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Recently, Edwards and Pearsonl' have discussed 
important factors which contribute to nucleophilicity. 
Basicity and polarizability of the nucleophile play an 
important role. In the (CHB)zSOH22+ substrate, 
nucleophilic attack a t  either sulfur or oxygen should be 
correlated by a combination of basicity and polariz- 
ability in the nucleophile, because each center bears a 
positive charge and possesses an unshared pair of elec- 
trons. Since polarizability increases and basicity 
decreases in the series C1-, Br-, I-, the two factors 
cannot be separated unambiguously in this system. It 
is likely that the solvent-solute interactions control the 

(17) J. 0. Edwards and R. G. Pearson, J .  A m .  Chenz. Soc., 84, 16 (1962). 

nucleophilicities observed. For example, thiocyanate 
ion, which is more basic and more polarizable than the 
halide ions, should be an effective nucleophile. The 
lack of reactivity of thiocyanate must be due to its 
considerable stability in both protic and aprotic sol- 
vents. Thus, the nature of the solvent is critical in 
understanding reactivity in the system investigated in 
this paper and, in general, should be taken into account 
whenever comparisons of nucleophilicity are made 
among solvents of different types. 
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From the results of powder and single crystal X-ray measurements together with measured densities and chemical analyses 
i t  has been demonstrated that substoichiometric tungsten trioxides possess structures which are significantly different from 
that of the stoichiometric trioxide. For the composition WOz.g8 the space group is P21/m and the unit cell contains four 
tungsten atoms and has the dimensions a = 7.354 41 0.005 A,, b = 7.569 +C 0.005 A, ,  c = 3.864 i 0.005 A,,  and p = 90.6". 
The tungsten subcell is of the same type but slightly larger than that of the stoichiometric oxide. The results for the con-  
position W02.96(~) indicate the space group P2/c and a unit cell containing the formula W500~4s and having the cell constants 
a = 11.90 i 0.02 A,, b = 3.826 4~ 0.012 A,,  c = 59.64 i. 0.06 A,,  and p = 98.4'. The proposed structure is uniquely 
solved for the x and z coordinates but not for the y coordinates, which appear to be located in a number of plaues staggered 
about y = '/z. Each unit cell contains two hexagonally-shaped ordcred defccts that are bisected by recurrent dislocation 
planes. A higher temp'erature polymorph, WOZ.~~(P) ,  with a unit cell tentatively containing the formula %'usO:i becomes 
stable at approximately 1250". 

Introduction 
The basic chemical and physical properties of binary 

compounds of the group VI  transition metals Cr, N o ,  
and W are generally complex. In recent years, a 
number of investigations dealing with the crystal- 
lographic and thermodynamic behavior, particularly 
of Mo and W oxides, have elucidated the complex 
chemical bonding that occurs both in the solid and 
vapor phases. Furthermore, in the case of a number 
of transition metal oxides, carbides, sulfides, and phos- 
phides, gross deviations from ideal stoichiometry are 
readily obtained and must be acknowledged in physico- 
chemical descriptions of these systems. In a recent 
thermodynamic investigation of the tungsten-oxygen 
system2 it was observed a t  temperatures of 1300- 
1550 OK. that tungsten trioxide becomes substoichio- 
metric and evaporates congruently a t  a composition 
near WO2.96 under the influence of the particular 
vacuum conditions (10-G-10-7 mm. pressure) employed. 

(1) Based on work peifotmed under the auspices of the  U S Atomic 

( 2 )  R. J. Ackermann and  E G l iauh ,  J .  Phys.  Cheirz , 67, 2696 (1963). 
Energy Commission. 

The X-ray diffraction patterns of powders of this 
material at room temperature are significantly dif- 
ferent from those of the stoichiometric trioxide and 
cannot be explained on the basis of only an oxygen- 
deficient trioxide structure. Actually, the existence 
of a substoichiometric region of WOa was first suggested 
by Glemser and S a ~ e r , ~  who reported that the basic 
structure of the WO3 phase extends to the composition 
W02.9b. However, Hagg and Magneli4 refer to a paper 
given by Westgrenj in which is proposed the existence 
of a new oxide phase corresponding to approximately 
W 0 2 . 9 7 .  GadoG has recently reported the existence of a. 
phase between W200js and WOs. The structure a t  
room temperature of the unit cell of the stoichiometric 
trioxide as reported by Andersson7 and by previous 
investigators contains four K O 3  units and has the space 
group P21/a; however, the direct observations by 

( 3 )  0. Glemser and H. Sauer, Z .  aizoi'g. C h e m . ,  262, 144 (1043) .  
(4) G. Hagg and A.  hlagneli, A ~ k h  Kemi ,  . l f i neTa l ,  Gcol.,  19A, KO, 2 

(1944). 
(6) A. Westgren, S o ~ d .  A'atwjo i~skarmble!  Helsingfors, 89 (1936). 
(6) P.  Gado, Acia clys:., 16, Par t  13, A182 (1963). 
(7)  G. Bndersson, Acia Cheiiz. Scmzd., 7, 154 (1933). 
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TanisakP of weak first- and third-order layer lines on 
rotation photographs, taken with the c axis rotating, 
indicate a unit cell containing eight WOO units with a 
P21/n space group and a c axis which is twice that of 
hndersson's. Since there appear to be a number of 
divergent conclusions dealing with the trioxide and its 
region of substoichiometry the present investigation 
was undertaken in an attempt to contribute to a greater 
understanding by means of a further analysis of this 
rather complicated system. In the present investiga- 
tion the conclusions are to be drawn from both powder 
and single crystal diffraction data and measured densi- 
ties obtained at  room temperature and chemical analy- 
ses. 

Experimental Section 
The samples of tungsten oxides corresponding to the range of 

composition WOa-W02.86 used in this investigation were pre- 
pared vza two methods. In the first, the composition WOz.96 
resulted from the reduction of stoichiometric trioxide in the inter- 
val of 1050-1225" under vacuum and in the second the reac- 
tion of the appropriate amounts of trioxide and metal powders a t  
1250-1300" under a purified argon atmosphere produced appar- 
ently homogeneops products of the desired composition. In the 
former method the samples employed were the actual residues 
(O/W = 2.963) of the effusion measurements described by 
Ackermann and Rauh .z The samples produced after several 
hours of heating 2% vacuo (-lo-' mm.) possessed a deep, dark 
blue color and contained fine, dark needles which appeared to be 
well-defined single crystals. However, the degree of crystalline 
size and homogeneity of these residues appeared to be somewhat 
unsatisfactory because of the relatively poor definition of high 
angle reflections in the powder patterns. Additional heating 
for about 1 hr. under vacuum a t  approximately 1050' generally 
enhanced the definition of these reflections. It was impractical 
to heat for longer periods of time in order to obtain larger crystals 
because of the great extent of free evaporation of the samples i l z  

wacz~o at  the temperatures involved. In order to prepare samples 
a t  higher temperatures, it was necessary to employ an argon at- 
mosphere or sealed platinum capsules to reduce the rate of 
evaporation of the sample and thereby allow considerably longer 
periods of heating. Samples (-10 9.) of desired composition 
were synthesized by intimately mixing appropriate weights of 
tungsten and tungsten trioxide powders and allowing these to 
react a t  1250-1300° in a platinum tube containing an argon at- 
mosphere that was initially purified of water vapor and oxygen 
by means of columns of magnesium perchlorate and hot copper 
chips, respectively. The use of platinum as an inert container 
has been previously demonstrated.z Before the introduction 
of the sample, the platinum tube was outgassed in vacuo a t  1300". 
In spite of these precautions, oxidation of the top portion of some 
of the sample occurred. The lower portions of the samples 
were subsequently analyzed by the combustion of a weighed 
sample (2 to 3 9.) in air a t  800' until constant weight was achieved 
and the light yellow-green color of the stoichiometric trioxide was 
obtained. The reproducibility of this method of preparation 
and analysis was generally sufficient to establish the atom ratio 
within h0.005. Samples having the composition O/W = 2.960 
i 0.005 that were heated for periods of 2 days, 2 weeks, and 6 
weeks yielded identical powder patterns that showed excellent 
definition at  high diffraction angles. Progressively larger crystals 
resulted with the increase in time of heating and the crystals ob- 
tained in this manner were in general twinned about the axis of 
rotation. However, distinct differences in the powder patterns 
were noted when a comparison was made with the patterns of the 
fine needles obtained in the residues of the vacuum reduction of 
WOS. The samples resulting from both methods of preparation 
had the typical slippery "graphite-like" quality upon grinding 

( 8 )  S. Tanisaki, J .  I'hys. SOL. J a p u n ,  18, 873 (1960) 

which is usually characteristic of a layer-type structure. In the 
course of the syntheses of samples, O/W = 2.99, 2.98, 2.97, and 
2.96, it was apparent that as the atom ratio is decreased from 3.00 
the color of the sample evolved through blue-green to a deep 
blue at  O/W = 2.96. 

The densities of samples of various compositions were measured 
by a pycnometric method. In order to minimize the effect of 
trapped gases in isolated voids in the finely powdered samples 
which causes the incomplete filling of the pycnometer by the 
immersing fluid and, hence, leads to low values of the density, the 
following precautions were taken. The samples (approximately 
2 9.) were loaded into the pycnometer (2 ml.) which was then 
evacuated slowly in a modified vacuum desiccator. The immers- 
ing fluid, namely water t o  which was added a small amount of 
aerosol to decrease its surface tension but not affecting its den- 
sity, was then added to the sample under vacuum by means of a 
separatory funnel attached to the desiccator through a rubber 
stopper. After the sample was completely immersed, it was 
gently boiled under vacuum by means of a heat lamp, then re- 
moved from the desiccator and centrifuged in order to precipitate 
any small particles suspended in the meniscus. The remaining 
operations including the weighings were done in the conventional 
manner. All weighings were performed after the pycnometer and 
contents had been equilibrated to 24-25'. 

Determination of Lattice Parameters and Structures 
Powder Measurements.-A comparison of the low 

angle diffraction lines of samples of stoichiometric and 
substoichiometric tungsten trioxide obtained with 
copper K a  radiation is made in Table I. A close corre- 
spondence in both d values and intensities for the re- 
duction of WOO to WO2.98 indicates that  the tungsten 
atoms retain essentially the same relative positions, 
although for the latter composition the d values are 
considerably larger, indicating an enlargement of the 
unit cell with respect to the subcell of WOs based on the 
structure by Tanisaki8 Similar measurements of a 
sample W02.99 yielded d spacings that were between 
those of WOa and W02.g2.. Hence, the tungsten sub- 
cell is of the same type in the WO3-WO2.98 region. One 
immediately sees that the diffraction patterns for mate- 
rials of composition WOz. 96 are vastly more detailed than 
those of WOO and W02.98. Since the films of WOz.g6 
showed more clearly the greater complexity of the 
powder patterns, film measurements of this composi- 
tion are reported in Table I. The sample of W 0 2 . g 6 ( ~ )  
is one of the actual residues of the vapor pressures 
measurements of Ackermann and Rauh, which was pro- 
duced by heating initially stoichiometric trioxide in 
vucuo a t  1050-1225°. The material W02.96(P) resulted 
from direct synthesis of tungsten and tungsten trioxide 
powders a t  1250-1300" under an argon atmosphere 
followed by rapid quenching. The W02.9e(P) pattern 
can be readily distinguished from that of W 0 2 , 9 6 ( ~ )  
by the prominent line which is located between two 
strong lines a t  d = 3.760 in the former compared with 
the faint line a t  d = 3.71 in the latter, by the closer 
packing of the two prominent lines in the region of d = 
2.65, and by the intensity differences and the lesser 
number of lines in the region of d = 1.94-1.80. In  
general the powder patterns of WOz. 96(P)  had fewer and 
better defined reflections. 

The conversion of the B to the CY phase was accom- 
plished by heating in vucuo a t  about 1100' for several 
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positions of the tungsten atoms, that  occur in the 
relatively narrow composition range between WOa and 
W O S . 9 6 .  

Single Crystal Measurements. (1) W03.00.-Single 
crystal photographs taken of stoichiometric trioxide 
confirmed the necessity of doubling A4ndersson's 
value7 of the c axis as recently reported by TanisakL8 
The values of the monoclinic parameters agree (see 
Table 117) within experimental error with those re- 
ported by Tanisaki, from which parameters one calcu- 
lates a theoretical density of 7.294 g./cm.3. The den- 
sity measured pycnometrically in this investigation is 
7.286 g./cm3. 

(2) WOn.gs.-The substoichiometric trioxide having 
the composition WO2.98 was composed of dark blue- 
green crystals that were semitransparent plates or 
short cylinders. These crystals did not have the 
graphite-like quality when ground that was very notice- 
able in the case of the materials. Single crystal 
photographs showed a monoclinic cell belonging to the 
space group P21/m. The Weissenberg photographs of 
the various layers were quite similar to those obtained 
for TVO3.0~ although there mas no indication of the 
doubling of the c axis as observed for the stoichiometric 
trioxide. By assigning equal weight to each reflection 
in a least-squares treatment of diffractometer measure- 
ments of a powder sample, one obtains the cell parame- 
ters: u = 7.354 f 0.0051~k., b = 7.569 h 0.005k, c = 
3.854 * 0.005 x., and p G 90.6". These parameters 
correspond to a unit cell containing four tungsten 
atoms and a calculated density of 7.17.1. g . / ~ m . ~ ,  which 
compares favorably with a measured density of 7.162 
g./cm. 3. In two samples having over-all compositions 
W02.981 and W02.983 there were a number of black 
needle crystals that proved to be the WO2. 96 structural 
type although the powder patterns taken of these 
samples failed to show the presence of this additional 
phase because of its low concentration. 

W02.96(a:) .-The preliminary study of powder 
samples had shown significant differences in both 
intensities and diffraction angles from the W03-type 
subcell which are indicative of a basic change in struc- 
ture. The further elucidation of these structural dif- 
ferences was accomplished by measurements of single 
crystals obtained from the evaporation residues of a 
previous investigation. Some of these crystals were 
unsatisfactory because they gave rise to streaking of the 
reciprocal lattice points. Equi-inclination Weissenberg 
photographs were taken of a needle having the dimen- 
sions 0.005 X 0.017 X 0.404mm., with Cu Ka: radiation 
using the multiple film technique. Using the lines of 
copper powder as an internal standard the following cell 
dimensions were obtained from rotation and Weissen- 
bergfilrns: a = 11.90 f 0.02,&., b = 3.826 * 0.012A., 
c = 59.64 It 0.06 A., p = 98.4", a: = y = 90". The 
measured density of 7.126 g . / ~ m . ~  and the determina- 
tion of the chemical composition O/W = 2.96 indi- 
cates the presence of 50 tungsten and 148 oxygen atoms 
in the unit cell. The theoretical density is 7.144 g./ 

(3) 
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Figure 1 . 4 1 0  projection of the proposed structure of W02.9e(~).  

Weak reflections on the hll  and h21 layers were ob- 
served when 1 = 2n + 1, which requires that the y 
coordinate cannot be 0 or I/%. The systematic absence 
of h01 reflections when 1 = 2n + 1 indicated the space 
groups P2/c-C2h4 and Pc-CS2. The mean value of the 
experimentally-derived normalized structure factor, 
E = 0.75, compared with theoretical values of 0.798 
and 0.886 for centric and acentric space groups, respec- 
tively, indicates that  the centric P2/c is the preferred 
one. When a single crystal was rotated about the b 
axis, the layer-line films showed sequences of reflec- 
tions lying on the reciprocal net centering about the 
locations of reflections for a corresponding layer-line 
film of WOs.00. There was a gradual loss of intensity 
as the distance from the location of the corresponding 
WOa.oo reflection increased. The intensity relationships 
on the hll  and h21 layers generally paralleled those of the 
hOl’s. 

The intensities were measured by visual compari- 
son with an intensity strip. The intensities were cor- 
rected for Lorentz polarization and scaled by the data 
reduction program of N ~ r m e n t . ~  A Patterson projec- 
tion of ,401 was made using the Sly-Shoemaker Fourier 
program.1° Placing the tungsten atoms in locations 
suggested by the Patterson projection corresponding to 
2(b) and 4(g) of P2/c, calculation of the structure factor 
was made with the Busing-Levy least-squares pro- 
gram.11z12 Arbitrary weights of 5 ,  4.5, and 4 for 

(9) H .  G. Norment, “An X-Ray Diffraction Data  Reduction Program for 
the I B M  704 and 7090,’’ Naval Research Laboratory Report  5739, Feb. 16, 
1962. 

(10) W. G. Sly and D. P. Shoemaker, “ M I F R I ,  Two- and Three-Dimen- 
sional Crystallographic Fourier Summation Program for the IBM-704 Com- 
puter,” Massachusetts Inst i tute  of Technology, Department of Chemistry 
Technical Report, July 1, 1960. 

(11) W. R.  Busing and H. A. Levy, “A Crystallographic Least-Squares 
Refinement Program for  thc I B M  704,” Oak Ridge National Laboratory, 
Central Files No. 59-4-37, April 14, 1960. 

(12) W. R. Busing, K. 0. Martin, and H. A, Levy, “OR FLS, A Fortran 
Crystallographic Least-Squares Program,” Oak Ridge National Labora- 
tory Report, OliNL-TM-305, Nov. 21, 1962. 

strong, weak, and unobserved reflections, respectively, 
were assigned to the values of Fa. The reliability 
factor 

was obtained for the h01 layer. 
A three-dimensional Patterson synthesis indicated 

that y = 0 or ‘/z which is impossible since hkl reflec- 
tions occurred when 1 # 2n. A Patterson projection of 
Okl data, badly affected by absorption and limited in 
number, indicated that all the y coordinates are not in 
equivalent positions, ie., do not form two planes of 
tungsten atoms. When the y’s were inserted a t  various 
sets of locations in either 4(g) of P2/c or 2(a) of Pc an 
over-all minimum value of R N 0.28 was obtained for 
all observed reflections from a least-squares treatment. 
However, the final y coordinates were not unique. 
The h21 layer often had an R factor approximately 
twice that obtained for the h l l  layer. Difference 
Fouriers of observed reflections and difference Fouriers 
containing unobserved reflections which had been cal- 
culated as I m i n / 3  as suggested by Hamiltonla mere of no 
aid in uniquely locating the y coordinates. Although i t  
was impossible to establish the y coordinates, it  is 
suggested that they could be located in a number of 
planes staggered about y = l /2 .  An alternative is the 
existence of microphases or regions within the crystal 
having different types of alignment of the staggered 
tungsten layers. Weak satellite reflections surrounding 
the most intense reflections in the Weissenberg photo- 
graphs and the high R factor for the h01 layer indicate 
that there also may be significant misalignments among 
the domains within the single crystal even in the x-z 
plane. The 010 projection of one-half the unit cell 
of the proposed ordered-defect structure is shown in 

(13) W. C. Hamilton, Acla Cvyst., 8 ,  185 (1955). 



TABLE I1 
OBSERVED ASD CALCULATED STRUCTURE FACTORS FOR Wj~Ola~  

i L F C B S  I F C A L I  FUBS F G B S  H L F O B S  I F C A L l  FG8S P U B 5  h L F U B b  IFChLI F O U i  F O U S  H L i-iiii I F i A L I  F O U S  F O B S  H L F O B S  I F C A L I  F O B S  F C B S  k L F O H S  I F C A L /  F O U 5  FUAS 

a The first and second columns of structure factor values contain F, and ' F,: for h0Z; the third and fourth columns contain F ,  for 
hl l  and h21, respectively. 

TABLE I11 
TUNGSTEX POSITIOSS IS THE UXIT CELL WjoOlia 

Positionsa X Y Z 

2 in 2(b) 0 . 5  0 . 5  0 . 0  
4 in 4(g) 0.127 3'1 0.037 
4 in 4(g) 0.374 32 0.299 
4 in 4 ( g )  0.060 Y3 0.101 
4 in 4( g) 0.371 ?4 0.118 
4 in 4(g) 0 ,429  ?: 0.061 
4 in 4(g) 0.064 y6 0.276 
4 in 4(g) 0.003 Y i  0,341 
4 in 4(g) 0.186 ?s 0.476 
4 in 4(g) 0.268 Ys 0.245 
4 in 4(g) 0.310 3 i n  0.184 

4 in 4(g) 0.309 YlZ 0,356 
4 in 4(g) 0.239 3.11 0.420 

a If the true space group is Pc, then the y coordinate in 2( b)  is 
undetermined and 4(g) becomes 2(a) with another set of 12 posi- 
tions a t  2 j i  # corresponding to those given for 4(g). 

Figure 1. Observed and calculated values of the 
structure factor for izOl reflections and observed values 
for the hlZ and h2Z are given in Table 11. A value of 
0.12 was used for an over-all, isotropic temperature 
factor. The x and z coordinates of the 50 tungsten 
atoms in the unit cell are given in Table 111. 

(4) W02.~($ )  .-The single crystal measurements 
and structure determination of this phase are not coin- 
plete a t  the present time; however, a discussion of 
some of the preliminary findings seems quite pertinent. 
Microscopic examination of this polycrystalline mate- 
rial showed that many of the smaller needles were bent 

and the crystallite size was generally larger than pre- 
viously obtained for WO,.~G(C~).  The larger crystals 
were due to the longer period of heating a t  a rclativcly 
higher temperature. Initially all of the crystals 
selected for single crystal measurements were twinned. 
Ultimately a single crystal was selected from a sample 
that had been heated G weeks a t  approximately 1250" 
under an argon atmosphere. A powder photograph of a 
sample of this material proved to be that of the W02.y6 
(@) phase shown in Table I. The b axis rotation photo- 
graphs of the crystal appeared to be similar to that of 
\VO2.9~(a). The Weissenberg photographs were very 
similar to those of W O ~ . ~ G ( C ~ )  although visual inspection 
revealed a more rapid decrease in intensity for hkl  
reflections when 1 = 2n. When 1 # 27a the reflections 
were absent, indicating y = which is contrary to the 
findings for the 7V02.96(o() crystals. This observation 
would appear to confirm the previous observation 
that the W O Z . ~ G ( P )  is a more symmetrical version of 
W02.9~(a) because the former was found to be a higher 
temperature polymorph of the latter. These pre- 
liminary findings suggest that the G axis is half the 
length of the c axis in W02.96(a) and the space group is 
P2/m. The xz projection of the unit cell containing 
the formula W2507si is very likely that in Figure 1 with 
the tungsten atoms lying in a plane with the origin a t  

As was previously mentioned crystals of the W 0 2 . 8 6  

structural type were present in samples of W02.9ul 

x = 1/2.  
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TABLE I V  
COMPARISON OF CRYSTALLOGRAPHIC PARAMETERS OF TUNGSTEN OXIDES 

Chemical Formula of PCSlGd, Pmeasd, Ref. 
g. cm.? g. c m . 7  compn. unit cell a ,  A. b ,  A. c, A. P 

Wos Wsoz4 7.30 7.53 7.68 90.9O 7.294 7.286 8 
WOZ.98 W4012- z 7.354 7.569 3.854 90.6" 7.169 7.162 This study 
WoZ.s€.(CU) W60Ol48 11.90 3.826 59.64 98.4" 7.144 7.126 This study 
WOz.ge(P) Wz6074 -11.90 -3.826 ~ 2 9 . 8 2  -98.4' This study 
wo2.90 WzoO5s 12.05 3.767 23.59 95.72' 7.163 7.15 b 
W0z.n Wi8049 18.28 3.775 13.98 115.14' 7.781 7.958" C 

woz We08 5.650 4.892 5.550 120.42 10.82 . . .  d 
a Measured in this investigation for a sample having the composition W0~.7~7. A. Magneli, Arkiv. Kemi, 1, 513 (1949). A. Mag- 

neli, ibid,, 1,223 (1949). A. Magneli, Arkiv Kemi ,  Mineral. Geol., 24A, No. 2 (1946). 

and WO2. 988 which were prepared a t  approximately 
1250". Weissenberg photographs of several of these 
crystals indicated intensities for hkl reflections for 1 = 2n 
that  were only slightly different from w02.96((r) and cell 
dimensions that appeared to be the same within the 
precision of measurement. The intensities were notice- 
ably much weaker for hkl reflections when 1 # 2n, 
which indicates a greater ordering of the tungsten 
planes with the y coordinate nearer '/z than in W02.96 

( 0 1 ) .  Hence, the degree of staggering of the tungsten 
atoms about y = ' / z  for these crystals appears to be 
between that of Woz.g6(0() and W02.96(@) and suggests 
that the mechanism of the a-@ phase transition may 
involve successive stages of unpuckering of the tungsten 
planes. 

Discussion 
There are several interesting features of the proposed 

structure of W02.96(a) which can be seen by reference 
to Figure 1. Each unit cell in the projected plane 
contains two ordered defects having the shape of a 
distorted hexagon. These defects are bisected by a 
recurrent dislocation plane shown by the dotted line. 
The W-W distance across this plane is considerably 
shorter than those elsewhere in the structure and, 
hence, there are probably no oxygen atoms interleaved 
between the tungsten atoms in this plane. It is as- 
sumed that the tungsten atoms not in this plane are 
surrounded by a distorted octahedron of oxygen atoms. 
In these aspects the structure is similar to those of other 
tungsten and molybdenum oxides.14 However, based 
on the number of tungsten atoms found in the unit cell 
and the number of oxygen atoms required by the com- 
position W02.g6, it  is necessary to insert oxygen atoms a t  
x _N l/%, y 3+1 0, z 'v '/4, "4. The presence of these 
atoms requires that two of the tungsten atoms in the 
region of the defect be coordinated with seven oxygen 
atoms, probably forming pentagonal bipyramids as 
pointed out by KihlborgI5 for other molybdenum and 
tungsten oxides. The three-dimensional defect chan- 
nels, therefore, cannot be open holes as in the case of 
W20058 and other known structures.16 

The Weissenberg films were extremely difficult to 
measure not only because of the inherent difficulties in a 
large unit cell but also because of the large areas of no 
reflections on the reciprocal lattice. Of a possible 4080 

(14) A. Magneli, Acta Cyyst . ,  6, 495 (1953). 
(15) L. Kihlborg, Arkiw Kemi, 21, 471 (1963). 

reflections only 903 were observed. Furthermore, 
surrounding the most intense reflections were weak 
satellite reflections which are indications of crystal 
imperfection and disorder. The presence of this dis- 
order is an additional factor which permits only a two- 
rather than three-dimensional solution of the crystal 
structure. A method of preparation of more perfect 
crystals a t  somewhat lower temperatures is believed 
necessary for any future study. 

The results of the diffractometer measurements indi- 
cate that the trioxide phase can become substoichio- 
metric down to W02.98. The single crystal measure- 
ments, however, indicate some subtle variations with 
composition change. The unit cell of WOn.ss a t  room 
temperature is slightly larger than the corresponding 
tungsten subcell of stoichiometric WOs. I n  the latter 
case the results of Tanisak? confirmed in this study 
indicate two kinds of WO6 octahedra. When oxygen is 
randomly removed from this structure to form W02.98 

these two octahedra appear to become indistinguish- 
able. Certain features of the high-temperature phase 
diagram based on vaporization phenomena proposed by 
Ackermann and Rauh2 can now be further clarified. 
Since there exist quite pronounced differences in the 
structures of W02.96 and W02.98, and since powder 
patterns of the composition WOZ. 97 quenched from 
1200' appear to be a two-phase mixture, a miscibility 
gap probably extends up to a t  least this temperature. 
There also appears to be a correlation between the 
incongruent evaporation of the composition W02.96 

a t  temperatures above approximately 1250 O and the a 
to p phase transformation which occurs in the same 
region of temperature. The higher symmetry of the 
tungsten planes in the /3 phase is very likely a manifes- 
tation of a decrease in the strength of the W-0 bond 
which permits the preferential loss of oxygen and the 
formation of the W2~,Osg phase in which the tungsten 
planes are completely unpuckered. l4 

A comparison of the crystallographic parameters of 
presently known tungsten oxides is presented in Table 
IV. Close agreement between the calculated and 
measured values of the density is seen in all cases ex- 
cept those for W&9. The crystal density passes 
through a distinct minimum for the W60014s phase in dis- 
agreement with earlier work reported by Glemser and 
Sauer3 which shows a gradual increase from WOs to 
WOZ. The earlier work, however, must be viewed with 
some reservation because the value reported for a mix- 
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ture of W p 0 0 ~  and Wl8Oeg (over-all composition W 0 2 . g 2 )  

is significantly greater than the values reported for 
each of the nearly pure phases. 

The existence of additional defect structures prepared 
under different conditions and having compositions 
differing only slightly from that of UT02.9e remains a dis- 
tinct possibility. The recent observations by Gado6b16 
indicate a structure which is quite different from that 

(16) P. Gado, Research Insti tute for Telecomm. Techn., Budapest, 
Hungary, private communication. 

proposed here, and the observations by Kellett and 
Rogers" may indicate a new phase which is different 
from those previously observed. 
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Single cryqtal X-ray diffraction studies of LaTeZ and lTdTez and of the related tellurium-deficient compositions have con- 
firmed the isomorphism with Fe& (C 38). The atoms in 
the basal plane are essentially metallic in nature and give rise to  the observed electrical properties. These are the atoms 
which can be removed from the structurc to  produce the tellurium-deficient compositions. This explains the increased 
electrical resistivity as well as the decrease in the length of the n axis and the increase in the length of the c axis observed for 
these compounds 

Two different types of tellurium atoms exist in the structure. 

Introduction 
The crystal structure of LaTe2 was reported as iso- 

structural with CeTep by Pardo, Flahaut, and Do- 
m a ~ ~ g e , ~ , ~  and both compounds appear to be iso- 
structural with the Fe2As structure, C 3SL4 Since 
lanthanum and cerium have atomic numbers which 
are close to the atomic number of tellurium, the dif- 
ferences in atomic scattering factors, especially after 
applying a dispersion correction, are small enough to 
prevent the unequivocal assignment of locations for 
these atoms. The previous structure investigations 
were based on data derived from powder patterns. 
Investigation of the structures of the two isomorphs 
PJdTe2 and LaTet by means of single crystal techniques 
promises to locate definitely the atomic species. The 
neodymium compound, with the greater scattering 
factor difference, was also deficient in tellurium. It 
afforded a firm distribution of the atomic species among 
alternative equivalent position sets, which could then 
be applied to the LaTez. 

Experimental Section 
Lanthanum and neodymium were treated with tellurium by a 

vapor-solid reaction in sealed Vycor tubing a t  600" to yield com- 

(1) Research sponsored b y  the  Air Force Office of Scientific Research, 
Office of Aerospace Research, United States Air Force, under AFOSR Grant 
No. 806-65. 

(2) M. P. Pardo, J .  Flahaut, and  L. Domange, C o m p t .  r e n d . ,  206, 953 
(1963) 

(3) A I .  P. Pardo, J. Flahaut,  and I,. Domange, Bull. soc. chim. Fvnncr,  
3267 (1964). 

(4) A. F. Wells, Structural Inorganic Chemistry, 3rd Ed.,  Oxforrl TJniver- 
si ty Press, T.ondon, 1961, p. 520. 

pounds having formulas LaTez o and NdTe18. The space group 
for these compounds is P4/,nim, and the unit cell constants ob- 
tained from powder data are a = 4.507 + 0.005 .k., c = 9.128 i 
0.010 A. for LaTez o and a = 4.377 + 0.006 .k., c = 9.060 
0.010 d .  for NdTel there are 2 formula weights per unit cell. 
The room temperature variation of lattice constants c, a, and 
c /a  as a function of composition for the iXdTez-. solid solution 
range has been reported by Lin, Steinfink, and Weiss.6 

Single crystals of LaTe2 0 of dimensions 0.07 X 0.06 X 0.007 
mm. and of the approximate composition r\-dTel of dimensions 
0.05 X 0.04 X 0.01 mm. were mounted along the c axis. The 
three-dimensional intensity data from both crystals were col- 
lected with a G.E. XRD-6 single crystal oricnter using Cu Ka 
radiation and a scintillation counter with pulse height discrimi- 
nation. Absorption corrections were necessary because of the 
high linear absorption coefficients of LaTe2 and NdTez, 2126.7 
and 2370.5 ern.-', respectively. The shapes of the somewhat 
irregular fragments were approximated by a small number of 
boundary planes, and the absorption corrections were computed 
by the Busing and Levy method.B This shape approximation 
of the fragment was rather idea1iLed for the two large dimensions, 
making the hkO reflections subject to large absorption errors. In 
this structure the 2 and y parameters are fixed by symmetry so 
the hkO reflections were omitted from the refinement calcula- 
tions. 

The scattering factors of La, Nd, and Te  were corrected for 
dispersion, isotropic as well as anisotropic temperature factors 
were used, and a full-matrix, least-squares refinement with unit 
weights was carried out based on the FezAs model. 

Structure Determination 
Table I shows the final positional parameters and the 

anisotropic temperature factors together with their 

( 5 )  W. Lin, H. Steinfink, and E. J. Weiss, Inovg. Chrm.,  4 ,  S i 7  (1065). 
( 6 )  W. R. Busing and H. A. Levy, Acla C ~ y s t . ,  10, 180 (1957). 


