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The Crystal and Molecular Structure of Arsenic Tricyanide 
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Arsen ic  t r i c y a n i d e  f o r m s  m o n o c l i n i c  c rys t a l s  in  t h e  space  g r o u p  C~-C2 w i t h  f o u r  m o l e c u l e s  in  a 
u n i t  cell of d i m e n s i o n s  a = 9.19, b = 6-90, c = 8.92 /~, a n d  fl = 101.2 °. T h e  m o l e c u l e s  a re  p y r a m i d a l  
w i t h  a p p r o x i m a t e  Csv s y m m e t r y .  One  of  t h e  c y a n i d e s  is i n v o l v e d  in  t h e  f o r m a t i o n  of a w e a k  b o n d  
to  t h e  a r sen ic  a t o m  in t h e  a d j a c e n t  molecu le .  I n f i n i t e ,  a p p r o x i m a t e l y  l inear ,  cha ins  A s C N . . .  A s C N . . -  
a re  p r e s e n t  a n d  p r e s u m a b l y  a c c o u n t  for  t h e  low v o l a t i l i t y  of th i s  c o m p o u n d .  

Introduction 

The tricyanides of phosphorus and arsemc have very 
low volatilities 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)3. This structure proved to be 
unexpectedly complex crystallographically, and the 
study of As(CN)8 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 AsCI3, 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 AsC13 was distilled off in 
a vacuum line. The As(CN)3 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 Kc¢ 
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 s  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 Ks  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 
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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 

a = 9.19 _+ 0.06, b = 6.90 _+ 0.04, c = 8.92 _+ 0.06/~; 
# = 101.2 +_ 0-5 o. 

Cell dimensions were determined by measurements on 
Weissenberg and rotation photographs taken with 
Cu Ks  radiation (2= 1.5418 •). The only systematic 
extinctions were for reflections with h+k odd, and 
the space group could therefore be C~-C2, C~-Cm, or 
C~h-C2/m. No density measurements were made on 
As(CN)8, but by comparison of this unit cell with the 
apparently related unit cell for P(CN)8, 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. -8. 
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Fig. 1. Statistical dis t r ibut ion of As(CN) 3 intensities. Theoret-  
ical curves for centric and acentric cases are labelled T 
and 1 respectively. O :  calculated points  from hkl data .  
+ :  calculated points  from hOl 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 hO1 and hkl inten- 
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Table 1. Final parameters 
Atom x/a y/b z/c B 

As 0-2904 + 0.0004 0.0000 + 0.0033 0.2616 ± 0.0004 2.63 _+ 0.05 
C t 0.229 _+0.004 0.210 ±0.007 0.362 ±0-005 4.9 ±0.9 
C~. 0.113 _+0-004 --0.123 ±0.007 0.255 _+0.005 5-7 ±l.1 
C a 0.213 ±0.004 0.135 ±0.008 0.070 ±0.005 6.0 _+1.1 
N 1 0.188 ±0.094 0.327 ±0.007 0.443 ±0.004 7.1 ±1.0 
N 2 0-008 _+0.004 --0.213 _+0-007 0-245 _+0-004 7-0 ±1.0 
N a 0-183 -+0-003 0.196 _+0.006 --0.051 _+0.004 5.4 -+0.8 

sities were in terpre ted  as indicat ing the  space group 
C~-Cm. This was incorrect and considerably delayed 
the  solution. The correct space group, as indicated 
by the  solved structure,  was C~-C2. 

D e t e r m i n a t i o n  of an incorrec t  s t r u c t u r e  in Crn 

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,  Hirskfeld & Lipscomb, 
1959). 

The locations of the  arsenic atoms were readi ly 
found from a Pa t te r son  project ion along the b axis, 
and  a Fourier  project ion was prepared with the phases 
determined by  the  arsenic atoms. This gave indica- 
t ions of several possibilities for the cyanide groups, 
but  these were ambiguous since the arsenic a toms 
alone have C2/m symmetry .  At  this point  least squares 
(Hughes, 1941) were used for test ing the various 
possibilities and for refining the l ikely ones. The arsenic 
alone gave a rel iabi l i ty  factor, 

R =  Z IIkFo I -IFcI[/ZlIcFo[ = 0 . 3 7 .  

The best of the chemically reasonable cyanide com- 
binat ions gave R =0.24  in five cycles of refinement.  
At  this point  the full three dimensional  da ta  were 
in t roduced and in five more cycles R=0 .19 .  This 
s t ructure  in space group Cm was more or less reason- 
able chemically, but  the bond angles a round the As 
differed by 15 ° between the  two molecules in the 
asymmetr ic  unit.  Various small changes in the posi- 
t ions of the cyanides were t r ied  to make the  two 
molecules more near ly  equivalent ,  but  none of these 
changes improved matters .  One of these a t t empts  
also refined to R=0-19  but  in so doing dis tor ted all 
the  As-C-N bond angles away from linear by 20 to 60 °. 

I t  was clear t h a t  this s t ructure  was not  correct 
a l though it  must  have a large element of correctness. 
I t  was also felt t h a t  all possible reasonable changes 
had  been t r ied  in space group Cm, and t h a t  if the 
s t ructure  were wrong the space group must  also be 
wrong. The space group Cm had been chosen on the 
basis of the  stat is t ical  d is t r ibut ion of intensit ies 
a l though it  has been pointed  out  (Hargreaves, 1955; 
Wilson, 1949) t h a t  where a heavy  a tom dominates  
the  scattering, as happens here, the  in tens i ty  distribu- 
t ion  may  be abnormal.  The dis t r ibut ion found here did 
no t  resemble ei ther  of those calculated by l i a r -  

greaves, but  i t  also did not  look 'normal ' .  Since C2/m 
would have refined in Cm i t  was decided to t r y  C2. 

D e t e r m i n a t i o n  of the  correc t  s t r u c t u r e  in C2 

A tr ial  s t ructure  was found, which appeared reasonable 
in l ight of the  original Fourier  synthesis, with two of 
the three cyanides in posit ions close to those in the  
Cm structure.  A least squares ref inement  of this struc- 
ture in project ion fell from R = 0 . 1 7  to R = 0 . 1 4  in 
three cycles. The full three dimensional  da ta  were 
in t roduced and in four cycles /~  fell to 0-118. In  the  
least squares program used the funct ion 

r= Iu'~(llcFo[ 2 -  lFcI2)e/lw~lkFol4, 

the  numera to r  of which is being minimized, gives a 
bet ter  measure of convergence in the later  stages; 
at  this point  in the  calculations r=0 .054 .*  In  the  nex t  
cycle of ref inement  a computer  error occurred, and 
both  R and r increased slightly. The error was no t  
immedia te ly  recognized, and ref inement  was con- 
t inued unt i l  all full shifts in the posi t ion parameters  
were less t ha n  0-001 (R=0.106,  r=0.056) .  When  the  
error was discovered, the ref inement  was repeated 
from the point  of error unt i l  once again all full shifts 
in the posit ion parameters  were less t h a n  0.001 
(R=0.104,  r=0-052).  These two refinements gave 
answers which agreed within the s tandard  deviat ions 
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 t h a t  this p robably  meant  s imply t h a t  
there was a very  broad min imum at  the  solution, 
and we had  accidental ly  approached i t  from two 
different directions. At  his suggestion we averaged 
the parameters  obta ined from the two ref inements  

Table 2. Interatomic distances and an!]les 

Distance Angle 

As-C 1 1.85 i 0.05 /~ C2-As-C a 91.5 i 3.5 ° 
As-Cg. 1.82 _ 0.05 C1-As-C a 87.6 ± 3.5 
As-C a 1.96 _ 0.05 C1-As-C 2 91.5 +_ 3.5 
As-N 1 3.03 ± 0-04 N2-As-N a 92-8 ± 2-0 
As-N 2 2.95 ± 0-04 N1-As-N a 94.9 ± 2.0 
As-N a 3.09_+ 0.04 N2-As-N 1 91.8 ± 2.0 
C1-N 1 1-19 -+ 0-07 As-C1-N 1 171 _+ 8 
C2-N u 1.13±0.07 As-C2-N 2 175±8 
Ca-N a 1.14 ± 0"07 As-Ca-N a 168 ± 8 

* The weighting factor, w0, was = 1 for llcFo[ ~ 23, and 
23/',kF0[ for [kFol > 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 
tha t  one of the nitrogen atoms was signif icantly closer 
to an adjacent  arsenic a tom than  would have been 
expected from the normal  van  der Waals  radii  for these 
atoms. I t  was felt  tha t  this might  lead to significant 
anisotropic vibrations,  and accordingly twelve cycles 
of anisotropic ref inement  were carried out, six with 
anisotropic arsenic atoms only, and six with all  atoms 
anisotropie. At  this  point  R = 0 . 0 9 7  and r=0 .036 ;  
the  ref inement  was not  carried any  further.  I n  spite 
of the apparent  improvement  in R and r values the 
position parameters  at  this  point  were essential ly the 
same as those obtained in the pure ly  isotropic refine- 
ment ,  and  their  s tandard  deviations had  only de- 
creased by  570. 

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

The uncertaint ies  shown are the s tandard  deviat ions 
es t imated from the elements of the inverse ma t r i x  
in the usual  way. Since a diagonal approx imat ion  was 
used in the direct ma t r ix  these error est imates are only 
approximate.  In  addi t ion there is a complication in 
the uncertaint ies  of the y/b parameters.  Since there 
is no s y m m e t r y  element which serves as a reference 
point  in the b direct ion one of the atoms must  be 
chosen to do so and its y/b parameter  then  should 
not  be t rea ted as an adjustable  parameter .  This option 
was not possible in the computer  program used and 
the As y/b value was t reated as a variable al though it  
was not. The uncer ta in ty  calculated reflects this 
effect and  is not significant. The uncertaint ies  in the 
y/b parameters  for the l ight atoms represent the un- 
cer tainty in the position of tha t  a tom with respect 
to al] the other atoms, and since an individual  l ight 
a tom represents only a small  port ion of the scattering 
mat te r  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 N2 atom of one molecule is 2-85 A 
from the As atom, 3.01 /~ from the C1 atom, and  
3"06 / l  f rom the C~ atom in the adjacent  molecule. 
All the other intermoleeular  distances are greater than  
3.5 h. 

The anisotropic thermal  motions of the C and N 
atoms appear  to be large, but  the s tandard  deviations 
in the temperature parameters are so large (they 
varied from 25 to I00% 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 

axes of the ellipsoid of v ibra t ion were determined.  
The results are given in Table 5. % % and to are the  
direction cosines with respect to the orthogonal axes 

/ , ?, 

(") ~"~ o ~ ~" o t 

Fig. 2. The  crysta l  s t ruc tu re  v iewed d o ~ n  the  b axis (top) 
and  the  c axis (bot tom).  The  s t rong  in te rac t ion  be tween  
rnol~aule~ i,~ ,~hown as a d o t t e d  line. 

Table 4. Anisotropic thermal parameters for As atom 
fll 0"0098_+0.0003 fit --0"0197-t- 0-0024 
f12 0"0124-+0-0003 f15 - -0"0130+0-0034 
fla 0-0082-+ 0-0005 f16 0.0024-+ 0.0004 

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

B cp v/ co 

- - 0 . 2 _ 0 . 4  0 .57+0 .06  0.75_+0.01 0.35+--0.12 
3-0+_0.2 --0.37_+0.17 --0.15_+0.02 0.92_+0.08 
5.6+-0-3 0-74+-0.06 --0.65+-0.02 0-19_+0.13 

a*, b, and  c. The errors were crudely es t imated by  
varying  fl4 and f15 by  the s tandard  deviat ions given 
and seeing the  change in the calculated results. The 
values of B in the directions toward the atoms C1, Ce, 
and C3 are 2.8 _+ 0.6, 1.1 _+ 0.3, and 4.1 _+ 0.4 respec- 
t ively. There is a s ignif icantly smaller  v ibrat ion 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 
R=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 

A s - C - N  A s - N - C  
A t o m  B A t o m  B 

C 1 4-9 1~ 1 7.6 
C 2 5.7 N 2 8.8 
C a 6.0 N a 9"9 
1~" 1 7.1 C 1 4.6 
N~. 7.0 C~ 4.8 
N a 5.4 C a 3-5 

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 C3v 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 ~, the C-N distance 
is 1.15 /l~, 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-C2 and the As-C3 distances is real, since the 
difference is over twice the standard deviation and is 
supported by a similar difference in the As-N2 and 
As-N3 distances of over three times the standard 

deviation. Since the N~ 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 • distance between N2 
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 crystal 
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)3 the pattern is more complicated. 
The chains occur in the direction of the side centering 
translation, and lie in layers roughly perpendicular 
to the c axis; the chains in each layer are nearly at 
right angles to the chains in neighboring layers. In 
the C1CN 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-Ca bond in 
the AS-(CN)s is consistent with this effect in the 
cyanogen halides. 

The question arises with the As(CN)3, if one external 
cyanide interaction occurs, why not three ? If three 
approximately linear external interactions occurred 
the resulting structure would be rhombohedra], ap- 
proximately cubic, 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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would like to t hank  the group, and in par t icular  Dr 
R. A. Jacobson, for their  help. We would like to 
t hank  the E a s t m a n  Kodak  Company and the Nat ional  
Science Foundat ion  for the support  on one of us 
(K. E.). 

R e f e r e n c e s  
ElvrE~SO~r, K. (1960). Thesis: University of Minnesota. 
GELT.ER, S. & SCHAWLOW, A. L. (1955). J. Chem. Phys. 

23, 779. 
HARGREAVES, A. (1955). Acta Cryst. 8, 12. 
I-IEIA_RT, R. B. & CAtCPENTEI~, G. B. (1956). Acta Cryst. 

9, 889. 

HOWELLS, E. R., PHILLIPS, D. C. & ROGERS, I). "(1950). 
Acta Cryst. 3, 310. 

HUGHES, E. W. (1941). J. Amer. Chem. Soc. 63, 1737. 
PAULING, L. (1959). The Nature of the Chemical Bond, 

3rd ed. Ithaca: Cornell University Press. 
ROSSMAN, M. G., JACOBSON, R. A., :[~hRsttFELD, F. L. & 

LZPSCOMB, W. N. (1959). Acta Cryst. 12, 530. 
ROSSMAN, M. G. & LIPSeOMB, W. N. (1958). Tetrahedron, 

4, 291. 
SUTTOn, L. E. (1958). Tables of lnteratomic Distances and 

Configurations in Molecules and Ions. London: Chem- 
ical Society. 

WILSON, A. J. C. (1949). Acta Cryst. 2, 318. 

Acta Cryst. (1963). 16, 118 

The Crystal Structure of Cyclopentadienyl Manganese Tricarbonyl, CsHsMn(CO)3* 

BY ALAN F. BERNDTJ[ AND RICHARD E. ~ S H  

Gates and Crellin Laboratories of Chemistry, California Institute of Technology, Pasadena, California, U . S . A .  

(Received 11 January 1962) 

The crystal structure of CsH¢-~In(CO)3 has been determined and refined by three-dimensional X-ray 
diffraction technique. The crystals are monoclinie with 

a=11.99, b=7.07, c=10-93/~ (all +0.03 •) and f l=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 experhnental error, a single axis passes through the center of the cyclopentadienyl ring, 
the manganese atom, and the center of t he  carbonyl groups. The interatomie distances indicate 
that the manganese atom forms approximately two electron-pair bonds with the ring and five 
with the three carbonyl groups. 

I n t r o d u c t i o n  

The determinat ion of the crystal  structure of cyclo- 
pentadienyl  manganese t r icarbonyl  was under taken  
as par t  of a program of structure invest igations of 
sandwich compounds. The work reported here was 
begun in  1955 and the ini t ia l  ref inement  of the 
posit ional parameters  by least-squares methods was 
completed in 1957. The result ing molecular dimensions 
(which have  been reported by Pauling,  1960, p. 391) 
were not  par t icular ly  satisfactory, as the scatter in 
presumably  equivalent  values o~ interatomlc distances 
suggested uncertaint ies  of about  0 .1/~ in the positions 
of the l ight  atoms. More powerful computing facilities 
have recent ly become avai lable  to us, and accordingly 
we have continued the least-squares ref inement  by  
introducing anisotropic temperature-factor  parameters  
for all the atoms. The result ing 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 exper imental  residuals and 
the scatter of equivalent  in tera tomic distances lead 
to es t imated s tandard  deviations of approx imate ly  
0.015 • in the positions of the l ight atoms. 

E x p e r i m e n t a l  

A sample of C~I-IbMn(C0)a was supplied by  Dr G. Wil- 
kinson (see Piper, Cotton & Wilkinson, 1955). Crystals 
were selected direct ly from the sample and, because 
of their  volati l i ty,  were mounted  in l i th ium borate 
glass capillaries for photography.  These crystals were 
irregular in shape with a m a x i m u m  linear dimension 
of about  0.3 mm. 

Two specimens were selected and  oriented by  means  
of Laue and  oscillation photographs.  Intensi t ies  were 
es t imated visually from mult iple-f ihn Weissenberg 
photographs made with Cu K a  radiat ion for layer 
lines 0-4 about  the b axis and 0-13 about  the [102] 
axis. The two sets of da ta  were corrected for Lorentz 
and polarization factors and correlated by  means  of 
an averaging process. 


