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PART II. THE CRYSTAL STRUCTURE OF MERCURIC TELLURATE

INTRODUCTION

The very great stability of hydrated tellurie
acid, HgTely, BHQO, was probably first noted by
Berzelius, and it was later suggested that the two
molecules of water be considered not as water of
crystallization, but as a part of the molecule of
telluric acid. This suggestion was made more
plausible by Baker and Aldam'l}, who found that the
dihydrate failed to lose water even after standing
six months over phosphorus pentoxide in a vacuumg
also that the substance failed to transmit water, as
 true hydrates do. Structurally the TeOg group is
satisfactory, as the greater atomic diameter;af the
tellurium atom allows a coordination number of six.
Sulfuric and selenic acids do not form such
extremely stable hydrates, nor would we expect them
to do so in view of the smaller atomic diameter.

A determination.of the crystal structure
of telluric acid should settle the question of the
coordination number of tellurium in this compound.
Kirkpatrick and Pauling, in 1926'2), stidled Laue and
and rotation photographs of H6T806 in ite cubie
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modification and found it to have a unit cell 15.48A.
on an edge contal ning 32 molecules. The space group
is Og, and if the tellurium atoms are to be equivalent
they are placed in special positions without variable
parameters; the point group associated with each
tellurium atom is then Czy or D, indicating that
symmetrical placing of six oxygen atoms 1s more
likely than a TeOy group. Thus in this incomplete
analysisg one is led to a coordination number of six.
The present work is an attempt to
agscertain whether the TelOg octshedron exists in a
salt of telluric acid, namely mercuric orthotellurate,
HgzTe0g. Here we might consider the salt to be one
of HpTeO4, with HgO molecules arranged in some
manner, and that the tellurium atoms are tetrahedrally
gurrounded with oxygens The results of this work seem
to show that such is not the case, and that the
tellurium atoms here, as in HgTeOg, have a coordination
number of six. Again the ooneclusion is based on én

incomplete structure determination.

Preparation and Laue Data

The substance was repared in the manner
described by Hutchins(s). Telluriec aecid is first
made by dissolving tellurium in concentrated nitric

acid, oxidizing the resulting tellurium dioxide with
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chromic acid, and sepambing out the telluriec acid

by erystallization. Then to a solution of

telluric acid a slight excess of concentrated

mercuric nitrate is added. White HgleO, is the

immediate precipitate; it turns yellow almost

at onces. In a few days a group of small amber

erystals forme In the present case the crystals

were small, with only one or two as large as 0.5 mm.

in diameter. They had no well-formed faces, and

were roughly spherical in shape. Theyare cubile,

according to Hutchins. Their density is unknownj

the amount obtained was too small for measurements

to be made. Formation of the crystals is rather

gensitive to hydrogen ion concentration; they will not

form if the pH is less than the highest that may be used

to dissolve the mercuric nitrate. |
Examination of the crystals under a

microscope proved it impossible to indentify or

even locate any faces, so a crystal which produced

good Laue spots was photographed in varying positions,

using radiation from a tungsten target with minimum

wave length of 0.25A., until a pattern corresponding

to that given by a beam ?arpendicular to the (110)

face of a cublec crystal was observed. This pattern



showed & plane of symmetry, but no two-fold axis,
corresponding to the point group Tp. Rotation of the
crystal through 35° 15' in a plane perpendicular to the
observed symmetry plane produced the typical trigonally
symmetrical photograph of the cubiec octahedral face.

lio symmetry planes could be found. Gnomonlc
projections were made of four Laue photographs: one

in which the beam was nearly parallel %o the trigonal
axis, and those in which the beam made angles of

3%, 5%, and 7° with the axis, respectively. Attempts
to make oscillation or rotation photographs of this
crystal falled; later an execellent powder photograph
was obtained, using fresh materisl.

The size of the unit cell was determined
from Laue data before the powder photograph was takeng
this problem proved to be both interesting and profitable.
In the first place, the large number of observed Laue
spots sugpested & large unit cell; each photogreph
contal ned approximately three hundred first order spots.
The value of ag was fixed roughly at 143 by use of the
short wave length 1limit of 0.252 and the disappearance
of certain reflections as the ecrystal was rotated. Then
use was made of the known values of the K absorption
edges of Ag and Te, as these were the only absorption
edges involved in the experiment fdal ling within the
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range of wave~lengths produecing first order spots in
the Iauve photogrsphs. Using -ae=14.g, forms were
found in the nearly symmetrical photogrgp h reflecting
wave-lengths of approximately 0.3892 and 0.4852, the
K edge of Te and Ag respectively, and the intensities
of the pots produced by various planes in these forms
were canpareds No effect of the Te edge could be
found; in four forms reflecting near the Ag edge
certain spots were found to be more intense than
others of the sasme form reflecting at slightly
greater angles. The summary in Table I gives the
results obtained. The best value for ay appears to

o o
be 13,404, with a probable erroyr of aboubt Q.03A.

TABLE I
Form hll Sine Observation Gonelugl on
156 156 138 561 is weaker than
561 +147 156 or 615 18,00 < a,< 15.66
e 635 .140 o
165 165 .145 . _ o .
" 165 1s much wesker than ~0vi0< 80<13.40
651 136 @51, and 516 only 8, probably very
516 5143 slightly weaker .nearly 13440 |

F#10e T - - ' LD 'f 10 5 weaker thén o
T 13.38< a, < 13,684

10' BT .14 the other two.

5T10 .i99
B% .148 273 weaker than the

s B9 24 12.91< 8,<15.54
732 .137 other two

o2 «141




The Laue photographs also made possible a
definite choice of space group. Absence of first
order reflections in which h+k+1 is odd made it
almost certdn that the structure is based on a body
ecentered lattice. Space groups based on this lattice
igsomorphous with the point groups T or Th are TS, T,
Tg, and TZ. The space group Ta is obtained by passing
all the tetrahedral symmetry axes through the lattice
points of a r—z lattice; in the space group Ts only
one three-~fold axis passes through the lattice points
and the other axes are arranged in such a way that none
intersect. Tg and Tg are derived from Tg and T5
respectively by the addition of a center of gsymmetry
at the lattice points. Of these space groups thé only
one with speeial criteria is T;; it requires that
reflections (Okl) be missing if 1 is odd. In the
Laue photogrgp hs of Hg.TeOs no f£irst oder reflections
were obgerved of the type {(0kl), and these were the only
striking absences aside from the absences due to lattice
criteria. The following table 1lists planes (0kl) which
were in position to reflect and &id not refleect in an
asymmetric photograph in which the x-pray beam made an

angle of 7% with the trigonal axis:
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nx i1 sin © nA

Cslls1B .218 <318
0.9.13 «239 «413
0.7.9 +195 A58
03317 +200 +251
CuBud .098 237
0938 «125 «333
590 »168 445
T« 1140 «120 «247
750 170 531
9% o0 J136 .332
709 »156 «367

It appears extremely probable, then, that the space
group is Tg. If thie is the case, the vhole problem
is greatly simplified, as we coen then determine the
number of molecules in the unit eell without knowlng
the density of the substance. As it is impossible

to @#ind less than eight equivalent peints in the

unit cell of space group TZ, we must conclude that the
number of molecules in the unit cell is a multiple of
eights Later considerations substantiaste this choice

of space group.
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Powder Photographs

A reproduction of the powder photograph of
mercuric tellurate is shown on the following page.
It was made using.Cu Ko radiation filtered through
nickel; the sample was cemented with collodion to the
outside of a fine tube of low absorbing glass. The
camera radius 1s 5.065 cm., as calibrated from a
gsodium chloride photograph taken under similar
conditions. Table II lists the ninety-three lines
observed; they are all attributable to a body centered
cubic lattice, and, moreover, the three lines whose
absences are required by the gpace group T; are missing.
The size of the unit cell was calculated, using lines
reflected at large angle, correcting their position
for absorption in a mamner recently outlined by M.U.C@hen(4),
which was found to be satisfactory. The result of this

o
calculation gave a, = 13.366A with a probable error of

0,018,

Determination of Parameters

If we now calculate the density of the crystal,
using this value of a,, we find it to be 0.57056n, where
n is the number of molecules in the unit cell. If

n=28,0= 4.56; if n = 16, 9= 9.13. We shall assume



fowder Photograph
of
Mercuriec Tellursate
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TABLE II. Powder Lines from Mercuric Tellurate.

n?+ 12 +1°  gin 6 Est.Int.
14 2173 + 85
16 «2318 +28
18 e 2466 1.5
20 <2597 1.8
22 e 2718 +18
24 «283% 13
34 PR Y 4 50
38 « 3HBH «41
40 + 0660 08
42 +BTAQ »20
46 =920 1.8
48 L4002 .08
50 4082 D2
54 4245 .62
586 «4322 «36 -
82 +4551 1.2
84 <4617 o1
66 4602 « 45
68 24761 «d4
70 4831 .36
72 4898 24
74 49860 «28
78 «5088 .. 40
80 .5158 .60
82 5220 ¢ .24
86 5381 7 48
86 0415 +18
90 «D4TS «15
94 «DH9B 38
96 «5653 « 08
08 5712 .28
100 +B771 O3
102 +5826 + 19
104 + 5885 +46
106 «5937 .29
110 « 6050 +«30
112 +»5112 F.f.
114 +6152 F «14
116 «B210 o 24
118 + 8263 42
120 +6313 0B
122 « B3B3 «25
126 5471 e 0

%4+ ¥2+1% gin © Eat.Int.
134 L6674 .50
136 L6725 .20
138 L6725 .35
142 L6866 .14
144 L6913 .12
146 6962 .09
150 J7055 ..20
152 7102 .28
154 7150 ..13
158 7241 .16
164 SIBTE 42
166 JTA1T 34
170 L7516 <08
174 7592 .18
176 7642 12
182 JPTE8 .25
184 7814 .10
186 854 .5
192 7972 ,05
198 8099 .18
200 L8143 .30
206 .8259 .28
210 8337 .07
212 .8384 .25
214 8424 .18
216 .8460 .12
222 .8574 .08 4
226 8657 .08 4
230 L8728 .35
232 8763 .1
234 .8805 .25
238 L8874 .22
246 L9027 .18
248 «9062 .15
250 L0096 .12
254 0172 .28
258 0245 .20
260 .9283 .45
262 L9317 .25
264 0347 .4
266 .0384 .1
270 .0455 .25
av2 L9489 .42
278 L0591 .23
280 .9623 .18
282 L9662 .13
286 9726 .38
288 9760 .5
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that 9.13 is the correct density, as it is by far the
more reasonable value. This, then, vequires thet 48
Hg, 16 Te, and 96 O atoms be placed in the unit cell.
"The tellurium atoms must be placed on the thres fold
axes, so that theif positions are those designated by
the group 1l6e below and require the specification of
one parameter, or they are placed on the fixed centers

(5)
of symmetry (81 and 8e).

(16e): wuumg W,U,P=U3; S=U,U,U; U,5=l,u3
0,03 §,u,urd; utd,d,u; u,urd,T;
stiglly Wl UTo, Saliglis sUT e Uy
Utd U, UNES UtdeE-u,U; U,utd,ieud F-u,U,urd;
L 25 1 1 Cq Ty RS |
FoUFeU,EeUs FeU,UE,US U,EeU,Uurds WHE,UsEeU.

$5a sps . s1E. B,
{8e): %EK?EE@? Agss Ta4l

333, 211, 1831, 118
G4ed 743 “ans ZTd4ie

{8i): 0003 3503 20%s O%i:
&3 0033 0303 200,

It is unlikely that the mercury atoms also lie on the
trigonal axes, hence thdy must occur in the general
position xyz and the 47 positions derived from it by
symmetry. Similarly we place the oxygen atoms in
general positions requiring six parameters, thus

the problem becomes one of evaluating ten variable
parameters to specifyy the structure. Stralght forward

evaluation of ten paramebers is an almost endless task,
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so it Wecomes necessary te look into the problem
from another and somewhat more fruitful angle«

If the parameter describing the positions
of the tellurium atoms is 1/8, then the atoms are at
meximum distances from each other along the cell
diagansls. This maximum distance is 5.79%, which
approaches zero as u is made to approach O or %. The
distance between Te atomg in different diagonals with
u=1/8 is 4.728, which inereases somewhat as u is
changed, approaching 6.68% as u approaches 0 or %. If
u ig greater than & the same confipuration of Te atoms
is repeated. Thus we see that u is not greatly
diffevent from 1/8; if the oxygen atoms surrand Te
in any econfiguration u must be close to 1/8, or the
atoms must occupy positions (81) and Be). If we assume
that u=1/8 and ealculate the contribution of Te to the
structure factors for a few low Qrd@r‘terms, we obteln

the following resulis:



%}:ezr 1{hx + ky +12)
Te atoms
bl u=1/8 81i,8e
002 0 0
112 -2 0
022 0 4
222 0 0
123 2 0
114 0 0
024 0 0
134 0 0
233 2 0
224 0 4
125 2 0
044 4 4
334 0 0
224 0 4

It 1is obéerved that in a large number of cases Te does
not contribute to the scattering if u = 1/8, and it is to
be expected that in these cases, if the indices are low,
tellurium atoms are in general not contributing greatly
to the scattering. Thus an approximate evaluation of

the parameters describing the positions of the heavy
mercury atoms can be made if we calculate for all

values of the parameters the contribution of Hg to such

Al



lines as 002, 022, 222, 114, 024, and 134. The limitz
which %, y, and z take before the structure factor

is repeated are:

0<x< %
O<y <%

0 <2 < i

It is unlikely that x < %, as this would crowd the
mercury atoms too near to the tellurium atoms. Such
calculations were made in the region ¥ < x< 3, for
the lines mentioned above, with the exception of 222.
Two-dimensional contour diagrams were prepared for
various values of z, sufficiently accurate to enable one to
follow the course of the values of the structure factors
throughout the cube treateds All positions of the
merecury atoms in this cube were eliminated definitely
except for a small region near the center.

Attention should be drawn at this point
to the large number of absences among the lines of low
order. Table II 1lists no lines with q° < 143 neither
does it 1ist the line with g° = 26 (134). ILines 002
and 006 are missing or very weak, while 004 and 008 are
quite strong. Thus in the above three dimensional
diagrams we would expect the mercury atoms to lie near

the points of intersection of the nodal surfaces of the
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functions corresponding to the missing lines (002,
022, and 134). Actually the nodal surfaces of 002 and
022 do not intersect in the region studied; their
distance of closest approach, however, is not large.
Careful examination of the photograph revealed an
extremely weak 002 reflection; moreover, the oxygen
and telluriﬁm atoms may influence these intensities to
the extent we are concerned with here. In view of
these considerations, the final wvd uves decided upon

for the mercury parameters ares

z = 0,145

with probable errors amounting to about 0.005. All other
regions were definitely eliminated., The statement seems
reasonable that still further confidence can be placed
in the determination of the space group since satisfactory
values could be found for these parameters.

We see, then, that if the above analysis
is correet, the wvalues of the parameters are roughly
y=2z=1/8, x = 3/8, if u = 1/8. If we disregard the
oxygen atoms we see that each tellurium atom is
surrounded by six mercury atoms in a slightly distorted
regular octshedron, with a Te-Hg distance of zay = 3.348,

approximately. Each mercury atom, on the other hand, has



47

only two nearest Te neighbors, This suggests
immediately an octahedral TeOg group, each oxygen
atom being bonded to tellurium and mercury. Ve eaﬁ
calcﬁlate the oxygen bond angle with the help of the
atomic radii of Pauling and Huggins(s). The Te~0
distance sho:ld be 1.982, and the Hg«0 distance 2.143.
These give a bond angle of 1020, quite a reasonable
value.

The exact shape of the Te06 octahedron is
not known and cannot be found from the calculations made
thus far. The line Te-Hg-Te is not straight; indeed
the angle at Hg approximates a right angle. It is
difficult to decide from these results whether the
coordination number of mercury is two or fowr; if it is
four the Hgly tetrahedra must share its edges with TeOg
octahedra. This seems more likely in view of the fact
that otherwise mercury atoms are adjacent to one
another without oxygen atoms to £ill intervening spaces.

| In the event that the tellurium atoms
occupy pesitions 8e and 81 the above determination of
the mercury parameters does not holde This is dus to
the fact that the nodal surface of the structure
factor for 022 figured largely in determining the
parameters, and if the tellurium atoms occupy these
positions they contribute greatly to this line.
Howver, positions 81 and 8e are located at the centers
of symmetry of the crystal, and the point group at these
positions is 031’ Hence the argument used by Kirkpatrick
end Pauling to establish TeOg applies here with equal

certainty.
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