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The Crystal Structure of Terlinguaite Hg,0,Cl,

KARIN AURIVILLIUS* and LENA FOLKMARSON

Institute of Inorganic and Physical Chemistry, University of Stockholm, Stockholm, Sweden

The crystal structure of terlinguaite has been redetermined and
refined to a final R-value of 0.089 from three-dimensional X-ray
data (CuK) obtained from & native crystal of the mineral. Three
mercury atoms in the structure form an equilateral triangle with the
triangle edge Hg —Hg—2.708 0.002 A. The structure can be described
as built up of endless chains of the composition (Hg,04Cl,),, fused to
a network by contacts Hg—2C1=2.84 +0.01 A, Within the chains the
interatomic distances are Hg—Cl=2.6010.01 A and Hg—20=2.23 +
+0.03 A for mercury atoms belonging to the triangle; for merc
atoms outside the triangle the distances Hg—20 are 2.024-0.03
and Hg—Cl1>3.17 A. In the structure there are mercury atoms of
different oxidation numbers. One fourth of them, the atoms outside
the triangle are collinearily bonded to two oxygen atoms (2.02 A)
and may be attributed the number 2, while the other ones, forming
the triangle, may formally be attributed the number 4/3.

In connection with studies on the crystal chemistry of inorganic mercury(II)
compounds,! it seemed to be of interest to compare the results obtained
with the structural data of some mercury(II) compounds, reported in the
literature.2 The mineral terlinguaite has been the object of an X-ray diffrac-

tion study by Séavni%ar, based on two-dimensional intensity data. That
investigation yielded very interesting results.

In order to get an idea of the accuracy of the structure determination,
especially of the positions of the oxygen atoms, the present authors performed
a least-squares refinement of the reported structure, based on the intensity
material and the parameters given in Ref. 3. The result of these calculations
showed, however, considerable changes in the positions of the mercury atoms
and indicated that the oxygen atom arrangement did not correspond to the
one given earlier.? Thus we found it advisable to carry out a renewed investiga-
tion of the compound on the basis of a complete three-dimensional in-
tensity material since the two-dimensional data treated earlier had evidently
been insufficient.

* Present address: University of Lund, Lund, Sweden.
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2530 AURIVILLIUS AND FOLKMARSON

PREPARATION, CELL DIMENSIONS AND DENSITY

Native crystals of terlinguaite from Terlingua in Texas were kindly supplied by the
Mineralogical Department, the Museum of Natural History, Stockholm. In addition,
synthetic single crystals were prepared by hydrothermal heating of yellow HgO(o-rh)
and Hg,Cl, in the molar ratio 2:1. The moistened sample was sealed in a gold capsule
and heated at 300°C and 3000 bars for one week. The synthetic crystals were light yellow.
A water analysis was carried out according to Penfield * and gave no water content as
result. Guinier photographs revealed that the synthetic crystals had the same cell dimen-
sions as the native mineral. The observed density, 9.22 g-em~3, indicated a cell content
of four formula units Hg,0,Cl, (calculated density 9.35 g-cm™). The dimensions of the
monoclinic unit cell are a=19.515+0.020 4, b=5.91510.001 A, c=9.4784.0.010 A and
$=143.81°40.04°. The volume is 646.0 +0.6 A2, These values of the cell edges and the
density are in good agreement with those published earlier.®! The powder pattern is
published elsewhere.®

SINGLE CRYSTAL WORK

A single crystal of the mineral of a size about 50 x 30 X 15 1 was investigated
by CuK radiation filtered through nickel. Multi-film (3 films) Weissenberg
photographs were used to record the reflections of the following layer lines:

stal rotated around Recorded layer lines
y
[010] 0— 3
[001] 0— 5
[031] 0—11

The Laue symmetry 2/m and the characteristic space group C2/c (No. 15 in
the International Tables), also given by the previous author,® were confirmed.
The intensities were estimated visually by comparison with a calibrated scale.
The linear absorption coefficient was calculated to be 1871 cm™.% As this value
is very large, the corrections for absorption were sometimes considerable.
Using a program developed by Werner,” the corrections for the absorption in
the crystal were calculated as carefully as possible.

As a starting point for the refinement of terlinguaite the crystal structure
given in Ref. 3 was used:
Space group: C2/c (No. 15). Coordinates of equivalent positions

(0,0,0;3,3,0) +

4 Hgl mn 4(6): i’i’O;%aiv%;

4 Hg, in 4(e): 4-(0,y,%), y=0.594;

8 Hg,, in 8(f): +(x.9.2); +(2.9,3+2), =0.047, y=0.197, 2=0.200;
8 Ol in 8(f): #=0.188, y=0.282, 2=0.230;

8 O in 8(f): x=0.082, y=0.344, 2=0.700.

At first, the intensities of the reflections #0l—h3l were treated (408 reflec-
tions). Preliminary scale factors were calculated for the structure factors,
and a least-squares refinement was performed starting with the parameters
given above. The discrepancy factor R decreased to 13 9, after 10 cycles of
the refinement which, at that point, had produced a considerable displace-
ment, 0.92 A, of the y parameter of the oxygen atoms, from the value given
above. In the last cycle, the shifts in the parameters of the oxygen atoms were
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CRYSTAL STRUCTURE OF TERLINGUAITE 2531

19 of their deviations, ¢ ~0.06 A. The new parameter value was
Y0=0.1884-0.009. The other positional parameters changed to a small extent.
Thus, the displacements of the atoms were the following: Hg,, 0.03 A; Hg,
0.03 A; C10.12 A.

Preliminary electron density sections pg(z,y,2) based on the observed
structure factors (hOl—h3l), were then calculated at different values of y,
and also difference syntheses o’ (2,y,2), based on structure factors from which
the contributions of the mercury and chlorine atoms of the unit cell had been
subtracted. (These sections are not given here.) The positional parameters
of the mercury and the chlorine atoms were confirmed by inspection of the
several sections p(z,y,2), and the new oxygen atom position was supported
by, e.g., the appearance of the difference syntheses ¢''(2,0.19,2). A few other
peaks were also found in the difference syntheses, with heights up to 0.7
of an oxygen atom peak in the calculated electron density synthesis. The
interatomic distances calculated on the basis of the assumption that these
peaks corresponded to different oxygen atom positions, had unacceptable
values. The peaks were considered to be caused by termination effects. The
preliminary oxygen atom position is thus assumed to be: £=0.08, y=0.19,
2=0.72. Scale factors were then calculated and refined for the different layer
lines hkO—hk5 (390 reflections) and for the twelve diagonal layer lines (463
reflections) whereupon averages for all independent structure factors, many
of them measured several times in separate layer lines, were computed. A
refinement with isotropic temperature factors was then performed using the
646 independent reflections. After ten cycles, the refinement was considered
to be complete. The R-factor at that point was 0.099 and the shifts in the
parameters and their standard deviations were deemed satisfactorily small.

Following the refinement, final electron density difference syntheses
o'(z,y,2) and o'"'(z,y,2) were calculated where, at first, the contributions of the
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Fig. 1 a. The electron density difference synthesis ¢’(x,0.175,2), where the contributions
of the mercury atoms of the unit cell have been subtracted from the observed structure
factors. Two chlorine and two oxygen atoms are seen. Heavy lines are equivalent to two
ordinary contour lines.|

b. The electron density difference section p’’/(x,0.175,2), where the contributions of all

atoms in the unit cell are subtracted.
Dashed lines indicate negative values.
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2532 AURIVILLIUS AND FOLKMARSON
Table 1. Final fractional positional parameters and temperature factors and their standard
deviations.
z Y z B
Atom | () o) o(2) o(B)
Hg; 1 s 0 -
Hg]]: 0 0.5910 * -
— 0.0003 — -
Hgm 0.0490 0.1946 0.2016 —
0.0001 0.0003 0.0003 —
Cl 0.1946 0.295 0.244 1.3
0.0009 0.002 0.002 0.2
0] 0.079 0.179 0.722 0.57
0.002 0.004 0.004 0.39 i
ﬁll ﬂll ﬁsa ﬁlt ﬁu ﬂia
o(B11) 0(Bs2) o(Bss) 9(B1s) o(B1a) a(Bas)
Hgy 0.0022 0.0067 0.0103 —0.0002 0.0077 —0.0007
0.0002 0.0032 0.0006 0.0004 0.0006 0.0009
Hegn 0.0029 0.0051 0.0128 0 0.0104 0
0.0002 0.0032 0.0006 — 0.0006 -
Hgi 0.0040 0.0061 0.0165 0.0003 0.0142 —0.0014
0.0001 0.0032 0.0006 0.0003 0.0005 0.0006

Table 2. Analysis of the weighting scheme used in the last eycle of the refinement. The
intensity data were made up of 646 independent reflections. R=8.9 9%,. w is the weighting

factor. 4= |Fo|—|F.

Number of Number of
Inst:];r\éal independent w A% Infl(?a’rlval independent w 4

reflections ° reflections
0.00—0.46 69 1.58 0— 61 64 0.84
0.46—0.58 71 0.96 61— 89 65 0.87
0.568—0.67 73 1.07 89—116 64 0.79
0.67—0.74 72 0.88 116—141 65 0.99
0.74—0.79 60 0.74 141—-170 65 0.84
0.79—0.84 69 0.56 170—197 64 1.00
0.84—0.89 62 0.58 197 —243 65 0.77
0.89—0.93 63 0.84 243 —293 64 0.92
0.93—0.97 60 0.77 293 —-377 65 0.81
0.97—1.00 47 1.02 377—844 65 2.14
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Table 3. Observed and calculated structure factors hkl for Hg,0,Cl;. The columns give
hk,l, |Fo| and |F|.

15 14 =6 67,7 54,2 20 2 -5 111.1 1089 2 2 0 114.3 90,0
00 2 337w 564t 45 1 -7 107,977,920 2 -6 177.3 471.0 2 2
® 0 o 2001 1.0 15 1 -8 81.4 77,5 20 2 -7 37.4 37.8 2 2
2 0 0 453.4 a26.7 15 1 -9 270.8 242,90 20 2 -10 288.3 303.9 2 2
PO * * 15 1 =10 121.6 1y2.1 20 2 -11 76.9 5647 2 2
2 0 2 044,2 6809.5 15 1 -11 143.9 139.2 18 2 =3 181.5 225.1 2 2
2 0 4 195.9 20d.2 13 1 0 115.3 114.4 18 2 -4 B84.4  75.1 2 2
2 0 o 13 1 -1 334.3 347.7 18 2 =5 270.2 261.2 0o 2
2 0 13 1 -2 130.1 119.6 18 2 =6 152.7 130.2 o 2
2 13 1 -3 110.0 &3.1 18 2 =7 215.7 202.3 0 2
2 13 1 -4 103.7  60.1 18 2 -8 246.7 27148 o 2
4 13 1 =5 122.7 108.4 18 2 -9 97,2 086.4 0o 2
“ 13 1 -6 34,9 31,0 18 2 =10 106.8  86.3 o 2
4 13 1 =7 297.2 338.3 16 2 -2 53.4 42.9 0 2
4 131 -9 39,1 28.8 16 2 =3 250.9 232.8 2 3
4 131 -10 36,0 $6.3 16 2 -4 318.2 299.8 51 3
4 13 1 -11 96,3 104.0 16 2 =5 332.1 319.9 503
4 1101 2 111.1 120.9 16 2 -7 25643 291.2 33 3
° 111 1 307.8 387.0 16 2 -8 192.2 196.2 21 3
” 111 0 194.6 193.7 16 2 =9 194.3 168.4 19 3
2 11 1 -1 150.2 136.8 16 2 =10 183.7 191.3 9 3
o 111 -2 279.2 235.0 16 2 -11  47.0  30.2 1903
° 11 1 -3 465.4 458,06 14 2 0 168,7 133.8 49 3
° 11 1 -4 220.0 106.9 14 2 =1 86,5 843 49 3
M 11 1 -5 160.8 177.8 14 2 =2 157.0 127.5 44 3
s 1101 50 Teola goal: 14 2 -3 238.4 2187 ;3
8 11 1 -7 83.6  3b.2 14 2 17 3
3 11 1 -8 59.2  40.1 142 17 3
M 111 =9 317.3 289.8 142 1703
9 1 3 173.5 180.4 142 17 3
9 12 a2 1703
2o 142 1703
9 1 0 14 2 73
9 1 -1 14 2 15 3
S 1 -2 12 2 15 3
9 1 =3 12 2 15 3
9 1 -4 12 2 15 3
9 1 -5 12 2 .3
9 1 =6 12 2 15 3
9 1 =7 12 2 53
9 1 -8 12 2 15 3
9 1 -10 2 2 5 3
7 1 4 12 2 1303
713 11241 113.3 12 2 303
7 1 2 137.5 115.2 10 2 13 3
7 1 1 390,7 302.0 10 2 13 3
7 1 0 277.1 243.6 w0 2 3003
71 -1 298.3 238.3 2 13 03
71 -2 35544 365.5 w2 i s
7 1 =3 07449 912.9 0 2 303
7 1 -4 306.8 328.9 w2 1303
71 -5 288.4 290.2 w2 1303
7 1 -6 214,7 232.2 0 2 a3
71 -7 388.2 $98.3 0 2 a3
7 1 =8 1138.5 109.2 8 2 11 3
7 1 =9 7049 51.3 8 2 113
5 1 5 183.0 26,3 8 2 4103
5 1 4 43.7 43,3 3 2 11 3
J 5 1 2 1it.1 9.8 s 3 13
0 5 1 1 367.0 301.2 8 2 103
b 5 1 0 280.3 2J51.4 3 2 11 3
M 5 1 -1 391.4 417.8 8 2 1103
3 5 1 -2 340.0 355.0 s 3 a3
u 5 1 =3 114.2 120.1 s 3 1o
1 5 1 -4 378.7 386.2 8 2 3 3
1 5 1 =5 552.2 599.2 s 2 s 3
1 4 1 -6 272.9 275.1 6 2 9 3
23 1 -10 141.7 13649 5 1 -7 94,1 s1.3 o e 3
23 1 =11 289.8 296.7 5 1 -8 15%.5 192.0 6 2 9 3
21 1 -5 142,83 100.0 S 1 Ed 4.8 78.4 6 2 9 3
21 1 -6 129.0 120.4 31 3 313.1 318.1 6 2 ¢ 3
21 1 =7  067.7 045 3 1 2 29,6 23.8 o 2 33
21 1 -3 186.2 17b.4 3 1 1 155.5 96,2 ' 2 9 3
21 1 -9 330.8 349.0 3 1 0 119.5 92.0 5 2 9 3
21 1 -10 194.6 131.0 3 1 =1 230.5 228.7 Y 2 9 3
21 1 -11 155.5 12648 31 -2 149.3 210.3 o 2 s 3
21 1 =12 112.1 133.0 3 1 =3 543.7 572.2 ) 2 7 3
19 1 -4 5048 43.0 3 1 -4 240.1 253.4 6 2 7 3
19 1 =5 185.1 100.7 3 1 -5 19647 1687.2 4 2 7 3
19 1 -6 10347 8.4 3 1 =6 213.7 205.7 4 2 7 3
19 1 =7 25147 25042 3 1 =7 389.3 397.7 4 2 7 3
19 1 =8 205.2 15642 3 1 -8 118.5 123.2 4 2 7 3
19 1 =9 122.7 1u4d.4 1 1 ° 8849 31.1 4 2 7 3
19 1 ~10 192.5 L74,9 1 1 1597 123.2 4 2 7 3
19 1 =11 363.9 3o8.4 1 1 4 82.5 70.8 a 2 7 3
19 1 -12 110.0 142.7 11 2 50.8  40.3 a2 7 3
171 -2 37.0 339 11 1 643.1 636.7 a 2 73
17 1 =3 236.9 245,0 1 1 0 46.5 47.5 4 2 5 3
171 me 122.7 99.5 11 -2 13041 103.8 a2 5 3
17 1 =7 224.2 195.1 1 1 =3 260.2 232.9 a 2 5 3
17 1 -8 11744 4003 4 3 -q 52,3 152.0 a 2 5 3
17 1 =9 279.2 20548 3 3 -5 332,0 S1det a2 5 03
17t -10 11 -6 157.6 144.9 2 2 5 3
71 -1 101 -7 645 5946 2 2 5 5 3
B4 -1 22 2 -8 279.8 324.2 2 2 a 5 3
15 1 =2 88.7  79.4 55 5 -9 39.5 3145 2 2 3 5 3
15 1 -4 85.7  00.9 55 2 .10 118,5 90.6 2 2 2 s 3
15 1 -5 41648 443.6 59 2 -4 116.4 136.3 2 2 1 552.1 516.5 5 3
5 3
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2534 AURIVILLIUS AND FOLKMARSON

Table 3. Continued.

3 3 3 393.4 408.9 4 4 293.2 RIUR MY B 1 12345 1260.9 & o g
$ 3 2 320.% 294.3 4 4 277.> 35047 1 5 2 391.7 4382.2 & o 3
3 3 1 144.1 121.1 4 4 271.4 2062.4 3 5 2 383.5 423.7 [ o 1
33y 237.3 uzdnee 4 4 59.2 7.3 5 5 2 193.5 299.3 e o 1
S03 -1 507.2 a9y 44 199,09 195.9 75 2 106l 110.7 4 o 1
3003 -2 a2 210 44 10641 95,3 -t S 2 335.7 3v6.4 6 & 1
$ 3 -3 112,73 44 130.7 15909 -3 5 2 223.3 216.4 -2 ot
3 3 =4 178.8 176.3 3 E 4840 3303 -9 5 2 V0.9 77.8 -4 ° 1
33 e 18644 1/9.5 45 120,2 117.1 -7 5 2 1160 111.4 -6 o1
33 -6 209.2 20048 4 5 195.5 200.4 -9 5 2 134.1 128.0 -8 o 1
3 3 -7 129.0 114,9 a 5 272.0 377.3 ~11 5 2 5143 40.5 -0 ° 1
13 5 306.7 234,7 & 5 40747 438.% =13 5 2 127,41 180,7 oo 2
FOK] 13040 121.8 4 5 320,50 313.9 15 3 204.0 204.3 6 2
1033 162.6 140.0 45 220.0 23041 S 3 3 54435 ole0 4 o 2
1 3 2 347.9 303.1 4 5 42.4 7.2 -1 > 3 d7.4 vi.1 -2 o 2
1 3 1 020.4 b78.5 q 5 146,3 133.06 -3 5 3 200.5 2u9.3 -4 & 2
180 24548 305.9 4 5 128.5 127.0 -5 5 3 136.4 143.5 e o 2
103 -1 212.4 23049 4 S5 97.2  96.0 -7 5 3 179.5  105.2 -8 o 2
103 -2 213.5 20447 4 6 135.2 154,7 -y 5 3 151.9 10045 -1 6 2
103 =3 43d4.5 4»d.7 4 6 243,5 249.4 =11 5 3 124.7 141.3 2 6 8
1 3 -5 36,8 40,2 3 o 268,22 230.0 =13 5 3 94.4 1.6 o 3
13 -6 136.5 110.2 4 6 132,9  28.9 =15 5 3 181.9 154.3 o 3
94 U 148.6 159.3 4 6 234,06 224.0 1> 4 229.7 235.0 6 3
2 4 0 283.7 297.7 El 6 141.9 100.s -1 S 4 144.6 1391 © 3
4 a4 0 86,0 o047 4 b 218.9 177.0 -5 5 4 191.2 183.8 o 3
b 4 0 271.4 283, 4 6 169.8 177.3 -7 5 4 113.1 119.0 o 3
10 4 0 217.8 234,0 a4 7 22344 20b,4 =95 a4 59.5  a5.8 o 4
0 4 1 151.9 143,3 a 7 23243 2a1.2 -t1 5 4 137.6 1yo0.4 o 4
24 1 223,4 220.5 4 7 129.6 11,3  "t3 5 4 280.3 29040 o 4

44 1 5.9 o02.1 47 ad.n 33.2 -15 5 4 255,3 272.8 o 4 133.0 143>

o 4 1 119.5 11141 a7 is0.d 15341 13 b 143.4 14346 T4 417,00 34048

S8 1 19345 170,53 7 138.2 1920 -3 s 5 104.i 19949 e 4 21308 204

41 28643 207, 7 161.> /a4 S5 5 5 137.5 15041 o 4 58,0 oved

< 1 13148 119.0 7 188.8 143,08 -7 S 5 141.1 142.2 -2 o 5 85.1 100,4

4t 143.0 134,08 -5 a4 8 151.9 169.0 =9 5 5 167.9 148.5 i 6 5 180.1 2207

41 341,53 33400 -5 4 8 52,5  43.2  -11 5 5 145,7 117.0 -6 & 5 212.2 249.7

4 1 350.3 Jol.t 10 4 8 160.8 152.1 135 5 22043 137.9 -8 6 5 14b.3 148.6

4 1 413,3 400.n =12 4 8 78,2 73.2 -15 5 5 74,0 1.7 -10 o 5 17746 96.5

4 1 221.2 222.6 -14 4 8 188.8 178.7 “17 5 5 1v1.2 136.3 ~12 6 5 98,7  88.9

41 659 3.0 -1d 4 8 255.8 233.0 =3 5 6 73.4 38,8 -14 6 5 119.7 138.2

42 23001 239.4 10 4 9 62.6  45.9 -5 5 6 17640 143.7 10 6 7 30.8  29.1

a2 83.8 v7.C ~12 4 9 154,1 141.8 -y 5 6 121.2 194.0 12 o 7 151.7 153.1

42 221.2 2ub.1 14 4 9 100.5 1.7 11 5 6 269,35 203.» 14 6 7 130.9 131.0

4 e 6de1 7445 10 a9 57.0 4a7.0 -3 5 b6 426,7 443.9 i 7 0 63.1 5840

42 18645 198.9 16 4 9 173.1 144ua 15 5 6 350.7 321.0 37 0 40,7 36,2

a 2 73,7 ot.d =20 4 9 259.1 290.3 -17 5 6 272.3 209.4 5 7 0 105.1 103.3

4 2 336.4 343.2 14 4 10 33.5 a1.s S5 7 101.4 105.0 17 1 18246 195.4

¢ 2 a3 21 -15 4 16 163.1 103.0 -7 5 7 142.2 123.9 37 1 321.8 326.4

4 2 382.0 374.1 305 4 256.5 299.5 -9 5 7 109.6 100.2 =t 7 1 425.0 373.6

4 2 252.4 25,2 105 0 431.3 493.9 41 5 7 207.5 170.8 -5 7 1 212.8 190.4

4 2 58.1 4.0 305 0 384.7 dus.a 15 5 7 222.7 20046 -7 7 1 128.7 145.1

4 3 100.8 139.0 5 3 0 124,7 106,1 -17 5 7 47.3 38,9 472 4a8.0  4d.2

4 3 110.6 109.2 9 5 0 106.1  8b.6 -9 b8 1935 19346 -3 7 2 4.4 57.7

§o3 arer a1 1t 5 0 6d.1 79,8 11 5 8 277.5 297.4 -5 7 2 233.8 205.4

43 23006 342.3 105 1 6. 75.6 <13 5 8 333.4 366.1 -7 72 1944 2015

4 3 450.1 46,9 35 1 249.5 245.0 -15 5 3 207.0 281.0 -1 7 3 32.8  3b.6

3 417.8 439.5 S 5 1 87.4 86,5 -17 5 8 19040 100.1 =37 3 176.0 1061.5

4 3 430.0 399.1 705 1 143.4 100.7 -13 5 9 14i.1 172.3 -5 7 3 134.0 1328

43 37,4 137,53 s 5 1 262.3 229.9  -15 5 9 53,6 9.8 -7 73 46,0 29,3

4 3 77.14 72.0 -3 5 1 83.9  v0.3 17 5 9 142.2 154.2 -9 7 3 136.6 170.2

4 4 A%.s 77.1 -5 5 1 216.8 2033 0 6 0 141.9 127.4 =574 211.5 2423

44 199.9 190.9 -7 5 1 132.9 130.0 2 o 0 133.2 120.6 -7 74 190.5 202.0

4 4 B 7207 <9 S 1 124.7 182.9 4 6 0 249.2 233.3 -9 7 4 155.0 170.7

303 5 42.3  33.3

303 4 210.2 199.8

mercury atoms and then of all atoms in the unit cell have been subtracted
from the observed structure factors. The sections were calculated at intervals
of 4y=0.025 (4y=0.15 A) from y=0.000 to y=0.250. The whole unit cell
in the x and z directions was studied. The section p’(x,0.175,2), showing two
chlorine and two oxygen atoms, intersected respectively 0.18 A and 0.015
A from their midpoints, is given in Fig. 1 a. The appearance, the heights and
the positions of the peaks in this section and in all the other calculated ones
are in a very good agreement with the now deduced parameter values. In the
sections ¢'"'(z,y,2) (e.g. 0'(»,0.175,2) in Fig. 1 b), the highest peaks and the
deepest pits are smaller than 0.25 of the height of an oxygen atom peak in
the calculated electron density synthesis.

A final least-squares refinement of the 646 independent reflections was
then made using the program LALS,® the isotropic temperature factors for
the mercury atoms converted into anisotropic ones. Altogether 36 parameters
were refined: 10 positional parameters, 16 anisotropic and 2 isotropic tempera-
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Table 4. Interatomic distances (A units) and bond angles in the structure of Hg,0,Cl,
(cf. Figs. 3 b and 4). The values are corrected for thermal motion.

Bond Distance e.s.d.
HgII"’2HgIII 2.708 0.002
Hem—Hem 2.708 0.002
Hg;—2Hgyy 3.412 0.004
Hgr—2Hgyp 3.520 0.003
Herr—Hgyn 3.429 0.004
Hg;—20 2.02 0.03
Hgy—20 2.23 0.03
Hgn —2Cl1 2.84 0.01
Hgy—Cl 2.60 0.01
Hegmr—O0 2.26 0.03
Hgm—0 2.49 0.03
Cl—-Cl >3.41 0.02
Cl—-0 >3.23 0.03
0-0 >3.28 0.05

/Hem—Hgn—Hgm 60.0°+0.1°
ZHegn—Hem—Hgm 60.0° 4-0.1°
LHgm—Hgn—Cl 158.7°4-0.2°
£0—Hg—O 180.0° +0.0°

ture factors and 8 interlayer scale factors. The weighting factor scheme recom-
mended by Cruickshank,® was used. The refinement was considered to be
complete after 5 cycles when the shifts in the coordinates of the oxygen atoms
were well below 0.1 9, of their standard deviations and when there were no
shifts in the coordinates of the mercury and the chlorine atoms. The R-value
was then 0.089. In Table 1 are given the final fractional parameters and their
corresponding standard deviations and also the temperature factors and their
standard deviations. Isotropic thermal parameters B are given in A2 and the
anisotropic parameters § are dimensionless. The weight analysis after the last
cycle of the refinements is given in Table 2. It presents an overall view of the

a 0

Fig. 2. Part of a (Hg,0,Cl,),-chain, showing the anisotropic character of the thermal
vibrations of the mercury atoms.
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2536 AURIVILLIUS AND FOLKMARSON

Table 5. Root-mean-square components E; (4) of thermal vibration along principal axes
of the ellipsoids of vibration.

Atom R 1 R 2 R 3
a(E,) a(R,) a(Ry)
Hg; 0.096 0.117 0.129
0.022 0.011 0.008
Hgn 0.080 0.118 0.142
0.027 0.024 0.006
Hegnr 0.086 0.131 0.1656
0.023 0.018 0.0056

deviations |F |—|F,| in the calculations. The observed and calculated struc-
ture factors are given in Table 3 and the interatomic distances and angles of
interest in Table 4. The anisotropic character of the thermal vibrations of the
mercury atoms is shown in Fig. 2 and in Table 5.

DESCRIPTION AND DISCUSSION;OF THE STRUCTURE

From a two-dimensional X-ray intensity material, Séavnicar * found that
the structure of terlinguaite was built up of two separate elements, viz. endless
zig-zag —O0—Hg—O— chains, and molecules Hg,Cl,, forming a layer structure.
A mercury-oxygen distance of 2.40 A, which is too long to represent a chemical
bond, was the shortest one found between atoms belonging to different struc-
ture elements (Fig. 3 a). Consequently, the formula of the mineral was written
2HgO-Hg,Cl;. Three mercury atoms with Hg—Hg distances of 2.70, 2.70,
and 2.66 A formed a triangle. One of these atoms was described to belong to
the HgO-chain and the two others to form the Hg,Cl,-molecule. Thus, one of

Fig. 3. Projection of the structure of terlinguaite along [001];
a) the coordinates of the atoms according to the previous author.?
b) the coordinates of the atoms according to the present authors. The distances
are not corrected for thermal motion.
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them was considered to be divalent and the other two monovalent. A similar
description is given in a short communication by Baird and Harris.1®

From three-dimensional intensity data (CukK), the present authors have
found oxygen atom positions quite different from those given in Ref. 3 and
also some changes in the parameters of the chlorine and the mercury atoms.
The result has revealed that the structure is more complicated than described
above. Thus, it is no longer possible to discern separate HgO-chains or Hg,Cl,-
molecules. In spite of that, when describing the structure it is convenient to

start from the same building elements as given by Séavnicar, viz. the Hg,Cl,-
molecule and the HgO-chain.

On account of a strong interaction between the mercury atoms of the
imaginary endless HgO-chain and those of the mercury doublet of the imagined
calomel molecule, there is formed a “mercury triangle’” which is equilateral
within the limits of error (¢=4-0.002 A) (Fig. 3 b). The distances between
these atoms, denoted Hg, and Hgy, (Table 4) are short, being 2.708 A.
Equilateral ‘“mercury triangles”, with normal Hg—Hg distances (¢f. the
structure of HgO(o-rh)") are found in HgyOCl,*2 and in Hg,S,Cl,,'® the distances
Hg—Hg being 3.532 A and 3.543 A, respectively, with standard deviations of
0.003 A. On the other hand the reported Hg—Hg distance in Hg,Cl,'* is
2.563 A. Thus, the three mercury atoms Hg,, and Hg,,; may be bonded mutually
to each other. Further, as seen from the interatomic distances, there seems to
be no reason to assign different oxidation numbers to them. In the structure
all other mercury-mercury distances are much longer, >3.41 A.

In the linear molecule of Hg,Cl,, the distances Hg—Hg and Hg—Cl
are reported to be 2.53 A and 2.52 A, respectively.1 The corresponding group
in the present structure is distorted, giving longer interatomic distances.
Thus, the distance Hg—Hg, identical to the triangle edge, is 2.7084-0.002 A
and Hg—Cl is 2.60-0.01 A. The angle Cl—Hg—Hg is 158.7°4-0.2° (Table 4).
In the endless, planar zig-zag chain of HgO(o-rh) the distances Hg—O are
2.07 A and 2.04 A (6=4-0.03 A) and the angles O—Hg—O 180°+1° and
Hg—O—Hg 107°£2°1 A large and important deformation of this structure
element has occurred in the present structure, causing the distances Hg;—O
to be 2.02 A and Hg,;—O0 2.23 A (6=4-0.03 A) and the angles 0—Hg,—0
180°40° and O—Hg,;—0 105°4-1°. The angles Hg;,—O—Hg;; are 107°4-1°
(Fig. 3 b, Table 4).

Furthermore, the distances from the mercury atoms (Hg,,,) of the de-
formed “Hg,Cl,-molecule” to the oxygen atoms of the “HgO-chain’ are rather
short, being 2.26-4-0.03 A, the same distance as found for tetrahedral bonding
Hg—O in Hg(OHg),Br,.1® Thus, there seem to be but formal and didactic
reasons for describing the structure of terlinguaite as being built up of separate
Hg,Cl,-molecules and HgO-chains, even severely distorted ones.

The structure is thus more correctly described as built up of endless, slightly
puckered chains of the composition (Hg,0,Cl,), (Fig. 4), joined by mercury-
to-chlorine contacts into a three-dimensional network. The contact distances
are those between mercury and chlorine atoms of different chains
Hg;;—2C1=2.84 A (Table 4), somewhat shorter than between a mercury atom
within the ion OHg,Cl,+ and chloride ion (2.99 A) in the structure of Hg,0Cl, 12
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Fig. 4. Perspective view of the structure of terlinguaite, showing one chain (Hg,0,Cl,),.

x,y,2 correspond to the crystallographic axes. 2z’ denotes a line perpendicular to the crystal-

lographic xy plane. The part of the chain where the bonding distances are shaded lies

near the plane z=0.75. The other part lies near z=0.25. Filled circles show the mercury

atoms Hgy and empty small ones the oxygen atoms. These atoms form the short mercury-
oxygen bonds of 2.02 A.

Two such chains (Hg,0,Cl,), are running parallel to the y-axis through the
unit cell. They are crystallographically equivalent. Geometrically, the chain
can be described as built up of two parts of the composition (Hgz0,Cl,),,
connected by divalent mercury atoms, the atoms Hg, (Fig. 4), with short
mercury-oxygen distances of 2.02 A. The O—Hg;—O bonding is linear.
One part of the chain is lying near the plane 2=0.25 and the other near
z2=—0.25. The maximum distance of an atom of a part of the chain to the
respective plane is 4-0.45 A.

The coordination conditions of the various atoms of the structure may be
summarized as follows:

Two of the mercury atoms of the ‘“mercury triangle” (the atoms denoted
Hg,,,) are each further surrounded by one chlorine atom (2.60 A) and one
oxygen atom (2.26 A). An atom Hg,;, of point symmetry 1 and its four nearest
neighbours, viz. two mercury atoms, one chlorine and one oxygen atom form
a very flat square pyramid with the central atom Hg,,; at its vertex (Fig. 4).
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The third mercury atom Hg;; (point symmetry 2) of the triangle is sur-
rounded by two oxygen atoms (2.23 A), two chlorine atoms (2.84 A) and the
twgr mercury atoms Hg, (2.71 A), the six atoms forming a deformed octa-
hedron.

The atoms Hg; which are situated at a centre of symmetry are surrounded
by six atoms, viz. two oxygen atoms (2.02 A) and four chlorine atoms (3.17 A).
The resulting polyhedron is a deformed octahedron.

The oxygen atoms in acentric positions are each surrounded by four mercury
atoms in the shape of a deformed tetrahedron. The same polyhedron is formed
by four mercury atoms around all chlorine atoms, also in acentric positions.

In the structure of terlinguaite there are mercury atoms of different oxida-

tion numbers. Séavnicar stated that half of them were monovalent and half
divalent. The present authors prefer to write the formula of the mineral in
its original form Hg,0,Cl, or possibly Hg(Hg,0,Cl,) instead of 2HgO-Hg,Cl,.
To one quarter of the mercury atoms, the atoms Hg;, collinearily bonded to
two oxygen atoms, the oxidation number 2 may be attributed while the
others, viz. Hg,, and Hg,,, may formally be considered to have the oxidation
number 4/3.

More information concerning the valency stages of the mercury atoms in
terlinguaite, is expected to issue from spectroscopic studies now in progress.
It is hoped that these studies will give more exact indications concerning the
correct oxidation numbers of Hg;; and Hgyy,.

Acknowledgement. The authors wish to thank professor Arne Olander and professor
Sture Frongaus for their kind interest in our work. We are also much indebted to professor
Arne Magnéli for many valuable discussions during its progress.

The authors wish to thank the Computer Division of National Rationalization Agency
for giving free time on the computer FACIT EDB and CDC 3600.

These studies form part of a research program on mercury salts, financially supported
by the Swedish Natural Science Research Council.

REFERENCES

. Aurivillius, K. Arkiv Kem: 24 (1965) 151.
. Aurivillius, K. Arkiv Kems 23 (1964) 205.

. Séavnidar, 8. Acta Cryst. 9 (1956) 956.

. Kolthoff, I. M. and Sandell, E. B. Textbook of Quantitative Inorganic Analysis, 3rd
Ed., New York 1952, p. 717.

. Aurivillius, K. Univ. Stockholm, Inorg. Chem. DIS No. 5 (1964).

. International Tables for X-ray Crystallography, Kynoch Press, Birmingham 1962,
Vol. III, p. 162,

. Werner, P. E. Univ. Stockholm, Inorg. Chem. DIS No. 3 (1964).

. Gantzel, P. K., Sparks, R. A. and Trueblood, K. A. Program No. 384, World List of
Crystallographic Computer Programs, 2nd Ed., modified in Uppsala by J. O. Lundgren
and R. Liminga.

9. Cruickshank, D. W. J. Computing methods and the phase problem, Pergamon, London

1961, p. 32.

W~ S O B D

Acta Chem. Scand. 22 (1968) No. 8



2640 AURIVILLIUS AND FOLKMARSON

10. Baird, H. W. and Harris, S. Acta Cryst. 21 (1966) 7, N 9.

11. Aurivillius, K. Acta Chem. Scand. 18 (1964) 1305.

12. Aurivillius, K. Arkiv Kem: 22 (1964) 537.

13. Aurivillius, K. Arkiv Kems 26 (1967) 497.

14. Wells, A. F. Structural Inorganic Chemistry, 3rd Ed., Clarendon Press, Oxford 1962,
p- 891, p. 893.

15. Aurivillius, K. Arkiv Kem: 28 (1968) 279.

Received March 25, 1968.

Acta Chem. Scand. 22 (1968) No. 8



