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Several compounds isotypic to the mineral spiroffite were
obtained as high quality single crystals via hydrothermal reac-
tions. These materials, which have the general formula M,Te;Oq,
crystallize in the monoclinic space group C2/c and contain
divalent transition metal ions and tellurite building blocks. Typi-
cal synthetic conditions for the preparation of these materials are
375°C for 3—5 days in an aqueous NH,Cl solution. This structure
type is based on slabs containing Te,O4 groups joined by M ca-
tions. These Te,0Qq groups are made up of two edge-sharing
TeO;,, polyhedra. The metal tellurite slabs are connected to one
another through tellurium(IV) atoms, which are coordinated
by four oxygen atoms in a regular TeQ, trigonal bipyramidal
configuration. A detailed structural characterization via single
crystal X-ray diffraction was performed on four compounds
(Co,Te;0y: a=12.690(1) A, b=5.211(2) A, ¢=11.632(2) A,
B=9898(1)°, V=759.7(3) A3, R(R,)=10.023  (0.046);
Ni,Te;04: a = 12 407(1) A, b=5.207(1) A, ¢ = 11.509(1) A, B =
98.723(9)°, V' ="735.0(2) A3, R(R w) = 0.025 (0.033); Cu,Te;O4:
a=11. 8368(8) A, b=5. 266(2) A, ¢ =12.2419(8) A, B=
100.316(6)°, V' =750.7(2) A3, R(R,) = 0.025 (0.032); Zn,Te;O04:
a = 12.681(2) A b=5.200(2) A, c=11.786(2) A, p = 99.60(1)°,

=766.3(3) A3 R(R,) = 0.031 (0.041)). The manganese analog
(a =12.896(5) A, b=539812)A, c¢=119075) A, B=
98.14(4)°) was identified via powder diffraction patterns. The
cobalt, nickel, and copper compounds were observed to have an
antiferromagnetic transition by DC magnetic susceptibility
measurements. The band gaps were obtained by optical diffuse
reflectance spectroscopy and show that these compounds are all
wide band gap materials. © 1999 Academic Press

INTRODUCTION

Tellurium(IV) oxides often adopt unusual structures
based on uncommon main group coordination environ-
ments that arise due to the presence of a stereochemical lone
pair. These compounds are also interesting from a funda-
mental viewpoint, as they provide insights into the structure
of corresponding tellurite glasses. Tellurite glasses are desir-
able materials as they have high refractive indices (1), high

infrared transmittance (2), and high electrical and ionic
conductivities (3,4), as well as being resistant to devit-
rification. The study of ternary tellurites is necessary
as TeO, is only a conditional glass former, forming stable
glass systems only in the presence of network modifying
cations (1).

Recently we have shown by using hydrothermal tech-
niques that it is possible to obtain interesting new materials
based on tellurite and tellurate building blocks in supercriti-
cal H,O. These compounds, which include Na;Mn,Te,O;,
(5), a material that crystallizes from alkaline solutions in
a variant of the calcium ferrite structure, based on TeOyg
octahedra, and Ba,Cu,Te,O,{Cl, and BaCu,Te,O4Cl, (6),
two compounds that are made up of TeO; and TeO;
units and can only be obtained from hydrothermal NH,Cl
solutions. These two units, TeO5; and TeOs . ;, are common
motifs in tetravalent tellurium oxide chemistry, with the
TeO3~ fragment previously observed in several compounds
such as CuTe,Oj5 (7), CuTeOs (8), and NiTe,O5 (9), and the
TeO%7 ; fragment observed in CuTe,O5 (7), TesO;;Cl, (10),
and V,MnTeO, (11). In addition to these two fragments,
tellurium also adopts a TeO3~ unit with C,, symmetry
which is best seen in a-TeO, (12).

During our studies on tellurate and tellurite materials, we
isolated the material Cu,Te;Og which is isostructural to the
mineral spiroffite, (Mn, Zn),Te;Ogz (13). This mineral struc-
ture type was not fully structurally characterized until 1966
when Hanke reported the crystal structure of Zn,Te;Ogq
(14). There have also been very brief and inconclusive re-
ports of powder data on Co,Te;Og (15), Ni,Te;Og (16),and
Mn,Te;Og (17), but no detailed structural information on
these compounds could be found in our literature search. In
this paper, we have obtained moderate to excellent yields of
high quality single crystals of several members of the spirof-
fite family using hydrothermal methods. We have performed
detailed crystallographic studies and obtained magnetic
measurements and optical diffuse reflectance spectra of the
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cobalt, nickel, and copper analogs.



SERIES OF COMPOUNDS WITH THE SPIROFFITE STRUCTURE

EXPERIMENTAL
Synthesis

The compounds obtained in this study were prepared
using modifications of techniques reported by Rabenau
(18). All reactions were performed by loading the starting
materials into fused silica tubing (Smm id, 7mm od,
~ 1.6 cm® sealed volume). A 1 M NH,CI (0.7 mL, 45%
fill) solution was added and the tubes were flame sealed
after freezing the solvent in liquid nitrogen. After sealing,
the tubes were placed in a high pressure autoclave which
was pressurized to ~ 2500 psi of argon to prevent the
explosion of the reaction tubes during heating. The auto-
clave was placed in a tube furnace and heated at 375°C
for 3-5 days, after which the autoclave was removed directly
from the furnace and allowed to cool. Starting mater-
ials used as received were CuO (Strem, 99.999%), ZnO
(Strem, 99.7%), Mn,0O; (Strem, 99%), TeO, (Strem,
99 +%), and Te(OH)e (Strem, 99.5%). Co30, and NiO
were obtained by the thermal decomposition of CoCOj;
(Strem, 99%) and NiCOj; (Allied, 99%), respectively, at
900°C for 24 h.

Cu,Te;Og was obtained either by reacting 59 mg
(0.74 mmol) of CuO and 170 mg (0.740 mmol) Te(OH), with
22 mg (0.38 mmol) of NaCl or in a reaction of 48 mg
(0.60 mmol) of CuO and 138 mg (0.601 mmol) of Te(OH),
with 73 mg (0.35 mmol) of BaCl, in a 1 M NH,Cl solution.
In both cases, the desired product was obtained as yellow,
plate-like crystals in approximately 25% yield. When NaCl
was used as the mineralizer, the bulk of remaining products
was CuTeOy, (yellow powder) (19), but when BaCl, was used
the side products were CuTeO, and platy green crystals of
Ba,Cu,Te,O1,Cl, (6).

Both Zn,Te;Og (clear prisms) and Ni,Te;Og (yellow
plates) were obtained in essentially quantitative yield when
stoichiometric ratios of ZnO (51 mg, 0.63 mmol) or NiO
(48 mg, 0.64 mmol) and TeO, (Zn reaction, 149 mg,
0.934 mmol; Ni reaction, 152 mg, 0.952 mmol) were reacted
in 1 M NH,Cl solution. In the nickel reaction, there were no
detectable impurities by X-ray powder diffraction, and in
the zinc reaction, there was only a small amount of ZnTeO;
present.

Co,Te;O0g was obtained in approximately 60% yield
as purple polyhedra in a reaction containing 51 mg
(0.21 mmol) of Co30, and 152 mg (0.952 mmol) of TeO, in
a 1 M NH,CI solution. Byproducts in this reaction consis-
ted largely of CoTeO, (brown powder) (20) and highly
faceted, clear crystals of TeO,. Yellow-brown prisms of
Mn,Te;Og were obtained in approximately 75% yield from
a reaction of Mn,O3 (51 mg, 0.32 mmol) and TeO, (154 mg,
0.965 mmol) in 1 M NH,CI solution. This product was
accompanied by the known double oxides, MnTesO, 3 (17)
and Mn;TeOg (21). Single crystal X-ray determinations
were attempted on several crystals of Mn,Te;Og, but all
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crystallites proved to be polycrystalline as determined by
rotation photographs.

Crystallography

Suitable single crystals were mounted onto the ends of
glass fibers using quick-drying epoxy and were studied on
a Rigaku AFC7R four circle diffractometer equipped with
graphite monochromated MoKu (4 = 0.71073 /OX) radiation.
An w-20 scan was utilized for room temperature data collec-
tion. Three standard reflections measured after every 100
reflections indicated that all compounds were stable.
A two-theta limit of 55° for data collection was employed
for all materials. The intensity data were corrected for both
Lorentz and polarization effects. Further details are in-
cluded in Table 1.

The structure of Cu,Te;Og was determined first. The
systematic absences hkl, h +k=2n+1 and hOl, h,[=
2n + 1 indicated that the space group could be either Cc or
C2/c. The centrosymmetric space group, C2/c, was chosen
based on statistical tests and subsequent successful refine-
ment. The positions of the metal atoms were obtained by
direct methods in the TEXSAN package (22) and the oxy-
gen atoms were found during successive Fourier syntheses.
The final structure was refined on |F| by full, matrix least-
squares techniques in SHELXTL-Plus (23). After absorp-
tion effects were compensated for by the use of empirical
Y-scan data (24) and an extinction parameter was applied
(25), all atomic parameters were refined anisotropically. No
higher symmetry was detected by the MISSYM algorithm
within the PLATON program suite (26, 27). The structures
of the remaining three compounds were refined in similar
fashion by starting with the final positional parameters for
Cu,Te;0g. Crystallographic details for the structure deter-
minations are given in Table 1. The final positional para-
meters and isotropic displacement coefficients for all
compounds are given in Table 2. Relevant interatomic dis-
tances and angles are tabulated in Table 3.

Powder diffraction data were obtained using a Scintag
XDS 2000 6/6 diffractometer equipped with mono-
chromated CuKo radiation (4 = 1.54056 on). The lattice
parameters were obtained using a minimum of 25 lines from
20 = 5-65°, based on an external quartz standard.

Physical Characterization

The magnetic susceptibility data were collected at Rice
University using a Quantum Design SQUID magneto-
meter. Typical samples were ~ 20 mg of ground crystals
which were placed in a gelatin pill capsule that was then
held in a standard plastic drinking straw. Data were col-
lected in a 1 T field from 5 to 300 K. The sample holder
showed negligible diamagnetic effects on the bulk sample.
Room temperature diffuse reflectance measurements from
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TABLE 1

X-Ray Crystallographic Data

Compound Co,Te;04 Ni,Te;Oq4 Cu,Te;04 7Zn,Te;0g4
Color, habit purple plate yellow rod yellow parallelepiped clear prism
Cryst size, mm? 0.02x0.13x0.13 0.07 x0.07 x0.17 0.02 x 0.04 x 0.07 0.17x0.22 x 0.24
Space group C2/c C2Jc C2Jc C2/c

a(A) 12.690(1) 12.407(1) 11.8368(8) 12.681(2)

b (A) 5.211(2) 5.207(1) 5.266(2) 5.200(2)

¢ (A) 11.632(2) 11.509(1) 12.2419(8) 11.786(2)

S (deg) 98.98(1) 98.723(9) 100.316(6) 99.60(1)

v (A3 759.7(3) 735.0(2) 750.7(2) 766.3(3)

z 4 4 4 4

Formula weight (g/mol) 628.66 628.20 637.89 641.56

D.aie (g/cm?) 5.496 5.676 5.643 5.560
p(em™h) 156.73 168.07 171.65 174.68

F (000) 1096 1104 1112 1120

20 range (°) 3.5-55.0 3.5-55.0 3.5-55.0 3.5-55.0
Scan type /20 /20 /20 /20

Total reflns. 1005 983 1008 1022

Ind. reflns. 865 846 866 876

Ind. reflns. (F,>40(F,)) 819 799 778 863
Refined parameters 61 61 61 61
Transmission factors 0.321-1.000 0.618-1.000 0.617-1.000 0.612-1.000
Extinction parameter 0.00057(5) 0.00116(8) 0.00185(8) 0.00115(5)
R“, wR® (F,>40(F,)) 0.023, 0.046 0.025, 0.054 0.025, 0.033 0.036, 0.076
R“, wR? (all data) 0.025, 0.046 0.026, 0.055 0.029, 0.034 0.036, 0.076
S¢ (F,>4a(F,)) 1.71 2.00 1.12 3.13
Max/min diff. peak (e/A3) 0.90/—1.11 1.73/—1.51 1.38/—1.22 1.96/—2.76
Max/mean shift 0.001/0.000 0.001/0.000 0.002/0.001 0.001/0.000

‘R = Z”Fol - ‘F»H/ZlFol

'WR = [Yw{|Fo| — |Fe|}2/XwIFo?1"% w = 1/[0?{| F,| } + 0.0005{| F,|*}].

S = [Xw{|F,| — |F.|}*/{N, — N,J1"% w = 1/[6{| F,|} + 0.0005{| F,|*}]; N,, number of observations; N,, number of variables.

2500 to 200nm on the Co,Te;Oq, Ni,Te;0g5, and
Cu,Te;04 were made using a Shimadzu UV3100 spectro-
photometer equipped with an integrating sphere attach-
ment. Barium sulfate was used as the reflectance standard.
The reflectance data was converted to absorbance data
using the Kubelka—Munk function (28).

RESULTS AND DISCUSSION
Synthesis

It was found that a wide variety of divalent first row
transition metals will form the spiroffite structure. In at-
tempts to synthesize an iron analog of the M,Te;Oy series,
the mineral phase rodalquilarite H3Fe,(TeOs3),Cl (29), as
determined by both powder and single crystal X-ray diffrac-
tion, was produced in high yield and quality. In our review
of the literature, it became apparent that there was some
confusion concerning a phase identified as the triclinic form
of Fe,Te,O; (30) and this is discussed more fully in an
accompanying paper (31).

In addition to the NH,Cl mineralizer used to obtain the
compounds in this study, a variety of other mineralizers
were attempted. Several other chlorides, such as NaCl, KClI,

SrCl,, and BaCl, were used but failed to yield crystalline
products. In most cases, the products were either amorph-
ous or crystalline Te®" products, such as CoTeO, and
CuTeO,. Additionally, mixtures of mineralizers were also
attempted in efforts to obtain crystalline products. How-
ever, only mixtures that included NH,CI yielded desired
products.

Attempts to use highly acidic solutions such as 0.1-1.0 M
HCI solutions did not yield desired double oxides. In these
cases, the metal oxide was completely converted to the
chloride and the Te** in TeO, fully reduced to Te® presum-
ably in the following reaction:

HCL (xs)

2MO(s) + 3 TeOy(s) ™2 M?*(aq) + 2 Cl (aq)
+ 3 Te(s) + 3 O,1
+2H,0 [1]

The above equation is endothermic by 0.700 eV at 25°C
in 1 M HCI (32). However, it is well known that reduc-
tion potentials tend to decrease dramatically at higher
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TABLE 2
Atomic Coordinates and Equivalent Isotropic Thermal
Parameters (A%
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TABLE 3
Relevant Interatomic Distances (A) and Angles (°) with
ESD’s for the M,Te;O4 Phases

X Y z Uy’ M=Co M=Ni M=Cu M=2Zn
Co,Te;04 M-0(1) 2031(4)  2.0134)  1916(4)  2.018(6)

Co 0.27021(7) 0.3024(1) 0.14805(7) 0.0096(3) -0(2) 2.174(4)  2071(5)  1.961(4)  2.197(5)
Te(1) 4 0.6541(1) i 0.0095(2) -0(3) 20504)  2.000@4)  2.1744)  2.029(5)
Te(2) 0.36416(3) 0.30911(7) 0.44390(3) 0.0091(2) -0(3) 2060(4)  2.054(4)  2.0054)  2.068(5)
o(1) 0.4210(3) 0.4295(9) 0.1445(3) 0.015(1) ~0(4) 2132(4)  2.189(3)  2.129(4)  2.116(5)
o) 0.3859(3) 0.6246(8) 0.3617(3) 0.012(1) -0O(4) 2312(4)  2.184(3)  2.782(4)  2.490(5)
0(3) 0.3026(3) 0.1346(8) 0.3091(3) 0.012(1) Te(1)-O(1) 2x 1.870(4)  1.872(4)  1.874(4)  1.873(6)
o) 0.2382(3) 0.4888(7) 0.4707(3) 0.010(1) -0(2) 2x 2.096(4)  2.101(5)  2.090(4)  2.097(5)
_ Te(2)-0(2) 1.942(4)  1962(4)  19794)  1.942(5)

_ Ni;Te; 05 -0(3) 1.8754)  1.884(4)  1.861(4)  1.859(5)
Ni (1).26516(8) 0.3204(1) (1).14426(7) 0.0067(3) o) 1920d)  1930()  1928(4)  1905(5)
Te(1) 2 0.6778(1) 3 0.0072(2) _0(4) 2342(4)  2.322(4)  22054)  2.324(5)
Te(2) 0.36471(4) 0.31808(8) 0.44214(4) 0.0067(2) O(1)-Te(1)-O(1) 10253) 10132 1021(3)  101.6(4)
o(1) 0.4185(4) 0.449(1) 0.1461(4) 0.013(1) O1) Te(1)-0Q2) 2x 8420) £3.802) £2302) 8350)
0oQ) 0.3865(4) 0.6487(8) 0.3675(4) 0.009(1) O(1)-Te(1)-0(2) 2x 90.52) 91.00) 91.5(2) 91.4(3)
8(2) 85228(2) 8}11;(7)2(2) 8'2()?3(3) gggz(l) 0(2)-Te(1)-0(2) 17163)  17192)  1703(2)  172.403)

@) 2340(4) 4905(8) 4730(4) (1 0(2)-Te(2)-0(3) 9412)  9532)  927(2)  93.1(2)

Cu,Te;05 0(2)-Te(2)-0O(4) 81.5(2) 81.3(2) 79.3(2) 81.9(2)

Cu 0.26723(7) 0.2701(1) 0.15583(1) 0.0109(3) O(2)-Te(2)-0(4) 1542(2)  155.2(2)  1541(2)  155.1(2)
Te(1) 1 0.6321(1) . 0.0089(2) O(3)-Te(2)-0O(4) 97.1(2) 95.7Q2) 97.12) 97.3(2)
Te(2) 0.36589(4) 0.28977(9) 0.44539(3) 0.0089(2) O(3)-Te(2-0(4) 81.2(2) 82.0(2) 89.4(2) 83.3(2)
o(1) 0.4152(4) 0.408(1) 0.1479(4) 0.015(1) O(4)-Te(2)-O(4) 73.92) 74.4(1) 74.8(2) 74.2(2)
oQ) 0.3815(4) 0.5986(9) 0.3570(4) 0.012(1) O(1)-M-0(2) 172.6(2)  173.1(2)  17092)  169.9(2)
0(3) 0.3102(4) 0.0984(9) 0.3194(4) 0.013(1) O(1)-M-0(3) 95.9(2) 93.8(2) 98.0(2) 97.6(2)
o) 0.2252(4) 0.4648(9) 0.4562(4) 0.010(1) O(1)-M-0(3) 100.9(2) 97.02) 97.3(2)  102.6(2)
T T O(1)-M-O(4) 10092)  100.2(2) 96.3(2) 98.5(2)

n,Te;O05 O(1)-M-0O(4) 82.2(2) 83.9(1) 77.6(2) 80.1(2)

%n(l) (1)-27203(8) 822228 9-15483(8) 8-88238 0O(2-M-0(3) 85.2(2) 86.6(2) 86.7(2) 86.9(2)

e 3 : E . 0(2-M-0(3 86.1(2 89.8(2 88.8(2 85.2(2
Te(2) 0.36329(4) 0.3026(1) 0.44556(4) 0.0068(2) OE;M-OL&; 71 .7%2; 73.052; 75 052; 1. 58
o(1) 0.4206(5) 0.412(2) 0.1451(5) 0.019(2) O(2-M-0(4) 97.0(1) 95.7(2) 98.3(2) 95.8(2)
0O(2) 0.3872(4) 0.612(1) 0.3610(4) 0.008(2) O(3-M-0(3) 99.8(1) 97.5(1)  105.0(1)  102.5(1)
0@) 0.3038(5) 0.125(1) 0.3127(4) 0.009(2) 0O(3)-M-0(4) 1043(2)  102.0(1)  1044(1)  106.6(2)
O4) 0.2368(4) 0.484(1) 0.4657(5) 0.008(2) O(3)-M-0(4) 177020  177.62)  173.8(2)  176.2(2)

O(3)-M-0(4) 1453(1)  153.0(2)  1454(1)  1413(2)
Ueq = 1/3 13 (Uyafata;-a)) O(3)-M-0(4) 78.3(1) 81.9(1) 71.6(2) 75.3(2)
0(4)-M-O(4) 78.4(2) 79.3(1) 80.6(2) 76.8(2)

temperatures (18). This reaction produces an excessive head
pressure, which is evident even when the reaction vessel is
frozen in liquid N, prior to opening.

Additionally, the nitrates KNO;, Ba(NO;),, and
NH,NO; have been used in these reactions in an effort to
include the cation in resultant structures. In these cases, the
use of reaction conditions similar to those used in chloride
mineralizers, particularly the temperature (375°C), could
not be used due to the bursting of reaction tubes during
heating. By scaling down the reaction temperature to 325°C,
which minimized the loss of tubes during heating, it was
found that the metal oxide appeared to be too insoluble for
reaction. These materials were left as finely divided powders,
with the TeO, also showing limited recrystallization.

Also, the effect of stoichiometry was examined in an effort
to produce other products. In our reaction conditions and
relative concentrations ( ~ 200 mg reaction scale in 0.7 mL

of aqueous solution), we have altered the stoichiometry in
an effort to produce more metal or more tellurium rich
products. In virtually all cases, the primary exception being
manganese, these reactions failed to yield different products.
Reactions with excess TeO, produced the M,Te;O4 phase
and highly crystalline TeO,. However, if excess metal oxide
was used, the excess would simply be deposited as a mixture
with the M,Te;Og compound.

Structural Description

The title phases were shown by single crystal X-ray dif-
fraction to be isostructural to the spiroffite (Mn, Zn),Te;Og
phase. The spiroffite structure is best described in terms of
copper tellurium oxide slabs running parallel to the bc
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FIG. 1.
striped circles are tellurium atoms, the cross-hatched circles are copper
atoms, and the small, open circles are oxygen atoms.

Unit cell view of Cu,Te;Og shown down the b axis. The large,

plane, which are bound to one another by the tellurium
atoms (Te(1)) occupying special positions (4e site). A unit cell
view of Cu,Te;Og down the b axis is shown in Fig. 1. The
tellurium atoms within the slab (Te(2)) are all in general
positions and are typified by TeO;,; coordination ge-
ometry with three Te(2)-O distances ranging from 1.861(5)
to 1.980(5) A and a fourth longer distance of 2.209(5) A,
which compare well with bonding distances in f-VTeO, of
1.85 to 2.02 A for the shorter bonds and a longer distance of
221A (33). In contrast, the tellurium atoms that bind the
slabs are in a more regular trigonal bipyramidal TeO,
environment as constrained by symmetry, with a pair of
axial and equatorial Te(1)-O distances of 2.091(5) and
1.873(5) A, respectively, and O,,~Te(1)-O,, angles of
82.4(2)° and 91.5(2)°. Also, the O, —Te(1)-O,, angle is
170.3(3)°, which shows a slight distortion due to the pres-
ence of a stereochemical lone pair. This overall geometry
compares reasonably well with the TeO, coordination envi-
ronment in ¢-TeO,, which has Te—O distances of 2.082 and
1.903 A, and angles of 84.6°, 88.1°, and 168.5° (12).

A view of a fragment of the slab in the bc plane is shown in
Fig. 2. This slab is made up of Te,O¢ units, which are
generated from the edge-sharing of two TeO;.; pseudo-
trigonal bipyramids through a pair of oxygen atoms (O(4)).
This edge-sharing unit is relatively uncommon, seen in the
mineral deningite (Mn, Ca, Zn)Te,O5 (34), f-Li,Te,O5 (35),
p-VTeO, (33), and Na,Te,Oq (36). These Te,O¢ units are
subsequently connected to six other units through pseudo-
octahedrally coordinated copper atoms. In this pseudo-
octahedral environment, four oxygen atoms are used
primarily to link the copper atoms to the Te,Og units, while
one atom is connected exclusively to the linking Te(1)O,
unit and one is connected to both a Te,O¢ unit and TeO,
unit.
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FIG. 2. A view of the copper tellurite slab. The full thermal ellipses are
Te(2) atoms, the crossed ellipses are copper atoms, and the boundary
ellipses are oxygen atoms. The long sixth distance between copper and
oxygen is designated with a dashed bond. All ellipsoids are shown at the
70% probability level.

In comparing the structural data for the four phases
characterized by single crystal X-ray diffraction, the main
difference in the structures appears to occur at the transition
metal site rather than the tellurite building blocks. In the
tellurium sites, the Te(1)-O distances vary, at most, by
0.01 A from structure to structure, whereas there is a greater
degree of variability in the Te(2)-O distances, with the most
pronounced differences occurring in the “axial” distances of
the TeOs5 ;¢ unit with respect to the sterochemical lone pair.
The distances for these bonds range from 1.941(6)/08 in
Zn,Te;04 to 1.980(5)1& in Cu,Te;04 for Te(2)-0O(2), and
2.209(5)A in Cu,Te;0q to 2.341(5) A in Co,Te;Oq for
Te(2)-O(4). The higher variance in Te(2)-O distances ap-
pears to be caused by its proximity to the transition metal in
the metal tellurite slabs which make up the structure.

In contrast, the M—O distances are highly variable, with
differences not only in individual distances but a change in
coordination number as well. The copper and zinc com-
pounds each have five definitive bond distances ranging
from 1.916(5) to 2.173(5) A for Cu,Te;Og and 2.011(7) to
2.199(6) A in Zn,Te;Og. There is also a sixth M—O distance
that is relatively long at 2.783(5) and 2.497(6) A, for the
copper and zinc analogs respectively, which suggests that
these metal atoms are essentially five coordinate. In con-
trast, Co,Te;Og and Ni,Te;Og have six reasonable M-O
bonding distances ranging from 2.038(5) to 2.312(4) A and
2.000(4) to 2.185(4) A, respectively, which would suggest
that these two transition metals are six coordinate.
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The structure of Cu,Te;Og appears to be the one that is
most influenced by its transition metal oxygen environment.
As is frequently the case with Cu d° compounds, there
appears to be a Jahn-Teller distortion in its coordination
environment (37). The Cu-O(1) and Cu—O(2) distances,
through which the slabs are connected to the linking tellu-
rium atoms, are considerably shorter than those in the
remaining three analogs. Furthermore, these two oxygen
atoms correspond to the axial sites in the distorted trigonal
bipyramidal geometry. There is, in addition to the consider-
able lengthening of the second Cu-O(4) site, a lengthening
of the trans M—O(3) bond in accordance with the Jahn-
Teller distortion. These changes result in a lengthening of
the a axis and a subsequent shortening of the ¢ axis as
compared to the other spiroffite-type compounds.

Bond Valence Sums

The bond valence sums (38) were calculated for the four
fully structurally characterized compounds in order to en-
sure that there were no anomalous results due to the lack of
a linear periodic trend in the lattice parameters and M—O
environments. For the calculations, oxygen was assigned its
common -2 oxidation state and tellurium was assumed to be
tetravalent based on the presence of an observed sterco-
chemical lone pair at all sites. Based on these assignments,
the oxidation state of the transition metal site is fixed as
divalent. As shown in Table 4, there are no significant
experimental deviations from the expected values in any of
the M,Te;Og compounds.

Physical Characterization

Magnetic susceptibility data were obtained for the cobalt,
copper, and nickel analogs of M ,Te;Og. These phases either
were obtained in high purity (Ni) or could be physically
separated from their side products in suitable quantities
(Co, Cu) for SQUID analysis. The zinc analog was not
measured due to difficulties in separating clear crystals from
their clear side products, but it is expected to exhibit dia-
magnetic behavior, due to the closed-shell nature of Zn*™.

The cobalt, nickel, and copper compounds all show
Curie—Weiss behavior at higher temperatures and undergo
antiferromagnetic transitions with Neel temperatures (Ty)
of 35, 70, and 100 K for the nickel, cobalt, and copper
analogs, respectively. By using plots of ¥ ! vs temperature,
the linear portion above Ty could be fit to Curie-Weiss
behavior. The Curie-Weiss constants, as well as Ty, are
shown in Table 5, and a typical temperature dependant plot
of 7! for Ni,Te;Oyg is shown in Fig. 3.

The experimental moment of the transition metal sites
was calculated from the Curie constant. For Cu,Te;Oyg, the
moment is 1.90 BM/Cu center, which is slightly higher than
the calculated spin only value of 1.73 BM for a Cu(Il) atom.
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TABLE 4
Valence Bond Sums for the M,Te;O4 Phases”

Co,Te;0q4 Ni,Te;Og Cu,Te;Oq4 Zn,Te;0g4
M 1.91(1) 1.907(9) 1.97(1) 1.94(2)
Te(1) 4.13(3) 4.11(3) 4.13(3) 4.07(3)
Te(2) 4.09(3) 4.02(2) 4.04(3) 4.16(3)
o) 1.88(2) 1.87(2) 1.85(2) 1.87(2)
0(2) 2.09(2) 2.09(1) 2.20(2) 2.08(2)
0(3) 2.07(2) 2.03(2) 2.04(2) 2.15(2)
0O4) 2.02(2) 2.00(2) 1.98(2) 2.04(2)

Y s(M—-L) = Y exp[(r, — r)/0.37]. s, individual bond valences; r, bond
distance in structure; and r,, empirically derived M—L single-bond distance
(Co™0 =1.692, Ni"-O =1.654, Cu"™O =1.679, Zn"O = 1.704,
Te'-0 = 1.977 A). All distances from table found in Ref. (38).

This increase is possibly caused by a small angular contribu-
tion. The moment for Ni,Te;Oyg is 3.24 BM/Ni atom, which
is also larger than the calculated spin only value of 2.83 BM
for a high spin Ni* ™ ion, but corresponds to observed values
for other Ni** compounds with angular contributions (39).
In the cobalt analog, the moment of 5.13 BM/Co atom is
also higher than its spin only calculated value of 4.90 BM
for high spin Co?*, but is within the range expected for
materials with an angular contribution.

Diffuse reflectance spectroscopy was used to determine
the optical band gap of the three compounds obtained in
high purity. A plot of absorbance vs energy for Co,Te;Og is
shown in Fig. 4. In all three compounds, the plots of (ab-
sorbance)'/? vs energy at the absorption edge had a better
linear dependence than did the plots of (absorbance)® vs
energy, which suggests that these materials have indirect
band gaps (40). Therefore, the band gap for each compound
was obtained by determining the inflection point of the first
derivative curve of reflectance vs energy. The band gaps
were 3.60eV for Co,Te;Og, 3.84eV for Ni,Te;Og, and
2.64 ¢V for Cu,Te;O0s.

In addition to the absorption edges, there are lower
energy peaks in all three plots, indicative of spin allowed
transitions at the metal centers. In the copper analog, there
is only one observed transition, which manifests itself as
a broad peak at 1.41eV or 11400 cm~'. This value is in
excellent agreement with observed *E,, — 2T, transitions
with broadening presumably due to the distortions from

TABLE 5
Neel Temperatures (7y) and Curie—Weiss Constants
for M,Te;O4
Tx (K) C (emu K/mol) 0 (K)
Co,Te;05 70 6.563 —112
Ni,Te;O0g 35 2.629 —64
Cu,Te;05 100 0.903 153
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FIG.3. Plot of inverse magnetic susceptibility (y ~ ') vs temperature (K)

for Ni,Te;Oyg. The plots of Cu,Te;Og and Co,Te;Og are similar in shape.

ideal octahedral geometry (41). The cobalt and nickel com-
pounds both have three easily discernible transitions, but
the nickel compound displays a possible fourth transition in
close proximity to one of the peaks. In the cobalt com-
pound, the three transitions occur at 0.95eV (7700 cm 1),
1.63eV (13200cm™1!), and 2.23eV (18000 cm™'). These
peaks are very close in value to those expected for
4Ty > *Tag *Tyy—*Ayg, and *Ty,—*Ty, bands (42).
However, the *T;, —» *A4,, band is normally weak and ap-
pears unusually strong in our case. In the nickel analog, the
transitions are at 0.92 eV (7400 cm ~ '), a doublet peak with
maxima at 1.61 eV (13000 cm ™ ') and 1.73 eV (13900 cm ~ ),
and 2.81 eV (22600 cm™'). These are exactly what is ex-
pected for the spin allowed transitions >A,, — T,
*Ayy > 3Ty, (F), and *4,, > *Ty, (P) (43).

0.25 1 1 1 1
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8 0.15- -
£
=
2 0.1+ L
<
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0 1 2 3 4 5
Energy (eV)

FIG. 4. Diffuse reflectance spectrum for Co,Te;Og, showing absorp-
tion edge and bands due to allowed transitions at the transition metal
center. The spectra for Cu,Te;Og and Ni,Te;Oyg are similar.
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TABLE 6
Lattice Parameters for the M,Te;O4 Phases Obtained from
Powder Diffraction

Compound a(d) b (A) ¢ (A) B ()

Mn,Te; O 12.896(5) 5.398(2) 11.907(5) 98.14(4)

Co,Te;05 12.659(6) 5.205(1) 11.619(4) 99.08(3)

Ni,Te;04 12.388(3) 5.196(1) 11.495(3) 98.74(2)

Cu,Te;05 11.826(4) 5.263(2) 12230(5)  100.32(3)

Zn,Te;04 12.663(6) 5.191(2) 11.769(4) 99.60(3)
CONCLUSION

Five first row divalent transition metal tellurites with the
spiroffite structure (M,Te;Og) have been prepared as well-
formed single crystals in good yield from hydrothermal
solutions. Three of these compounds (M = Co, Ni, Cu) have
proven to be wide band gap, antiferromagnetic materials.
The remaining two compounds, Mn,Te;Og and Zn,Te;Og,
could not be fully characterized due to difficulties in phys-
ical separation. However, it can be assumed that the color-
less, closed shell zinc compound would also be a wide band
gap material with a small diamagnetic signal. Although the
physical characteristics cannot be approximated without
further measurement, the lattice parameters of Mn,Te;Og
(Table 6) suggest that the structure of the material will be
similar to the cobalt and nickel compounds due to a similar
a/c ratio and small f angle.

All attempts to synthesize an iron analog failed, as oxide-
based iron sources proved to be unreactive, while using
FeCl, resulted in the formation of H3Fe,(TeO5),CI (28, 30).
In all cases, the use of mineralizers other than NH,Cl failed
to yield crystalline products. The spiroffite compounds ap-
pear to be highly stable to moisture and air and can be
synthesized despite wide ranges of starting stoichiometries.
Reactions using higher ratios of metal oxides tended to yield
a mixture of metal oxides and the M,Te;Og4 phase, whereas
reactions loaded with excess TeO, only deposit the excess as
well-faceted clear crystals.
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