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YCu(OH);(SO,) and YNi(OH);(SO,)-I have been synthesized
hydrothermally at 380°C at a presssure of 210 MPa.
YCu(OH);(SO,) crystallizes in the space group Pnma with
a=13956(1) A, b=6.13495)A, and c= 6.3528(5) A.
YNi(OH);(SO,)-I crystallizes in the space group P2,2,2, with
a=13.335(1) A, b =6.1256(5) A, and ¢ = 6.4830(5) A. The two
structures are topologically the same. Different distortions of the
CuQg and NiQ, octahedra account for the absence of a center of
symmetry in YNi(OH);(SO,)-1. Both compounds decompose to
form the oxides Y,M,O; when heated to 980-1000°C in air.
© 1999 Academic Press
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INTRODUCTION

Hydrothermal synthesis above the critical point of water
(374.1°C, 218.3 atm) has been widely used for the synthesis
of metal oxides including compounds with structures
related to perovskite (1-4). The perovskite oxide
YCus;Mn, O, is one example that can be obtained using
sulfate sources at 500°C (4). During our investigation of the
feasibility for synthesis of complex oxides under somewhat
milder conditions near the critical point of water, we have
prepared and characterized a number of novel yttrium-
transition metal sulfates that contain copper and nickel.
These compounds are of interest because superconductivity
has been observed recently in some yttrium copper oxides
containing sulfate anions (5). Very little is known, however,
about the general structural chemistry of yttrium metal
sulfates, although a large number of alkali and alka-
line-earth metal sulfates have been well characterized (6, 7).

In this paper, we report the syntheses of Y M(OH);(SO,),
M =Ni, Cu and their characterization by single-crystal
X-ray diffraction, infrared (IR) spectroscopy, and thermo-
gravimetric measurements.
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EXPERIMENTAL
Synthesis

Syntheses were carried out using a Leco HR-1B-2 high-
pressure/high-temperature system. Typically, the starting
materials were sealed in a flexible Teflon capsule that was
subsequently placed in a RENE 41 reaction vessel and
heated at 380°C under 210 MPa for 16 h. The products were
washed with water, filtered, and dried in air. Pale-blue
needles of YCu(OH);(SO,) were obtained as the major
phase from reactions starting with Y(NO;); - 5SH,0 (0.37 g,
1 mmol), CuSO,-5H,0O (0.25g, 1 mmol), and 0.3 mL of
45% KOH aqueous solution. Other phases in the product
are blue prisms of Y,Cu(OH)5(SO,),F-H,O and colorless
needles of Y(SO,)F and Y(OH)(SO,). The fluorine content
arises from reactions with the Teflon capsules. Green
needles of YNi(OH);(SO,)-I were similarly synthesized.
They formed together with blue-green polyhedral crystals of
YNi(OH);3(SO,)-IT and Y(SOL)F from reactions starting
with Y(NO3);-5H,O (0.37g, 1mmol), NiSO,-6H,0
(0.26 g, 1 mmol), and 0.2 mL. H,O. Efforts to synthesize
single-phase products by variation of Y(NO3);/MSO,
ratios and water content were not successful.

Characterization

The chemical compositions of the reaction products were
analyzed using a JEOL 8600 electron microprobe operating
at 15 KeV with a 10 um beam diameter and a beam current
of 30nA. The measured atomic ratios Y:Cu:S =
1.00:0.99:1.01 for YCu(OH)3(SO,) and Y:Ni:S =
1.00:0.96:0.96 for YNi(OH);(SO,)-I are consistent with the
formula ratios derived from the crystal structure refine-
ments.

Infrared spectra were collected with a Galaxy FTIR 5000
spectrometer using the KBr pellet method. Thermo-
gravimetric analyses (TGA) were carried out in a flow of an
oxygen/nitrogen gas mixture (pO, = 0.21 atm) with a heat-
ing rate of 1°/min on a TA Instruments TGA 2950 system.
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Samples used for IR spectroscopy and TGA were manually
separated from the synthesis products. X-ray powder-
diffraction patterns were obtained using Scintag 2000 and
Siemens D5000 diffractometers on samples before and after
TGA analysis.

Single-crystal X-ray data were measured on a SMART
platform diffractometer equipped with a 1 K CCD area
detector using graphite-monochromatized MoK« radiation
at room temperature. For each phase, a hemisphere of data
(1271 frames at 5 cm detector distance) was collected using
a narrow-frame method with scan widths of 0.30° in w and
an exposure time of 30 s/frame. The first 50 frames were
remeasured at the end of data collection to monitor instru-
ment and crystal stability, and the maximum correction
applied on the intensities was < 1%. The data were integ-
rated using the Siemens SAINT program (8) with the
intensities corrected for the Lorentz factor, polarization, air
absorption, and absorption due to variation in the path
length through the detector faceplate. Absorption correc-
tions were made using the program SADABS (9). The struc-
tures were solved by direct methods and refined using
SHELXTL (10). All nonhydrogen positions were derived by
direct methods and refined anisotropically in the final re-
finements. The hydrogen atoms were located from Fourier
difference maps and refined isotropically with atom distance
constraints. Crystallographic and refinement details are

TABLE 1
Crystal Data and Structure-Refinement Information for
YCu(OH),(SO,) and YNi(OH);(SO,)-I

YCu(OH),(SO,) YNi(OH),;(SO,)-1
Formula H;CuO,SY H;NiO,SY
F.W. 299.54 294.71
Temperature 293(2) K 293(2) K
Wavelength 0.71073 A 0.71073 A
Space group Pnma P2,2,2,

Unit cell dimensions

Volume, Z

Density (calculated)
Absorption coefficient
Crystal size

20,0

Reflections collected
Independent reflections
Data/restraints/
parameters
Goodness-of-fit on F?
R indices [ > 20(I)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole 0.804 and — 0.628 eA ™3 0.670 and — 0.622¢A 3

a=139557(12) A

b =6.1349(5) A
c=6.3528(5 A
543.91(8) A3, 4

3.658 Mg/m?

14.886 mm !

0.40 x 0.06 x 0.08 mm
57°

3202

705 [R(int) = 0.0297]
705/2/63

1.140
R1 = 0.0228,
WR2 = 0.0575
R1 = 0.0240,
WR2 = 0.0578
0.0095(11)

a=13.3347(11) A

b = 6.1256(5) A

¢ = 6.4830(5) A
529.55(7) A3, 4

3.696 Mg/m?

14.829 mm !

0.36 x 0.10 x 0.05 mm
57°

3308

1205 [R(int) = 0.0449]
1205/3/105

1.048
R1 = 0.0256,
WR2 = 0.0618
R1 = 0.0269,
WR2 = 0.0623
0.0004(9)

TABLE 2
Atom Coordinates (x10*) and Equivalent Isotropic-Dis-
placement Parameters (A2x10%) for YCu(OH)y(SO,) and
YNi(OH);(SO,)-1

x y z Uleq)
YCu(OH)5(SO,)
Y 4180(1) 2500 613(1) 8(1)
Cu 5000 0 5000 11(1)
S 1922(1) 2500 7656(2) 9(1)
o(1) 1360(3) 2500 9614(5) 17(1)
oQ) 2959(2) 2500 8085(5) 17(1)
0(3) 3297(2) 9447(4) 1400(4) 25(1)
0®4) 4635(2) 9909(3) 8026(3) 12(1)
0(5) 4194(2) 2500 4361(5) 11(1)
YNi(OH)3(SO.)-I

Y 9202(1) 2247(1) 3104(1) 8(1)
Ni 10047(1) — 336(1) 7424(1) 8(1)
S 8166(1) 2787(2) 5228(2) 8(1)
o(1) 7207(2) 2008(6) 6004(6) 18(1)
o) 8525(3) 1293(6) 3630(6) 18(1)
0(3) 8912(3) — 2809(5) 6963(5) 13(1)
0(4) 8062(3) 5021(5) 4347(6) 14(1)
0(5) 9109(2) 2083(5) 6731(5) 9(1)
0O(6) 9699(3) — 200(6) 520(5) 7(1)
o(7) 10500(3) —59(5) 4361(5) 8(1)

Note. Ul(eq) is defined as one third of the trace of the orthogonalized U;;
tensor.

summarized in Table 1. Atom positions are given in Table 2
and selected bond lengths and bond angles in Table 3.

RESULTS AND DISCUSSION
Crystal Structures

The coordination environments of the cations in both
structures are shown in Fig. 1. In the structure of
YCu(OH);(SO,), the Cu atom is coordinated to four hy-
droxyl groups at 1.945-1.990 A and two apical O1 atoms at
2453 A, forming an elongated octahedron (Fig. 1a). The
strong distortion of the Cu?* Qg octahedra is typical and
arises from the Jahn-Teller effect associated with the degen-
erate electronic ground state of a d° metal in an octahedral
field (11). The distorted octahedra form edge-sharing chains
along [010] (Fig. 2a). The yttrium atoms are each coor-
dinated by eight oxygen atoms to form strongly distorted
bicapped trigonal prisms that link by sharing common
edges to form infinite chains parallel to [010]. The SO,
tetrahedra are linked to the octahedra to form complex
[Cu(OH);SO,] chains. Each apical oxygen atom (O1) at the
corner of a CuOg octahedron is shared by a SO, tetrahed-
ron. The remaining three oxygen atoms of the SO, tetrahed-
ron are shared with the yttrium-oxygen polyhedra (Fig. 2a).

Weak hydrogen bonds between O(5) and O(2) (du(2)-0(2)
=217 A; dosyon =293 A) occur in the structure of
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. TABLE 3
Selected Bond Lengths [A] and Angles [°] for YCu(OH);(SO,)
and YNi(OH),(SO,)-1

YCu(OH)3(SO,)
Y- Distance Y- Distance
03 2.2972)x 2 04 2.381(2)x2
02 2.341(3) 05 2.382(3)
04 2.3732)x2
S- Distance  Angles
03 1.469(2)
03 1.469(2) 108.8(2)
O1 1.471(3) 110.4(1) 110.4(1)
02 1.473(3) 107.8(1) 107.8(1) 111.6(2)
Cu- Distance  Angles
05 1.945(2)
05 1.945(2) 180
04 1.990(2) 94.34(11)  85.66(11)
04 1.990(2) 85.66(11) 94.34(11) 180
O1 2.453(3) 91.42(9) 88.58(9) 83.16(10) 96.84(10)
O1 2.453(3) 88.58(9)  91.42(9) 96.84(10) 83.16(10) 180
YNi(OH);(SOy4)-1
Y- Distance Y- Distance
06 2.321(3) 05 2.356(3)
O1 2.325(3) 02 2.373(4)
07 2.331(3) o7 2.377(3)
06 2.344(3) 04 2.418(4)
S- Distance  Angles
O1 1.455(3)
02 1.463(3) 109.1(2)
04 1.466(4) 110.6(2) 109.1(2)
03 1.502(3) 109.1(2) 108.6(2) 110.2(2)
Ni- Distance  Angles
05 1.990(3)
05 2.016(3) 174.70(9)
06 2.062(3) 92.8(1) 83.8(1)
O7 2.083(3) 84.6(1) 99.3(1) 172.0(2)
03 2.117(3) 84.8(1) 99.0(1) 86.3(1) 86.0(1)
03 2.162(3) 92.9(1) 83.0(1) 90.3(1) 97.4(1) 175.81(8)

YCu(OH);(SO,). Similar weak hydrogen bonds occur in the
YNi(OH)3(SO,)-1 structure between O(6) and O(5) and
between O(7) Oand 0O(3) atoms (du2y-o5) = 2.24 {\,
doesy-oe) = 2.86 A;  dyiyoe) = 230 A; doryoi) =293 A)
(see below).

The structure of YNi(OH)3(SO,)-1 is topologically the
same as that of YCu(OH);(SO,). In contrast to the strongly
elongated CuOg octahedra, however, the NiOg octahedra
are much less distorted with Ni-O bond lengths between
1.990 and 2.162 A. The shorter apical Ni-O(1) bonds
(2.117-2.162 A) have a significant influence on the interac-
tion between the octahedral chains and other parts of
the structure. In particular, the mirror plane parallel
to (010) is no longer present and the structure becomes
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noncentrosymmetric (P2,2,2,). If the structure of
YNi(OH)3(SO,4)-1 were to contain a mirror plane, then,
because of the short Ni-O(1) apical distances, substantial
changes in Y-O, S-O bond lengths would be needed well
beyond those typically observed. Instead, the orientation of
the SO, tetrahedron adjusts (with the loss of the mirror
plane) so that the corresponding Y-O bond lengths change
only slightly (<0.12 A) and the sulfate tetrahedron is only
marginally more distorted than in the copper compound. In
YCu(OH);(SO,) (Fig. 3a), the SO, tetrahedron can be
oriented with a mirror plane through the O(1), S, and O(2)
atoms without compromising the Y-O, S-O distances be-
cause of the rather long Cu-O(1) bonds (2.453 A). A similar
difference in space group between two topologically identi-
cal structures that also arises from local coordination re-
quirements of the transition metal occurs for M,(OH)VO,,
M =7Zn, Ni (12). In this case Zn,(OH)VO, crystallizes in
the centrosymmetric space group Pnma and Ni,(OH)VO,
in the noncentrosymmetric space group P2,2,2;.

FIG. 1. The local coordination of cations in (a) YCu(OH);(SO,) and
(b) YNi(OH)3(SO,)-1. Thermal ellipsoids are drawn with 50% probability.
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FIG. 2. The structures of (a) YCu(OH);(SO,) and (b) YNi(OH);(SO,)-
I. YOg polyhedra are hatched.

The 1-dimensional [ M(OH);SO,] complex chains in the
title compounds are uncommon. One known example that
contains this kind of chain is the mineral caledonite
PbsCu,(OH)¢(SO,);CO5 where the chains occur with iso-
lated SO, and CO; groups (13). Bars et al. classified these
chains as structural-type 7 in their systematic study of
MM'O,-2H,0 hydrates where M is octahedrally coor-
dinated and M’ tetrahedrally coordinated (14). The 1-
dimensional [M(OH)3;SO,] chains are closely related to
several other types of complex chains given in a recent
review on sulfate minerals (6) and in broader reviews by
Hawthorne on structures containing both tetrahedra and
octahedra (15, 16).

Physical Properties

Figure 4 shows the infrared spectra of the two com-
pounds. Relative sharp bands in the range 3448-3609 cm !
correspond to OH groups. Characteristic bands for SO,
groups in the range 999-1207 cm ™! show more features in
YNi(OH);3(SO,4)-I than in YCu(OH);(SO,), consistent with
the higher symmetry of the latter.

Figure 5 shows the TGA results for both compounds.
There are three weight-loss steps for YCu(OH)5(SO,). From
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450 to 550°C, a weight loss of 8.6% corresponds to dehydra-
tion (theoretical 9.0%) according to

2YCu(OH);3(SO4) = Y,Cu,05(S0,), + 3H,0.

Between about 750 and 830°C, the second weight loss of
14.2% may be due to the loss of half of the sulfate compon-
ent in the compound (theoretical 13.4%):

Y2Cu203(SO4)2 i Y2CU204(SO4) + SO3
The third observed weight loss of 13.3%, which ended at
about 980°C, indicates that the compound transformed into
Y,Cu,05 by losing all sulfate (theoretical 13.4%):

Y2CU204(SO4) g YzCU205 + SO3

The total observed (36.1%) and theoretical (35.7%) weight
losses are in close agreement. The sample after TGA

4

FIG. 3. Orientation of the SO, tetrahedra relative to other atoms.
(a) YCu(OH)3(SO,) and (b) YNi(OH);(SO,4)-1.
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FIG. 4. 1R spectra (a) YNi(OH);3(SOy)-1 and (b) YCu(OH)3(SO,).

measurement was confirmed to be Y,Cu,0O5 by X-ray pow-
der diffraction. The small differences between the theoretical
and observed values in the first two steps may indicate that
initial dehydroxylation was not complete. Similar thermal
behavior was observed for YNi(OH);(SO,)-1. The dehydra-
tion started at slightly higher temperature and was then
faster than for the Cu phase. The final temperature at which
the Y,M,0s phase is formed is about 25°C higher for
M = Ni than for M = Cu (Fig. 5). As a consequence, for
YNi(OH)3(SO,4)-1, no plateau was reached at the upper
temperature limit of the instrument of 1000°C. No further
weight change was observed when the sample was held at
1000°C for 7h. The final weight of the sample at this
temperature corresponds to the transformation of the sul-
fate into the oxide Y,Ni,Os.
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FIG. 5. TGA results. Solid line, YCu(OH);(SO,); dashed line,
YNi(OH);(SO,)-1.

CONCLUSIONS

The yttrium-transition metal sulfates YCu(OH);(SOy,)
and YNi(OH);3(SO,)-I have been synthesized hydrothermal-
ly at temperatures just above the critical point of water. The
two compounds have topologically equivalent structures.
The structure YNi(OH);(SO,)-1 is noncentrosymmetric but
YCu(OH);(SO,) is centrosymmetric. This difference arises
because of the axial distortion of the CuOg¢ octahedron due
to the Jahn-Teller effect. Both compounds decompose to
form the oxides Y,M,O5 at temperatures of 980-1000°C in
air.
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