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The Crystal Structure of Gold (III) Chloride* 
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Gold (III) chloride is monoclinic, in space group P21/c, with cell dimensions a = 6-57, b = 11-04, 
c = 6-44 A, and fl = 113-3 °. The atomic positions were determined by Patterson and electron- 
density projections and were refined by Fourier and least-squares methods with three-dimensional 
data. The structure consists of plana molecules Au2C16 (at centers of symmetry) in which each Au 
has four C1 neighbors at 2-23 and 2.25 A (terminal C1) and 2.33 and 2-34 A (bridge C1), each 
+ 0.02 A. Gold scattering factors in the least-squares refinement were modified for dispersion with 
little effect on coordinates but with appreciable effect on temperature and scale factors. 

Introduction 

Gold (III) chloride sublimes readi ly  at elevated tem- 
peratures. Gas densi ty measurements  by Fischer (1929) 
show tha t  it occurs in the vapor as Au~C16 molecules. 
No s tudy  of the molecular s tructure seems to have 
been reported, but  Wells (1947), by  analogy to the 
square p lanar  bonding of gold (III) in other com- 
pounds, has predicted the p lanar  structure 

Cl\ /Cl\ Cl 
c 1 / A U ~ c 1 / ~  A U ( c  1 

The present invest igat ion by X-ray  diffraction of the 
structure of the crystals demonstrates  tha t  discrete 
dimer molecules persist in the solid and confirms the 
molecular s tructure predicted by Wells. 

Preparation and morphology 

Freshly  snipped gold foil was placed in a glass tube 
in a furnace. After chlorine had been introduced into 
a side-arm and frozen with l iquid nitrogen, the system 
was evacuated with mercury  diffusion pumps  and 
sealed. The pressure of the chlorine was raised to 
about  four atmospheres by  replacing the nitrogen ba th  
with ice water. The gold meta l  was then  heated,  and 
crystals of gold chloride grew by  subl imat ion at the 
cool ends of the furnace. When  a suitable quan t i ty  
of crystals had  been collected, the nitrogen bath was 
again placed about  the chlorine and the portion of the 
system containing the crystals was sealed off. The 
tube containing the very hygroscopic gold chloride 
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crystals was subsequent ly  broken open inside a dry- 
box. Crystals of suitable size and morphology were 
selected and sealed in very  thin-walled glass capil lary 
tubes for X-ray  photography.  

A method for the preparat ion of single crystals of 
gold chloride from the hydra te  was devised and ex- 
ecuted by Mr A. Kreuger  of the Nether lands  Organiza- 
tion for Pure Research (Z. W. 0.). Gold chloride 
hydra te  was dried under  vacuum at room tempera-  
ture for 24 hr. The tempera ture  was then  raised above 
100 ° C. and the evolved water was distil led into a side- 
arm immersed in a l iquid-air  bath.  Following removal  
of water, the remaining crystall ine mater ia l  was kept  
at sl ightly above 100 ° C. for several days. h~inute 
crystals of gold chloride were observed growing slowly 
by subl imat ion in a cool par t  of the system. When  
the desired number  of crystals had  been prepared,  
heat ing was discontinued. Under  a positive pressure 
of very dry  nitrogen, some of the t iny  crystals were 
coaxed into thin-walled glass capil lary tubes at tached 
to the system and these tubes containing the  crystals  
were sealed off for mount ing  on a goniometer. 

At 200 ° C., growth by  subl imat ion was slow, with 
the formation of th in  'cellophane-like'  crystals parallel  
to (100). At 280 ° C., growth was more rapid with the 
formation of [001] needles. A preparation which re- 
mained at 200 ° C. for 24 hr. and was then  raised to 
250 ° C. for several hours consisted of a lacy network 
of needles within th in  plates. The needle preparat ions 
would sometimes appear  fibrous when broken with a 
probe. The th in  plates are orange; the needles are wine 
red. This is probably  due to differences in l ight ab- 
sorption wi th  crystals of different thicknesses since 
X-ray  diffraction pat terns  of needles and plates were 
identical.  

Gravimetric analysis of the trichloride by  decom- 
position with heat  followed by  absorption of the  
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chlorine gave 35.20% chlorine against a theoretical 
35.04%. We wish to thank Mr V. H. Tashinian of the 
mieroanalytical laboratory of the University of Cali- 
fornia for analyses of the chlorides. 

showed the chlorine atoms, in three sets of general 
positions. This projection, after the subsequent cor- 
rection of the data for absorption and a check of signs, 
is shown in Fig. 1. 

D i f f r a c t i o n  d a t a  

Weissenberg photographs, calibrated with quartz, and 
precession photographs corresponded to a monoclinic 
lattice (Cu K~ = 1.5418 A): 

Space group P21/c; 
a -- 6.57, b = 11.04, c = 6.44 _~, fl = 113.3 ° . 

Difficulties due to asymmetric shape and high abs 
sorption make these dimensions uncertain by perhap- 
0-5%. With 4 (AuCla) per unit cell the density cal- 
culated is 4.70 g.cm. -a compared with 4.67 g.cm. -s 
measured by Fischec & Biltz (1928). 

The final structure is based on data from a needle 
of dimensions 0.072x0.11×2-2 ram., rotated about 
[001]. Multiple-film Weissenberg layers 0-3 were taken 
with Cu radiation and their intensities were observed 
visually by comparison with standard spots. Layers 
4-7 were photographed with NIo radiation and mea- 
sured with a photometer. Careful at tention was given 
to the sizes of the spots, which differed systematically 
from one side of the film to the other (Clark, 1955). 
The intensities within each layer were corrected for 
absorption on the assumption tha t  the crystal was 
cylindrical, according to Bradley (1935), using/~r = 4.3 
for Cu radiation and #r  = 2.0 for Me radiation. The 
absorption due to the glass capillary should be con- 
s tant  within a layer, to a first approximation, because 
the capillary is nearly cylindrically symmetrical and 
is nearly coaxial with the camera. Because of severe 
difficulties due to absorption for crystals photographed 
in other geometries, the procedure finally adopted was 
to normalize one layer to the next on the basis of 
calculated intensities. 

Data  for some of the preliminary calculations were 
obtained from a Weissenberg (hkfl) photograph (rota- 
tion about [101]), which was corrected for absorption 
by a laborious procedure (Clark, 1955), and from a 
precession (Okl) photograph. 

D e t e r m i n a t i o n  o f  t h e  s t r u c t u r e  

The probable space group P21/c has general positions: 

4(e): ±(x,y,z;  x, ½-Y, ½+z). 

There are also twofold special positions without vari- 
able parameters. The gold atoms must be in one set 
of general positions because otherwise there would be 
systematic weak intensities corresponding to addi- 
tional pseudo translation operations in the gold lattice. 

A Patterson projection along [001] was readily 
interpreted to give approximate values of x and y for 
gold. The corresponding electron-density projection, 
with signs determined by gold alone, immediately 

ca. 
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Fig. 1. Electron-density projection along [001]. Contours are 
a t  equal arbi t rary  intervals, with the zero contour omitted. 

A Patterson projection with the (Okl) precession 
data  revealed tha t  z for gold was nearly 0.25. With 
this parameter, gold controls the signs of only half 
the reflections. The electron density calculated from 
these data  shows the chlorine atoms doubled by a 
false mirror plane. The sign of one additional reflection 
is arbi t rary at  this point because of two possibilities 
of the location of the origin. Inclusion of (031), the 
only remaining strong reflection with arbi t rary sign, 
revealed which chlorine peaks corresponded to one 
choice of origin. Refinement lead to a projection in 
which chlorine atoms Cln and Cl~i are resolved, but  
two peaks due to Cll are not resolved. 

The projection along [101] was next refined. After 
subtraction of the contribution due to gold it showed 
all the chlorine atoms resolved, as in Fig. 2. Thus all 
the coordinates were determined approximately. 

0 1A 
I I 

Fig. 2. Synthesis of Fo--FAu, projected along [101]. 
Contours are at equal arbitrary intervals. 
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T a b l e  1. Observed and calculated structure factors 

T h e  l e f t - h a n d  c o l u m n  is t h e  v a l u e  of k, t h e  m i d d l e  c o l u m n  is t h e  m a g n i t u d e  of t h e  rea l  p a r t  of  t h e  o b s e r v e d  s t r u c t u r e  f a c t o r ,  
d e r i v e d  as  e x p l a i n e d  in t h e  t e x t ,  a n d  t h e  r i g h t - h a n d  c o l u m n  is t h e  c a l c u l a t e d  rea l  p a r t  of  t h e  s t r u c t u r e  f a c t o r .  

OkO 

0 - -  125 
2 34 32 
4 39 - - 3 1  
6 26 - - 2 1  
8 12 - -  9 

10 14 12 
12 20 15 
14 2 2 

lkO 

0 59 64 
1 1 4  - -  9 
2 33 29 
3 18 - - 1 4  
4 28 - - 3 0  
5 8 - -  6 
6 39 - - 3 8  
7 5 4 
8 11 - -  8 
9 8 6 

10 12 11 
11 0 0 
12 14 10 
13 3 - -  2 
14 2 2 

2kO 

0 35 26 
1 0 1 
2 19 17 
3 25 - - 2 5  
4 25 - - 2 6  
5 17 - - 1 7  
6 32 - - 4 1  
7 15 15 
8 10 - -  9 
9 10 10 

10 10 8 
11 0 0 
12 8 6 
13 2 - -  2 

3kO 

0 42 34 
1 22 - - 1 8  
2 16 15 
3 23 - - 2 8  
4 12 - - 1 3  
5 6 - -  8 
6 16 --19 

7 9 11 
8 6 - -  5 
9 12 12 

10 8 7 
11 3 3 
12 8 6 
13 4 - -  3 

4kO 

0 23 20 
1 26 - - 2 4  
2 18 15 
3 26 - - 2 7  
4 0 - -  3 
5 3 - -  3 
6 7 - - 1 0  
7 4 7 
8 0 0 
9 12 11 

10 6 6 
11 4 4 
12 4 4 

5k0 

0 7 7 
1 12 - - 1 2  
2 0 2 
3 21 - - 2 3  
4 4 - -  5 
5 6 - -  8 
6 5 - -  4 
7 9 9 
8 0 - -  1 
9 11 9 

6kO 

0 0 2 
1 9 - -  8 
2 5 - -  4 
3 16 - - 1 6  
4 3 - -  4 
5 6 - -  6 
6 0 1 
7 7 7 
8 3 - -  2 
9 6 8 

7kO 

0 3 - -  3 
1 5 - -  6 
2 0 0 

3 9 - - 1 0  
4 2 2 
5 3 - -  4 
6 1 2 

Okl 

1 14 6 
2 54 - - 6 3  
3 32 30 
4 43 - - 3 8  
5 4 - -  3 
6 7 5 
7 4 - -  2 
8 26 23 
9 lO 8 

10 17 14 
11 0 2 
12 3 - -  3 
13 4 1 
14 12 - -  7 

Ok2 

0 41 - - 3 4  
1 0 2 
2 29 - - 2 3  
3 13 - - 1 0  
4 27 27 
5 10 - -  9 
6 44 43 
7 8 6 
8 10 8 
9 5 4 

10 14 - - 1 0  
11 0 - -  1 
12 10 - -  7 
13 2 - -  1 

Ok3 

1 12 - - 1 0  
2 33 32 
3 9 8 
4 30 31 
5 9 9 
6 4 - -  3 
7 7 7 
8 20 - - 2 1  
9 0 1 

10 12 - -  9 
11 5 - -  3 
12 3 2 

Ok4 

0 25 34 
1 8 8 
2 16 14 
3 14 13 
4 17 - - 1 5  
5 5 3 
6 24 - - 2 1  
7 7 - -  5 
8 8 - -  6 
9 9 - -  6 

10 10 8 
11 0 - -  2 
12 l l  7 
13 0 2 

Ok5 

1 9 10 
2 18 - - 1 8  
3 0 - -  2 
4 20 - - 1 7  
5 12 - - 1 0  
6 0 2 
7 7 - -  6 
8 13 11 
9 0 1 

10 7 5 

Ok6 

0 13 - - 1 6  
1 7 - -  7 
2 9 - -  8 
3 10 - - 1 0  
4 7 6 
5 0 - -  2 
6 12 10 
7 3 3 
8 3 2 
9 5 4 

10 5 - -  4 
l l  0 1 
12 6 - -  3 
13 0 - -  2 

0k7 

1 7 - -  9 
2 9 9 
3 0 0 

4 6 5 
5 5 4 
6 0 - -  1 
7 4 3 
8 5 - -  4 
9 0 - -  1 

10 4 - -  3 
11 4 - -  3 

1 30 21 
2 54 56 
3 12 7 
4 38 34 
5 18 - - 1 2  
6 5 - -  4 
7 12 - -  9 
8 25 - - 2 3  
9 4 4 

l0  16 - -  14 
l l  7 6 
12 3 3 
13 0 2 

2k2 

0 56 - -  50 
1 37 33 
2 32 - - 2 6  
3 35 32 
4 15 12 
5 0 2 
6 23 20 
7 9 - -  7 
8 5 4 
9 13 - -  13 

10 11 - -  10 
11 4 - -  4 
12 10 - -  8 
13 5 4 

3k3 

1 34 - - 4 2  
2 24 - - 2 3  
3 4 4 
4 10 - -  8 
5 18 18 
6 0 2 
7 12 12 
8 8 6 
9 3 - -  2 

lO 8 6 
l l  12 - 11 

4k¥  

0 0 2 
1 13 - - 1 6  
2 5 4 
3 26 - - 2 8  
4 0 0 
5 11 - -  10 
6 0 - -  3 
7 14 11 
8 0 0 
9 15 14 

5k5 

1 17 24 
2 9 - -  8 
3 0 - -  2 
4 0 - -  1 
5 12 - - 1 2  
6 0 0 
7 10 - -  7 
8 0 1 
9 0 2 

l 0  0 2 
11 8 7 

6k6 

0 7 9 
1 6 7 
2 4 4 
3 9 11 
4 1 - -  3 
5 4 3 
6 6 - -  5 
7 4 - -  4 
8 0 - -  1 
9 7 - -  5 

10 5 2 

7k~ 

1 4 - -  5 
2 5 7 
3 0 - -  1 
4 5 4 
5 3 3 
6 0 - -  1 
7 3 2 
8 4 - -  4 

B e c a u s e  o f  d i s s a t i s f a c t i o n  w i t h  t h e  a c c u r a c y  o f  t h e s e  

p r o i e c t i o n s  , w e  c o l l e c t e d  t h e  t h r e e - d i m e n s i o n a l  d a t a .  

P l a n e  s e c t i o n s  w e r e  c a l c u l a t e d  t h r o u g h  e a c h  a t o m  

p a r a l l e l  t o  ( 0 1 0 ) .  T h e n ,  a t  e a c h  m a x i m u m ,  l i n e  s e c t i o n s  

w e r e  c a l c u l a t e d  p a r a l l e l  t o  b. T h e  r e s u l t s  o f  t h e s e  

c a l c u l a t i o n s ,  w i t h  n o  c o r r e c t i o n  f o r  s e r i e s  t e r m i n a t i o n ,  

a r e :  

x y z 

A u  0.0414 0.0868 0.2336 
Cli 0 .254 0.006 0.060 
Clr/ 0-334 0.170 0.508 
Clii  I 0-819 0.162 0.385 

L e a s t - s q u a r e s  r e f i n e m e n t  

A t  t h i s  p o i n t  w e  g a i n e d  a c c e s s  t o  a n  I n t e r n a t i o n a l  

B u s i n e s s  M a c h i n e s  t y p e  6 5 0  d a t a - p r o c e s s i n g  m a c h i n e .  

A p r o g r a m  f o r  r e f i n e m e n t  b y  t h e  m e t h o d  o f  l e a s t  

s q u a r e s  h a d  b e e n  p r e p a r e d  f o r  t h i s  m a c h i n e  m o s t l y  b y  

D r  M i c h a e l  E .  S e n k o .  E a c h  a t o m  w a s  a s s i g n e d  a n  i n d i -  

v i d u a l  i s o t r o p i c  t e m p e r a t u r e  f a c t o r ,  e x p  ( - B s i n  ~ 0 /~2) .  

B e c a u s e  o f  t h e  n o r m a l i z a t i o n  p r o c e d u r e ,  t h e s e  t e m -  

p e r a t u r e  f a c t o r s  r e f e r  e s s e n t i a l l y  t o  t h e  a m p l i t u d e s  o f  

v i b r a t i o n  i n  t h e  xy p l a n e .  T h e  s c a t t e r i n g  f a c t o r s  f o r  

c h l o r i n e  w e r e  t a k e n  f r o m  B e r g h u i s  et al. ( 1 9 5 5 ) .  T h e  
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scat ter ing factors for gold (International Tables, 1935) 
were modified to take  account  of dispersion (Dauben 
& Templeton,  1955) : 

f = f 0 -  5 + 8i for Cu K ,  
f = f 0 - 2 . 4 + 9 . 8 i  for Mo K .  

The least-squares procedure was modified so t ha t  Ac 
FoAc// + Bc), the  real par t  of 2'~, was f i t ted to 2 9. 

which is our best es t imate of the real par t  of the 
observed s t ructure  factor;  Bc is the  imaginary  par t  
of F~. In  this problem the  dispersion effects are not  
extreme. For  about  800 observed reflections the cor- 
rection factor  on Fo was less t han  0.95 for only 30 
reflections and never less t han  0.85. The zero-layer 
da ta  were refined both  with and wi thout  dispersion, 
to test  its effect, and the resulting coordinates agreed 
within 0"001 for C1 and 0.0001 for Au. On the other 
hand,  t empera ture  factors differed by 5-8 % and nor- 
mal izat ion factors by 7% because of the different 
angular  dependence of the scat tering factors, as 
predicted elsewhere (Templeton, 1955). The da ta  were 
weighted in the least squares according to 1/F2o or 
1/100, whichever was smaller. 

The final coordinates and tempera ture  factors de- 
r ived by this method  from the three-dimensional  data ,  
including about  250 unobserved reflections, are: 

x y z B X 1016 (cmT) 
Au 0.0415 0.0868 0.2337 3"3 
Cli 0.258 0"003 0.059 4"1 
CIH 0.335 0" 169 0.509 4.8 
Clog 0.820 0" 162 0"395 4"9 

The s tandard  deviat ions in the coordinates calculated 
from the  residuals in the  least-squares method are: 

~z ~y ~z 
Au 0.0002 0.0001 0.0003 
CII 0.002 0.001 0.002 
CI~ 0.002 0.001 0.003 
CIIII 0.002 0.001 0.003 

Q .. 51!  _ ~ )  

I m I 

Fig. 3. Molecular dimonsions of Au2C16. The molecule has a 
center of symmetry. The standard deviation of each bond 
length is about 0.02 A, considering the uncertainties of both 
the coordinates and the cell dimensions. 

b \ 

0 5 A  
I w I , , I 

@) 
Fig. 4. (a) Structure of gold chloride projected along [100]. 

Short distances (in A) of chlorine atoms in adjacent mole- 
cules are stated and indicated by dashed lines. The lines 
terminated by arrows lead to the corresponding atom in the 
next layer above. Two unit cells are indicated by the rect- 
angles. (b) Structure of gold chloride projected along [001]. 
Two unit cells are indicated by the rectangles. Short C1-C1 
distances are indicated as in (a). 

The convent ional  R index achieved 0.20, or 0.15 for 
observed reflections only. The 'weighted root-mean- 
square '  rel iabil i ty index:  

dTW,Fo-p ,   
R2= " (  - Z ~  J ' 

which is the quan t i ty  ac tual ly  minimized by the  least- 
squares method,  achieved 0.25, including unobserved 
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reflections. A portion of the data is tabulated in 
Table 1; complete data are given by Clark (1955). 

D i s c u s s i o n  o f  t h e  s t r u c t u r e  

The crystal consists of discrete molecules Au~C16, each 
located about a center of symmetry.  If a plane is 
passed through the center of symmetry  and atoms 
Cln and Clm, then Au and Cli are both within 0.01 A 
of this plane. Thus the molecule is planar within ex- 
perimental error. The experimental bond lengths and 
angles are shown in Fig. 3. 

The molecules are packed together as shown in 
Fig. 4. This arrangement is closely related to those of 
naphthalene (Abrahams, Robertson & White, 1949) 
and related planar hydrocarbons. I t  differs in that  the 
short dimension of the molecule, rather than the long 
dimension, is nearly parallel to a. The shortest dis- 
¢ances between chlorine atoms in adjacent molecules 
are 3.54 A. 

The square planar bonding of tripositive gold is 
explained by Pauling (1942) on the basis of dsp 2 
orbitals with the following electronic structure of gold" 

5s 5p 5d 6s 6p 
(2) ( 8 ) ( 1 8 ) ( 3 2 ) ( 2 ) ( 6 ) ( 8 + 2 ) ( 2 ) ( 4 ) .  

Shared 

In  accord with this configuration, auric chloride is 
diamagnetic (Klemm & Tilk, 1932). Several other 
compounds in which this square coordination has been 
observed are listed by Pauling (1942). 

The deviations from right angles of the bridge bonds 
are analogous to the situation in PdCl~ (Wells, 1938), 
where infinite chains exist- 

C1 C1 C1 
/ \  / \  / \  

• . .  Pd Pd Pd P d . . .  
\ /  \ /  \ /  

C1 C1 C1 

The bridge bonds make an angle of 87 ° at  the palla- 
dium atom, compared to the 86 ° angle in gold chloride. 

The deviations from 90 ° are presumably the result of 
repulsion by the metal atoms; for the terminal chlorine 
atoms, where no gold-gold repulsion operates, the 
bonds make a right angle. 
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graphic laboratory at Amsterdam. We thank the 
personnel of the Mathematical Center at  Amsterdam, 
the Computer Laboratory at Berkeley, and Mrs Carol 
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