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-900 /k  and wfistite thicknesses are 100 and 115 A. 
The model used here is an ordered one with all 
vacancies placed in the same locations for the whole 
of the crystal. One can see figures similar to those 
obtained on the [110] projection by Ishiguro & 
Nagakura (1985, 1986). 

IV. Discussion and concluding remarks 

For the images obtained with an electron beam 
parallel to the [100] axis, there is no doubt that the 
images computed with the (10/4) cluster model fit the 
experimental image obtained by Ishiguro & 
Nagakura (1985, 1986) much better than the images 
computed by them with a (6/0) or (6/2) cluster 
model. We can even explain the variation of contrast 
observed in the image by a slight change in the 
wiistite flake thickness. 

When the electron beam is parallel to the [110] 
axis, a difference appears between our computed 
images and the experimental HREM image. How- 
ever, this is easily explained by the existence of some 
disorder concerning the stacking of the negative and 
positive clusters (remember that one cluster is 
obtained from the other by a 90 ° rotation about the 
[100] axis) because there is no reason why there 
should only be positive clusters stacked on top of 
each other. In addition, stacking faults can be clearly 
observed in the [100] direct images of Ishiguro & 
Nagakura (1985, 1986). If one postulates the exist- 
ence of disorder in the stacking, the rhombs remain 
rhombs, but the dense lines become centered rec- 
tangles, in which case the experimental HREM 
images are quite well fitted. 

In this study, we have shown that simulated 
images of the defect structure of quenched w/istite 
P", based on layers of (10/4) clusters, is consistent 

with the observed HREM direct images obtained by 
Ishiguro & Nagakura (1985, 1986) and Iijima (1974). 
This consistency leads to an understanding of a great 
number of converging structural observations found 
in the literature, especially the value of the ratio R -- 
(z + t)/t = 2.4 found in a new set of neutron diffrac- 
tion experiments (Gavarri, Jasienska, Orewczyk & 
Janowski, 1987; Carel & Gavarri, 1990). 
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Abstract 

Two phase transitions of bis(tetramethylarsonium) 
tetrachlorocobaltate(II), [(CH3)4As]2CoC14, and 

0108-7681/91/030337-08503.00 

bis(tetramethylarsonium) tetrachlorozincate(II), 
[(CH3)4As]2ZnCI4, have been identified by calorime- 
try and X-ray diffraction. The compounds, isostruc- 
tural with each other, have unusual tetragonal 
© 1991 International Union of Crystallography 
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structures when compared with other compounds of 
the same A2BX4 family. The structures at room 
temperature consist of layers of MC142- tetrahedral 
anions stacked perpendicular to the c direction and 
alternating with layers of (CH3)4As + tetrahedral 
cations. The average structure of this phase has 
space-group symmetry 141/a (Z = 8). Data at 293 K: 
[(CH3)4As]2CoC14, Mr = 470.6, tetragonal, P42/mbc, 
a =  17.831 (2), c = 2 5 - 2 0 ( 1 ) A ,  v = 8 0 1 1  (4) A 3, z =  
16, Om= 1"54 (2), Dx = 1"56 g cm -3, A(Mo Ka) = 
0-7107/~, p, = 31.17 cm-~, F(000) = 3728, R = 0-037 
for 1318 independent observed [I > 3o-(/)] reflections; 
[(CH3)nAs]2ZnC14, Mr = 477.3, tetragonal, P42/mbc, 
a = 17-824 (2), c = 25-209 (3) A, V = 8008 (2) A 3, 
Z = 1 6 ,  D x = 1 " 5 8 g c m  -3, A(CuKa)=1.54178/~ ,  
# = 103.3 cm-~, F(000) = 3776, R = 0.096 for 1821 
independent observed [I > 1-5o-(/)] reflections. In the 
low-temperature range of the intermediate phase, the 
diffraction pattern of [(CH3)4As]2CoC14 shows 
satellite reflections which disappear before the next 
transition. It is unclear whether they are attributable 
to incommensurate modulation, twinning, or a com- 
bination of both effects. 

1. Introduction 

Compounds of the type [(CH3)4N]2MX4 [hereafter 
(TMA)2MX4], with M = first-row transition metal 
and X = C1, Br, I, exhibit several phase transitions 
which may lead to modulated commensurate or 
incommensurate (IC) structures. All compounds 
have a common high-temperature structure of space 
group Pmcn (with b=a31/2) and most of them can be 
placed in a common pressure-temperature diagram 
(Gesi, 1986). Furthermore, in general, the wave- 
vector (q) of the commensurate or incommensurate 
structural modulation is parallel to the c* direction. 

In constrast with this general behavior, some com- 
pounds, namely (TMA)2CuBr4, (TMA)2CdI4 and 
(TMA)2ZnI4, have been found to exhibit a sequence 
of transitions giving structural modulations with 
wavevector q parallel to the b* direction (Hasabe, 
Mashiyama & Tanisake, 1985; Kallel, Bats & 
Daoud, 1981; Werk, Chapuis & Zfifiiga, 1990). These 
compounds also have a common Pmcn high- 
temperature structure and the space group of the 
modulated structure is Pbc2~ (q = lb*) or a sub- 
group. 

The study of the dependence of the transition 
sequence on cation and anion sizes has recently been 
extended with a series of compounds based on larger 
quaternary organic cations. The transition sequence 
of [(CH3)4P]2CuCI 4 (Pressprich, Bond, Willett & 
White, 1989) presents an incommensurate phase with 
q parallel to c*, analogous to the general 
(TMA)2MX4 situation. On the other hand, the com- 
pound [(CH3)4P]2CuBr4 presents a sequence of 

phases with modulation parallel to b* (Madariaga, 
Alberdi & Zfifiiga, 1990). In this paper, the structures 
and phase-transition sequences of two new com- 
pounds, based on the tetramethylarsonium (TMAs) 
cation, are presented. 

2. Experimental 

2.1. Synthesis 

Bis(tetramethylarsonium) tetrachlorocobaltate(II) 
and -zincate(II) were obtained from an alcohol solu- 
tion containing stoichiometric amounts of tetra- 
methylarsonium chloride and the appropiate 
metal(II) chloride. The washed and dried precipitate 
was dissolved in acetonitrile and crystals were grown 
by slow evaporation. The compounds were analyzed 
for M 2 + spectrophotometrically. Zn 2 + and Co 2 + 
were complexed with dithizone and analyzed using 
the 'mono-color' method (Marczenko, 1986): % 
found (% calculated), (TMAs)2CoCL, 12.37 (12-52); 
(TMAs)2ZnC14, 13-52 (13.70). 

2.2. Calorimetry 

Phase transitions were characterized on a Perkin- 
Elmer DSC7 using a scan rate of 5 K min-~. Meas- 
urements on (TMAs)2CoC14 between 303 and 573 K 
reveal thermal anomalies at 338 and 546 K with 
associated enthalpy changes of 2700 and 
1300 J mol-~ respectively. Results for (TMAs)2ZnC14 
are the same within experimental uncertainties, 
showing anomalies at 336 and 549 K with associated 
enthalpy changes of 2700 and 1600 J mol-  1 respec- 
tively. The three phases connected by these transi- 
tions will be referred to as III, II and I with 
increasing temperature. The thermal hysteresis and 
the peak shape of the IIl-II  transition points 
towards a first-order type transition. The transition 
at 548 K is probably second order. 

2.3. Room-temperature X-ray structural analysis of 
(TMAs)2CoC14 

For the resolution of the phase IIl structure of 
(TMAs)2CoCI4 at room temperature, a crystal with 
square-bipyramidal morphology and dimensions 
0-02 × 0.02 × 0.04 cm was mounted on an automated 
four-circle diffractometer (CAD-4). The lattice con- 
stants given in the Abstract were calculated from the 
setting angles of 25 accurately centered reflections 
(10 < 0 < 20°), used in a tetragonally constrained 
refinement. Intensities of reflections out to 
(sinS/A.)max =0"605 /~-I with indices in the ranges 
0--,21, 0---,21 and 0---,29 for h, k and l respectively 
were measured by a 0-20 scan technique with 
intensity-dependent scan speeds varying between 
4-12 and 0.5 ° min -~. Three check reflections were 
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measured every hour. The backgrounds were evalu- 
ated by analyzing scan profiles (Schwarzenbach, 
1977). The standard deviations of intensities were 
obtained from counting statistics. 

The intensities were corrected for absorption by 
the Gaussian integration method; the transmission 
factor varied between 0.5608 and 0.4873; the Rin t 
values from merging equivalent reflections were 
0"033 and 0.044 with and without absorption correc- 
tions respectively. From a total of 8470 collected 
reflections, averaging of the data yielded 3571 
independent reflections, of which of 1318 had 
observed intensities according to the criterion I >  
30"(/). 

For the reduction of the data to IF1 moduli and 
refinement of the structure, the XRA Y72 system of 
programs (Stewart, Kruger, Ammon, Dickinson & 
Hall, 1972; modified by D. Schwarzenbach) was 
used. Atomic scattering factors of neutral Co, C1, As 
and C (Cromer & Mann, 1968); and anomalous- 
dispersion terms for Co, As and C1 (Cromer & 
Liberman, 1970) were used for the structure-factor 
calculations. The hydrogen atoms were not con- 
sidered. 

The structure was solved by direct methods with 
MULTAN84 (Main et al., 1984). Based on the inten- 
sity statistics, the solution was only searched in the 
centrosymmetric space group. The structure was 
refined by full-matrix least squares. The function 
minimized was Y~(wAF) 2 with w = 1/o-2(/7). All atoms 
were refined with anisotropic thermal displacements. 
In the last steps of the refinement, a total of 142 
parameters were varied, including an extinction 
parameter; maximum final parameter shift/e.s.d, was 
1.5. The residual based on F values is wR = 0.049 
with S = 3.38. A final difference Fourier synthesis 
showed high peaks of up to 1.9 e A-3 around the As 
atoms. The atomic parameters are reported in Table 
1 . *  

2.4. Room-temperature X-ray structural analysis of  
(TMAs)aZnC14 

For the analogous resolution of the phase III 
structure of (TMAs)zZnCI4 at room temperature, a 
crystal with a brick-like morphology having trun- 
cated edges and dimensions 0-02 x 0-03 × 0.05 cm 
was mounted on a Nicolet R3m diffractometer with 
Cu Ka radiation and a graphite monochromator 
(Campana, Shepard & Litchman, 1981). The lattice 
constants given in the Abstract were calculated from 

* L i s t s  o f  s t r u c t u r e  f a c t o r s ,  a n i s o t r o p i c  t h e r m a l  p a r a m e t e r s  f o r  
b o t h  c o m p o u n d s  a n d  H - a t o m  p a r a m e t e r s  f o r  ( T M A s ) z Z n C I 4  h a v e  
b e e n  d e p o s i t e d  w i t h  t he  B r i t i s h  L i b r a r y  D o c u m e n t  S u p p l y  C e n t r e  
a s  S u p p l e m e n t a r y  P u b l i c a t i o n  N o .  S U P  5 3 7 1 4  (28 p p . ) .  C o p i e s  
m a y  b e  o b t a i n e d  t h r o u g h  T h e  T e c h n i c a l  E d i t o r ,  I n t e r n a t i o n a l  
U n i o n  o f  C r y s t a l l o g r a p h y ,  5 A b b e y  S q u a r e ,  C h e s t e r  C H 1  2 H U ,  
E n g l a n d .  

Table 1. Atomic parameters for (TMAs)2CoC14 and 
(TMAs)2ZnCI4 at 293 K 

Equivalent  isotropic  U is defined as one third of  the trace of  the 
o r thogona l ized  U,j tensor.  

x y z uo, (A 2) 
(a) (TMAs)2CoCI ,  
Co(I) 0 0 0-25 0.044 (2) 
Co(2) 0.5 0 0.25 0.046 (2) 
Co(3) 0.22619 (8) 0-2472 ( 1 ) 0.5 0.0599 (6) 
CI(I) 0.1032 (I) -0.0116 (2) 0.1988 (2) 0.080 (2) 
C1(2) 0.3957 (1) 0.0012 (1) 0.3006 (2) 0.080 (2) 
C1(31) 0-1279 (2) 0.3280 (2) 0.5 0.071 (1) 
C1(32) 0-1794 (2) 0.1293 (2) 0-5 0.117 (2) 
C1(33) 0.2930 (2) 0.2666 (2) 0.4262 (I) 0.151 (2) 
As( 1 ) 0.29321 (6) 0-00380 (5) 0.12517 (7) 0.0582 (6) 
As(2) 0.20573 (6) -0.00727 (5) 0.37423 (7) 0-0584 (6) 
C(I 1) 0.2083 (5) 0.0049 (4) 0-0772 (7) 0.068 (4) 
C(12) 0.3831 (5) 0-0254 (6) 0-0867 (6) 0.097 (6) 
C(13) 0.2815 (5) 0.0776 (5) 0.1803 (5) 0.072 (4) 
C(14) 0.2976 (5) -0.0939 (5) 0.1590 (5) 0.088 (5) 
C(21) 0.2113 (5) 0.0888 (4) 0-3403 (5) 0-088 (5) 
C(22) 0.1122 (5) - 0.0173 (5) 0.4116 (6) 0-079 (5) 
C(23) 0.2852 (4) -0-0199 (5) 0.4229 (6) 0.074 (5) 
C(24) 0-2094 (5) -0.0837 (5) 0.3196 (5) 0-083 (4) 

(b) (TMAs)2ZnCI4 
Zn(l) 0 0 0.25 0.041 (2) 
Zn(2) 0.5 0 0.25 0.040 ( 1 ) 
Zn(3) 0.2261 (I) 0.2474 (1) 0.5 0.054 (1) 
CI(I) 0.1032 (2) -0.0116 (2) 0.1990 (1) 0.077 (I) 
C1(2) 0.3956 (2) 0-0011 (2) 0-3006 (1) 0.076 (1) 
C1(31) 0.1281 (2) 0.3280 (2) 0.5 0.065 (2) 
C1(32) 0.1794 (3) 0.1296 (2) 0-5 0.107 (2) 
C1(33) 0.2919 (3) 0.2662 (2) 0.4254 (2) 0.143 (2) 
As(l) 0-2932 (1) 0-0036 (I) 0.1250 (I) 0.055 (I) 
As(2) 0.2058 (1) -0-0073 (I) 0.3740 (I) 0.053 (1) 
C(I I) 0.2104 (6) 0-0048 (5) 0.0783 (4) 0.061 (4) 
C(12) 0.3848 (6) 0.0240 (7) 0.0885 (4) 0.111 (7) 
C(13) 0.2838 (6) 0.0775 (6) 0-1786 (4) 0.068 (4) 
C(14) 0.2995 (6) - 0.0913 (7) 0.1575 (5) 0.089 (6) 
C(21) 0.2129 (7) 0.0861 (7) 0.3422 (5) 0-093 (6) 
C(22) 0-1128 (6) -0.0174 (6) - 0.4112 (5) 0.089 (6) 
C(23) 0.2860 (6) -0.0176 (7) 0.4224 (5) 0.079 (5) 
C(24) 0.2100 (6) -0.0836 (6) 0.3218 (4) 0.074 (5) 

25 reflections (0.38 < sin0/A < 0.46 A-1) in a tetrag- 
onally constrained refinement. Intensities of reflec- 
tions out to (sin0/A)ma× = 0"525 A - l w i t h  indices in 
the range 0---, 18, - 12----18 and 0----26 for h, k, and 1 
respectively were measured by w--20 scans with scan 
speeds varying between 29.30 and 3.91 ° min-1. Two 
check reflections were measured every 100 reflec- 
tions. Variations were within counting statistics. 
E.s.d.'s of intensities were obtained from counting 
statistics. 

Data reduction and refinement were completed 
with Nicolet SHELXTL programs (Sheldrick, 1986). 
Intensities were corrected for absorption by the 
Gaussian integration method. Transmission varied 
between 0.05 and 0-24. From a total of 6697 col- 
lected reflections (some redundant), averaging of 
data yielded 2332 independent reflections, of which 
1821 were observed with I > 1.5o-(/). For equivalent 
reflections R i n  t = 0"100 after correcting for absorp- 
tion. Initially, the space group P42/mbc was tested. 
The direct methods program SOL V (Sheldrick, 1986) 
and subsequent blocked-cascade least-squares 
refinement resolved all non-hydrogen atoms. Further 
refinements included anisotropic thermal parameters 
for non-hydrogen atoms with isotropic thermal 
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parameters for hydrogen atoms constrained to values 
approximately 20% larger than those of their corre- 
sponding carbon atoms. Hydrogen atoms were 
further constrained to idealized methyl group geome- 
tries with C - - H  = 0.96 A. The function minimized 
was 7.(wAF) 2 with w = [tr2(Fo) + g(Fo)], g = 0"005 and 
the number of parameters = 142 (including an 
extinction parameter). In this centrosymetric 
refinement, R = 0.096, wR = 0.127 and S = 1.37 for 
observed reflections. For all unique reflections, R = 
0.109 and wR = 0.136. The largest residual on the 
final difference map was 1.4 e A-3  near As(2). Final 
maximum and mean parameter shifts/e.s.d, were 
-0 .014  and 0.003 respectively. Refinement in the 
non-centrosymetric space group P42bc gave no sig- 
nificant atomic shifts and led to worse atomic 
e.s.d.'s. Atomic parameters are reported in Table 1. 

2.5. Temperature-dependent X-ray studies of 
(TMAs)2CoC14 

Preliminary X-ray diffraction experiments were 
performed using a Buerger precession camera with 
an Enraf-Nonius high-temperature device. Single- 
crystal diffractograms were obtained at room tem- 
perature, 353, 393 and 423 K. A thermal stability of 
_+ 3 K and a total uncertainty of _+ 5 K were esti- 
mated. All diffractograms were taken using the same 
type of film and with controlled exposure times. 

At room temperature, the precession diffracto- 
grams show tetragonal symmetry and the observed 
systematic absences are compatible with space 
groups P42/mbc or P42bc. The former was later 
confirmed from refinement of the structure. An 
important characteristic of the diffraction patterns is 
that, in general, all reflections (h,k,/) with h + k, h + 
l, and k + l all odd are very weak, so the structure 
has the pseudosymmetry of an F-centered lattice. 

k 

12 

lO , ,  : ,= 

8 " 

• . 2b* 

4 ,,-,, ,~ 

2 l= "! " l= . . 

o 1 ; 

-2 
- 2  0 2 4 6 8 10 12 14 

Fig. 1. Schematic representat ion o f  the hk0 reciprocal plane as 
observed by precession diagrams at 353 K. Commensura t e  spots 
are represented by large (h + k = 4n) and medium circles, and 
satellites by small circles. 

In the diffraction patterns obtained at 353 K new 
weak satellite reflections, clearly incommensurate 
with the room-temperature tetragonal subcell, 
appear at the reciprocal lattice points (h _+ 3, k _ 8, 
/), with t~ close to 0.41 or 0.59. Fig. 1 shows a 
diagram of the (hkO) layer. As is usual for incom- 
mensurate structures, all the satellite reflections can 
be indexed with two additional integers m~ and m2, 
related to two vectors: 

q, = (~ + 6) (a*  + b*) 

q2 = (I + ~) (a*  - b*) 

with a* and b* referred to the basic reciprocal lattice 
of phase III. A rough value of the 6 parameter 
measured on the photographs at 353 K is ~ = 0.09. 
According to the above scheme for indexing the 
satellites, each main reflection has associated with it 
four possible first-order satellite reflections 
(h,k,l, ml,m2) with ml and m2 equal to _ 1, but only 
two of them are observed. In addition, the general 
rule of systematic absences (h,k,l, ml,m2) l = 2n + 1 is 
strictly observed for the satellite reflections. For the 
main reflections, the diffraction pattern has the same 
symmetry as that at room temperature. However, 
those main reflections corresponding to systematic 
absences of the F-centered lattice are clearly weaker 
than at 293 K, and the reflections (hkO) with h + k ;~ 
4n show a tendency to vanish, which indicates the 
appearance of a d-diagonal glide plane. 

At 393 K the satellite reflections are still visible but 
clearly with diminished intensity and the diffraction 
pattern has the same characteristics as before. For 
main reflections, the new systematic absences of the 
F-centered lattice are definitively confirmed from 
precession photographs at 423 K. Satellite reflections 
are weak or unobserved at this temperature (see 
below). Therefore, at this temperature the structure 
corresponds to an F4~/d space group if the room- 
temperature orientation of basis vectors is retained 
and any residual satellite reflections are ignored. A 
cell transformation: 

a ' =  ~(a + b) 

b ' =  ~(a - b) 

gives the standard 14~/a space group with new lattice 
constants a = 12.61 and c = 25.44 A, and Z = 8. 

3. D i scus s ion  

The phase behavior and room-temperature struc- 
tures of (TMAs)2MC14 (M = Co, Zn) have been 
determined. Both salts show a phase sequence: 

III ---, II ~ I 
T e t r a g o n a l  T e t r a g o n a l  U n k n o w n  

P42/mbc I4~/a 
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Table 2. Selected interatomic distances (t~) and angles 
(°) for (TMAs)2CoC14 and (TMAs)2ZnCI4, with 

e.s.d. 's in parentheses 

Uncorrected Corrected Uncorrected 
(a) (TMAs)2CoCI4 
Co(I)~CI(I) 2.256 (3) 2.281 C1(31)--Co(3)--CI(32) 107.7 (1) 
Co(2)---C1(2) 2.255 (3) 2.277 C1(31)--Co(3)~CI(33) 108.2 (1) 
Co(3)~C1(31) 2.269 (3) 2.301 C1(32)--Co(3)--C1(33) 109.9 (I) 
Co(3)-421(32) 2.261 (4) 2.307 C1(33)--Co(3)~C1(33) TM II2.5 (I) 
Co(3)---C1(33) 2-235 (3) 2.282 

C(I I)---As(I)--C(12) 109.7 (6) 
As(1)--C(I 1) 1.93 (1) 1.96 C(I I)~As(I)~C(13) 110.9 (4) 
As( I )--C(12) 1-91 (2) 1.94 C(I1)~As(I)---C(14) 108.3 (4) 
As(I)--C(13) 1.92 (1) 1.94 C(12)---As(1)~C(13) 108.5 (4) 
As(I)~C(14) 1.941 (9) 1.97 C(12)---As(I)~C(14) I11.6 (4) 
As(2)~C(21) 1.917 (9) 1.94 C(13)--As(1)---C(14) 107.5 (4) 
As(2)---C(22) 1.92 (1) 1.94 
As(2)~C(23) 1.88 (1) 1.91 C(21)~As(2)--C(22) 110.2 (4) 
As(2)~C(24) 1.93 ( I ) 1.96 C(21 )~As(2)~C(23)  110.9 (4) 

C(21)---As(2)~C(24) 108-0 (4) 
CI(I)~Co(I)~CI(I)' 109.0 (I) C(22)~As(2)~C(23) 108.7 (5) 
CI(I)---Co(I)~CI(I)" 110.2 (1) C(22)~As(2)mC(24) 108.1 (4) 
C1(1)~Co(I)--C1(1)'" 109.0 (1) C(23)~As(2)--C(24) 110.6 (4) 

C1(2)~Co(2)~C1(2) 'v 107.6 (I) 
C1(2)--Co(2)~C1(2) ~ I 1 I. I (I) 
C1(2)--Co(2)---C1(2) v' 109.6 (I) 

(b) (TMAs)2ZnCI4 
Zn(I)---CI(I) 2.253 (3) 2.276 C1(31)---Zn(3)--C1(32) 107.8 (2) 
Zn(2)--CI(2) 2.256 (3) 2-278 C1(31)--Zn(3)--C1(33) 108.0 (1) 
Zn(3)--CI(31) 2.262 (4) 2-293 CI(32)---Zn(3)---C1(33) 109.4 (1) 
Zn(3)---C1(32) 2.259 (5) 2.302 C1(33)---Zn(3)---C1(33) v" 114.1 (3) 
Zn(3)---C1(33) 2.241 (5) 2.283 

C(I I)--As(1)--C(12) 111.5 (5) 
As(I)---C(1 I) 1.888(11) 1.90 C(I 1)---As(I)--C(I 3) 111.5(4) 
As(I)---C(12) 1.909 (10) 1.93 C(I I )--As( I )---C(14) 109.2 (5) 
As(I)--C(13) 1.894 (10) 1.90 C(12)---As(I)--C(13) 106.7 (5) 
As(I)---C(14) 1.884 (12) 1 .91  C(12)--As(I)---C(14) 109.3 (5) 
As(2)---C(21) 1.853 (13) 1.88 C(13)---As(I)---C(14) 108.6 (5) 
As(2)---C(22) 1.913 (12) 1.93 
As(2)--C(23) 1.889 (12) 1.91 C(21)--As(2)--C(22) 110-9 (5) 
As(2)---C(24) 1.893 (1 I) 1.91 C(21)--As(2)--C(23) 108.3 (5) 

C(2 I)--As(2)---C(24) 110.0 (5) 
CI(I)--Zn(I)--CI(1)' 109.0 (1) C(22)--As(2)--C(23) 109.3 (5) 
CI(I)---Zn(I)---CI(I)" 110.5 (2) C(22)---As(2)--C(24) 108.0 (5) 
CI( 1 )---Zn( I )--CI( 1 )'" 109.0 (1) 

C(23)--As(2)--C(24) 110-4 (5) 
C1(2 )----Zn( 2)---C1(2) 'v II1.1 (1) 
CI(2)--Zn(2)--CI(2y 107.8 (2) 
CI( 2 )----Zn ( 2)-----C1( 2 ) ~' 109.5 (2) 

Symmetry operation: (i) y, - x ,  ~ - z ;  (ii) - x ,  - y ,  z; (iii) - y ,  x, ~ - z ;  
(iv) l - x ,  - y ,  z; (v) ~ - y ,  ~ - x ,  ~ - z ;  (vi) ~ + y ,  - ~ + x ,  ~ - z ;  
(vii) x, y, 1 - z. 

The structures are in fact somewhat surprising since 
they are the first reported compounds of the A2BX4 
family which do not possess either the prototype 
f l - K 2 S O  4 Pmcn structure found in [ ( C H 3 ) 4 N ] 2 M X  4 

( M = C o ,  Zn, Cu and X=CI ,  Br) (Wiesner, 
Srivastava, Kennard, Divaira & Lingafelter, 1967; 
Trouelan, Lefebvre & Derollez, 1984) or a slightly 
perturbed subgroup variation. 

Since the phase transitions and structures of 
(TMAs)2ZnCI4 and (TMAs)2CoCI4 are identical 
within experimental uncertainties, further discussion 
will center on (TMAs)2CoCI4 with the understanding 
that identical arguments apply to (TMAs)2ZnC14. 

The bond lengths and angles for (TMAs)2CoCI4 
are given in Table 2. The analysis of the thermal 
displacements in terms of TLS tensors (Schomaker & 
Trueblood, 1968), shows that all of the [COC14] 2- 
and [Me4As] 4÷ tetrahedra can be described quite 

accurately as rigid-body ions. The tetrahedron 
around the Co(3) atom has the largest thermal dis- 
placements, which involve rotations of 8 ° and trans- 
lations of 0.2 A. The room-temperature structures 
can be described as alternating layers of tetrahedral 
MC142- (M = Co, Zn) and TMAs ÷ ions, stacked 
along the c direction. A stereoview of the structure of 
(TMAs)2CoC14 phase III is shown in Fig. 2. All the 
M atoms are located on special positions. Atoms 
M(1) and M(2) lie on fourfold positions of 4 and 222 
symmetry respectively, forming layers at z = ~ and 3, 
while M(3) atoms, in eightfold positions, are distrib- 
uted on mirror planes at z = 0  and ~. The tetra- 
methylarsonium ions are intercalated into general 
positions between adjacent MCla-tetrahedra layers, 
and form layers at z = 0-125, 0-375, 0-625 and 0-875. 
Therefore, the different structural layers are equally 
spaced by 0.125 along the c axis. Two sections 
through the structure projected down c are shcwn in 
Figs. 3(a) and 3(b). 

The results described in §2.5 are not sufficient to 
prove that an incommensurate phase exists in the 
low-temperature region of phase II. The satellite 
reflections appear and disappear between two transi- 
tions detected by calorimetry at 338 and 546 K, 
which could indicate the existence of an additional 
transition. The same experiments performed with 
different crystals gave similar results, but with the 
appearance and disappearance of satellite reflections 
taking place at different temperatures. For instance, 
in one case, whereas main reflections (600) and 
(10,0,0) disappeared at 423 K, their neighboring 
satellite reflections could still be observed. 

These results could also be interpreted if a twinned 
crystal is formed on heating above the III-II transi- 
tion temperature. Such twins should be related to a 
high-temperature phase with cubic symmetry and 
lattice parameter a = 25.2 A. Note that directions 
[100] and [001] in the/-centered cell becomes equiva- 
lent in the cubic phase and so twinned crystals with 
parallel [100] and [001] directions could be formed. 

d '~ d 

A 

~NJ 

A 

d ~ d 

Fig. 2. S te reoscop ic  view o f  the s t ruc tu re  o f  (TMAs)2CoCI4  at 
r o o m  t empera tu re .  T h e  thick b o n d s  c o r r e s p o n d  to  the T M A s  
t e t r ahedra .  
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Supposing that the transition II-I is of second-order 
type, the only possible point group with cubic sym- 
metry is m3m. This means that there may be six twin 
domains with ferroelastic character in phase II. 
Mechanical stress might induce a change in the 
relative percentage of the twin domains during the 
annealing process. 

Concerning phase II, we can conclude from the 
experimental results that the structure is commen- 

Table 3. Atomic coordinates of  the Co and As atoms 
in phase III referred to the I-centered cell and 
hypothetical coordinates of  the same atoms in the 

high-temperature phase II 

Phase Il l  Phase lI 
x y z x y z 

Co( 1 ) 0 0 0.25 0 0 0.25 
Co(2) 0.50 0.5 0.25 0.5 0.5 0.25 
Co(3) 0.4734 -0.021 0-5 0.5 0 0.5 
As(l) 0.2970 0 . 2 8 9 2  0.1252 0.292 0.244 0.125 
As(2) 0.1984 0 . 2 1 3 0  0-3742 0.244 0-208 0.375 

O - - -  

i 

(a) 

! 
(b) 

Fig. 3. Projections along the c axis of (a) two consecutive layers of 
CoCL]- tetrahedra at z = 0, 0.25 and (b) two consecutive layers 
of AsO4 tetrahedra at z=0-125, 0.375. The /-centered high- 
temperature cell is outlined on the same projections. 

surate, with space group I4~/a at temperatures well 
above the first transition temperature. This space 
group can be anticipated from the room-temperature 
diffractograms, which show only minor violations of 
the extinctions for an F-centered lattice. Just above 
the III-II  transition at 340 K, the structure appears 
to be incommensurate. However, we cannot confirm 
if the basic lattice corresponds to that of the room- 
temperature structure or to the /-centered one. The 
satellite reflections above the first transition coexist 
with main reflections that violate the extinctions of 
the F-centered lattice. However, this latter class of 
reflections clearly shows a tendency to disappear as 
the temperature is increased, and therefore their 
presence above 340 K can be interpreted as due to 
the coexistence of phases II and III. In any case, we 
can say that phase II has an average structure with 
an 141/a space group and the lattice constants 
reported in {}2. Less can be said about the structure 
of phase I. This phase does appear after a second- 
order phase transition and so the changes arc 
expected to be small. 

The pseudoextinction of the F-centered lattice 
observed at room temperature can be understood by 
the arrangement of the Co and As atoms, which 
form a structure close to that of an F-centered 
lattice. Then Co(l) and Co(2) become symmetry 
equivalent, as do As(l) and As(2). Co(3) must be 
displaced from the (0.2262, 0-2472, 0-5) coordinates 

gl 1 1~ to t~,~,~, which corresponds to an atomic dis- 
placement of 0.427 A. As(l) and As(2) become 
related by a center of inversion {II ~ ~,0,~} requiring net 
displacements of As(l) and As(2) of 0-069 and 
0.131 A respectively. Figs. 3(a) and 3(b) show a 
projection along the c axis of two consecutive layers 
of COC14 tetrahedra (a), and two layers of TMAs 
tetrahedra (b) with the primitive and high- 
temperature/-centered cell outlined. 

This structural model may be adapted to phase II. 
The coordinates of the Co and As atoms in a hypo- 
thetical 14~/a structure are summarized in Table 3. 
The coordinates correspond to placing the origin at 
the site of 4 symmetry. In this hypothetical model 
Co(1), Co(2) and Co(3) are symmetry equivalent, 
having the coordinates of the special set of positions 
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with 2 symmetry. As(I) and As(2) are also symmetry 
equivalent, occupying a general set of positions. The 

C4zl044}, requires a net element relating them, { - ~ 
displacement of As(l) and As(2) of 1.15/k. An alter- 
native hypothetical 14~/a structure places the Co 
atoms, no longer all equivalent, at the two special 
sets of positions having 4 symmetry. This alternative 
again relates the As atoms as mentioned above, by a 
{C4zl0,~,~} element and with a 1.15~ net dis- 
placement from their room-temperature positions. 

As mentioned above, (TMAs)2CoCI4 is the first 
reported compound of the (TMPc)zBX4 type (Pc = 
N, P, As, Sb), which exhibits tetragonal symmetry 
and which does not retain a group-subgroup relation 

P n m a  P 4 / m b c  
2 

I - -  

Co 

Co 

Co 

Co 

Ce 

N ( t )  

- -  0 .75  

- 0 . 5  

m 0 .25  

- -  0 

o - -  N ( 2 )  

Fig. 4. Schematic representation of the distribution of layers of 
tetrahedra along the c axis in the structures of (TMA)2CoCL 
and (TMAs)2CoC14. 

a~ 
/ 

• 07$ 0 o ~  O 
~o.25 Co b~ 

• o 

• o > 

Fig. 5. Schematic representation of the projection along the c 
direction of the Co atoms in the orthorhombic structure of 
(TMA)ECoCL. The axes labeled a, and b, define a distorted cell 
close to the tetragonal cell of (TMAs)2CoCI4. 

with the prototype Pmcn space group. However, the 
question arises as to whether a relationship between 
both structures can be found. To this end, we have 
chosen (TMA)2CoC14, which exhibits an extensive 
phase-transition sequence, with several structural dis- 
tortions of the high-temperature Pmcn symmetry 
(Fjaer, 1985). The structural comparison should be 
made between the high-temperature phases of both 
compounds but, in the asbsence of exact coordinates 
for phase I of (TMAs)2CoC14, we will compare the 
structures having symmetries Pmcn [(TMA)2CoC14] 
and P4Jmbc [(TMAs)2CoC14]. A relationship 
between the cell parameters is given by a, =ao + bo 
and e, =2% where the subscripts refer to the tetrag- 
onal (t) and orth0rhombic (o) phases. Note that the 
above relation is given between vectors and that the 
transformation from the orthorhombic to the tetrag- 
onal cell includes an angular distortion between the 
a, and b, axes. Now, if we compare both stru,'tures 
with their c axes parallel, it is easy to see that the Co 
layers of (TMAs)2CoC14 are also present in the 
(TMA)2CoC14 compound. This result is shown in 
Fig. 4 where a schematic stacking of layers in both 
compounds is drawn. The most important difference 
is that the single-layer arrangement of the organic 
ions in the tetragonal structure corresponds to a 
thick layer of tetramethylammonium ions in the 
orthorhombic structure. Nevertheless, alternating 
stacking with similar interlayer spacing is evident in 
both structures. The structural similarities can be 
extended to the positions of the Co atoms on the 
layers, which can be seen in Fig. 5. In this figure, the 
Co atoms at 0.25Co and 0-75Co in the (TMA)2CoC14 
structure are represented over four orthorhombic 
cells, and in the same figure the distorted tetragonal 
cell is outlined. Note that, neglecting the angular 
distortion, the positions of these atoms in the tetrag- 
onal cell are in agreement with those of Fig. 2. 
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Abstract 

The structures of  six dimeric copper(II) formates and 
acetates with picoline as an axial ligand, (I)-(VI),  
have been determined at room temperature and elec- 
tron density distributions in lithium acetate 
dihydrate, (VII), and copper(II) formate diurea 
dihydrate, (VIII), have been studied at 120K. 
Mo Ka  radiation was used throughout  (~ = 
0.71073 A): tetrakis(/~-formato-O,O ')-bis(a- 
picoline)dicopper(II), [Cu(HCOO)2a-pic]2, (I), Mr = 
493"42, triclinic, P1, a = 7.310 (1), b = 10.493 (2), c = 
7 .291(1)A,  a = 9 1 . 3 5 ( 2 ) ,  /3=113 .93(1) ,  y =  
109.24 (2) °, V = 474.5 (1)/~3, Z = 1, O~ = 
1.73 Mg m-3 ,  # = 2.29 m m -  l, F(000) = 250, R = 
0.029 for 1675 reflections; [Cu(HCOO)z/3-pic]2, (II), 
triclinic, P1, a =  10.922(3), b =  13.123(2), c =  
7 .208(2)A,  a = 9 8 - 6 4 ( 2 ) ,  / 3=  109.11(2), y =  
83"39 (2) °, V = 962.6 (3) A 3, Z = 2, Dx = 

* To whom correspondence should be addressed. 
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1"70 Mg m -  3, /z = 2-26 m m -  l, F(000) = 500, R = 
0.032 for 2629 reflections; [Cu(HCOO)2y-pic]2, (III), 
monoclinic, P21/c, a = 10.695 (2), b = 11.373 (2), c = 
7 .755(1)A,  / 3 = 9 0 . 1 3 ( 2 )  ° , V = 9 4 2 . 7 ( 3 )  A 3, Z = 2 ,  
Dx = 1-74 Mg m -3, i z = 2.31 mm-1 ,  F(O00)= 500, R 
=0.027 for 1474 reflections; tetrakis(iz-acetato- 
O,O')-bis( a-picoline)dicopper(II), [Cu(CH3COO)2a- 
pic]z, (IV), Mr=549 .53 ,  monoclinic, P21/c, a = 
7.697 (1), b = 20.021 (3), c = 8.226 (1) A, /3 = 
116.0 (1) °, V =  1139.4 (3) A3, Z = 2, Dx = 
1.60 Mg m-3,  # = 1.92 mm-1 ,  F(O00) = 564, R = 
0.051 for 1691 reflections; [Cu(CH3COO)2/3-pic]2, 
(V), triclinic, P1, a = 8.315(1), b=20.242(2), c = 
7.789(1)A, a = 9 3 . 2 1  (1), / 3=  117.36(1), y =  
92.74 (1) °, V = 1158.5 (2) A3, Z = 2, D~ = 
1.58 Mg m-3,  tx = 1.89 m m - i ,  F(O00) = 564, R = 
0.063 for 3041 reflections; [Cu(CH3COO)2y-pic]2, 
(VI), monoclinic, P21/c, a =  10.499(1), b =  
13.031(2), c = 8 . 8 8 0 ( 1 ) A ,  /3=102-16(1)  °, V = 
1187.6(2) A 3, Z = 2 ,  D ~ = l . 5 5 M g m - 3 ,  I z =  
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