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The crystal structure has been determined by single-crystal three-dimensional X-ray analysis• There 
are two formula units of (Hg2)3(AsO4)_, in the monoclinic unit cell of dimensions a=  8.73, b= 5.08, 
c= 15-64 A, fl= 128"4 ° and space group P2~/c. The structure is built up of Hg 2÷ and AsOa4 - ions in 
such a way that three of the four arsenate oxygen atoms are bonded to three different HA-HA pairs, thus 
forming puckered layers• An effectively tetrahedral coordination about the mercury atoms is established 
by one mercury atom from the same Hg 2÷ pair, one oxygen atom at 2.16 to 2.23 ,~, and two other 
oxygen atoms at 2.42 to 2.71 ,~. The Hg-Hg-O bonds deviate from collinearity by 23 to 34 °. One 
As-O bond length is longer (1.78 ,~) than the other three (mean value 1.68 A). 

Introduction 

This investigation is part of a research programme to 
extend the data on the structural chemistry of mercury(I) 
compounds, because little is known even now about 
the coordination of the mercury atom in these com- 
pounds• There are only 15 known structures of  mer- 
cury(I) compounds and about two thirds of these have 
been solved from three-dimensional data. 

In all known structures with oxygen atoms linked to 
mercury, as in mercury(I) sulphate, selenate (Dorm, 
1969), bromate (Dorm, 1967), o-phthalate (Lindh, 
1967) and trifluoroacetate (Grdenid & Sikirica, 1973), 
linear or almost linear O - H g - H g - O  chains or groups 
are found. The linear oxonium ion HzO-Hg-Hg-OH2 
is present in hydrated salts, as in mercury(I) nitrate 
(Grdenid, 1956), hexafluorosilicate (Dorm, 1971a), and 
perchlorate (Johansson, 1966). If one member of the 
HA-HA pair is linked to a different ligand a linear 
H g - H g - O  grouping is formed, as in 1,10-phenanthro- 
linemercury(I) nitrate (Elder, Halpern & Pond, 1967). 
In the present structure a puckered-layer structure in 

which one arsenate ion links three HA22 ÷ pairs has been 
found. 

Experimental 

Red-brown prismatic crystals were prepared by the 
reaction between aqueous mercury(I) nitrate solution 
and arsenic acid (Gu6rin & Boulitrop, 1951)• The 
system is monoclinic, a=8 .73+0 .02 ,  b=5 .08+0 .01 ,  
c=  15.64 + 0.03 A, and fl= 128.4 + 0.3 °. The cell param- 
eters were determined from oscillation and Weissen- 
berg photographs. The systematic absence of reflexions 
hOl for l odd and 0k0 for k odd uniquely determined 
the space group as P21/c. The cell contains two formula 
units (Hg2)a(AsO4)2; the pycnometrically measured 
density was 9.05 g cm -a and the calculated density was 
9.06 g cm -a. Three-dimensional intensity data (Okl 
• • .7kl, hOl. • .h4l, and hkO...hAl4) were obtained 
on an integrating Weissenberg camera using the 
multiple-film technique and nickel-filtered Cu K radia- 
tion. The intensities of 1137 independent observed 
reflexions were estimated by means ofa  microdensitom- 
eter, corrected for Lorentz and polarization effects 
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and placed on the same relative scale. The crystal was 
a sphere ground to 0.18 mm in diameter and the inten- 
sities were corrected for absorption ( p r =  15.4). Struc- 
ture factors, all corrections and the Patterson synthesis 
were calculated on the University Institute of Mathe- 
matics CAE 90.40 computer, Fourier synthesis on a 
CDC 3300 computer, while the least-squares refinement 
was carried out on the UNIVAC 1106 computer of the 
University Computing Centre, Zagreb. 

S t r u c t u r e  d e t e r m i n a t i o n  

The mercury atoms were located from three Patterson 
projections obtained by means of the von Eller photo- 
sommateur and the positions afterwards confirmed b /  
a three-dimensional Patterson synthesis. A three- 
dimensional Fourier map calculated on the basis of 

the contributions of three mercury atoms located the 
arsenic and oxygen atoms. The structure was then 
refined by five cycles of the full-matrix least-squares 
method assuming isotropic thermal parameters for all 
atoms. At this stage the reliability index was R=0.145.  
The last scale factors were adjusted and the refinement 
was continued for three cycles assuming anisotropic 
thermal motion for the mercury and arsenic atoms. 
The final reliability index for the observed reflexions 
is R=0.085.  The refinement was carried out with 
a local version of the Busing, Martin & Levy (1962) 
program modified to make real and imaginary anom- 
alous dispersion corrections. The atomic scattering 
factors for the mercury, arsenic and oxygen atoms were 
those from International Tables for X-ray Crystallog- 
raphy (1962), and the necessary parameters used for 
anomalous dispersion were those given by Cromer & 

Table 1. Observed and calculated structure factors ( x 10) 
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Table 2. The final heavy-atom parameters and 
Values are x 104. The temperature factors are in the form 

T= exp [ - (ill ~h 2 + fl22 k2 --I-- ~3312 "-~ 2fllzhk + 2flx3hl + fl2akl)]. 
x y z ]~11 ~22 fl33 ~12 fl13 J~23 

Hg(1) 1274 (3) 1312 (5) 847 (2) 86 (4) 256 (10) 37 (2) --34 (5) 26 (2) --30 (3) 
Hg(2) 1917 (3) 3500 (5) - 1255 (2) 86 (4) 272 (10) 33 (1) 37 (5) 31 (2) 29 (3) 
Hg(3) 3552 (3) 6410 (5) 416 (2) 100 (4) 285 (10) 40 (2) 34 (6) 34 (2) 39 (3) 
As 6852 (7) 1219 (11) 2256 (4) 63 (8) 179 (22) 26 (3) 1 (12) 20 (4) 0 (7) 

their estimated standard deviations 
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L i b e r m a n  (1970). Uni t  weight  was assigned to all 
reflexions. Table  1 lists the observed s t ructure  ampli-  
tudes and  calculated s t ruc ture  factors  based on the 
a tomic  coord ina tes  given in Tables  2 and  3. 

dis tances and  angles toge ther  with s t anda rd  devia t ions  
(International Tables for X-ray Crystallography, 1959) 
are listed in Table  4. 

Table  3. The final oxygen-atom parameters and their 
estimated standard deviations 

The coordinates are x 10 3. 

x y z B (A 2) 
O(1) 142 (6) 0"512 (7) 0.281 (3) 2"24 (73) 
O(2) 260 (6) 0"527 (8) 0"153 (3) 2"84 (74) 
0(3) 534 (5) 0'513 (6) 0"374 (3) 2"18 (59) 
0(4) 300 (5) 0"971 (7) 0"273 (3) 2"54 (63) 

Descr ipt ion  and discuss ion of  the structure 

The s t ructure  is built up of  HgZz + and A s O  3- ions. 
There  are three crys ta l lographical ly  independent  
mercu ry  a toms  in general  posit ions.  One Hg z+ pai r  is 
related by the symmet ry  centre [Hg(1)] while the 
mercu ry  a toms  Hg(2) and  Hg(3) are l inked together  in 
ano the r  pair .  In bo th  cases the m e r c u r y - m e r c u r y  b o n d  
length is 2-535 A, a value close to but  slightly longer  
than  those found  in o ther  mercury( I )  s t ructures  solved 
f rom three-dimensional  work  ( D o r m ,  1971a, b). 

The  s t ructure  can be described as consis t ing of  
puckered  layers with character is t ic  g roupings  

o 
[ O-Hg-Hg-O 

O - H g - H g - O - A s ~  
O-Hg-Hg-O 

in which  three o f  four  arsenate  oxygen a toms  are 
b o n d e d  to three different pairs  with H g - O  distances of  
2" 16, 2.22 and  2.23 ~ respectively. The  four th  a rsenate  
oxygen is l inked to three o ther  mercury  a toms  f rom the 
pairs  re la ted by t rans la t ion  a long the b axis so tha t  this 
oxygen a t o m  has a dis tor ted te t rahedra l  coord ina t ion .  
These m e r c u r y - o x y g e n  distances are 2.46, 2.48 and  
2.71 A. The character is t ic  groupings  are also l inked 
together  a long the a axis by the H g ( 1 ) . . .  O(3 v) (2.68 A) 
and  H g ( 3 ) . . . 0 ( 2 )  (2.42 ~ )  interact ions,  as well as 
a long the c axis by the Hg(2m)  • - -O(1 l~) (2.47 A) 
interact ion.  Cons ider ing  all these interact ions  the struc- 
ture proves  to be a three-d imens ional  ne twork ,  and  
only such a close pack ing  can explain the high density 
o f  this c o m p o u n d .  In cont ras t  to the major i ty  of  the 
k n o w n  mercury( I )  s tructures,  in the present  s t ructure  
the O - H g - H g - O  groups  deviate significantly f rom 
linearity.  The  H g ( l i ) - H g ( 1 ) - O ( 2 ) ,  H g ( 2 ) - H g ( 3 ) - O ( 3  ii) 
and  Hg(3 ) -Hg(2 ) -O(1  ~m) bond  angles are 146, 153 and  
157 ° respectively. The coord ina t ion  po lyhedron  abou t  
each mercury  a t o m  can be described as a d is tor ted  
t e t rahedron .  Accord ing  to Grdeni6  (1965) the charac-  
teristic coord ina t ion  of  each mercury  a t o m  is digonal  
with. two nearest  ne ighbours  (one mercury  f rom the 
same pa i r  and  one oxygen a t o m  at  2.16 to 2.23 A), 
while the effective coord ina t ion  is comple ted  by two 
addi t ional  oxygen a toms  at 2.42 to 2.71 A. 

The s t ructure  is shown in Fig. 1 and  the in te ra tomic  

Table  4. lnteratomic distances and angles and their 
standard deviations 

The positions are denoted as follows 

Superscript 
None x, y, z, 
i - x ,  - y ,  - z ,  
ii - x +  1, y + S ,  S - z ,  
iii x, -}-y, S+z,  
iv - x ,  y -½,  S - z ,  
v - x + l , y - ½ ,  S-z,  
vi x, 1 +y,  z, 
vii x, I - y ,  z, 
viii x, S - y ,  - z ,  
ix - x ,  - y + l ,  - z ,  
x x, 3--y,z-½ 

(a) Coordination about the mercury atoms. 
Hg(1) Hg(1 l) 2.535 (4) A 
Hg(2)- - - -Hg(3)  2.535 (4) 
Hg( l ) - - - -O(2 )  2.23 (5) 
Hg(2iii)---O(l) 2"22 (5) 
Hg(3) . . . . .  0(3") 2-16 (,4) 
Hg(l) . . . . .  0(3 v) 2.68 (4) 
Hg(1 v i ) . . . 0 (4 )  2.48 (5) 
Hg(2i") • • -0(4) 2-46 (4) 
Hg(2in) • • • O(1 iv) 2-47 (5) 
Hg(3") . . .O(4)  2-71 (5) 
Hg(3) . . . . .  0(2) 2.42 (5) 

Hg(l t ) - - H g ( l ) - - O ( 2 )  146 (1) ° 
H g ( l l ) - - H g ( l )  .. .0(4 v") 124 (1) 
Hg(l i ) - H g ( !  ) . . .  0(3 v) 105 (1) 
O ( 2 ) - - - - H g ( 1 ) " -  0(4 TM) 88 (2) 
O(4~t) ' '  .Hg( l ) . .  "0(30 83 (1) 
0(3 v) . . . .  Hg(l ) - - -0(2)  85 (2) 
Hg(3) . . . .  Hg (2 ) - -O( l  viii) 157 (1) 
Hg(3)---Hg(2)  • • • O(1 ix) 114 ( 1 ) 
Hg(3)----Hg(2).--  O(4 x) 105 (1) 
O(1 viii) --Hg(2).  • • O(1 ix) 88 (2) 
0(4 x) . . . .  Hg(2 ) - -O(  I v"~) 83 (1) 
O(1 ix) . . . .  Hg(2) . . .  0(4 x) 87 (2) 
Hg(2) . . . .  Hg(3) . . .  0(2) 112 (1) 
Hg(2)---Hg(3) .  • • 0(40 117 (1) 
Hg(2)- - - -Hg(3)- -O(3 ii) 153 (2) 
0(40 . . . .  Hg(3). .-  0(2) 79 (2) 
0(2) . . . . .  Hg(3) - -O(3  ii) 90 (2) 
0(3 iI) . . . .  Hg(3). • • 0(40 81 (1) 

(h) Distances and angles within the arsenate ion. 
As . . . .  O(1) 1.67 (5)/~, 
As . . . .  0(2) 1.72 (5) 
As - - - -O(3)  1-64 (5) 
As -0(4) 1.78 (4) 
O(1). . .  0(2) 2.76 (7) 
O(1).- .  0(3) 2.76 (7) 
O(1). . .  0(4) 2.75 (6) 
0 (2 ) . . . 0 (3 )  2-73 (7) 
0 (2 ) . . .  0(4) 2.82 (6) 
0 (3 ) . . .  0(4) 2-84 (6) 

O(l)-As-O(2) 109 (3) ° 
O(1)-As-O(3) 113 (2) 
O(! )-As-O(4) 106 (2) 
O(2)-As-O(3) 109 (2) 
O(2)-As-O(4) 108 (3) 
O(3)-A~-O(4) 112 (2) 
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Fig. 1. The crystal structure of mercury(I) orthoarsenate pro- 
jected along the b axis. 

The dimensions within the AsO4 tetrahedron are 
similar to those found in other arsenates (Poulsen & 
Calvo, 1967; Ferraris & Chiari, 1970; Khan, Strau- 
manis & James, 1970; Linnros, 1970). One As-O 
distance is longer (1.78 ]~) than the other three (aver- 
age value 1.68 A) and this oxygen [0(4)] is the one 
bonded to three different Hg-Hg pairs. The tetrahedral 
angles show smaller differences and range between 106 
and 113 ° (mean value 109.5°). 

The authors thank Professor D. Grdeni6 for sug- 
gesting the problem, Dr M. Sikirica and Mr I. Vickovid 
for a helpful discussion on the modified computer 
programmes and the Republic Foundation of Scientific 
Research, Zagreb, for financial support. 
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The crystal and molecular structure of the low-melting polymorph of di-(2-pyridyl)amine has been 
determined by three-dimensional X-ray analysis. The crystals are orthorhombic, space group Pccn, 
with a= 18"42+0.005, b=12.29+0.005, c=7.69+0.007 A, and Z=8.  The structure was solved by 
direct methods and refined by full-matrix least-squares calculations to a final discrepancy index R= 
3.8 % for 565 observed reflections. Hydrogen bonds between molecules lead to the formation of dimeric 
units possessing twofold crystallographic symmetry and lying approximately parallel to the ab plane. 

Introduction 

The structural study of di-(2-pyridyl)amine was under- 
taken to obtain accurate structural parameters for this 
moiety since it has been widely used as a ligand in 
transition metal complexes. The crystal structures of 
three copper(II) complexes with this ligand (Johnson 
& Jacobson, 1971, 1973a,b) have been determined 
in this laboratory and McWhinnie (1970) has recently 
reviewed the ligand behavior of this compound. 

The preparation of di-(2-pyridyl)amine was first 

reported by Wibaut & Dingemanse (1923). Two crystal- 
line modifications of the compound are known, one 
melting at 84 ° and a second that melts at 94°C. The 
structure of the low-melting polymorph was deter- 
mined in this study. 

Experimental 
Crystal data 

Di-(2-pyridyl)amine, CloH9N3, M = I 7 1 .  Orthorh- 
ombic, Pccn, a=18-416+0.005,  b=12-294+0.005,  

A C 2 9 A  - 8 


