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Abstract

Light-yellow crystals of HgTe@FOH were obtained under hydrothermal conditions by reacting stoichiometric amountscéfi@@&gO
in diluted HF, or alternatively, by dissolution of Te@nd Hg(NQ),-H,O in 15wt.% HF and subsequent slow evaporation of the solution. The
crystal structure (space groRea2; (#29),Z = 4,a= 7.8960(7)b = 6.7845(6)c = 6.8641(6) A, 1044 structure factors, 56 parameflis?
>20(F?)] = 0.0186, Goo& 1.007) was determined from a single crystal diffractometer data set and is made up from distdt@gFHQH)]
polyhedra and (T€O,F(OH)¥~ anions. These main building units form a layered assembly parallel to (01 0). Upon heating, JA@FO
decomposes above 300 in a two-step mechanism under formation of the mixed-vatery" ,T¢V/V',0, and traces of H{pTe"' Os in the
first step, and of formation of TeOn the second step.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction On this account it seemed appropriate to prepare new
non-centrosymmetric candidates in the system H{-T@

Inorganic materials with non-linear optical properties and to determine their crystal structures. In a recent project,

have a growing impact in science and technology. Ap- two polymorphs of the mixed-valent ¢V! compound

plication of these materials for frequency conversion, as HgxTexO7 have been crystallographically full characterized

electro-optical and photonic devices, optical switches etc. [1], and one of the polymorphs (th&modification) is in-

make the specific syntheses and crystal growth of new com-deed non-centrosymmetric. Another approach for the prepa-

pounds challenging, because they have to meet very speciatation of related phases is to (partly) replace oxygen with

criteria (thermal stability, transparency in the spectral range, fluorine and to investigate the system HgYFeO—F—(H)

excellent optical quality etc.) and, most importantly, their for which no representatives are known up to now. During

crystal structures have to be non-centrosymmetric. Unfortu- these examinations the title compound Hg3EOH was

nately, only about 15% of the known inorganic compounds obtained, whose preparation, crystal structure and thermal

crystallize in non-centrosymmetric structure types, but in behaviour is reported in this article.

certain structural families the absence of a centre of sym-

metry is more frequently observed. These families include

compounds with small asymmetrical ligands like SCahd 2. Experimental

OCN~, or with cations having lone-pair electrons such as

TI', sd', PE', sB" and Bi", or oxoanions like S¥03%~, 2.1. Synthesis
TeV 03?2~ and VO3, respectively, which can cause the
asymmetry in the structure. Single crystals of HgTegFFOH used for structure analy-

sis were obtained under hydrothermal conditions. For that
purpose, 0.12g (0.75mmol) TeMerck, 99.999%) and
* Tel.: +43-1-58801-17122; faxi-43-1-58801-17199. 0.1639 (0.75mmol) HgO (Merck, p.A.) were charged in a
E-mail addressmweil@mail.zserv.tuwien.ac.at (M. Weil). Teflon inlay with 10 ml capacity which was two-thirds filled
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with a 5wt.% HF solution and then sealed in a steel auto- 2.2. Data collection and refinement

clave. This device was heated up to 220within 12 h, left

at that temperature for five days and cooled down to room Single crystal diffraction intensities from a hydrother-
temperature in the course of 48 h. Besides canary-yellow mally grown crystal were collected using thescan tech-
HgsTeOs crystals[2], colourless to light yellow plates of  nique with 0.3 rotation width and 30s exposure time per
the title compound had formed. Single phase HgjieQH frame on a SMART three-circle diffractometer (Siemens)
was prepared by dissolution of 0.4 g (2.5 mmol) peshd equipped with a CCD camera. Three independent sets of 606
0.86 g (2.5 mmol) Hg(N@)2-H20 (Fluka, p.A.) in 50 ml of frames were measured thus scanning the whole reciprocal
a 15wt.% HF solution (Merck, p.A.). This solution was sphere. The measured intensities were corrected for Lorentz
then allowed to evaporate slowly at room temperature. Af- and polarization effects and an absorption correction was
ter five days crystal growth started, and after the period of applied using the program HABITUR] by minimizing the

two more weeks yellow crystals with a plate-like habit and internal R value and optimizing the crystal shape. The so
an edge-length of up to 0.3 mm had formed in the clear so- derived habit was the basis of the numerical absorption cor-
lution. The crystals were filtered off, washed with ethanol rection. The crystal structure was solved by direct methods
and acetone and dried in a desiccator over gd@ two and refined with the SHELX97 program packddg In the
days. The obtained crystals are stable under normal labo-final least-squares cycles all atoms were refined anisotropi-
ratory conditions, but darken to a yellow-brownish colour cally. The H atom was not included in the refinement because
in daylight, which had no influence on the diffraction in- no reliable atom position could be found in the difference
tensities. The presence of fluorine and OH was determinedmap. No higher symmetry was suggested by the PLATON
gualitatively by wet chemical methods and IR spectroscopic program[5], and the Flack parametf] clearly indicates
investigations, respectively. the absence of any centre of symmetry.

Thermoanalytical analyses were performed in an open Further details of data collection and structure refine-
system under a flowing Natmosphere on a Mettler-Toledo ment are summarized ifable 1 Final atomic coordinates,
TG50 (35-700C, heating rate 53C min—%, corundum cru- equivalent isotropic displacement parameters, anisotropic
cibles) and a DSC 25 system (35-5%0) heating rate  displacement parameters and selected interatomic dis-

5°C min~1, aluminium capsules). tances and angles are listedTables 2—4 The calculated
Table 1
Crystallographic data and details of data collection, structure solution and refinement
Diffractometer SMART (Siemens)
Radiation; wavelength (A) Mo Ka; 0.71073
Temperature°C) 22(2)
Crystal dimensions (m@) 0.11 x 0.07 x 0.05
Crystal description Light-yellow plate
Space group Pca2; (no. 29)
Formula units Z=4
Lattice parameters (A) a = 7.8960(7)

b = 6.7845(6)

c = 6.8641(6)
Volume (A3) V = 367.71(6)
Formula weight (g mol?) 396.20
w (mm™1) 49.506
X-ray density (g cm?) 7.157
Rangefmin — Omax 3.96 —» 30.47
Rangeh; k; | -11—- 11;-9—- 9;-9—-> 9
Structure solution and refinement SHELX8Y
Measured reflections 4132
Independent reflections 1044
Observed reflectiond &2 (1)) 978
R 0.0313
Absorption correction HABITUY3]
Coefficients of TransmissioMmin; Tmax 0.0470; 0.2007
Flack parameter 0.049(9)
Number of parameters 56
Extinction coefficient (SHELXL97) 0.0036(3)
Difference electron density (e&) with distance (A) to atom Apmax = 0.97 (0.45; OH);Apmin = —1.04 (1.33; F)
R(F2 >20(F2); wR(F? all) 0.0186; 0.0416
Goof 1.007

CSD-number 413078
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Table 2
Atomic coordinates and equivalent isotropic displacement parametéjs (A
Atom Wyckoff position X y z Ug?
Hg 4a 0.16948(3) 0.59541(4) 0.23399(8) 0.01632(9)
Te 4a 0.07746(5) 0.15284(6) 0.02773(7) 0.01030(10)
o1 4a 0.1594(7) 0.4111(7) —0.0003(10) 0.0194(12)
02 4a 0.6480(6) 0.2102(9) 0.4633(8) 0.0163(11)
F 4a 0.0143(7) 0.2313(8) 0.2969(6) 0.0253(11)
OH 4a 0.3818(6) 0.1497(6) 0.2327(9) 0.0119(9)
& Ueq = (1B)Z; 5 Uija,’-‘a;‘. a;-aj.

Table 3
Anisotropic displacement parameters?JA
Atom U1 U2 Uss Uz Uiz Uiz
Hg 0.01919(14) 0.01453(14) 0.01525(13) —0.00400(13) 0.00118(14) 0.00067(9)
Te 0.01061(18) 0.00825(19) 0.01206(18) 0.00005(19) —0.00006(17) 0.00076(15)
o1 0.027(3) 0.010(3) 0.021(3) —0.001(2) 0.000(2) —0.0088(18)
02 0.008(2) 0.018(3) 0.022(3) 0.012(2) —0.001(2) 0.001(2)
F 0.032(3) 0.025(3) 0.019(2) —0.0072(19) 0.009(2) —0.012(2)
OH 0.011(2) 0.016(2) 0.0093(19) —0.001(3) —0.002(2) 0.0040(16)
Table 4 Table 5
Selected distances (A) and anglé} ( Bond valence analysis (v.8.)
Hg-O1 2.039(6) Te-02#6 1.875(5) Hg Te z Expected
Hg—02#1 2.061(5) Te-O1 1.878(5)
Hg-O1#2 2.592(6) Te—F 19874) ©1 0834  1.307 2328
Hg-02#3 2.696(6) Te—OH#6 2.051(6) 0.187
Hg-F 2.791(5) Te—OH 2.785(5) 02 0.786 1.317 2.244
Hg—OH#1 2.855(5) Te—OH#7 2.929(5) 0.141
Ho—F#4 2.997(6) ) .
Hg-O1#5 3.174(6) F_OH#7 2.823(6) OH 0.092 0.819 0.911 2 (including the H atom)
Hg—Te#5 3.2840(6) (0.112)  (1.099)
O1-Hg-02#1  172.7(2) 02#6-Te-O1 96.3(2) (0.076)

O2#6-Te-F 85.7(2) F 0.066  0.940 1.044

O1-Te-F 86.1(2) 0.038

O2#6—-Te—OH#6 85.3(2)

O1-Te—OH#6 81.6(2) % 2.144 4383

F—Te—OH#6 163.9(2) (4.571)

Expected 2 4

Symmetry transformations used to generate equivalent atoms x #1:
12, -y +1,z; #2:—x + 1/2,y, z+ 1/2; #3: —x + 1, -y + 1, z — 1/2;
#A:x+1/2, -y + 1,7 #5: —x, -y + 1,2+ 1/2; #6: —x + 112,y, z —
1/2; #7:x — 1/2, -y, z.

bond-valence sumg/], using the parameters provided by
Brese and O’Keeffd8], are given inTable 5 Additional
crystallographic information on HgTe®OH is available
from the Fachinformationszentrum Karlsruhe, D-76344
Eggenstein-Leopoldshafen, Germany, emaiy'sdata@fiz-
karlsruhe.deby quoting the literature citation, the name of ther known structures are the related fluorooxotellurate(1V)

the author and the depository number listed at the end of KTeOFR; [11], and the tellurium(lV) oxidefluorides 3©sF»
Table 1 Drawing of structural details were produced using [14] and TeOF [15].

the program ATOMY9].

3. Results and discussion

a Additional contributions resulting from weak bonding interactions

are given in brackets.

of this formula type as well as the first member of this
structural family with mercury as a cation reported so far.
Other crystallographically well-characterized representa-
tives include HTe;O3F4 [10,11] (NH4)TeO(OH)R [11],
MTe(OH)R (M =K, Rb) [12], as well as the double-salts
NapTe(OH)R(SOQy) and (NH;)2Te(OH)R(SOy) [13]. Fur-

The crystal structure of the title compound consists of
distorted [Hd O4F>,OH] polyhedra and (T8 O,FOH)~
anions as the main building units. Like in many other
mercury(ll) compounds, the Hg atom shows an explicit
two-coordination and is surrounded by two tightly bonded

HgTeQFOH crystallizes in a non-centrosymmetric oxygen atoms with almost collinear bond%(}ﬂg—O)short
structure and is the first fluorohydroxooxotellurate(lV) =2.05A, Z/(O-Hg-0) =172.7(2). Two remote oxygen
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with the lone-pailE located at one equatorial corner of the
polyhedron. This stereochemical behaviour is quite charac-
teristic for the T& atom and has been described in detail
for various tellurates(lV) and related compour{ds,19]

Both oxidic atoms O1 and O2 show the shortest Te-O dis-
tances of ca. 1.88 A (and also the shortest Hg—O distances).
The fluorine atom and the hydroxy group are located at
considerably longer distances of 1.987(4) and 2.051(6) A,
respectively. In all fluorinated oxo- or hydroxotellurates(IV)
mentioned above, there is no general tendency with respect
to the atom typeX (O, OH, F) and the Texbond length,
since in some of these compounds the shortest bond is a
Te—O bond, a Te—F bond or even a Te—OH bond. In the
corresponding structures this scatter is caused by the dif-
ferent bonding interactions of these atoms to the additional
coordination partners (covalent bond, intra- or intermolec-
ular hydrogen bond etc.). The bond-valence analysis of
HgTeQFOH (Table § clearly demonstrates the presence of
F and OH in the structure. Although a reliable assignment
of these atoms is hampered by the very similar scattering
factors of the F and O atoms, and to compound matters
that on the basis of the present X-ray data no location of
the proton was possible, refinements of the occupancies
support the present tentative model. The reliability factors
were somewhat higher when F and O were interchanged
(R =0.0196, WR =0.0440) or refined using a model of
statistical disorder = 0.0214, vir = 0.0459).

Each [Hd' O4F,0OH] polyhedron shares an edge (01-02)
and (02’-01’) with along and a short Hg—O distance to con-
Fig. 1. Plot of the coordination around Hg (a) and Te (b), with displacement stjtute infinite zig—zag chains extending parallel to the [0 0 1]
ellipsoids drawn at the 90% probability level. Short Hg-O bonds are jraction, Adjacent chains are connected by interstitial Te
given as solid lines, longer Hg—O bonds as well as Hg-F bonds and weak . . .

Te—OH bonds as open lines: the symmetry codes refdaltde 4 atoms parallel to [1 0 OFig. 2) which results in a layered as-
sembly parallel to (0 1 0). The lone-paEof the TéV atoms
are stereochemically active and are arranged oppositely to
each other. Like in many other tellurites(IYy30] or Te(IV)
atoms are located at considerably longer distances of aboufluorinated compound§21], the lone-pairs point towards
2.65A. If an empirically derived bonding interaction be-
tween mercury and the corresponding ligands is consid-
ered for distances<3A [16], the coordination figure is @® e T
augmented by a hydroxy group and two fluorine atoms | ¢ ¢
at distances >2.8 AFjg. 19. The observed bond length 00
distribution is in agreement with other fluorinated oxocom- S F
pounds of mercury where the Hg-O bonds are considerably | @ ©
shorter than the Hg—F bond7]. The polyhedron around
mercury as a whole is extremely distorted and difficult to [ [
derive in terms of a simple geometric description like for
other (undistorted) hepta-coordinate atoms (e.g. a pentago- = S
nal bipyramid or a monocapped prism). The tellurium atom
is surrounded by six coordination partners (two oxygen
atoms, one fluorine atom and three hydroxy groups) with
bond lengths ranging from 1.88 to 3.0A in a highly dis-
torted octahedronHig. 1b). As a matter of fact, only four
of these atoms with distances 2.10 A contribute signifi- x
cantly to the electrostatic valence around the tellurium atom Fig. 2. Projection of the crystal structure along [010]; the unit cell is

(Table 3. Then the corresponding coordination figure can outiined. The Te@FOH anion is plotted in the polyhedral representation;
be described as a truncated trigonal bipyramid JEQH)E interpolyhedral F- - OH interactions are given as dotted lines.
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Although held together only by weak-F- OH interac-

@ He

© Te tions, the crystals are comparatively stable up to ca.°800
Co The thermal decomposition proceeds in a two-step mech-
g [c:)H anism Fig. 4 and might be formulated by the idealized

reactionEgs. (1) and (2)showing a good agreement be-
tween observed and theoretical mass losses. The first step
involves a redox-reaction under formation @Hg,Te,O7

[1] which is accompanied by an endothermal DSC ef-
fect at ca. 455C. Subsequent XRPD analysis of material
heated up to 480C revealed the mixed-valent ¥éV!
compound as the main phase besides traces b &' Os

[2]. TeO, was not detected by this method, indicating
that this phase is X-ray amorphous at that temperature. In
the second step the remaining mercury phases decompose
completely above 620C under formation of paratellurite,

Fig. 3. Projection of the crystal structure along [100]; the unit cell is «-TeOp, which was determined by XRPD as the only phase

outlined. The Te@FOH anion is plotted in the polyhedral representation; present.
interpolyhedral F-- OH interactions are given as dotted lines. . .
First step:

the cavities of the structure, in this case to the inter-sheet 3HgTeQFOHs — a-Hg,Te;07, + TeGps + Hgy 1
spaces. Two neighbouring layers are connected perpendic- +3HFg 1 1)
ular to each other only by weak-F- OH interactions at a
distance of 2.82 AKig. 3), which explains consistently the Mass loss 22.5%, theory 21.9%
plate-like habit and the easy cleavage of the crystals. Second step:

An empirically derived correlation between the OH
stretching frequencies and-© O distances has been re- «-HG;T€207s+ TeQps — 3TeQys + 2Hgy 1 +2Hgg 1
ported for various OH bearing minerals and synthetic +110p0 1 )
compounds[22]. On the simplified assumption that this
correlation also holds for OH stretching frequencies and Mass loss referring to the second step: 49.1%, theory
the corresponding F - O interactions, the distanaF—O) 51.6%
=2.823(6) A correlates with a calculated stretching fre-  Overall reaction:

quency of y(OH)cac = 3430 cnt?! which is in very good HaTeO,EOH. — Te H HE 1o 3
agreement with the observed value®H)ops= 3440 cnr?! gTeQFOMs — TeOzs+Hgg 1 +HFg 1 +3020 1 (3)

(powder specimen in a KBr matrix). Mass loss 62.7%, theory 59.7%
0 190 2(|)0 390 490 5(1)0 6(|)0 700
100
90
X, 804 3
@ | e
wn
2 70 E
n ] =
3 ®
S 60 ﬂ\//\-\ T
50_ exo
40+ I
1 endo
30 —r 1 111 T T
0 100 200 300 400 500 600 700

Temperature [°C]

Fig. 4. TG and DSC curves of the thermal decomposition of HgF&IH.
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4, Conclusion

HgTeQFOH has been synthesized and its structure de-
termined by means of single crystal X-ray diffraction data.

Upon heating above 30, the compound decomposes
in a two-step mechanism to form paratellurite, Pe@ith
a-HgoTexO7 (main phase) and HJeQ; (traces) as inter-
mediate products.

The structure is made up from distorted [H@yF,OH]
polyhedra and (T¥ O,FOH)Y~ anions as the main building
units which form a layered assembly parallel to (01 0). Ad-
jacent layers are connected only via-FOH interactions
at a distance of 2.823(6) A which is in agreement with IR
spectroscopic data.

Neutron diffraction experiments planned for the future are
considered to yield a reliable location of the proton position
and to achieve a more detailed understanding of the inter-
and intrapolyhedral hydrogen bonding.
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