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The structure of Hg,(AlCI& was determined from three-dimensional X-ray data collected by counter methods. The com- 
pound crystallizes with the symmetry of space group P21/c and cell parameters a t  23' of a = 7.1321 (2), b = 15.0468 (3), 
c = 14.1771 (4) h, p = 99.050 ( 3 ) O ,  and 2 = 4. The structure was solved from the Patterson function and refined by the 
method of least squares to a discrepancy index RF of 0.082. The crystal contains discrete molecules having a nearly linear 
-C1-Hg-Hg-Hg-C1- central skeleton, of which t)e chlorine atoms are shared with two nearjy tetrahedral terminal AlCL 
groups. The average Hg-Hg bond length is 2.56 A, and the average Hg-C1 bond length is 2.54 A. 

The preparation and characterization of the com- 
pound Hga(A1C14)2 has been reported by Torsi, Fung, 
Begun, and Mamantov.2 Their observation of two 
strong lines in the Raman spectrum of the polycrystal- 
line solid, ascribed to symmetric and antisymmetric 
vibrations of an Hg3 group, appeared to preclude a 
linear symmetric configuration of the mercury atoms. 
The present X-ray study was undertaken to establish 
the configuration of the Hg3 grouping and to provide 
structural-chemical details for the compound. 

Yellow needle-shaped crystals were grown from the 
melt. Because the crystals are highly hygroscopic, all 
manipulations were carried out in a dry glove box (<2  
ppm HzO). The density was determined to be 3.95 g 
cm-* from the volume of a known weight of polycrys- 
talline material solidified in a calibrated bulb. All X- 
ray diffraction measurements were obtained from a 
specimen about 0.05 X 0.10 X 0.40 mm sealed in a 
thin-wall glass capillary. 

The crystals are monoclinic (space group P21/c, sys- 
tematic absences: h01, 1 odd; OkO, k odd); there are 
four molecules in the unit cell with parameters (at 23" 
f 1.5') u = 7.1321 (2 ) ,  b = 15.0468 (3), c = 14.1771 
(4) A, /3 = 99.050 (3)", based on the wavelength of 
1.54051 A for Cu Kal radiation. The calculated den- 
sity is 4.16 g cm-a, in satisfactory agreement with the 
observed value. 

Measurements of 5580 Bragg reflections, correspond- 
ing to a set of 4391 symmetry-nonequivalent reflections, 
were made on the Oak Ridge computer-controlled X-ray 
diffractometerS with Nb-filtered Mo Ka! radiation. 
Observations were made by 8-28 scans in the range 20 
6 28 6 60" and by the w-scan technique in the range 
1 6 28 6 35'. Reduction of the intensities to IFI2 
values utilized a least-squares refinement (to be re- 
ported elsewhere4) of the size, shape, and orientation 
parameters of the specimen to permit calculation of 
absorption corrections. The linear absorption co- 
efficient is 327 cm-l; the range of transmission factors 
is 0.15-0.52. Standard errors in the net count N T 
- kB were estimated according to the formula u2(N) 
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= T + k2B + (0.04N)2, where T is the total count, B 
the background count, and k is the ratio of times spent 
measuring T and B; the larger than normal factor 0.04 
reflects uncertainties in the absorption correction and 
was estimated from the concordance of the Fo2 values 
for equivalent reflections. 

The structure was solved by inspection of the map of 
a Patterson function.5 One scale factor, one parame- 
ter for isotropic extinction,'j the positional coordinates, 
and the anisotropic temperature factors for the 13 
atoms in the asymmetric unit were refined by the 
method of least squares to a final standard error of fit 
of 1.055 (4265 degrees of freedom) and a conventional 
discrepancy index RF of 0.082 for reflections with IFI2 
>, u ( F 2 ) .  Calculated structure factors utilized atomic 
scattering amplitudes and corrections for anomalous 
dispersion from the sources given in Table I.7-10 

TABLE I 
-References for- 

Ampli- Cor- 
Af" tude rection Atoms Ionization Af'  

8 0.19 
A1 +3 0.07 
c1 -1 0.15 

The final value of the extinction parameter (g' of 
Coppens and Hamiltona) corresponds to a mosaic spread 
parameter of 22" or to a spherical domain radius of 
0.19 p .  The most severe correction factors, those for 
reflections (022) and (102), are 0.82. Observed struc- 
ture factors, scaled according to the least-squares scale 
factor and corrected for extinction, are listedll in Table 
11, together with estimated standard errors and the 
final calculated values. 

(5) The Patterson function was computed using A. Zalkin's program 
FORDAPER as modified by G. Brunton of this laboratory. Computer pro- 
grams used in this study include data library and sorting programs written 
by the authors; XIILS, a recent version of the Busing-Levy program ORF'LS; 
C. K. Johnson's program ORTEP, as well as the program to be described in 
ref 4. 

(6) The extinction correction is tha t  derived by W. H. Zachariasen, 
Acta Cuystallogv., S8, 558 (1967), and incorporated into the least-squares 
refinement as described by P. Coppens and W. H. Hamilton, ibid. ,  Sect .  A ,  
26, 71 (1970). 
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this volume of the journal. Single copies may be obtained from the  Busi- 
ness Operations Office, Books and Journals Division, American Chemical 
Society, 1155 Sixteenth St.,  N.W., Washington, D. C. 20036, by referring 
to author, title of article, volume, and page number. Remit check or money 
order for $3.00 for photocopy or $2.00 for microfiche. 
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In Table I11 are presented the parameters from least- 
squares refinement with their estimated standard 
errors. In  addition to the usual atomic parameters, 
we list five additional quantities-v1, v2, v3, A, p-which 
according to a new formulism developed by Johnson12 
are sufficient to specify in good approximation all the 
significant components of the covariance matrices for 
intraatomic parameters. The quantities v5 are the 
three principal rms errors of the Cartesian positional 
parameters of an atom. If the associated second-rank 
tensor is referred to the principal-axis system of the 
thermal tensor 0 for that atom and appropriately trans- 
formed to crystal coordinates, its elements czJ* form a 
good approximation to cov(xi, xj). A good approxima- 
tion to C O V ( ~ ' ~ ,  O k 2 )  is then furnished by the quantities 
[ ~ ( C ~ ~ C ~ '  + c"cjk) + Aci~c"]4n4. Elements of the type 
cov(xz, B r k )  are small and may be neglected. The final 
entries R in Table I11 provide measures of misfit as 
defined by Johnson12 between the approximate and 
actual covariances. 

Bond distances and angles for the structure are listed 
in Table IV. The molecule, illustrated in Figure I ,  

TABLE I V  
BOND DISTANCES AND BOND ANGLES IN Hgs(AlCl4)S 

Distance, A 
2.562 (1) 

Hg(2)-C1(7) 2.517 (3) Hg(3)-C1(11) 2.562 (4) 
A1 (4)-C1(5) 2.113 (6) A1(9)-C1(10) 2.106 (6) 
A1(4)-C1(6) 2.131 (6) A1(9)-Cl(ll) 2.181 (5) 
A1(4)-C1(7) 2,185 (5) A1(9)-C1(12) 2.108 (5) 
A1 (4)-C1(8) 2.124 (6) A1(9)-C1(13) 2.131 (5) 

Angle, deg 

Hg(l)-Hg(2) 2.551 (1) Hg(l)-Hg(3) 

Hg(2)-Hg(l)-Hg(3) 174.42 (4) 
Hg(l)-Hg(2)-C1(7) 176.6 (1) Hg(l)-Hg(3)-C1(11) 172.8 (1) 
Hg(2)-C1(7)-A1(4) 105.7 (2) Hg(3)-Cl(ll)-A1(9) 103.4 (2) 
C1(5)-.41(4)-C1(6) 113.1 (3) Cl(l0)-Al(9)-Cl(l1) 107.2 (2) 
C1(5)-A1(4)-C1(7) 108.8 (2) Cl(lO)-A1(9)-C1(12) 109.4 (2) 
C1(5)-A1(4)-C1(8) 110.8 (2) Cl(lO)-A1(9)-Cl(13) 112.2 (2) 
C1(6)-A1(4)-C1(7) 105.8 (2) Cl(ll)-Al(9)-Cl(l2) 108 7 (2)  
C1(6)-A1(4)-C1(8) 113.3 (2) Cl(ll)-A1(9)-Cl(l3) 106.3 ( 2 )  
C1(7)-A1(4)-C1(8) 104.5 (2)  C1(12)-A1(9)-C1(13) 112.9 (2)  

contains Hg-Hg bonds averaging 2.56 A in length and 
Hg-Cl bonds averaging 2.54 A; it is well isolated from 
neighboring molecules, for which the closest approach 
is a contact Hg. . 'C1 of 3.21 A. The central skeleton 
is nearly linear with angles C1(7)-Hg(2)-Hg(l) = 
176.6 (l)", C1(11)-Hg(3)-Hg(l) = 172.8 (1)') and 
Hg(2)-Hg(l)-Hg(3) = 174.42 (4)'. The coordina- 
tion of C1 atoms around both AI atoms is nearly that 
of a regular tetrahedron, the angles ranging from 104.5 
to 113.3'. The bonds from A1 to the bridging C1 atoms 
average 2.18 A, longer by 0.06 A than the average of 
those to terminal C1 atoms. There is an approxima- 
tion to twofold rotational symmetry about an axis 
through the central Hg atom. 

The Hg3 group has been found also in a studyI3 of 
the compound Hg3(AsF&, which came to our attention 
after completion of the present work; in this case the 
group is required by site symmetry to be linear and 

(12) C. K. Johnson, Program and Abstracts, American Crystallographic 
Association Summer Meeting, Ames, Iowa, 1971, Paper No. B3; Chemis- 
try Division Annual Progress Report ORNL-4706, Oak Ridge National 
Laboratory, Oak Ridge, Tenn., 1971, p 205. 

(13) C. G. Davies, P. A. W. Dean, R.  J. Gillespie, and P. K. Ummat, 
Chent. Commun., 782 (1971). 
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Figure 1.-Stereoscopic illustration of the molecular structure of Hga(A1Cla)z. Atoms are represented by 50% probability thermal 
Hg-Hg, 0.001 A ;  Hg-CI, 0.004 
Note that since both A1 atoms 

ellipsoids. 
d; A1-Cl, 0.006 A. 
lie behind the central skeleton the departure from inversion symmetry is considerable. 

InterFtomic distances in Lngstrom units are shown; their standard errors are as follows: 
The view was chosen to illustrate the approximate twofold rotational symmetry. 

HG3 (RL CL4) m m  H G 3  (RL C L q l 2  YW m 

Figure 2.-Stereoscopic illustration of the packing of Hga(AlC14)~ molecules into chains. Three repeating units are shown. The  
The a axis of the A1C14- tetrahedra are outlined with single, light lines, and nonbonded Hg . . . C1 contacts are indicated by double lines. 

crystal is horizontal. 

H G 3 I R L  CLul2 m m  H G 3  (RL C L q l 2  *n m 

Figure 3.-Stereoscopic illustration of the net of Hg,(AlCl& molecules parallel to (1j2) planes of the crystal. The view direction is along 
the normal to (102); the b axis is vertical and the [201] zone axis is horizontal. 

symmetric, and the Hg-Hg bond length of 2.55 k is in 
good agreement with the value 2.56 A found in Hga- 
(A1CI4)2. These values are somewhat larger than those 
in the range 2.49-2.54 k reported for the Hg-Hg bond 
lengths in several halideI4 and other salts15--20 of the 
mercurous ion Hgz2+. The increase is in accord with 
expectation for the lower average oxidation state of 
mercury in Hga2+. 
(14) E. Dorm, Chem. Commun., 466 (1971). 
(15) D. Grdeni6, J .  Chem. Soc., 1312 (1956). 
(16) G. Johansson, Acta Chem. ScanQ., 20,  553 (1966). 
(17) E. Dorm, ibid. .  21, 2834 (1967). 
(18) B. Lindh, ibid. ,  21, 2743 (1967). 
(19) R. C. Elder, J. Halpern, and J, S. Pond, J .  Amev. Chem. Soc., 89, 

(20) E. Dorm, Acta Chem. Scond., 28,  1607 (1969). 
6877 (1967). 

The average Hg-CI bond length of 2.54 A in Hga- 
(A1C14)2, in which the C1 atom is a bridge between Hg 
and Al, is significantly greater than the recently re- 
portedlq values of 2.43 b in HgzC12, in which no bridging 
occurs. The A1-C1 distances, 2.106-2.185 A, are simi- 
lar to those reported21 for Co(AlCI&, 2.105 A for the 
terminal C1 atoms and 2.151-2.188 A for the bridging 
C1 atoms. The distanceszz in NaA1C14, all to non- 
bridging C1 atoms, are also similar, 2.11-2.16 A. (The 
variation of 0.05 A is within the expected experimental 
error of this relatively early study; i t  should not be 
attributed to the effects of packing.) 

(21) J. A. Ibers, Acta Cvyslallogv., 16, 967 (1962). 
(22) N. C. Baenziger, ibid. ,  4, 216 (1951). 
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The structural evidence shows that Hga(AIC14)2 is 
appropriately formulated as a yolecular compound. 
The Hg-C1 bond distance of 2.54 A is not much longer 
than 2.47 8, the sum of the covalent radii according to 
P a ~ l i n g ; ~ ~  in any case, it is much shorter than the dis- 
tance of a t  least 3 i% to be expected on the basis of 
an ionic formulation of the compound, i.e., (Hg3)2+- 
(AIC14-)2. Since the distances from the A1 atoms to 
the bridging C1 atoms are both significantly longer 
than those to nonbridging C1 atoms, i t  is clear that Hg 
competes effectively with AI for the valence electrons 
of c1. 

Two strong Raman lines have been reasonably as- 
signed2 to stretching vibrations involving the central 
Hg3 group. The small departure of this group from 
linearity, while sufficient to permit the appearance 
of the two lines, may not completely explain their com- 
parable intensity. It seems likely that the Hga group 
interacts with the noncentrosymmetrically disposed 
terminal AlC14 groups to enhance the intensity of the line 
involving the pseudoantisymmetric vibration. 

(23) L. Pauling, "The Nature of the Chemical Bond," 3rd ed, Cornell 
University Press, Ithaca, iX. Y., 1960, p 246. 

Significant contacts between molecules of Hga- 
(A1C14)2 are all between Hg and C1 atoms; each Hg is 
surrounded by five C1 atoms a t  distances of less than 
4 i%. Hg(l), the central atom of the molecular skeleton, 
has five intermolecular cont$cts with C1 atoms ranging 
in length from 3.39 to 3.88 A. Hg(2) and Hg(3) each 
have four intermolecular C1 contacts a t  distances of 3.21- 
3.84 i%; Hg(2) has in addition one intramolecular C1 con- 
tact a t  3.52 i%, and Hg(3) has one a t  3.40 i%. There are 
four intermolecular contactso between C1 atoms ranging 
in length from 3.51 to 3.60 A;  all other intermolecular 
C1-C1 contacts are a t  distances greater than 3.7 i%. 
The arrangement of the molecules may be visualized 
as consisting of double chains along the crystal a axis, as 
illustrated in Figure 2. The chains are linked to neigh- 
boring chains by Hg. * * C1 contacts that form a net of 
molecules in the (102) planes of the crystal, as shown 
in Figure 3. 
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The crystal and molecular structure of diphenyldiarsenic trisulfide, As&(C&)Z, was determined from three-dimensional 
X-ray data collected with a manual diffractometer !sing M o  Ka: (A P.71069 A) radiation. The compound crystallizes in 
the monoclinic space group C,/s, with a = 15.966 (3) A, b = 7.515 (2) A, c = 12.465 (2) b, p = 109.55 (I)', z = 4, dmessd = 
1.88 (2) g ~ r n - ~ ,  and doalod = 1.87 g cm-3, a t  23'. The structure was determined by Patterson and Fourier methods and 
refined with 532 observed reflections by full-matrix least squares to an R of 0.061. The molecule consists of a five-membered, 
nonplanar arsenic-sulfur ring with the sequence -As-S-ils-S-S-. One phenyl ring is bonded to each arsenic atom. ,A 
crystallographic twofold rotation axis passes through the molecule. The As-S bond distances are 2.252 ( 5 )  and 2.253 (4) A, 
the As-C bond length is 1.95 (1) A, and the S-S bond length is 2.036 (6) A. The bond angles around the arsenic are 98.4 
(l),  99.7 ( 5 ) ,  and 101.3 (4)", the As-S-As bond angle is 107.47 (7)', and the As-S-S bond angle is 101.1 (1)'. These 
parameters are interpreted to denote little or no 71- bonding in the As-S ring. 

Introduction 
The large variety of unique ring structures found in 

the nitrogen-sulfur system3 has led us to undertake 
structural studies of what appears to be an equally 
varied system of arsenic-sulfur cyclic molecules. Crys- 
tal structures of five-, six-, and eight-membered arsenic- 
sulfur ring systems are being examined. The subject 
of this report, diphenyldiarsenic trisulfide (As&- 
( C G H ~ ) ~ ) ,  contains a five-membered As-S ring. The 
compound was first reported almost 100 years ago4 but 
i t  appears i t  was not considered a ring molecule prior to  
our structural study. 

(1) This work was supported by an NSF College Teacher Research Par- 
ticipation Program a t  the University of Arkansas and by the Petroleum 
Research Fund, administered by the American Chemical Society. 

(2) Address correspondence to this author. 
(3) 0. Glemser, Angeo. Chem.,  In l .  E d .  En&, 2, 530 (1963). 
(4) C. Schulte, Be?., 16, 1955 (1882). 

Data Collection and Reduction 
Asz&(C&s)z was prepared by the method of S c h ~ l t e , ~  which 

involves successive treatment of a solution of phenylarsenic acid 
with aqueous ammonia, hydrogen sulfide gas, and concentrated 
hydrochloric acid. The clear, needlelike crystals were obtained 
by slow evaporation of a chloroform-octane mixed solvent; mp 
130". A mass spectrum confirmed the molecular formula. 
The measured density obtained by suspension in a mixture of 
tetrachloroethylene and 1,3-dibromopropane was 1.88 (2) g 

in agreement with the density of 1.87 g c m P  calculated 
for four molecules per unit cell. Four molecules per unit cell 
in space group C*/c implies the molecular centers must lie on a 
crystallographic center of symmetry or a twofold rotation axis. 

The approximately parallelpiped crystal used for the diffrac- 
tometer data collection measured 0.24 X 0.36 X 0.66 mm (all 
+0.01 mm) in the [%01], [ lol l ,  and [ O l O ]  directions. The 
crystal was mounted with b* approximately parallel to the @ 
axis. The unit cell parameters a t  23" are a = 15.966 
(3), b = 7.515 (2), c = 12.465 (2) h, and p = 109.55 (1)' as 
determined by a least-squares refinement5 of the setting angles of 


