of this procedure is that- it largely disposes
of metal "dust'', particles too small to be useful in X-ray wor.k but
sufficiently numerous to impede the hunt for single crystals under
the microscope. In addition, the reaction with water présumably
removes any excess barium, and perhaps any BaMg, (or ”BaMg4”)
which might also have been formed. (See footnote, preceding page.)

When thus prepared the sample has a shiny metallic appearance .
The particles are stable in air‘ for prehaps a weaek or less, and it
was necessary to prolong their useful life by mounting them in capil-
laries.

Under the microscope the powdered samples show shiny metallic
fragments ranging in size from about 1/2 mm to 0.1 mm or-' less. The
first X-ray data were taken with crystals judged to be single, using
rather crude criteria (metallic appearance, size, regularity, etc.);
but further search discovered crystals shaped like hexagonal prisms,
and these were used in all subsequent work.,

The hexagonal prisms were, usually, about 0,05 - 0.1 mm in
diameter, and perhaps 0.1 - 0.3 mm in length., They occurred both
singly and in clusters. To show that these crystals were not pure
magnesium, several tests were performed under a microscope in
which a few of the hexagonal crystals were dissolved in a drop of
dilute hydrochloric acid; a drop of dilute sulfuric acid was added

and the formation of a white precipitate which followed was taken as
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evidence for the presence of barium in the crystals. In a later section
X-ray data are presented which identify the hexagonal crystals with
some of the individual crystals first used (see preceding paragraph)
and then with the gross preparation. |

A rough analy'sis was performed on one early preparation. After
reaction with water as described before, the sample was dried,
weighed, and dissolved in slightly acid solution. The barium was
precipitated as the sulfate, caught on a Gooch filter, dried, and
weighed by difference*. The formula calculated from this experiment
is BaMg10 4 |

Despite the probable inaccuracies of this analysis, the formula de-
rived is in agreement with the following observations, If we start with
a crude sample of gross composition BaMgg, then the destrﬁction by’
water of barium or barium-~rich phases would leave behind substances
of higher magnesium content, Further, the phase diagram. of K & D
is based on experimental points so widely spaced in the area of interest
as to enable a solidus-liquidus curve to be drawn with a maximum
falling anywhere from, say, 7 to 13 atomic percent barium (corres-
ponding to composition in the range BaMg., - BaMg13) .

Several density determinations were made. The first was with
a gross sample which had been crushed and placed in water, as des-
cribed previously. (Since almost all the sample sinks in water, the

density is greater than 1.) A flotation method was used employing two

*Several possible sources of error in this analysis are recognized;
co-precipitation, incomplete precipitation, incomplete precipitation
recovery, etc. Since no great accuracy was desired, however, no
more elaborate scheme was tried. Two runs gave for the atomic
ratio of barium to magnesium 1:10.,31 and 1:10 .41.
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organic liquids, propylene dibromide (p = 1.9333 gm cm-3) and methy-
lene bromide (p = 2.4953 gm cm-3). Randomly chosen crystals from
the sample sank in the former and floated in the latter liguid, placing
the density between about 2 and 2.5. More precise determinations
were carried out on two samples, one containing perhaps several
' huﬁdreds of crystals, the other a much smaller number chosen for
their shiny metallic appearance; a mixture of the two organic liquids
was adjusted until the sample particles tended to neither rise nor fall.
The density from these two determinations was 2.29-2.30 gm <:rn"3
Further determinations were carried out with single hexagonal
prisms. To observe the results of the flotation experiment on these
diminutive crystals a reflex device for microscopic observation was
constructed. This consisted of a mirror supported at 45° from verti-
cal by a block of wood and placed under the microscope objective so
as to provide a magnified view of the tip of a vertical 2-ml centrifuge
tube. The crystal was placed in the tip of the tube and liquid added;
various mixtures were tried until the crystal just floated. Using two
individual crystals, a density of 2.23 gm cm-3 was obtained, and
this is the value used in the next section to determine the unit cell

contents.

X-Ray Data

Powder photographs were taken of samples from different melts.
The samples were prepared in various ways (e.g., untreated; treated

with water; separated by flotation) but all photographs were essentially
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identical. In Table VIII are listed, by scattering angle S (for copper

radiation) powder lines for a typical photograph, and, for comparison,
data for pure barium and magnesium metals and their oxides, as well
as BaMg2 . It is seen that most of the lines can be identified with ﬁone
of these substances.

Laue photographs of the hexagonal prisms were made along and
perpendicular to the prism axis*; the latter photographs .sho'w horizon-
tal and vertical mirror planes, while the former give a pattern of six-
fold symmetry. The Laue symmetry is then D6h’ and we assumera
hexagonal unit cell, with ¢ along the prism axis,

To work with these prismatic crystals for more than a week it
was necessary to mount them in sealed capillaries. Several different
mounting techniques were tried, of which the following was found most
convenient. A flake of shellac was warmed until sticky and a long fine
thread drawn out. A length of this thread was placed in a OZ mm
Lindemann glass capillary tube, one end touching the bottom of the
tube, the other end projecting from the mouth. An electrically heated
wire was moved along the outside of the tube until a several millimeter
portion of the shellac near the tube tip had melted and adhered to thg
capillary wall; the remaining shellac thread was withdrawn. The

crystal was placed in the tube, which was tipped and turned until the

>kSome of the latter photographs, showing vertical and horizontal mirror
planes, are identical with some Laue photographs made earlier with.
crystals chosen for their shiny appearance, plane surfaces, etc., and
thought to be single crystals. Because of the irregular shape there

was no way of identifying any symmetry elements to aid in mounting
these crystals, but one, at least, seems to have been mounted with ¢
perpendicular to the beam. It therefore seems reasonable to assume’
the identity of the hexagonal prism crystals with all the other crystals
of the sample.
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(2).

(b)

()
(d)
(e)
()

~-Toa -

Notes (Table VIII)

This powder photograph is of an untreated sample. A small
fragment of the solidified melt was crushed, powdered, and
placed in a Lindemann glass capillary. Thus some quantity

of magnesium and barium and their oxides might be present.
The angles quoted for this and the other photographs are un-
corrected for film shrinkage except for the prec1smn powder
camera (CIT) single crystal photograph. i
From H. E. Swanson and E, Tatge, "Standard X-ray Diffraction
Powder Patterns', National Bureau of Standard Circular 539,
Government Printing Office, Washington D. C., 1953, p. 10.

Idem., p. 38.
ASTM File, Card 1363

ASTM File, Card 1801

"E. Hellner and F. Laves, Z. Krist. 105, 134 (1943).
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crystal rested on the shellac ribbon. By tapping the capillary lightly
the crystal could be approximately aligned (with prism axis either
parallel or perpendicular to the tube axis). The hot wire was again
brought up, and the shellac softened or melted until the crystal was
firmly embedded.

If the crystal orientation was not satisfactory the shellac could be
completely liquefied and, by judiciously applying the hot wire, con-
vection currents could be induced which would rotate the crystal. When
the desired position was attained the hot wire was suddénly withdrawn,
freezing the crystal in place.

There are a number of distinct advantages in this r.ﬁethod of
mounting: (1)} the entire process can be observed by microscope;

(2) only Lindemann glass and a thin ribbon of shellac are placed in

the X-ray beam along with the crystal; (3) if necessary the crystal

can be completely immersed in the shellac, giving additional protec-
tion from air oxidation; (4) the orientation of the crystal can be change&
at any time, without breaking the capillar.y or even removing it from

the mounting pin, by simply melting the shellac from outside with a
heated wire and operating with the induced convection currents.

Rotation photographs were taken about ¢ , the prism axis, using
Ni - filtered CuKa radiation. From the layer-line spacing, c, was
calculated to be about 10.5 &, A striking feature of these photographs
is that reflections on the zero, second, and fourth layer-lines are, on
the whole, considerably stronger than those on the first, third, and
fifth lines. A rotation photograph taken about the unit cell basal diago=~

nal (11Z.0) gives a repeat distance of 18.3 £, corresponding to
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a = 10.6 R. This photograph shows the zero, third, sixth, and ninth
layer-lines appreciably stronger than the others. The implications of
these variations of strength are discussed in the next section.:

- Next, Weissenberg photographs about ¢ were made up to and
including the fifth layer line, using the equi-inclination techni(jue. In-
sofar as occurrence of reflections is concerned, the zero, second, and
fourth layer-line photographs are identical, as are the fi.rst,' third,
and fifth layer-line photographs. In addition, a reflectipn occurring
on an even layer-line photograph never appears on an odd layer-line
photograph, and vice versa; the two groups of occurrences are mutually
exclusive, and an even and an odd layer-line photograph can be super~
imposed to show the complete Weissenberg reciprocal lattice net.
(These facts can also be readily observed, with the aid of a Bernal
chart, on the rotation photographs.)

After the reflections had been indexed the following two-part rule,
embodying the observations of the previous paragraph, was apparent:
If h-k = 3n, then 1 = 2m;
if h-k =3n + 1, thenl=2m +1
Or, equivalently:
If k = 3n, then 1 = 2m;
if 1 = 2m, then h-k = 3n.
The significance of these results is discussed in a later section.
Photographs were also made with the Buerger precession camera,

using MoKa radiation; measurement of these photographs gives

€o

— = 0.9951. The near equality of a, and <, is shown quite strikingly
o

on one photograph which has an almost square array of spots;, while .
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another photograph, with the crystal rotated 30° about ¢ from the
other, shows graphically the operation of the two~part rule of the
previous paragraph.

The cell constant a_ was calculated from a zero layer-line single
crystal photograph taken with CuKa radiation in the CIT Powder
camera, a high-precision, Straumanis-type apparatus. Using only
the ten back-reflections with 8 > 450, we obtained a = 10.581 &
Qith an average deviation of 0.002 R. (Eight front reflections gave
a_ =10.580 R, average deviation = 0.002 £.) The ratio of co/a0
given in the previous paragraph then leads to c, = 10.53 K. (This
latter figure may be in appreciable error if non-uniforrr; expansion
or shrinkage occurred on the Buerger precession photograph from
which the value of co/ao was obtained; we therefore quote <, to only
two decimal places and give no average deviation.) The unit cell
volume is then 1020.8 & 3,

Combining the cell volume with the density (2.23 gm cm_3; see
previous section) we obtain 1371.3 atomic mass units for the contents
of one unit cell. Table IX gives the number of formula weights per

unit cell for a range of possible compositions:
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Table IX.
Empirical Formula No. of Formula Weights
Formula Weight per unit Cell
(ina.m.u.)
BaMg., 307.6 4.46
Mgs 331.9 4.13
Mg9 356.2 3.85
Mglo 380.6 3.60
Mgll 404.9 3.39
Mglz 429.2 3.20
Mgl3 453.5 3.02

Referring back to Table VIII (right hand side) a comparisoﬁ is presented
of the powder photograph data with single crystal data from the rotation
photograph about ¢ , arranged by layer-lines. It is seen that almost
every medium or stronger powder line, as well as a good portion of
the weaker lines, is accounted for in this way. (Some minor discre-
pancies in the match arise, no doubt, from film shrinkage, which was

not allowed for.) We believe that this correspondence, together with
the Laue data mentioned earlier, establishes the crystallographic
identity of the single crystals with the crude samples; some elementary
magnesium and barium and their oxides may also be present. (Some
weak lines otherwise unaccounted for may arise from X-ray tube im-

purities, residual B radiation, or the presence of BaMg4.)
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Data Analysis and Structure Determination

If we consider only the strong, even layer-lines on the c-axis
rotation photograph we find that these reflections can be re-indexed
~ on the basis of a subcell which will also be convenient in much of
the. following discussion. Since l=2m for the strong layer-lines the
subcell height will be half the full cell height. For all reflections on
these layer-lines, h-k = 3n (see previous section); these indices can
be simplified by reference to new a axes at 30° to those of the full cell,
but shorter by a factor of 1/43 . The following equalities establish
the relationship between the full cell (unprimed axes) and the subcell
(primed axes):

c '= ?%-c =5.26 &
1 a =6.112K
2 - ;1' =32
2a)' + 3 =y
The basal area of the subcell is thus one-third the full cell area, and
the subcell volume is one-sixth that of the full cell.(See Fig. 13.)

By studying first these very strong, subcell reflections we can ob-
tain the main features of the structure; the weaker reflections (1=2m + 1)
indicate how the subcell structure should be modified to give the com=
plete final structure. (A mere repetition of the subcell structure
throughout the full cell cannot, of course, be a solution since other-
wise no odd layer-line reflections would occur.)

The general uniformity of intensity of the subcell reflections (i.e.,

those having 1=2m) suggests that the heavily scattering bariums are
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located at the subcell origin; in the full cell these barium positions
are: 000; -;% 0; %-.é. 0; 00 21-; -;-%--é-, %%% An electron density
projection on the basal plane of the full cell, calculated from hk0 data,
could be obtained from the corresponding subcell projection by repe-
tition; thus the projected barium densities at 00, 31.%, %,..:1,; in the

| full cell basal plane must be identical, i.e. the sum of the electron
densities at 000 and 00-;: is the same as the sume of densities at
é—%— 0 and -:l{%zl. » and the sum of densities at %é 0 and -g-é-zl-. (This
is a direct result of the observation that if 1=2m, then H-k=3n'.) By a
similar argument (based on the rule that if h-k=3n, then 1=2m) it can
be shown that the projected sum of the electron densities; at 000,

’;é’ 0, and -';:-—;-0 must be identical with the projected sum of densities

at 00 -é-, é%é, and %éé . The same considerations apply to the
projections of all other atoms in the cell as well, but we will continue
to use the bariums as an illustiration.

If the structure is an ordered one, a givén barium position* must
be occupied in all (full) unit cells, or in none of them. Howev.er, the
conditions of the previous paragraph must also be satisfied: the three
vertically projected density sums at 00, -é%, and -‘;'.-; must be iden-
tical, and the two horizontal projections for z=0 and z:zl. must also
be the same. It is impossible to find an ordered structure satisfying
these conditions except the trivial one which places a barium at none

of the six sites, and the equally unsatisfactory one which places a barium

at each of the six sites. The latter solution is discarded because in such

F 3

The phrase '"barium position! is used in reference to the location of
a barium atom; '"barium site' refers to a location where a barium could
be present, but may or may not actually occur.
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a structure, only the magnesium atoms would contribute to the odd
(weak) layer lines, and no reasonable arrangement gives intensities
comparable to those observed. It is therefore necessary to con-
sider disordered structures.

The X~ray rotation photographs do not show any heavy streaking,
but.the stronger spots do show extensions which were considered con-
sistent with the idea of a disordered structure.

The type of disorder to be considered has the following interpreta-
tion: In a typical region of the crystal, a given barium site, for example, -
is occupied by a barium in some of the unit cells, but not in others (in
which the site may either remain empty or be occupied by some other
atom). Since what is observed is an average of all unit cells in the
region, it will be convenient to speak of a fraction of a barium occurring
at a certain site, or of a site being occupied by a barium a fraction of
the time; the fraction in either case is that fraction of the t;::tal number
of unit cells in which the site under discussion is occupied by a full
barium atom.

Of course, any solution which makes all the subcells identical is
incorrect even if the subcell structure is disordered, since no odd
layer-lines would be observed. We now proceed to discuss the subcell
structure and how it should be modified to produce the true structure.

An electron density projection onto the subcell base, plus packing
considerations based on the radii of barium and magnesium, leads
directly to the idealized subcell structure. For the electron density
projection, hkO intensity data were obtained from a zero-~level Weissen-

berg photograph; intensities were estimated by comparisonwith acalibrated
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intensity strip (kindly lent by Dr. W. G. Sly), corrected for Lorentz
and polarization factors, and reduced to structure factors by taking the
square root and multiplying by an empirical constant. The general
uniformity of the hkO intensities suggests that all structure factoré
signs be taken with positive sign, the principal contribution being from
the barium which has previously been assigned to the origin. Using
the electron density expression for the two-dimensional ﬁlane group
pb, and taking all signs positive, the result shown in Fig. 14 was ob-
tained.

The subcell height (5.26 &) can accommodate only one barium
atom (radius 2.0 - 2.2 X) If we interpret the projection a..s having
one full barium at the origin, then the other densities indicate roughly

one magnesium (MgH) each at -é-O, 0 -é-, and %21,- , and half a magne-~

sium (MgHI) at é% and at % -:13-.

The z-parameters can be estimated by considering paéking possi-
bilities. With a barium at each corner of the. subcell, a magnesium
atom (radius 1.5 - 1,6 X) cannot possibly be put at % 00 , since the
cell edge (6.11 R) is too short to accept both a barium and a magnesium.
We therefore assign z = 5 for all Mg, atoms. Since the cell-face dia-
gonal is 8.06 & there is considerable space for these magnesiums;
later the z-parameters of the MgH atoms will be chénged somewhat to
provide better packing in the final structure.

If we were to place the MgIII atoms in the basal plane (z=0) of the
subcell at é-% and gz-é, the Ba-MgIII and MgII-MgIII distances would
be 3.53 & and 3.16 & respectively. Although the latter distance is a

reasonable one for a magnesium-magnesium contact, the former dis-
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tance may be somewhat too short for a barium-magnesium contact.
In addition, examination of the MgHI atoms in projection shows not the
simple round shape typical of spherical atoms but a three-lobed
apﬁearance, one lobe pointed toward each of the three nearest barium
. positions. The existence of this symmetrical three-fold splitting is
. verified by a difference Fourier which shows three distinct maxima.
Structure factor calculations show that each lobe is displaced from
the central position (%é or %-é-) by 0.037 of the (long) diagonal
length; of the two new Ba-Mg,; distances, 3.13 and 3.74 &, the first
is impossibly short while the second is about right. (The two MgH -
Mgy distances are 3.08 and 3.40 £.) We therefore postulate that
a MgIII atom can occur only when the nearest barium site is not occu-
pied by a barium atom. Subject to this condition we postulate a z-
parameter, z = 0, for the MgIII atoms.

The subcell structure described to this point is related to the
well-known CaCuS-type structure(s) which has atoms in the following

positions (corresponding to a hypothetical BaMg, structure):

1 Ba: 000
1 1, .11 111
3IMg: 5053 0555 527

12, 21
2Mgpir 5305 530

Such a structure 'still has an undesirably long Ba-MgII separation of
4.03 & (noted earlier) and Ba-Ba separation (along <) of 5.26 A, as
well as the short Ba-Mgy distance of 3.53 &.

The full-cell coordinates corresponding tg those so far assumed

for the subcell are listed in Table IX. =~



—95a-

Fig. 14

hk 0 electron density map (subcell base). Barium atoms

(heavy lines) drawn for every fifth contour.
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Table IX.
Subcell Full cell
12 21 1,121,211
M oll 1,1 111 11,111 151 111 1,1 111,
811 A A Ay Al A A 2T 632 5%% 36%F ZT°F ZTITE
251 511,521, . 3
I TET 3D the same with z--4- .
Mg A & 0 50
24 of+129 aa ot +o0lo; Loo; 22
4 33 g9 3005 34
25 A A0 O
A A A0 O _
— 21 2. 11, 2 ...
X2a 0F+ 30 0 &4 0%+ 050; 3505 500;
2A A AAO
(a =0,037) the same with z =.é.

(a =0.037)
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The MgII atoms form a planar network of interlocking regular hexa-
gons and triangles. The MgIII sites also form regular hexagons, each
one slightly shrunk in toward its center away from the others. Within
these hexagons the Mgy~ Mg, distance is 3.05 A and the Megq- Mg

~ distance is 3.13 &, both reasonable values for a magnesium-magnesium
- contact. As postulated previously, the hexagon of MgIII .atoms can
occur only when the barium site at its center is unoccupied by barium;
but the absence of the barium leaves a large gap in the ¢ direction,
even though the MgII and MgHI atoms are in contact (3.08 &, noted
earlier). It is therefore postulated (and later verified by the 010
electron density projection) that the replacement of a barium and the
occurrence of a MgIII hexagon is accompanied by the additiop of a pair
of magnesium atoms (MgI) in contact with each other, one on either
side of the vacant barium site, and lying on a line parallel to c
through the site. Thus a barium atom can be replaced by a hexagonal
bipyramid of magnesium atoms (2 Mg, 6 MgIII) . Actually such re-
placement cannot be carried out rigorously since if two adjacent barium
sites were to be vacant there would be insufficient room for two MgIII
hexagons side by side. We therefore limit the number of such hexagonal
bipyramids to not more than two per full unit cell with the proviso that
they not be adjacent. The maximum number of MgIII atoms is thus
twelve per full unit cell, or two per subcell. It is assumed, however,
that two MgI atoms always occur at a vacant barium site. The distance
from a MgI toa MgIII of an associated hexagon is 3.50 R, the distance

to a Mg, of a neighboring hexagon is 4.06 X.



-88-

Anticipating the results of the h01l projection, we assign
z = + 0.149 for the ].\/[gI atoms near the basal plane (of the full cell),
equivalent to a magnesium radius of 1.57 K. Of the two barium sites
along ¢ in each unit cell, only one can be occupied by a pair of 1\/‘[gI
atoms; two such pairs total 12.56 &, and even if the radius of mag-
nesium were as low as 1.50 &, the total is still too great. Only iwo
bariums, or one barium and two magnesiums (total extension: about
10.7 R) can occur; the apparent crowding of the latter combination is
considered in the discussion,

The following tabulation lists the more important distances between
sites in the structure as developed to this point: |

Ba-Ba (h)
Ba-Ba (v)

o1 o
* »
N =
A

Ba-MgH
Ba-MgHI

il
Wk

-~ O

I\/IgI-I\/IgI
Mg-Mgpy
Mgr-Merg

Mg.-Mg

MgI_MgII

Mol Ao
grr~MeEn

Houon

www

W U > W
FORORo  POBORo  POPo  Polo

bt O

I it
w ww
* @
o g
0O W

(to neighboring hexagon)

In calculating hkO structure factors for compariéon with experi-
mental values, the following assumptions were made: 1) the maximum
number (3 per subcell) of Mg;; atoms is always present; 2) a missing
barium is always replaced by two MgI atoms, and by a hexagon of
MgIII atoms to a maximum of 2 MgIII per subcell (two hexagons per
full unit cell). The parameters to be determined were the amount of

barium per unit cell, and the displacement, A, of the I\/IgIII atoms from
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their mean special positions.

Only 18 different hk0 subcell reflections were observed, and
the structure factor calculations involve only four terms. Using
aéproximate values of the compositional and positional from the
electron density projection a difference Fourier section along‘ the
- 1oﬁger subcell diagonal was calculated, and the results fed back
into a second difference Fourier, These results were tﬁen ﬁsed in
a trial-and-error procedure to determine the amount of barium and
the locations of the MgIII atoms. The results of structure factor cal-
culations using parameters consistent with the results of h0l calcu-
lations are given in Table X. They are based on 0.55 Ba and 0.90 MgI
(subcell contents) at 00, and A = 0.037 for Mgqyr-

The hkO structure factor calculations were useful for determining
the MgIII positional parameter, but indicate only roughlly the barium

compos1t1ona.l parameter; a wide range of values of this latter parameter

gave good agreement with experiment (i.e. Z ’];‘A‘:F Y
Fo

The poorer agreement for the strong, low-order reflections (about the

10 percent).

first six) prol';ably arises from secondary extinption, for which no
corrections were made,

The subcell which satisfies our structure factor calculations re-
sembles the previously ;iescribed BaMg5 structure in which almost
half the bariums are absent and have been replaced by pairs of I\/IgI
atoms. Each of the six MgIII sites in the subcell is occupied, on the
average, by 31. of a magnesium atom, corresponding to the two MgIII

of the BaMg5 structure.



-90-

Table X

k F F
(8] C

0 - -
1 20.2 17.9
2 40.0 50.1%
3 25.7 26.0
4 35.9 36.2
5 11.8 9.5
6 17.9 19.0
1 30.9 38.7%
2 17.3 16 .4
3 13.5 13.0
4 15.2 14.2
5 12.7 12.8
6 6.6 6.6
2 39.7 46.2
3 15.0 13.6
4 22.0 23.6
5 ‘8.8 7.8
3 11.6 11.3
4 10.4 ©10.3

L Eled -l

R = =0.069 (020 and 110 omitted)

Z|F
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Intensities of the hO01 reflections were obtained from Buerger
precession camera photographs. Unfortunately, a precession angle
of 24° was used (the maximum attainable for the camera distance
used), whereas published tables of the Lorentz and polarization
~ factors for preces.sion camera data are computed only for p = 21°

(6,7)

and 30° (as well as 5°, 10 and 15°) . Approximate factors

* :
were obtained by linear expansion of the & scale of the 21° table

£ (24°) . o -
by the factor Tm_a'}'{—('Z"[U) = g_};%_%%o = 1.134 . The results
max

appear reasonable compared to those for 21° and 30°.

The observed reflections common to both hk0 and hO1 are
300, 600, and 900. The following comparison of the ratios of their
structure factors as independently evaluated for the two different
zones provides a check, though not a conclusive one, on the extra-
polated Lorentz-polarization factors, and on the inner consistency

of the intensity estimation:

F
hOb/

bkl Fyooo  Fron Fpko

300 7.92 9.11 1.15

600 10.16 10.63 1.05

900 2.98 3.19 1.07

(Note: The hko and h01 structure factors are on different
scales; the nearness of the ratio to unity is accidental. It
should also be noted that the hkO0 data is from a Weissenberg
photograph made with CuKa radiation, the ho 1l data from a
precession photograph made with MoKa; no correction for
absorption was made, but see the discussion for an evaluation
of the effect of absorption.)

=
I am indebted to Mrs. Y. C. Leung for this suggestion.

o

%k
All values correspond to p =

45 The error made in this way is no
more than + 6 percent for p = 219(6) . '
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As a check on some of the postulates made about the subcell
structure, an hO1 electron density projection for 1 even only (strong
reflections) was calculated for space group P 6/m. The signs of all
structure factors were taken positive for the same reason outlined in
~ connection w.ith the hkO projection., One quarter of the resulting pro-
jection onto the vertical face of the full cell is shown in Fig. 15 . The
l\/[gI and MgII atoms are quite apparent, but the MgIII atoms are covered
by the bariums and make themselves felt only as slight horizontal
elongations of the barium peaks.

Adding on a constant background correction, we make the following
observations: the MgH peak densities alternate in the ratio of about
one to two, as expected, alternate peaks representing two superim-
posed MgH atoms; some slight vertical elongation of the single MgH
peaks is observed but could be spurious ('ripple", perhaps, from
series termination errors); the MgI peak height remains in some doubt,
as does its location (between 1.50 and 1.60 & above z = 0).

Finally, by adding in terms for the odd-layer h01 data the com-
plete electron density map shown in Fig.l5a is obtained. (Only one-
quarter of the projection is shown, since, for space group P 6/m,
the rest of the map is generated by reflection through vertical and
horizontal mirror planes.) There are several significant differences
between this full cell projection and that for the subcell, The origin is
almost completely populated by a barium (since no appreciable amount
of MgI appears above it) while there is almost no barium at 0 O-é

(which is consistent with the associated Mg, peak, near 005, which has

3
'g,
a height about equal to that of the single MgH peak nearby); the peak



Fig. 15

h 01 electron density map {full cell) for space group Céhl,

1 even only.
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Fig. 15a

h 01 electron density map (full cell) for space group Céh‘l,

1 odd and even.
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which does occur at 0021. must be almost completely the projection
of two MgIII atoms. The other barium peaks at x = .é., z =0 and .é- )
are intermediate between these two extremes.

Another point of interest is the vertical displacement of the MgH
. atoms from 'z =:1; . (The MgI and the single MgH peaks unfortunately
overlap, somewhat obscuring the exact positions.) The following

interpretation can be given to these displacements. Each MgII is

associated with two pairs. of barium sites, thus:

Here a, P , vy , &8 are barium populations of their respective sites.
Consider two examples., Case A: a= &=1;8 = y=0.l. Here the
environment of the MgII atom is symmetrical, and it remains at
z:-é- . CaseB: a=pf=1 y=6 =0.1. Since botha and B are
always occupied by barium, these sites have no MgIII rings of their
own; the distance from a Mg;;; atom of an adjoining ring to Mgy, is
long, 3.41 R, as is the Ba-—MgII distance of 4.03 & from a or p to
MgH. On the other hand sites y and § can each possess a MgIII

hexagon half the time (though not simultaneously). These Mgy atoms
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are only 3.08 X from Mgn, which is tight (but not impossibly so) for
a magnesium-magnesium contact. Hence the MgH atom has plenty
of room to move into on side a, B , and is being "pushed' by the
close Mg ;-Mgyy contact on side v, 8 . The net result is the ob-

~ served dis,placérn_épt from z = i- toward the side with higher net

- barium population. A case of interest will be that intermediate |
between Case A and Case B, witha =1, y=0.1, p =:6 :0.55;> this

is the case which actually occurs, with a net displacement éf MgII
from z = .i. toward a, B .

In Fig. 16 is shown a scheme of displacements for the MgH atoms
consistent with the electron density map for this space-group. The
signs + and - refer to upward and downward displacements, respec-
tively, from z = 41., without regard to magnitude.

The first set of structure factor calculations was made for space
group P 6/m, with a barium distribution of the following type, where

A,B,C,D are barium populations:

t
*
Q o O
vy}

12 A

with A+ B=C + Dand A + 2C = B + 2D, in accordance with earlier
statements. Using reasonable values of the =z pafameters for Mg,

and MgH as obtained from the hO01 projection, it was found to be im-
possible to obtain good agreement of calcul‘ated with observed structure

factors without going to impossible values of A greater than 1.
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The poor agreement of the structure factors arises from the
excessive weakness of the calculated structure factors for 1 odd
relative to the calculated factors for 1 even, i.e., the ratio fFi
waé too small for the lines with 1 odd by an amount which couldobe
overcome only by introducing population figures greater than one.
In this respect, the relative strengths of the strong and weak layer
lines are a direct measure of the population distribution and of the
disorder. |

Combinations of different symmetry elements were then tried,

with the final choice being the following:

C A

B C B
% 3

e A B C A

with A + B =2C. (The starred points are centers of symmetry.)
This arrangement is conveniently referred to spéce—group D6h4
(P 6/mmc) with origin at one of the centers of symmetry. Work
with the previous space-group had suggested a barium content of
3.3 Ba per full unit cell; taking A =1, the other values are B = 0.1,
C =0.55. In hO1 electron density map was again calculated; the
sign associated with each structure factor was that calculated for
the bariums only. (This assumption is justified by the final structure
factor calculations, where the sign of the total factor is almost always
the sign of the barium contribution alone.) The result is shown in

Fig. 17.
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Fig. 17

h01 electron density map {full cell) for space group D6h4'
(The origin is at a different atom than in Fig. 15, 15a.)
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In all its essential structural details, the new hO1l map bears
out all the interpretations made thus far, The barium peaks are
lopsided because of the Mg atoms behind them, §i5placed off to
one side; if these MgIII atoms are subtracted out, the residual
- barium peak heights are in a ratio very close to 1:0.1:0.55. The
MgI peaks complement the associated bariums, and the MgH peaks
are displaced up or down from =z = é in a way consistent with the
ideas proposed previously.

The coordinates in Table XI were used in a new structure factor
calculation, the results of which are given in Table XII. The com-
position corresponding to the population figures given is Ba3.3Mg34.8,
or BaMgw'54. This is believed to represent to a fair degree of
accuracy the average structure of the crystal.

Some of the features of the complete structure can be easily inter-
preted. If we consider the barium sites, for example, to be arranged
in chains parallel to c , we note two types: ABABA..., and CCCCC--,
where A =1 Ba, B=0.1 Ba, and C = 0.55 Ba. Each unit cell has
three chains running through it, two of the first type and one of the
second. It is reasonable that, for reasons of packing efficiency, ad-
jacent chains of the first type prefer staggered relative alignments,
i.e., an A site prefers to be horizontally adjacent to a B site. If
two chains of the first type satisfy this requirement, the third cannot
also be of this type and meet this requirement simultaneously with
respect to its neighbors; the third chain is therefore a compromise,
satisfying one neighbor half the time, the other neighbor the other half.

The net result is that a C site in the third chain is really an average of
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Table XI
(Continued)
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Table XII
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Table XII
(Continued)
F, F_ h 1 F_ F,
123.7 -112.1 0 9 0
: -7 I 58.2 53.0
3.9 2 - -34.0
206.2 -226.9 3 0
9.9 4 -- 8.4
-4.0 5 60.6 60.0
63.1 -56.9 6 0
4.3
3.0
0 10 84.9 -50.6
1 -2.6
0 2 S 8.8
- -18.3 3 97.0 -116.7
-- 62.8 4 12.6
0 5 -4.7
- =27.7
41.2 33.7
0 0 11 0
- 6.7 1 38.8 -34.3
43.7 42.5 2 72.8 67.5
3 ' 0
215.9 252.7
-3.5
9.0
128.5 124.9
' 3.0
-.3
R=0.101

(Unobserved reflections and reflec-
tions on edge of photograph omitted,
as well as 602, 209, 0 0 10 )
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an A site and a B site, and the population figure relation is C = 21-(A+B) .
The displacements of MgII atoms from z = 0 and z = é- are con-

trolled by the factors cited before, but it should be noted that all that

is finally observed as an average displacement. If the environment is

. this: . ' 8 4

the MgH tends to move neither up nor down. If however, it is located

thus:
us P B

A A

it tends to move down, by a certain amount, toward tvhe' side with higher

net barium content. Since the following case:

B c

A C

is an average of the preceding two, the net observed displacement
should be one~half that for the second case. The scheme of Fig. 18
shows the resultant arrangement, with 0 indicating no displacement,

+ an upward displacement and - a downward one.
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The Mg;,; arrangement can be viewed in two different ways.
On the one hand, in each group of three, one MgIII is closest to
an A site, one to a B site, and one to a C site; the total content of
the group of three MgIII must not exceed one magnesium. On the
other hand, each barium site is surrounded by a hexagon of MgIII
atoms, each hexagon slightly shrunk in to provide good magnesium-
magnesium contact; each point of a hexagon can be occuéied by no
more than (1-A), (1-B), or (I-C) magnesium, as the case may be.

Symbolizing the group of three associated MgIII as:

A4 Ba
A

N

B Ba ¢ Ba
- and remembering that C is an average of A and B, we derive the

MgIII population figures as follows:

] 8a ! Ba | Ba

I

| Ba 01 Ba O.1Ba ol8afg, O5Ra 0.) Bz
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Because B=0.1 rather than 0, the sum of the three associated MgIII
sites is only 0.95 magnesium, rather than 1.0, assumed in the earlier
discussion; the present figure corresponds to 11.40 MgIII per full
celi, instead of 12 as previously.

The following revision of the earlier list gives the inter-atomic

distances for the average structure:

Ba-Ba (h) = 6.11 &

Ba-Ba (v) = 5.23 &

Ba-Mg, = 3.66 R

Ba-Mg = 4.03 R;3.898%

Ba-Mgp; =3.74 &

Mg.-Mg =3.14 &

Mgp -Mg = 3. osg; 3.05 &
ﬁﬁ%%?flm 35 R;3.30 R
Mg;-Mgy; = 3.50 R;4.06 &

Mgl -Mgp; = 3.08 A;3.26 8;3.25 8

All of these distances are quite reasonable ones except the

' %
Mg -MgIH, which is rather long; however, we may say with Goethe :

1
"Half ihm doch kein Weh und Ach/Musst! es eben leiden''.

&
Goethe, J. W. v., "Heidenroslein!".
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Discussion of Structure and Determination

The formula of the structure just de.scribed, BaMglo. 54° is
in good agreement with the results of chemical analysis mentioned
. earlier (which gave BaMg10'4), but the calculated density,

2.1 gm cm-3, is lower than the experimentally determined value

by about 5 percent. Since, however, the density was determined
with different crystals than were used in gathering the X-ray data,

it is possible that the compositions of the crystals were not identical.
It is also possible that the experimental density determination is in
error by an appreciable amount.

The disorder which gives rise to the C chains has already been
mentioned. Each chain of type ABABA--- can be considered the
average result of a disorder in which barium atoms regularly alter-
nate with pairs of magnesiums (Mgl) for a distance of about nine unit
cells along the chain, but in the tenth cell the two magnesiums are
replaced by a barium. Thus the A sites are always occupied by
bariums, while the B sites are occupied by barium only 10 percent
of the time. A structural interpretation of this disorder is suggested

®
in the following argument. Take for the radius of barium (coordination
number 12) 2.215 R (8), and for the effective magnesium radius 1.57 R,
as found in this investigation from the MgI—MgI distance. The sum
of the diameters of a barium and two (MgI) magnesiums is then
10.71 lg, about 0.2 & greater than Cor whereas two consecutive bariums

add up to 8.86 R, more than 1.5 & shorter than o The ''strain' of

compressing a barium and two magnesiums into a unit cell, accumulated
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over nine unit cells, is relieved in the tenth cell by the substitution
of a barium for the magnesium pair. A possible extension of this
argument is to regard C, @s being equal to the weighted average of

diameter sums for the two different combinations, i.e.

)

)  _ 9x10.71+1x8.86 _
o _<co> Av. ~ 10 - 10'.527 R

in good agreement with the experimental value.

Of the several possible statistical interpretations which might
be given, the following one is offered. It is based on the type of chain
described in the preceding paragraph, regularly alternating barium
with two magnesiums; presumably, such an arrangement is preferred
from the viewpoints of packing and coordination, although, as noted,

a counter-tendency demands the random substitution of a barium for
10 percent of the magnesium pairs in each chain. Consider first an
"ideal' unit cell, in which it happens that the chain segments are

of the strictly alternating type, with, say, a barium at the origin

and a magnesium pair at é-%- 0; through g-% 0 runs a chain which
might start off equally well with either a barium or a magnesium

pair, and can be regarded as an average of the other two chains. The
formula of this cell is Ba3Mg36 (i.e., 3 BaMglz). If, as happens

with about TIU probability, a cell occurs which is like the ideal but has,
in one chain, a barium substituted for a magnesium pair (monosubsti-
tution'') the formula becomes Ba4Mg32 {i.e., 4 BaMgS).

The ratio in which these two types of cell occur is about seven to

three. (Since the probability for "monosubstitution' is only ﬁly , the pro-
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babilities of occurrence of "bi-" and "trisubstituted" cells -- cells
in which two or three magnesium pairs are substituted by barium --

are negligibly small.) The overall composition is then

7 X~Ba3Mg36 +3x Ba.41~4g32

= Ba, Mg., o -
10 3.377°34.8

(Taking into account "bi-" and "trisubstitution" lowers thé niagnesium
content by 0.06 magnesium per cell.)

The structure is, on the whole, quite well packed. Each barium
has associated with it at least twelve magnesiums (MgII)\ at contact
or slightly larger distances; the presence of MgI and MgIII atoms
may give even larger coordination numbers. Each of the magnesiums
also has associated with it at least twelve magnesiums (MgII) at contact
or slightly larger distances; the presence of MgI and MgIII atoms may
give even larger coordination numbers. Each of the magnésiums
also has about coordination number twelve. |

It is possible that there is a range of composition over which
crystals of this phase form, the local composition of the melt deter-
mining the formula of each crystal. One end of this range may be
BaMg12 (Ba3Mg36), in crystals of which there is a strict alternation
in the vertical chains of barium and pairs of magnesium; a composition
close to BaMglO- g5 may mark the other end of the range, for although
the overall composition of our crude samples was intended to be
BaMgg, the actual substance formed is probably close to the BaMglo. 54
of the present investigation and BaMgw.‘* of the chemical analysis.

On the basis of structural considerations it would be expected that
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crystals near the barium-rich end of the phase would have smaller
S a_nd longer a, than crystals from magnesium-rich phases. A plot
of cell-constants versus composition would provide valuable infor-
mation on this point*. Interesting information could also be obtained
from the structure of Sng9 (reported by K &D, ref. 1), since the

~ radius of strontium is about 0.07 & less than that of barium**

Few compounds with formula XYé,'have been reportéd, and the
crystal structures of only one or two are of interest. Perhaps the
most closely related to the present work is ".“ﬂ.T,thg(g). ‘It is based
on the CaCu5 type structure with space group Déhl (P é/mmm),
and has a substitutional disorder which is indicated by writing the
formula Zn5 (Zn0.4, Tho.é); the cell constants are a = 5.237 X,

c, = 4.442 K.
More closely related to the BaLMg9 structure areé the structures

()

of TiBe (10) and CeM All three structures have hexé onal
g12 _ gon

12
unit cells, and each is conveniently referred to a subcell of the same
type. Although the types of disorder are quite similar, the BaMg9
disorder is more complex than that in TiBe12 and CeM_glz; TiBelZ’

for example, is based on chains parallel to ¢ in which there is strict

alternation of titanium atoms with pairs of beryllium atoms. In the

*In a private communication from Prof. A. J. King of Syracuse Uni-
versity, the cell constants of a substance described as BaMg, are
given as a_ = 10.396 & and c, = 10.652 R, all + 0.005 &; thesé are
based on Laue, Weisgenberg, and powder photographs. The space
group is given as D (C6,2) with four BaMg, per unit cel}; no density
is given, but is calculatea from the data as g 37 gm cm™ . Until
further information is received from Prof. King, however, it is
thought best not to attempt a reconciliation of his data with that pre-
sented in this paper. '

%% .
Prof. King reports for SrMg, cell constants similar to those he gives
for BaMgg: a, =10.322, ¢_=1 .506.
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hk 0 subcell projection, TiBe,, shows Be atoms split into three

12
lobes just as the MgIII atoms in Ba‘Mg9 are. Many other structural
features are common to these three alloys, but TiBe12 and CeMg12
have 48 subcells per full unit cell whereas BaMg9 has only six.

The linear absorption coefficient for the structure presented in
this paper is 312 cm™! for CuKa radiation, and only 39 qm.-l for
MoKa *. The estimated h 01 intensities should therefore be more
reliable than the hk 0 intensities, but the h01l precession photograph
from which the h 01l data was obtained was not of the best quality,
and the Lorentz-polarization factors may be in error from the extra-
polation process used. The situation regarding absorption is less

favorable for the strontium compound (with MoKa radiation) despite

the smaller atomic number:

CuKa MoKa
BaMgm 54 312 39
ST™g) 54 165 79

{Note: It was assumed that the cell dimensions would not be
greatly different for the two compounds, as indicated by
Prof. King's resulis.)

In correcting for thermal vibrations, the same isotropic tem-
perature factor was assumed to apply to both barium and magnesium;

visual estimation was used to draw a best line th.rough the points of a
F

plot of log —FE- vs. sin2 e . For the hO01l structure factor calculation,
o

*
Mass absorption coefficients taken from Internationale Tabellen zur
Bestimmung von Kristallstrukturen, Zweiter Band, p. 577-8.
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for example, a value for B estimated in this way was 0.76 Xz. Be-
cause barium and magnesium differ greatly in mass, a more realistic
approximation would have been to assign different factors to the two
kinds of atoms, using a small value of B for barium and an appropri-
~ately larger one for magnesium.

No attempt has been made to assign limits of error or standard
deviations to either the positional or compositional pararﬁetérs, since
most of these were estimated from electron density maps or by trial-
and-error. The structure derived appears to be correct in all its
essentials, but could be refined further by the use of the three-dimen-
sional data and least-squares or equivalent procedures.

A subjective statement regarding the reliability of the results
presented may, however, be in order. It is felt that the atomic ratio
of magnesium to barium should not be in error by more than about
5 percent; the z-parameters for MgI and MgH are probably. good to
about 0.1 R, the positional parameter A for MgIII should be within

0.05 & of the true value.
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PROPOSITIONS

l. It is sometimes necessary to determine the density of a
fragment of crystalline material too small to be viewed by the un-
~aided eye. A deviée for measuring, in favorable cases, the density
of such objects is proposed; it is based on the use of a suitéble liguid
above its critical point, confined with the crystal in a glass _capillary
by a mercury column. By adjusting the mercury column, the density
can be continuously varied. Unfortunately, the method has severe

limitations.

2. Although it has not been possible to observe any definite sign
‘of the presence or absence of 1, 3-TT -bonding in 3-methylenetrimethy-
lene oxide, it may be possible to ocbserve it in methylenecyclobutene,
another compound prepared by Dr. Appleq_uist(l). Since cyclobutene
and methylenecyclobutane are already available for comparison, and
since MO calculations are already made for this substance, an
electron diffraction study might be more fruitful than the 3-oxacyclo-

butanone study proposed by Dr. Applequist.

3. On the basis of electron diffraction data it appears that the
molecule of decaborane is not quite the same in the gas phase as it
is reported from the crystal study(z); specifically, a boron skeleton

based on a regular icosahedron provides a better match with the radial

distribution curve. Such a model has the advantage of removing the
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two rather long boron-boron bonds of 2.01 R, and replacing them by
bonds of more nearly normal length. A thorough correlation study,

though difficult, is recommended.

4. The effect of differential angle strain on the length of bonds
_ in three-membered and four-membered ring compounds has in the
past usually remained unevaluated. A simple procedure is outlined,
with examples, which demonstrates the operation and magnitude of
this factor in simple three-membered rings. A feature‘ of the calcu-...:
lation is the non-necessity of actually evaluating true bond-bending

potential energy constants.

5. It is hoped that magic-number enthusiasts will welcome the

(3)

identification of the "surprising" ratio of valence electrons to atoms
in ¥ -alloys, 21/13, as the ratio of two successive terms of the well-
known Fibonacci series. Other alloy types rhay also have electron to

atom ratios which are exactly, or almost exactly, the ratio of two

successive terms of the series, e.g., the B-alloys (3/2).

6. Accurate and reliable microwave and electron diffraction data
are now available for a considerable number of halogen derivatives of
methane. Examination of these data verifies the long-known fact that
a C-X bond length is directly affected by the attached atoms“’. It is
proposed that a simple correlation is possible between the length
of a given C-X bond and the sum of the electronegativities of the

other attached atoms; the electronegativity difference also enters,
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aside from the Schomaker-Stevenson correction. This second-order

correction fits the available data quite well.

7. The study of dimethyl selenide presented here demonstrates

. the danger in taking for the covalent radius of an atom one-half the

~ separation found in the element; the radius thus derived may, as in
this case, be too short by virtue of double-bond character(5). It is
suggested that a thorough revision of the Schomaker-Stevenson radii
be undertaken in which the radii would be derived from observed
distances in simple molecules and would be suitably corrected for
electronegativity differences; a special case should be made for bonds

between identical atoms.

8. It does not appear at all certain that NOBr3 exists in the gas
(6)

phase, or even in the solid phase It would be of considerable

interest to know whether the solid compound is analogbus to P.OBr3,

P0C13, etc., or is an equimolal mixture of NOBr and Brz.

9. A proof of the following theorem may or may not be obvious
to the reader: |
If two prime numbers (greater than five) differ by two,
then their average is always divisible by six.

If it is not, a proof is offered.
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