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Mercury(l) Molybdates and Tungstates: HpWO,4 and Two Modifications of HgoMoO4
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The high-temperature3f) modification of HgMoO,4 was prepared by solid-state reaction of HgO with Ma&D

400 °C. Well-crystallized samples of the low-temperatuse) (modification of HgMoO, and isotypic HgWO,

were obtained by hydrothermal recrystallization of the microcrystalline powders &CL8he crystal structures

of these transparent yellow compounds were determined by single-crystal X-ray diffractofhetggMoOs:
P2,/c, Z = 4, a = 511.31(6) pm)b = 901.83(7) pm,c = 1086.0(1) pm,s = 101.01(3}. a-Hg,MoO, and
Hg,WO,: C2/c, Z = 4,a = 873.52(6) and 873.0(1) pnb,= 1155.19(7) and 1147.6(3) pra,= 493.05(3) and
493.24(6) pm,f = 115.196(5) and 114.86(%) respectively. Ing-Hg,MoO, the molybdenum atoms are
tetrahedrally coordinated by oxygen atoms and the Me@®ahedra are linked via Hglumb-bells, thus forming
infinite zigzag chains. The low-temperatuke-Ymodification of HgMoO, contains MoQ@ octahedra, which are
linked via common edges to form zigzag chains, which are further linked vialtigb-bells, resulting in puckered
two-dimensionally infinite sheets. Bonding between adjacent sheets is achieved only via weak (second@ry) Hg
bonds of 254.8 pm, while the strong H@® bonds of the nearly linear-€Hg—Hg—O groups within the sheets
have a length of 214.8 pm. The Héflg bond lengths are practically the same in the three compounds with
252.3(1), 253.49(7), and 253.3(1) pmirHgMo0,, a-HgoMoO,, and HgWO,, respectively. The average M®
distances within the Mogtetrahedra and the Ma@ctahedra are 176.2, and 196.5 pm, respectively. The structural
chemistry of these compounds is discussed together with that of previously reported mercury | and || molybdates
and tungstates.

Introduction (Chempur,>99%), and Mo@. The molybdenum dioxide was synthe-
sized by chemical transport of elemental molybdenum and the trioxide,
Only three mercury molybd_ates and one mercury tungstate MoO;, using iodine and water (from the silica tube) as transporting
are structurally well characterized. The structure of the mercu- ageng The transport was from 1000 to 89G. Powders of the oxides
ry(ll) molybdate(VIl), HgMoQ, and the isotypic mercury  HgO and MoQ were mixed in the ideal ratio, annealed in evacuated
tungstate, HQW@ has been reported almost 30 years ago. It silica tubes for 16 days at 400, and quenched in air. The major
consists of distorted Mo and WQ octahedra, respectively,  product of this reaction was the mercury(ll) molybdate HgMéOther
that share common edges, thus forming infinite zigzag chains. products were Hg\10,07,> MoOs, and elemental mercury. Small single
These chains are oriented parallel to each other, and they arecrystals of-Hg:MoO, were attached at the tube walls.
linked via Hg(ll) atomsk? The isotypic compounda-Hg,MoO, and HgWO, were prepared
More than 20 years later two other mercury molybdates by hydrothermal recrystalllzatl_on. Mlcrocr_ystal_llne pow_ders oof
Hg:M0,0; and HgMosO:s were characterizet® We now Hg:MoO, and HgWO, were obtained by precipitation, reacting aqueous

: e solutions of NaM0O4:2H,0 and NaWO,-2H,0 (both from Riedel de
report the preparation and crystal structures of two modifications Haien, 99.5%), respectively, and H§l0s),-2H,0 (Merck, p.a.). For

of Hg:MoO;. The low-temperatureot) modification and the 0 pydrothermal syntheses, 800 maiekig;MoO, and HgWO, were
isotypic compound HgVO, have already been characterized each sealed in evacuated silica tubes of about 12\@iume with
by their X-ray powder patterns, which could be indexed with 3.5 mL of water. The tubes were placed in a steel autoclave with 10
C-centered monoclinic cellsThese are now confirmed by the  bar of nitrogen. After sealing, the autoclave was heated to °T80
structure determinations. Brief reports about the present work held at that temperature for 60 h, and finally cooled to room temperature

have been given at conferences. within 12 h.
) ] The crystals of the high-temperatuy® )X modification of HgMoO,
Experimental Section are needle-shaped with a dark-yellow, almost orange, color. The low-

temperature -) modification and the corresponding tungstate also
crystallize in the form of transparent needles. Their colors are of a
lighter yellow. When ground to powdenrg;Hg,MoO; is lemon yellow,

while HgWO; is pale yellow. Energy-dispersive X-ray fluorescence
analyses of the three compounds in a scanning electron microscope

Sample Preparation, Properties, and Lattice ConstantsSingle
crystals of the high-temperaturg-{ modification of HgMoO, were
prepared by solid-state reaction of yellow mercury oxide, HgO
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Table 1. Crystal Data of3-Hg,M00O., a-Hg;MoO,4, and HgWO.2

Mormann and Jeitschko

empirical formula
space group

ﬂ-ngMOO4
P2,/c (No. 14)

(X-ngMOO4
C2/c (No. 15)

H92WO4
C2/c (No. 15)

a(pm) [511.31(6)] 873.52(6) [873.1(1)] 873.0(1) [872.9(1)]

b (pm) [901.83(7)] 1155.19(7) [1154.7(3)] 1147.6(3) [1147.1(2)]
c (pm) [1086.0(1)] 493.05(3) [492.75(7)] 493.24(6) [493.22(7)]
B (deg) [101.01(3)] 115.196(5) [115.20(1)] 114.86(1) [114.87(1)]
V (nm?) [0.4916] 0.4502 [0.4495] 0.4484 [0.4480]

z 4 4 4

fw 561.1 561.1 649.0

temp €C) 21 21 21

2 (pm) 71.07 71.07 71.07

pealc (Q/CNP) 7.58 8.28 9.61

w(cmt) 647 707 938

R(F)® 0.035 0.024 0.033

Ru(F?)° 0.093 0.052 0.075

@ The lattice constants were obtained from Guinier powder [single crystal] data. Standard deviations in the positions of the least significant digits
are given in parentheses throughout the papBr= Y ||Fo| — |Fc|l/3|Fol; Ry = [SW(F2 — FAYYW(FAAY% w = U[o%(Fs?) + (VP)3 where
P = (maxF?) + 2F2)/3 andV = 0.0332 forf-Hg-M0O,, V = 0.0108 fora-Hg-M0O,, andV = 0.0144 for HgWO,.

CuKa, radiation andx-quartz @ = 491.30 pmg = 540.46 pm) as an
internal standard (Table 1). They agree within three standard deviations
with those reported earliér.

Structure Determinations. Single crystals of all three compounds
were selected for the structure determinations on the basis of Laue
patterns. X-ray intensity data were collected at room temperature on
an Enraf-Nonius CAD4 diffractometer wih26 scans using graphite-
monochromated Mo K radiation, a scintillation counter with pulse-
height discrimination, and background counts at both ends of each scan.
Empirical absorption corrections were made frgmscan data. The
crystal data are listed in Table 1 and more detailed in the Supporting
Information.

The structures were determined and refined with the program
package SHELX-97.The positions of the metal atoms were located
by Patterson syntheses, and the oxygen sites were obtained through
difference Fourier syntheses. For the refinements, a full-matrix least-
squares program was used with atomic scattering factors, corrected for
anomalous dispersion as provided by the progtahime weighting
schemes reflected the counting statistics, and isotropic parameters
correcting for secondary extinction were optimized as least-squares
variables. In the final difference Fourier syntheses the highest and lowest
values were 5.1 and2.1 e/ for 8-Hg,MoO,, 1.7 and—1.4 e/ for
a-Hg:MoO,, and 3.6 and—3.4 e/&R for Hg,WO,. The positional
parameters of all three compounds were standardized using the program
STRUCTURE TIDY?° The atomic parameters are listed in Table 2,
and the anisotropic displacement parameters are given in a table of the
Supporting Information.

. . Figure 1. Projection of the monoclinic structure of the high-
Discussion temperatureff-) modification of HgMoO, along the (inclinedj axis.

The structures of the high-temperatufe)(and low-temper- ) ) _ o
ature (i-) modifications of HgMoO, differ essentially in the ~ therefore the transformation may require some time. Similar
coordination of the molybdenum atoms. faHg;MoO, there phase transitions between molybdates with hlgh.-temperature
are MoQ tetrahedra with no common oxygen atoms, while in tetrahedral and low-temperature octahedral coordination of the
a-Hg,MoO, the molybdenum atoms have distorted octahedral Molybdenum or tungsten atoms have been observed for the
coordination (Figures 1 and 2). The Mg@ctahedra share ~ compounds TMo®(T = Fe, Co, Ni}***and Sn\WQ.'***
edges, thus forming zigzag chains. The high-temperature Obviously, the tetrahedral coordination of the molybdenum
modification was obtained by us only with a small yield at 400 atoms in3-Hg:MoO, is favored at high temperature. Only two
°C. We have investigated a sample of the low-temperature of the four oxygen atoms of each Mg@trahedron are tightly
modification on a high-temperature SimeGuinier camera?! bound (to mercury atoms). This allows considerable thermal
Up to 300°C no phase transformation was observed. At higher motion for the MoQ tetrahedra. Thus, a relatively large amount
temperature under normal pressure the compound decompose®f thermal energy can be accommodated in the high-temperature
Nevertheless, the low-temperature modification may already be modification, resulting in a large entropy terfiAS in the
metastable at 306C, since the expected phase transition can Gibbs—Helmholtz equation. In the low-temperature modification
be classified as reconstructive (as opposed to displacive) and
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Figure 2. Crystal structure ofi-Hg-MoO,. Strongly bonded atoms form layers that extend perpendicular tpdkis of the monoclinic cell. These
layers are shown in projections along this axis at the right-hand side of the figure. Two-digit numbers correspond to the heights of the atoms in
hundredths of the projection direction.

3
@Hs OMo Ooxygen

Table 2. Atomic Parameters gf-Hg:M0O,, a-Hg,MoO,, and
Hg2W04a

X y z Bq

B-Hg:MoO, (Own Type,P2,/c)
Hgl 4e 0.44091(13) 0.28547(8) 0.07853(6) 1.87(2)
Hg2 4e 0.65470(14) 0.37735(8) 0.43669(6) 2.00(2)
Mo 4e 0.0307(2) 0.53982(14) 0.21623(11) 0.96 (2)
Ol 4e 0.098(2) 0.0347(13)  0.1427(11) 2.0(2)

02 4e 0.163(2) 0.7157(13)  0.2086(11)  2.1(2)
03 4e 0.217(2) 0.0095(13)  0.4143(11)  2.0(2)
04 4e 0.300(2) 0.4087(13)  0.2221(11)  2.1(2)
a-Hg;MoO, (Own Type,C2/c) Figure 3. Near-neighbor environments of the metal atomg-Hg,-
Hg 8f  0.35870(5) 0.10714(3) 0.02189(8) 1.26(1) MoO,. The thermal ellipsoids are drawn at the 95% probability limit.
Mo 4e 0 0.10025(10) ~ 1/4 0.66(1) Single-digit numbers correspond to the designations of the oxygen

01 8f 0.1339(8) 0.0492(5) 0.6485(13)  0.88(9) P _dini
02 8 01416(8) 0.1938(6) 0.2010(15) 1.28(11) atoms. The bond lengths (pm) are indicated by three-digit numbers.

Hg.WO, (a-Hg:M00O, Type, C2/c)

Hg 8f 0.35978(6) 0.10923(5)  0.02230(11) 1.24(1) less densely packed is also reflected by the thermal parameter

w de 0 0.09832(6)  1/4 0.59(1) values Beg, wWhich are all higher in the high-temperature
01 8f 0.1339(10) 0.0502(8) 0.655(2) 0.79(13) modification when compared to those of the low-temperature
02  8f 0.1424(11)  0.1940(8) 0.202(2) 1.23(14)  form (Table 2), although both structures were determined from
aThe last column contains the equivalent isotropic valBggof X-ray data collected at room temperature. Almost always the
the anisotropic displacement parametexd@*, pn¥), as defined by low- and the high-temperature modifications of dimorphic solid-

Beq = 87%Ueq WhereUeq is one-third of the orthogonalized; tensor. state compounds differ in the number of variable positional
atomic parameters, with the larger number of variable parameters

the MoGQ; octahedra are more tightly bound because they have occurring for the low-temperature form. Dimorphic #gpO,

to share common oxygen atoms to result in the same composi-is one of the rare exceptions.

tion, MoQ,. This is also apparent from the larger cell volume The near-neighbor environments of the metal atomg-in

of the high-temperature modification: 0.1229 vs 0.1125 nm Hg,MoO, are shown in Figure 3. The MeO distances in the

per formula unit, a difference of almost 10%. It can be expected tetrahedral Mo@ groups range from 173.2 to 180.6 pm with

that the high-temperature form will also have larger thermal an average of 176.2 pm. The average value compares well with

expansion. The fact that the high-temperature modification is the average distances found for other isolated tetrahedrabMoO
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Table 3. Interatomic Distances in the StructuresHg.MoO, and
a-Hg:MoO/Hg,WO,2

ﬂ-ngMOO4
Hgl: Hg2 252.3 Mo: o3 173.2 02: Mo 173.2
04 2148 02 173.2 Hg2 245.9
O3 266.4 o1 177.8 Hgl 283.9
03 267.1 04 180.6 03: Mo 173.2
02 2839 O1: Mo 177.8 Hgl 266.4
01 3025 Hg2 218.6 Hgl 267.1
Hg2: Hgl 252.3 Hg2 297.2 0O4: Mo 180.6
Hg2 318.1 Hgl 3025 Hgl 2148
01 2186 Hg2 268.2
02 2459
04 268.2
01 297.2

a-HgoMoO4/Hg,WO,

Figure 4. Atomic coordinations in low-temperature-HgzMoOs. Hg 253.5/253.3 Mo/W: 202 173.5/174.7 O2: Mo/W 173.5/174.7

Interatomic distances are in pm units, the angles in degrees of arc. TheMo:

thermal ellipsoids are at the 95% probability limit. 8; géiggﬁ; 281 ;ggzgggg :g ggggggég
groups, e.g., the five different Mo@etrahedra in LE{M0O,)s,16 gi ggg'iggg'g oL I’f;/w ;fg‘ggfé'f
which have average MeO distances ranging between 177.1 ' ' MolW 225.8/222 6
and 178.1 pm or the five different isolated Mp@trahedra in Hg  292.4/295.8
17 \aii i
(1:762('\:;'00‘38&'\7/'? 2507) with average Me-O distances between aFor the calculation of these distances the lattice constants obtained
-5 an -2 pm. . . . from single-crystal datg5¢Hg,Mo00O,) and the Guinier powder patterns

The MoQ tetrahedra iff-Hg:MoO, are linked via mercury-  (¢-Hg,Mo0, and HgWOx) were used. Al distances shorter than 330

(I) pairs, thus forming infinite zigzag chains(MoO,)—Hg— pm (metat-metal) and 320 pm (metabxygen) are listed. The standard

Hg—(MoO4)—Hg—Hg— (Figure 1). The Hg-Hg distance of deviations are all equal to or less than 0.1 pm for the-Hg distances
252.3 pm compares well with the average of 251.3 pm found and are 1 pm or less for the metaixygen distances.

for about 50 Hg-Hg distances in some 30 mercury(l) oxocom- )
pounds!® This distance corresponds to a bond order f 1. all of these compounds the oxygen atoms with the two short

Together with the tightly bound oxygen neighbors 04 and 01 Mo—O bonds occupy an edge of their MpOctahedra, and
the mercury(l) atoms form nearly lineatO4—Hgl—Hg2—01— this is also the case for the oxygen atoms with the longH@o

groups with bond angles G4gl—Hg2 and HgtHg2—01 bonds, while the oxygen atoms of the medium-long M®»
of 171.4(3) and 165.9(3), respectively. The short HeO bonds occupy opposite corners of the Ma@tahedra. As could

distances of 214.8(11) and 218.6(11) pm compare well with 2€ €xpected, the oxygen atoms with the short-Mobonds of
the average of 217 pm found for other short Hg(® these compounds do not form any strong-+{ bonds.
distanced® In addition to these tightly bound oxygen atoms _ 1N€ tungsten compound B0, is isotypic with the low-
the Hgl and Hg2 atoms have four and three other OXygentemperature modification of HiyloO,. The positional and also

neighbors, respectively, with HeD distances between 245.9(11) the thermal parameters of the two compounds are very similar.
and 302.5(12) pm. These interactions might be considered ag™S could be expected, the anisotropic thermal parameters of
weakly bonding. In addition to these weak H@ interactions the heavy tungsten atom are all smaller than those of the
the Hg2 atom has another Hg2 atom in its coordination shell at Molybdenum atom. The short Hgg and Hg-O distances of
318.1(1) pm. This distance is almost 30% greater than the short20th compounds are practically the same, while the short Blo

_ i ; ; distances are slightly shorter than the short-@/ distances
Hgl—Hg2 distance of 252.3(1) pm, and possibly this weak = o :
in?eractigon is also (very Weak(ly)) Eonding. P Y (Table 3). This difference corresponds to the difference reflected

In Figure 4 we show the near-neighbor environments in by the difference in the atomic radii listed for molybdenum and
a-Hg:M0oO,. This compound has only one kind of mercury tungsten in the respective binary and ternary oxides by Shan-
atom, and the short HeHg and Hg-O distances of 253.5(1) non?C It can be expected that at high temperature the tungsten
pm and 214.8(6) pm, respectively, are comparable to the compound HgWO, Fransforms to a modification with tgtra-
corresponding distances just discussed forAmodification. hedral WQ groups in analogy to the phase transformation of
The Hg-Hg—01 angle of the ideally linear GlHg—Hg—0O1 Hg,Mo0O,. However, since these compounds have a tendency

group is 161.8(2) The deviation from 180is most likely due to decompose at higher temperature, cpnsiderable oxygen and
to packing effects. mercury vapor pressure may be required to prevent such a

The molybdenum atoms in the-modification are situated ~ deécomposition. o
in distorted oxygen octahedra. There are two short-@o The structure ofb-HgMoO, has some similarity with the

distances of 173.5(6) pm, two medium-long MO distances structure of HgMoQ.Z In both compounds the M@gtahgdra

of 190.3(6) pm, and two long MeO distances of 225.8(6) pm. share edges with two othgr M@Octahedra, thus forming zigzag

This environment with a very similar progression of MO cham_s with the composition MaQIn a-H_gzM_oO4 these chains

distances is found in many compounds with octahedral molyb- @€ linked via Hg dumb-bells, resulting in puckered two-

date groups, e.g., HgMo3 Hg:M0,07,2 and HgMosO16.4 In d|men5|onally.|nf|n|te sheets. Bonding between adjacent sheets
occurs only via the weak (secondary) H@ bonds of 254.8-

(16) Jeitschko, WActa Crystallogr.1973 B29, 2074. (7) pm. In HgMoQ the zigzag chains of edge-sharing MpO

(17) Gatehouse, B. M.; Same, R. Solid State Cheni97§ 25, 115. octahedra are linked by the Hg(ll) atoms. Again, in this way

(18) Wessels, A. L. Darstellung und strukturelle Charakterisierungrema  tyo-dimensionally infinite sheets are formed. Both structures

%Jgegksﬂberomde. Doctoral Thesis, Univefsitdiinster, Germany, crystallize in the space grou@2/c, and the mercury molybdate

(19) Brown, I. D.; Gillespie, R. J.; Morgan, K. R.; Tun, Z.; Ummat, P. K.
Inorg. Chem.1984 23, 4506. (20) Shannon, R. DActa Crystallogr.1976 A32 751.




Hg.WO, and HgMo0O,

sheets of both compounds extend perpendicular to ythe
direction. A major difference of the two structures lies in the
arrangement of the sheets when viewed alongytbeection.

In HgMoO;, these sheets are superimposed, whileriRigy-
MoQO, they are staggered (Figure 2). Thus, thexis of the
latter compound is twice as large as in HgMo®Qevertheless,
both compounds havé = 4 formula units in the C-centered
cell because the sheets of HgMp&re puckered in a way that
the a axis of the structure is doubled.
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