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The Crystal and Molecular Structure of Arsenic Tricyanide

By KenNETH EMERSON* AND DoYLE BrrrTON
School of Chemistry, University of Minnesota, Minneapolis 14, Minnesota, U.S.A.

(Received 25 January 1962)

Arsenic tricyanide forms monoclinic crystals in the space group (3-C2 with four molecules in a
unit cell of dimensijons ¢=9-19, b=6-90, c=8-92 A, and §=101-2°. The molecules are pyramidal
with approximate Cj, symmetry. One of the cyanides is involved in the formation of a weak bond
to the arsenic atom in the adjacent molecule. Infinite, approximately linear, chains AsCN -+ AsCN---
are present and presumably account for the low volatility of this compound.

Introduction

The tricyanides of phosphorus and arsenic have very
low wvolatilities compared to the trihalides. This
suggests that the crystal or molecular structures of
these compounds might show interesting features.
Accordingly, a study was undertaken of the crystal
structure of P(CN)s. This structure proved to be
unexpectedly complex crystallographically, and the
study of As(CN)s was undertaken both for its own
sake and to throw light on the P(CN)3; problem. The
arsenic compound proved to have a simpler structure
and is reported here. The relationship between the two
structures will be reported later, with the phosphorus
structure.

Experimental

Redistilled AsCls, mixed with freshly prepared AgCN,
was sealed in a glass tube under vacuum and heated
at 100 °C. for 24 hours (Emerson, 1960). The tube
was broken and the excess AsCl; was distilled off in
a vacuum line. The As(CN); was then vacuum sub-
limed at about 200 °C. The product appeared as white
needle-like crystals. These crystals were very hygro-
scopic so single crystals were transferred in a dry
box into glass capillaries which were then sealed with
Apiezon wax.

A crystal of the order of 0-2 mm. in diameter was
selected for intensity measurements and multiple film
Weissenberg photographs were taken with Cu K«
radiation of the 0, 1st, 2nd, and 3rd layers for rotation
around the needle axis. A second set of 0 layer photo-
graphs was taken with Mo K« radiation to check the
assumption that absorption corrections could be
ignored for a crystal of this size. Precession photo-
graphs of four zones were taken using Mo K« radia-
tion. The relative intensities of 402 independent
reflections were estimated by visual comparison with
a standard intensity strip. Lorentz and polarization
corrections were applied with the aid of programs
available for this purpose on the Univac Scientific

* Present address: Department of Chemistry, Montana
State College, Bozeman, Montana.

1103 computer (Rossman, Jacobson, Hirshfeld &
Lipscomb, 1959).

Unit cell and space group

The needle axis of the crystals proved to be the
b axis of a monoclinic cell with dimensions

2=9-19+0:06, b=6-90 + 0-04, c=892+ 006 4;
B=101-2 4 0-5°.

Cell dimensions were determined by measurements on
Weissenberg and rotation photographs taken with
Cu Ko radiation (1=1-5418 A). The only systematic
extinctions were for reflections with hA+% odd, and
the space group could therefore be C3-C2, C3~-Cm, or

3—C2/m. No density measurements were made on
As(CN)3, but by comparison of this unit cell with the
apparently related unit cell for P(CN)s, for which
the density had been measured, it was decided that
there were four molecules per unit cell. The calculated
density is 1-831 g.cm.—3.
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Fig. 1. Statistical distribution of As(CN), intensities. Theoret-
ical curves for centric and acentric cases are labelled 1
and 1 respectively. (O: calculated points from Akl data.
+ : calculated points from k0! data.

Although it was realized that this was not a suitable
compound the statistical distribution of the intensities
was calculated (Howells, Phillips & Rogers, 1950).
The results, shown in Fig. 1 for the A0l and Akl inten-
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Table 1. Final parameters

zla y[b zfc B
As 0-2904 + 0-0004 0-0000 + 0-0033 0-2616 + 0-0004 2:63+0-05
C, 0-229 +0-004 0-210 +0-007 0-362 +0-005 49 +09
C, 0-113 +0-004 — 0123 +0-007 0-255 +0-005 57 +1-1
C, 0-213 +0-004 0-135 +0-008 0:070 +0:005 60 +1-1
N, 0-188 +0-004 0-327 +0-007 0-443 +0:004 71 +1-0
N, 0-008 +0-004 —0-213 +0-007 0-245 +0-004 70 +1-0
N, 0-183 +0-003 0-196 +0-006 —0-051 +0-004 54 +0-8

sities were interpreted as indicating the space group
C3-Cm. This was incorrect and considerably delayed
the solution. The correct space group, as indicated
by the solved structure, was C3-C2.

Determination of an incorrect structure in Cm

Almost all of the calculations described below were
made on a Univac Scientific 1103 Computer using
methods and programs which have been previously
described (Rossman, Jacobson, Hirshfeld & Lipscomb,
1959).

The locations of the arsenic atoms were readily
found from a Patterson projection along the & axis,
and a Fourier projection was prepared with the phases
determined by the arsenic atoms. This gave indica-
tions of several possibilities for the cyanide groups,
but these were ambiguous since the arsenic atoms
alone have C2/m symmetry. At this point least squares
(Hughes, 1941) were used for testing the various
possibilities and for refining the likely ones. The arsenic
alone gave a reliability factor,

R=Z||kFo|_ch]I/ZlkFo[:0‘37 .

The best of the chemically reasonable cyanide com-
binations gave R=0-24 in five cycles of refinement.
At this point the full three dimensional data were
introduced and in five more cycles R=0-19. This
structure in space group Cm was more or less reason-
able chemically, but the bond angles around the As
differed by 15° between the two molecules in the
asymmetric unit. Various small changes in the posi-
tions of the cyanides were tried to make the two
molecules more nearly equivalent, but none of these
changes improved matters. One of these attempts
also refined to R=0-19 but in so doing distorted all
the As—C-N bond angles away from linear by 20 to 60°.

It was clear that this structure was not correct
although it must have a large element of correctness.
It was also felt that all possible reasonable changes
had been tried in space group Cm, and that if the
structure were wrong the space group must also be
wrong. The space group Cm had been chosen on the
basis of the statistical distribution of intensities
although it has been pointed out (Hargreaves, 1955;
Wilson, 1949) that where a heavy atom dominates
the scattering, as happens here, the intensity distribu-
tion may be abnormal. The distribution found here did
not resemble either of those calculated by Har-

greaves, but it also did not look ‘normal’. Since C2/m
would have refined in Cm it was decided to try C2.

Determination of the correct structure in C2

A trial structure was found, which appeared reasonable
in light of the original Fourier synthesis, with two of
the three cyanides in positions close to those in the
Cm structure. A least squares refinement of this struec-
ture in projection fell from R=0-17 to R=0-14 in
three cycles. The full three dimensional data were
introduced and in four cycles R fell to 0-118. In the
least squares program used the function

r=2ug(|kFo|2— | Fe|?)?| Zug kF o4,

the numerator of which is being minimized, gives a
better measure of convergence in the later stages;
at this point in the calculations » =0-054.* In the next
cycle of refinement a computer error occurred, and
both R and r increased slightly. The error was not
immediately recognized, and refinement was con-
tinued until all full shifts in the position parameters
were less than 0-001 (R=0-106, »=0-056). When the
error was discovered, the refinement was repeated
from the point of error until once again all full shifts
in the position parameters were less than 0-001
(BR=0-104, r=0-052). These two refinements gave
answers which agreed within the standard deviations
of the parameters, but did not appear to be con-
verging toward a common result. This seemed some-
what alarming to us, but it was suggested by Dr
E. W. Hughes that this probably meant simply that
there was a very broad minimum at the solution,
and we had accidentally approached it from two
different directions. At his suggestion we averaged
the parameters obtained from the two refinements

Table 2. Interatomic distances and angles

Distance Angle

As-C;  1-85+0-05 A Cy,-As-C; 91:5+35°
As-C, 1-82+0-05 C,-As-C; 87-6+35
As-C;  1-96+0-05 C,-As-C, 915+35
As-N;  3:03+0-04 N,-As-N; 92:8+2-0
As-N, 295+0-04 N,-As-N; 949420
As-N;  3:09+0-04 N,-As-N; 91-8+2-0
C-N; 1194007 As—C,~N; 171+8
Co-N, 1:13+0-07 As—C,-N, 175+8

Ny 1-14+0-07 As—C,-N, 168+8

* The weighting factor, wy, was =1 for |kFy| < 23, and
23/i1kFy| for |kF,|>23.
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and ran through a least squares cycle with these
average parameters. The calculated full shifts were
smaller for this cycle than for either of the two extreme
sets of parameters refined separately.

A bond distance calculation at this point indicated
that one of the nitrogen atoms was significantly closer
to an adjacent arsenic atom than would have been
expected from the normal van der Waals radii for these
atoms. It was felt that this might lead to significant
anisotropic vibrations, and accordingly twelve cycles
of anisotropic refinement were carried out, six with
anisotropic arsenic atoms only, and six with all atoms
anisotropic. At this point R=0:097 and r=0-036;
the refinement was not carried any further. In spite
of the apparent improvement in R and » values the
position parameters at this point were essentially the
same as those obtained in the purely isotropic refine-
ment, and their standard deviations had only de-
creased by 59%,.

The final position parameters and isotropic tem-
perature factors are shown in Table 1.

The uncertainties shown are the standard deviations
estimated from the elements of the inverse matrix
in the usual way. Since a diagonal approximation was
used in the direct matrix these error estimates are only
approximate. In addition there is a complication in
the uncertainties of the y/b parameters. Since there
is no symmetry element which serves as a reference
point in the b direction one of the atoms must be
chosen to do so and its y/b parameter then should
not be treated as an adjustable parameter. This option
was not possible in the computer program used and
the As y/b value was treated as a variable although it
was not. The uncertainty calculated reflects this
effect and is not significant. The uncertainties in the
y/b parameters for the light atoms represent the un-
certainty in the position of that atom with respect
to all the other atoms, and since an individual light
atom represents only a small portion of the scattering
matter this is a reasonable measure of the uncertainty.

The structure is shown and the atoms are labelled
in Fig. 2. The intramolecular bond lengths and bond
angles are given in Table 2. The observed and cal-
culated structure factors are given in Table 3.

Three short intermolecular distances occur in the
structure. The N: atom of one molecule is 2-85 A
from the As atom, 3:01 A from the C; atom, and
3:06 A from the C3 atom in the adjacent molecule.
All 11:{1e other intermolecular distances are greater than
35 A.

The anisotropic thermal motions of the C and N
atoms appear to be large, but the standard deviations
in the temperature parameters are so large (they
varied from 25 to 100% of the value of the param-
eter) that no meaningful conclusions could be drawn.
The anisotropic motion of the arsenic atom could be
determined, however. Values of the experimental
parameters are given in Table 4. Following the method
described by Rossman & Lipscomb (1958) the principal
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axes of the ellipsoid of vibration were determined.
The results are given in Table 5. ¢, , and w are the
direction cosines with respect to the orthogonal axes

5A

OAas ON Oc¢

Fig. 2. The crystal structure viewed down the b axis (top)
and the ¢ axis (bottom). The strong interaction between
moleciuiles is shown as a dotted line.

Table 4. Anisotropic thermal parameters for As atom

B.  0-0098 +0-0003 By —0-0197+0-0024
B» 0-0124 % 0-0003 Bs —0-0130% 0-0034
B, 0-0082 % 0-0005 Bs  0-0024 % 0-0004

Table 5. Direction and magnitude of the principal axes
of the ellipsoid of vibration

B @ P w
—0-2+04 0-57+0-06 0-75+0-01 0-35+0-12
30+02 —037+017 —015+0-02 0-92+0-08
56+0-3 0-74+0-06 —0-65+0-02 0-19+0-13

a*, b, and ¢. The errors were crudely estimated by
varying f4 and 5 by the standard deviations given
and seeing the change in the calculated results. The
values of B in the directions toward the atoms C;, C,
and C3 are 2:8+06, 1-1+0-3, and 4-1 +0-4 respec-
tively. There is a significantly smaller vibration in
the direction of the short intermolecular distance.
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The possibility of isocyanide groups

In order to test whether the atomic arrangement might
be As—-N-C in any of the bonds the C atoms in the
normal structure were considered as N atoms and the
N atoms considered as C atoms, and least squares
refinement carried on from the last cycle of the normal
isotropic refinement. In the first cycle after the change
RE=0-114 and r=0-062, but in three more cycles
R=0-110 and r=0-054, i.e., no choice could be made
as to the correctness of the model on the basis of the
R and r values. However, the temperature factors
allow a decision to be made. These are compared in
Table 6 with the results for the normal cyanide case.
In the cyanide structure the outer atoms (with

Table 6. Temperature factors for the light atoms
cyanide versus isocyanide

As—C-N As-N-C
Atom B Atom B
C, 49 N, 7-6
C, 57 N, 88
Cq 6-0 N, 9-9
N, 71 C, 46
N, 70 C, 48
N, 54 Cy 35

respect to the As) have larger temperature factors
than the inner atoms, and all of the temperature
factors are about the same. In the isocyanide structure
the inner atoms have the larger temperature factors
and they are nearly twice as large as those for the
outer atoms; this is unreasonable and therefore the
isocyanide seems unlikely.

Discussion

The molecule has approximately the C3, symmetry
which is normal for the bonds to an isolated trivalent
As atom. The relative lightness of the C and N atoms
makes the positions quite uncertain, and as a conse-
quence none of the bond distances or bond angles
are very accurate. If we assume that the variations
in the distances and angles are not real, and we use
both the C and the N atoms to estimate the bond
angles at the As (this is equivalent to assuming that
the As-C-N groups should be linear), then we would
say that the As—C distance is 1-88 A, the C-N distance
is 1-15 A, and the C-As—C bond angle is 92°. From
the covalent radii (Pauling, 1959) one would predict
1-98 for the As-C bond length and 1-15 for the C-N
bond length. Since the hybridization at the C atom
is sp it is reasonable that the distance measured here
is shorter than normal, although the data are not
good enough to be sure this is significant.

Indeed it is probable that the difference between
the As—Cs and the As—C; distances is real, since the
difference is over twice the standard deviation and is
supported by a similar difference in the As-N: and
As-N; distances of over three times the standard
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deviation. Since the Nz atom is involved in a relatively
strong external interaction it is tempting to group
cyanides 1 and 3 together as normal and to regard
cyanide 2 as different both internally and externally.
The abnormally short 2-85 A distance between Np
and the As in the adjacent molecule indicates an
interaction considerably stronger than the normal
Van der Waal’s interaction. If Pauling’s rule (Pauling,
1959) is used a bond order of 0-03 would be estimated
for this bond. This is not quite fair since the rule
is based on the assumption that the same kinds of
orbitals are involved in the weak bonding as in the
normal bonds with which it is compared ; the bonding
in this interaction is presumably between the lone
pair of electrons on the CN and an empty d orbital
on the As. Nevertheless, it does indicate that one or
two kilocalories per mole more than the normal van
der Waal’s forces are involved in holding the erystal
together. The other two short intermolecular distances
are consequences of this interaction and do not need
to be considered separately.

An interaction very similar to that described here
occurs in the cyanogen halides (Heiart & Carpenter,
1956; Geller & Schawlow, 1955). In the cyanogen
halides the molecules form long parallel chains in the
crystals. In As(CN);s the pattern is more complicated.
The chains occur in the direction of the side centering
translation, and lie in layers roughly perpendicular
to the ¢ axis; the chains in each layer are nearly at
right angles to the chains in neighboring layers. In
the CICN crystal, and probably in the BrCN crystal,
the X-C distance is shorter in the solid than in the
gas phase. This would indicate that the rehybridiza-
tion involved in forming the external bond strengthens
the internal bond to the heavy atom, perhaps by
introducing some d character into the bond. The
perhaps significant shortening of the As—Cs bond in
the As—(CN)s is consistent with this effect in the
cyanogen halides.

The question arises with the As(CN)s, if one external
cyanide interaction occurs, why not three? If three
approximately linear external interactions occurred
the resulting structure would be rhombohedral, ap-
proximately cubie, with As atoms at each corner of
the cube and CN groups along the edges. Using the
dimensions found in the real structure to estimate
the molecular volume in the proposed structure we
find about 200 A3/mol. compared to 139 A3/mol. in
the actual structure. The weak specific interactions
would not be enough to make up for the generally
poor van der Waal’s interactions which would occur
in this inefficient packing.

We are grateful to the Numerical Analysis Center
of the University of Minnesota for providing the
necessary time on the Univac Scientific 1103 Computer,
and for their help with the computations. The com-
puter programs used were prepared by the former
crystallographic group at the University of Minnesota
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under the direction of Prof. W.N. Lipscomb; we
would like to thank the group, and in particular Dr
R. A. Jacobson, for their help. We would like to
thank the Eastman Kodak Company and the National
Science Foundation for the support on one of us
(K. E.).
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The Crystal Structure of Cyclopentadienyl Manganese Tricarbonyl, C;H;Mn(CO),*

By Avax F. BERNDTT AND RicHARD E. MaRsH
Gates and Crellin Laboratories of Chemistry, California Institute of Technology, Pasadena, California, U.S. 4.

(Received 11 January 1962)

The crystal structure of C;H,;Mn(CO); has been determined and refined by three-dimensional X-ray
diffraction technique. The crystals are monoclinic with

a=11.99, 5=17-07, ¢=10-93 A (all +0-03 &) and #=117-8 +0-2°.

Positional and anisotropic temperature-factor parameters for all atoms except hydrogen were
refined by least-squares methods, and the resulting standard deviations in the positions of the

carbon and oxygen atoms are about 0-015 A.

Within experimental error, a single axis passes through the center of the cyclopentadienyl ring,
the manganese atom, and the center of the carbonyl groups. The interatomic distances indicate
that the manganese atom forms approximately two electron-pair bonds with the ring and five

with the three carbonyl groups.

Introduction

The determination of the crystal structure of cyclo-
pentadienyl manganese tricarbonyl was undertaken
as part of a program of structure investigations of
sandwich compounds. The work reported here was
begun in 1955 and the initial refinement of the
positional parameters by least-squares methods was
completed in 1957. The resulting molecular dimensions
(which have been reported by Pauling, 1960, p. 391)
were not particularly satisfactory, as the scatter in
presumably equivalent values of interatomic distances
suggested uncertainties of about 0-1 A in the positions
of the light atoms. More powerful computing facilities
have recently become available to us, and accordingly
we have continued the least-squares refinement by
introducing anisotropic temperature-factor parameters
for all the atoms. The resulting structure is more

* Contribution No. 2800 from the Gates and Crellin Labo-
ratories of Chemistry.

t Present address: Argonne National Laboratory, Argonne,
Illinois, U.S.A.

satisfactory, and both the experimental residuals and
the scatter of equivalent interatomic distances lead
to estimated standard deviations of approximately
0-015 A in the positions of the light atoms.

Experimental

A sample of C:H;Mn(CO)s was supplied by Dr G. Wil-
kinson (see Piper, Cotton & Wilkinson, 1955). Crystals
were selected directly from the sample and, because
of their volatility, were mounted in lithium borate
glass capillaries for photography. These crystals were
irregular in shape with a maximum linear dimension
of about 0-3 mm.

Two specimens were selected and oriented by means
of Laue and oscillation photographs. Intensities were
estimated visually from multiple-film Weissenberg
photographs made with Cu K« radiation for layer
lines 0—4 about the b axis and 0-13 about the [102]
axis. The two sets of data were corrected for Lorentz
and polarization factors and correlated by means of
an averaging process.



