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A new copper aluminum silicate CuAlSi,0,(F,OH), (cual-
site) was synthesized hydrothermally from SiO, and Al,O; in
a mineralizing solution {Na,AlF, + ;AI(NO,), + ;Cu(NO;), +
27.8H,0 at 600°C and 150 MPa. Cualsite grew epitaxially on
the pinacoidal plane of the topaz single-crystal seed. Blue crys-
tals of the bipyramidal habitus exhibit orthorhombic symmetry
Pbnm with a =4.757(1) A, b =8.877(3) A, c = 14.075(4) A, and
Z = 4. Structural analysis led to R, =0.018 and R, = 0.046 for
899 unique reflections. The cualsite structure was shown to be in
close relation with that of topaz and may be represented (perpen-
dicular to the ¢ axis) as a sandwich of topaz layered
fragments and (CuSiO,) layers. Copper has a (4+1) square-
pyramidal coordination, with the vertex oxygen being a bridging
oxygen of an isolated [Si,O,] diortho group. Inside one layer,
[CuQ,] squares separated by [Si,O,] diortho groups form a zig-
zag chain with an angle of 103°. The ESR spectrum of interacting
Cu?* ions in cualsite coincides well with this arrangement. Full
identity between the cualsite and topaz structures in the ab plane
explains well the epitaxial growth of cualsite on the topaz single-
crystal seeds. A comparison is made of the cualsite structure and
other known copper silicates. © 1998 Academic Press

INTRODUCTION

Only a few silicate compounds containing divalent Cu as
a main component are known. In addition to the more or
less common mineral dioptase, there are the rare minerals
plancheite and shattuckite (1) synthesized hydrothermally
in (2), kinoite (3), litidionite (4), papagoite (CaCuAlSi,O¢
(OH)3) (5), and some synthetic compounds (6, 7). At the
same time, the Cu?* ion is well known by its paramagnetic
character and chromophore properties (blue and green
color of many minerals). The special role of the Cu?* ion in
high-temperature superconductors has also been attracting
attention to the copper oxide compounds (8).

!To whom correspondence should be addressed. E-mail: joswig@
kristall.uni-frankfurt.d400.de.

We have introduced the Cu?* ion into the system, as
a coloring agent when studying topaz crystal growth in
hydrothermal conditions. Light-blue crystalline material
has been grown on topaz single crystals during experiments.
It was shown to be a new Cu? " -containing compound with
a composition close to CuAl,Si,O,(F,OH),. The name
cualsite (from the main cations: Cu, Al, and Si) used herein
to designate this phase is a working term only, because no
such mineral has been found in nature yet. In this paper we
present experimental data on the growth conditions of cual-
site, its crystal structure, and some physical properties, with
emphasis on ESR spectroscopy, which is very informative in
the case of the paramagnetic Cu?™ ion.

EXPERIMENTAL
Hydrothermal Synthesis

Experiments were conducted in steel autoclaves (volume
200 ml) at the average temperature T, = (Tpor + Trop)/2 =
600 + 1°C and pressure about 150 MPa (as given by filling
coefficients equal to 0.5). The temperature gradient along
the autoclave was AT = Ty, — Tiop = 80-100°C. Both
Tver and T, were measured by two chromel-alumel ther-
mocouples positioned about 5 mm away from the inner wall
of the autoclave in the bottom part and in the obturator,
respectively. The principal arrangement of the charge ma-
terial, seeds, and diaphragm was nearly the same in all runs
and is shown in Fig. 1.

All charge material was placed in a metallic net container
in the lower part of the autoclave. The frame with the seeds
was placed in the upper part of the autoclave. A 10%
perforated diaphragm was positioned in the middle of the
autoclave (at about half height). Thin plates of topaz single
crystals cut parallel to the basic pinacoid plane were used as
the seeds. The charge was a mixture of silica (natural quartz
(Si0,)) and alumina (fused electrocorundum (Al,O3)). Typi-
cal run duration was 1-2 weeks.
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FIG. 1. Schematic representation of hydrothermal experiment: (1)
frame; (2) single-crystal seeds; (3) diaphragm; (4) net with the charge.

Cualsite synthesis was carried out in alkaline fluoride
solutions of complex composition. The following solution
was used as the main mineralizing agent:

INa;AlFg + 3AI(NO3j); + $Cu(NO3), + 27.8H,0.

Concentrations are given in moles per liter of the free
autoclave volume (the free volume being equal to the total
volume minus the volume of the solid charge and armature).
The presence of an oxidative agent (NO?3~ in this particular
case) ensured that copper was in the divalent state, the same
oxidation state as in cualsite. The above composition was
changed slightly in some cases: the Cu content was varied
and some minor admixtures were added to the charge (e.g.,
V,05).

Sample Characterization

Goniometric study was conducted on a ZRG-3 two-limb
reflection goniometer (Germany). Well-shaped spontaneous
crystals up to 1 mm were chosen for the measurements.
Crystals were mounted parallel to the elongation. Orthor-
hombic bipyramid faces were used for crystal alignment
(Fig. 2).

The chemical composition of the synthesized material
was determined by an electron microprobe (Cambex-
Micro). Kyanite, fluorphologopite, and tenorite were used
as standards for the electron microprobe analysis. The
chemical compositions of the pure and V-containing cual-
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FIG. 2. Cualsite single crystals: (a) scanning microscope photograph
(crystal size is about 1 mm); (b) schematical drawing of the bipyramidal
spontaneous crystal.

site as well as of natural and synthetic topaz are presented in
Table 1.

X-ray powder diffraction data were collected on
a DRON-3 powder diffractometer with CuK« radiation and
a graphite monochromator. Al,O; powder was used as an
internal standard. Measured d/n and relative intensities are
summarized in Table 2.

The IR spectrum of cualsite was registered on a Specord
IR spectrometer (Germany). ESR study was conducted at
room temperature with a JES-3BX ESR spectrometer (Ja-
pan). g-factor values were determined by comparison with
an external standard (DPPH).

High-temperature behavior and decomposition above
1000°C were studied by thermogravimetry and thermo-
analysis on an OD-102 derivatograph (Hungary).
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TABLE 1
Electron Microprobe Analysis of Cualsite and Topaz
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TABLE 2
X-Ray Powder Diffraction Data of Cualsite

°

Oxide Composition (wt%)" I/1, dexp (A) 20exp 20.a1c A20%,. hkl
Cualsite, Cualsite, Synthetic Natural 7 4.5020 19.72 19.702 +0.018 101

blue green topaz topaz® 6 4.4396 20.00 20.006 —0.006 020

11 4.2304 21.00 20.988 +0.012 021

SiO, 36.42 35.89 30.22 31.03 100 4.0186 22.12 22.124 —0.004 111
AL, O3 30.98 30.65 54.55 5247 5 3.7542 23.70 23.701 —0.001 022
CuO 23.66 23.04 0.07 — 10 3.6016 24.72 24.719 +0.001 112
Cr,0; — Trace Trace — 6 3.5203 25.30 25.312 —0.012 004
V,0; Trace 0.26 Trace — 5 3.3413 26.68 26.690 —0.010 103
FeO 0.14 0.11 0.11 0.08 63 3.2435 27.50 27.488 +0.012 120
F 8.18 8.23 14.23 14.85 9 3.1623 28.22 28.223 —0.003 121
Sum 99.38 98.18 99.18 98.43 7 2.9470 30.33 30.332 —0.002 122
-0 =F, 3.44 3.46 5.99 6.25 10 2.7575 3247 32473 —0.003 024
Sum 95.94 94.71 93.19 92.18 53 2.6945 33.25 33.242 +0.008 114
Unit cell 10 2.5123 35.74 35.740 0.000 130
parameter b (A) 8.877(3) 8.873(4) 8.820(3) 8.820(3) 5 2.4748 36.30 36.324 —0.024 131
Fe¢ 9.67° 9.73¢ 17.56¢ 17.56¢ 8 2.4220 37.12 37.113 +0.007 105
42 2.3776 37.84 37.848 —0.008 025

Atomic quantities per formula unit 14 2.2671 39.76 39.759 +0.001 211

Si 2.003 2.000 0.958 1.002 6 2.1850 41.32 41.346 —0.026 212
Al 2.008 2.013 2.038 1.996 23 2.1261 42.52 42.515 +0.005 125
Cu 0.983 0.970 0.002 0 11 2.0965 43.15 43.157 —0.007 220
V3t 0 0.012 0 0 24 2.0474 44.24 44.245 —0.005 116
Fe?* 0.006 0.005 0.003 0.002 3 2.0111 45.08 45.084 —0.004 140
F¢ 1.423 1.450 1.426 1.516 6 1.9902 45.58 45.567 +0.013 141
F¢ 1.67 1.69 1.76 1.79 14 1.9226 47.28 47.255 +0.025 214
OH* 0.38 0.36 0.19 0.22 3 1.9006 47.86 47.848 +0.012 126
8 1.8745 48.57 48.573 —0.003 135

“ As an average value of five measurements in different places of a sample.
®The seed material (cf. Fig. 1).

¢As estimated by assuming the same error level as in topaz.

F wt% = 892.5-99.2b (17).

¢ As determined from cation—anion charge balance.

Single-Crystal Structure Determination

Several cualsite crystals were checked by Laue photo-
graphs, and a green (V-containing) specimen shaped as an
equilateral triangle (0.45-mm length and 0.1-mm thickness)
was chosen for the experiment. The data collection was
performed at room temperature on a single-crystal diffrac-
tometer (Enraf-Nonius CAD4) with MoKa radiation ap-
plying the w-scan method (altogether ca. 2900 intensities
were measured over the half sphere of reflection).

Due to the absorption coefficient and the shape of the
crystal, an experimental absorption correction (-scan
technique) was carried out. The background corrections
were determined by profile analysis (9).

The lattice constants were refined by 25 reflections
(23° < 20 < 45°) with positive and negative 20 determina-
tion. The crystal and experimental data together with the
refinement data are given in Table 3.

The extinction rules indicate the centrosymmetric space
group Pbnm (No. 62) and the noncentrosymmetric space
group Pbn2; (No. 33). As piezoelectric data (Dr. V. A.

Gritchin, personal communication) show centrosymmetry,
the space group Pbnm was taken for the structure deter-
mination by direct methods: SHELXS-90 (10).

TABLE 3

Crystal Data and Experimental Parameters
Chemical formula CuAl,Si,O-F,
Crystal system Orthorhombic
Space group Pbnm (No. 62)
a (A) 4.7602(4)
b (A) 8.8766(10)
¢ (A) 14.0923(12)
Vv (A3 595.5
V4 4
D, (Mgm™3) 3.61
Scan W
(MoKo) (A) 0.7107
(Si0 0/2)max (A1) 0.7
u(MoKo) (mm 1) 443
Size of crystal (um) 450/100
Number of I, measured 2838

Number of I, (averaged) (NREF) 899
—6,6,0,12, —19,19

huins Baxs Kinins Kimax> Lnin> lmax

Number of variables (NVAR) 71
Ry = R(F) = S[F,| — |F]13IF,| 0.018
WR, =R(WF?) =[Yw(F?—F2)?/yw(F2)*]'/? 0.046
GoF = [Yw(F? — F2)?/(NREF — NVAR)]'?  1.14
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TABLE 4 oTABLE 5
Atomic Positions, Displacement Parameters, and Population Interatomic Distances (A) and Angles (deg) in Cualsite and
Factors of Cualsite Topaz (13)
Atom X y z Ul(eq) (A) Population CuO pyramid AlO,F, octahedron
Cualsite Cualsite Topaz
Cu 0.13262(5) 0.85802(3) 0.75 0.00548(9)  0.940(2) Cu-O()[x2]  1.946(1) Al-F 1807(1) 1790
Si —0.09579(7) 0.56185(4) 0.64628(2) 0.00344(14) 0.948(4) Cu-0(2) [x2] 1.955 Al-F 1.804 1.790
Al 0.09625(8) 0.86853(4) 0.54954(3) 0.00377(14) 0.955(3) Mean 1.950 Mean 1.806 1795
F —0.10431(16) 0.75326(9) 0.46858(6) 0.00860(23) 0.979(4) Co ot 236600 ALOW) s 1901
u— . —! . .
ouy -pomsan o veleis ponsey 1 S B e NOR YOI
2 : 1) 0. (1) 0. (6) 0. (22) 0(1)-0(1) 2914 96.93(6) Al-0(3) 1910 1.884
0(3)  —0.30080(19) 0.51306(10) 0.55819(7) 0.00712(21) 1 0(-00) 2000 99856  Al-O() 1908 1897
O@4)  —0.24459(31) 0.52461(15) 0.75 0.00816(27) 1 0(1)-0(4) 3083 90.72(4) Mean 1.889 1.8945
0(2)-0(4) 3098 91.13(4) F-F 2540(1) 2516
F-O(1) 2,607 2,626
The struct.u.re determination shows that cualsite be.longs $i0, tetrahedron g:gg; ;222 ;22
to the sorosilicate group; the double tetrahedra are linked F-0(1) 2533 2592
by Al octahedra and Cu polyhedra. For the following refine- Cualsite  Topaz 5*88?) ;222 ;22;
ment calculatlops l?y SHEL'XL-9.3 (11?,'the data set was si-0(1) 1634(1) 1644 Mean 5593 5601
averaged, resulting in 899 unique intensities (R;,; = 1.28%).
After refinement of the positional and displacement para- Si-O0@ 1.629 1.636 O01-0@) 2.549(1) 2525
t 11 as the site occupancy factors of the cationand 5 <) 1637 1642 x2 0()-00) 2817 2806
me e.rs as well a. up y ) ’ Si-O(4) 1.657 0(2)-0(3) 2.898 2.904
fluorine, the final R value converged to 1.8%, including all  Mean 1.639 1.641 0(2)-0(3) 2716 2730
intensities (no ¢ limit). Positional and displacement para- ©O1)-00Q) 2689(1) 2685 0(3)-013) 2518 2.503
. . . " 0(1)-0(3) 2709 2697 x2  Mean 2633 2,633
meters are given in Table 4, and interatomic distances and O(1)-0(d) 5625
angles in Table 5. 0(2-0(03) 2.68 2,675 x2
0(2)-0(4) 2.628
0(3)-0(4) 2718 2,650 F-AL-F’ 89.352)  89.0
RESULTS Mean 2.676 2.680 F-Al-O(1) 90.32(3)  90.7
) ) F-Al-0(2) 87.68(4)  88.5
Hydrothermal Synthesis of CuAl,Si,O,(F, OH), F-Al-O(3) 90.83(4)  91.2
. o . . F-Al-O(1) 87.16(4) 889
Cualsite grew epitaxially on the basal pinacoid surface of o) -si-0@2) 110956) 1099 F-Al-O(3) 86.88(4) 874
the topaz single-crystal seed. The average growth rate was O(1)-Si-O(3)  111.80(5) 1103 x2 F-AL-O(3) 91.84(4) 913
. O(1)-Si-O@4)  105.77(6) 107.5 O(1)-Al-O(2)  8595(4) 834
0.1-0.2 mm/day. No growth of quals1te was observed when 0 Si0G)  11072(3) 1094 x2 O()ALOE)  9650(5) 952
seeds were cut along other directions. If the seed surface was  o@)-si-0@)  106.16(6) O(2)-Al-0(3)  100.10(4) 100.4
not exactly but close enough to the (001) plane, separate ©O()-Si-O@4)  111.16(6) O(2)-AI-0(3)  9191(4) 921
Mean 10943 109.5 OB)-Al-O(3)  8254(4) 829

subindividual cualsite units began to grow initially. Then
they became larger and coalesced into one layer. The spheri-
cal topaz seed became almost completely well shaped by the
cualsite crystal faces except for a narrow band at the prism
zone.These facts allow us to conclude that the only direction
where an epitaxial growth of cualsite on topaz can occur is
a basal pinacoid plane.

When cualsite was grown under copper-deficient condi-
tions, the growth layers became inhomogenous. Formation
of a “sandwich” of interchanged layers of cualsite and topaz
composition was observed. Further reduction of copper
content in the system led to formation of small (< 100 pum)
flat cualsite clusters in topaz. The lower the Cu content was,
the sparser these cualsite clusters were. The electron micro-
probe profiles presented in Fig. 4 demonstrate this situation.

The observed intergrowth of cualsite and topaz can be
attributed to the absence of isomorphic miscibility between
these compounds and the impossibility of Cu?* incorpora-
tion into the topaz structure. In this case, topaz will crystal-

lize at low copper concentration, while the diffusion zone
around the seed will be enriched in copper. After the critical
Cu concentration is achieved, it will be released by forming
of a new cualsite layer (or cualsite clusters) and a new cycle
will begin.

The isomorphic capacity of topaz is known to be low (12).
The same was confirmed by our attempts to introduce some
3d elements into topaz. The concentration of these elements
in topaz never exceeded a few hundredths of a percent. In
this connection, it was of interest to check the isomorphic
capacity of cualsite. V3* was introduced into the system in
the form of sesquioxide V,05. Grass-green cualsite crystals
grew under these conditions. They contained about 0.3 wt%
of V,O5 (Table 1). It should be mentioned that under our ex-
perimental conditions (high NO; concentration) the stable
vanadium phase was V,Os5; hence the V3* concentration in
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solution was very low. Nevertheless its concentration in
cualsite was relatively high.

In all runs, accompanying phases were synthesized on the
seeds along with cualsite: first topaz in the form of small
(< 0.1 mm) spontaneous crystals and then cryolite
(Na3AlFg) in the form of large (up to 1 mm) spontaneous
crystals. Cualsite spontaneous crystals were observed in
some runs, too. They were mostly of -elongated
pseudohexapyramidal habit (Fig. 2a) and more rarely of
pseudobipyramidal habit (Fig. 2b). Often these crystals
were grown on topaz.

Crystal Morphology

As evidenced from our goniometric study, the following
crystal faces are usually developed on the cualsite crystals
(Fig. 2): orthorhombic bipyramid (111) and orthorhombic
prism (011). The orthorhombic prism (120) and pinacoid
(001) are also present on some crystals.

X-Ray Powder Diffraction and Unit Cell Parameters

The X-ray powder diffraction pattern of cualsite (Table 2)
was indexed successfully in the orthorhombic unit cell
(space group Pbnm). The following cell parameters were cal-
culated by routine least-squares procedure: a = 4.757(1) A,
b=887703) A, ¢ = 14.0754) A, V =594.402) A3, Z = 4. It
is noteworty that the a and b parameters of cualsite are very
close to those of topaz (a = 4.660(1) A, b= 8.820(3) f‘,),
whereas, the ¢ parameter is significantly larger (c =
8.400(4) A in topaz).
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Physical Properties

Cualsite formed transparent blue crystals with a vitreous
luster. The V-doped crystals were green and very brittle.
The {001} cleavage is perfect. The X-ray density is
3.48-3.49 g/cm?3. Mohs hardness is 7 and the microhardness
(Wickers) is 1120(50) kg/mm?. The optical properties are
n, = 1.625, n, =1.644, n, = 1.668, n, —n, =0.043, and
2V = 82°. Direct measurement of the piezoelectric effect
(Dr. V. A. Gritchin, NSTU, Novosibirsk) showed its ab-
sence, indicating the crystal to be centrosymmetric.

Chemical Composition

The chemical compositions of pure and V-containing
cualsite are presented in Table 1 together with those of
synthetically grown topaz and natural topaz used as a seed.
Synthetic topaz analysis corresponds to the run where topaz
layers were interchanged with cualsite ones.

It is known that microprobe analysis can underestimate
fluorine content. This seems to be the case with our cualsite
and topaz analyses, the low sum being one of the manifesta-
tions of this. Another indication is the low values of F deter-
mined for topaz: 14.85-14.23 wt%, which correspond to
1.52—-1.43 atoms per formula unit. This is too low for the
synthesis conditions and is in strong disagreement with
other observed properties of our topaz samples. Thus an
estimation by the well-established correlation of the F
content and topaz unit cell parameter b (17) gives a more
reasonable value: about 17.56 wt% (1.7 atoms per formula
unit) for both natural and synthetic topaz (b = 8.820(3) A)

I N O O N N S N N S T T Y S O

0 T r
4000 3800 3600 3400 100

600 400
V,cm!

1200 1000 800

FIG. 3. Cualsite IR spectrum. The small peak near 3700 cm ! corresponds to OH group vibrations.
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(Table 1). Assuming approximately the same error level in
cualsite microprobe analyses, we estimate its F content as
9.6 wt%, or 1.7 atoms per formula unit. This value is in
satisfactory agreement with that derived from the thermo-
gravimetry curve of cualsite (see next section), which gives
1.86 fluorine atoms per formula unit. The relatively low
amount of OH groups in cualsite was revealed by IR spec-
troscopy (see low-intensity peak near 3650 cm ™! in Fig. 3).
Taking into account all of the above, we can write
the following chemical formula for the particular cualsite:
Cug.95Al; ¢1515.0007(F9.0OHy 1),, or in generalized form
CuAl,;Si,0, (F,OH),.

Surprising results were obtained for the “sandwich” sam-
ples, where an interchange of deep blue and colorless zones
was visually observed. The microprobe profiles of the main
components taken across such a sample (along the growth
direction) are presented in Fig. 4. An increase in CuO con-
tent is distinctly seen in the blue zone, which has well-
defined sharp boundaries. However, the CuO content in this
zone does not exceed 1.5 wt%, whereas in stoichiometric
cualsite this value must be one order higher. The same low
CuO content was detected in other points along this zone.
To explain this observation one can assume the presence of
very thin microlayers of cualsite and topaz in the blue zones.
If so, these microlayers have to be smaller than the micro-
probe electron beam diameter (about 3 um). The reasons for
and possibility of such thin interlayer formation will be
discussed shortly.

Thermal Behavior

Two endothermic effects were observed in cualsite when it
was heated to 1300°C (Fig. 5). The second one, at 1000°C, is
due to cualsite decomposition and is accompanied by
a 15.36% weight loss. The decomposition products (after
1300°C) were mullite (Al¢Si,O;3) and tenorite (CuO) as
revealed by X-ray powder diffraction. No SiO, crystalline
phases were detected by X-ray powder diffraction. However,
a high background level was observed, indicating the pres-
ence of an amorphous phase.

By analogy with topaz decomposition, one can assume
the following reaction:

6CuAlzsizo7F2x(OH)2(1 -x) = 6CuO + 2A16Si2013
+ (8—3x)Si0, + 3xSiF,
+6(1 — x)H,O0.

The resulting weight loss calculated from this equation for
x = 0.851s 14.53%, which is lower than the measured value
of 15.36%. On the other hand, one can calculate x from the
weight loss value. The thus obtained x value is 0.93, being
another reasonable estimation of the fluorine content in our
sample (see above).

IZOKH ET AL.

mkm = pm
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-
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0 200 800
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Cualsite
Grown topaz

(natural topaz)

7777.

FIG. 4. Electron microprobe profiles through the single-crystal topaz
seed with synthetic topaz and cualsite layers (see text for details).

Description of the Structure

The crystal structure of cualsite (Fig. 6) can be described
by analogy with that of topaz. The interrelation between the
structures is shown in Fig. 7. The main building elements of
both structures are [AlO,F,] octahedra and [SiO,] tet-
rahedra. However, the key unit of the topaz structure is the
crankshaft chain of edge-sharing [AIO,F,] octahedra and
corner-sharing [SiO,] tetrahedra running parallel to z
(Fig. 7a) (13), whereas in cualsite this unit is broken along
the common octahedral edge and an extra [SiO,] tetrahed-
ron is fitted into the chain, forming a [Si,0-] diortho group
(Figs. 7c and 7d). Copper atoms are situated between these
two shifted octahedra in the plane of their previously shared
edges. As a result, the ¢ parameter of the cualsite lattice
becomes more than 1.5 times larger than that of topaz. One
can easily calculate a theoretical value of ¢, which is equal
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DTG

1000 |~
o DTA

500 |-

[ 10mg
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weight, mg

FIG. 5. Cualsite derivatogram: TG = weight loss, DTG = derivative
of the weight loss, DTA = differential thermal analysis curve, T = sample
temperature vs furnace temperature.

to the sum of the topaz ¢ parameter plus two edges of
the [SiO,] tetrahedron (cf. Fig. 7b): ¢, = 8.400(4) +
2,650 x 2 = 13.700 A. This value is comparable to the meas-
ured ¢ parameter of cualsite, 14.075(4) A. At the same time,
the lattice parameters a and b of both compounds are
almost the same: a = 4.757(1) Aandb = 8.877(3) A for cual-
site and a = 4.660(1) A and b = 8.820((3) A for topaz. This is
due to the full identity of both structures in the ab plane
(Figs. 7b and 7e).

Thus, on the one hand, the cualsite structure viewed in the
be plane (Fig. 7d) is very close to the schematic representa-
tion built from topaz structural fragments (Figs. 7a and 7c).
On the other hand, the cualsite structure can be described as
composed from the layered fragments of the topaz struc-
ture—octahedral sheets parallel to the ab plane, which are
distinctly seen in Fig. 6 and are separated by diortho groups
[Si,O,] and Cu atoms.

The coordination polyhedra in both structures are almost
the same. The interatomic distances and intrapolyhedral

533

FIG. 6. Stereoview of cualsite structure in polyhedral representation.

angles differ insignificantly (Table 5). One exception is the
increase of the O(1)-O(2) distance to 2.549 A in cualsite
compared to 2.525 A in topaz. However, this is easy to
explain because in topaz it is a common edge shared by two
Al octahedra and in cualsite it is an edge shared by an Al
octahedron and a [CuO,] square plane (Fig. 8).

Slightly larger Al-(F,OH) distances in cualsite compared
to F-topaz (Table 4) may be attributed to partial substitu-
tion of OH for F, In topaz, this substitution led directly to
an increase in unit cell parameter b. The same must be the

FIG. 7. Interrelation between cualsite and topaz structures: (a) topaz
structure projected down y (cf. (13)); (b) disjointed fragments of topaz
structure with additional [SiO,] tetrahedra between them as an ideal
cualsite matrix; (c) cualsite structure projected down y; (d, e) projections
down z. Dashed lines show the trace of the {001} cleavage (after (13)).
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FIG. 8. Main coordination polyhedra of cualsite structure.

case in cualsite but the picture may be complicated by some
deviations from closest packing along the b axis.

The [Si,O-] diortho group formed in cualsite in-
stead of the single [SiO,] tetrahedron present in topaz is
characterized by a very small {(Si—O-Si) angle (123.7°). This
value is far from the average value of this angle (139°) (15)
and lies even below the low limit found in diortho groups
(128.2° (15)).

The Cu?* coordination can be represented as a pyr-
amidal (4 + 1) coordination (Fig. 8). Four oxygen atoms
from the opposite edges of two “shifted apart” octahedra
from an almost ideal plane (approximately flat square) in
the center of which there is a Cu atom. The average Cu—O
distance in this plane is 1.95 A, which is close to those of
other known copper—oxygen compounds. The fifth oxygen
has a larger Cu—O distance equal to 2.366 A. Thus the
coordination polyhedron of Cu?* in cualsite is a tetragonal
pyramid whose base is composed from two edges of Al
octahedra and whose vertex is a central bridging oxygen
atom of the [Si,O] diortho group. The latter may be
considered as an explanation of the very small Si—O-Si
angle in the diortho group. It is known that at higher
O coordination the Si—O-Si angle in the diortho group may
be lower (15).

Detailed comparison of interatomic distances and angles
in cualsite and topaz is presented in Table 5.

Electron Spin Resonance of Cualsite

A cualsite single crystal exhibits a single symmetric ESR
line (Fig. 9a), the line width being AH = 60 Oe. The line
position depends on the crystal orientation in the magnetic
field (H,). When the ¢ axis of the crystal is parallel to H, the
line position corresponds to the g-factor value g, = 2.07;
when the ab plane is parallel to H,, g, =g, = 2.21. The
observed values of the main g tensor components are in
correspondence with the ESR spectrum of cualsite powder
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FIG. 9. ESR spectra of cualsite; (a) single crystal; (b) powder sample.

(Fig. 9b), which is characterized by g, = 2.07, g, = 2.20, and
line width about 150 Oe.

Numerous ESR studies of Cu ions in various oxide ma-
trices (16) showed that the g factor of the isolated Cu?™ ion
was g, = 2.39-2.40 for ideal octahedral coordination and
decreased gradually with decreasing coordination to
g, = 2.32-2.30 for fourfold quadratic coordination.

It is noteworthy that ESR spectra of Cu?* ions with
g1 > g > g. have been observed rarely. A model to describe
them was proposed for the first time in (17). The ESR lines
were attributed to clusters of four interconnected quadratic-
coordinated axially symmetrical Cu?* ions in the ground
state d,2_,> with tetragonal axes lying in the cluster plane
and being perpendicularly correlated. In this model, the
following relations can be written for the ESR spectrum of
the cluster:

[1]
[2]

8 =&
g1 = (g +g3)/2,

where g; = g, are the perpendicular components and g5 is
the parallel component of the g tensor of the isolated axially
symmetrical Cu?* complexes from which the cluster is built.
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FIG. 10. Cualsite structure projected down x (a) and down z (b) to
show the zigzag [CuO,] chains (the very top polyhedra are removed in b to
make Cu atoms visible).

As will be shown in a separate paper, relations [1] and
[2] are fulfilled satisfactorily if an exchange interaction
exists between cooperatively ordered Cu?* ions (e.g.,
—Cu-0O-Si-O—-Cu-) in their ground state d,>_,2, which is
the case in cualsite, where one can separate the zigzag chains
of [CuO,] squares (the zigzag angle being 103°, which is
close enough to 90°) directed along the b axis (Figs. 10a and
10b). When two neighboring [CuO,] squares are perpen-
dicular to one another, one can easily obtain

=8 =81 = (g +g3)2 [3]

8= 8= &1- [4]

Ignoring weak distortions of [CuQ,] complexes, we can
assume that g, = g, and obtain g3 = 2g, — g, = 2.35 from
[3] and [4]. This value corresponds well to the distorted
octahedral (up to fivefold pyramidal) oxygen surroundings
of the Cu?”* ion. Thus the main ESR spectrum of cualsite is
described fairly well by the above model of the infinite
zigzag chains.

In addition to the main ESR line, an isotropic spectrum of
low intensity was observed in the region connected to
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double-quantum transitions (g = 4.2—4.3). It consisted of
a few lines of various intensities with hyperfine splitting
(HFS) corresponding to a HFS value Aq = 35 Oe. They
may be associated with isolated dimers of Cu?* ions. Unfor-
tunately, because of the strong ESR lines of the main ESR
spectrum, it was impossible to isolate the fine-structure
spectrum, which corresponds to formation of dimers with
S = 1. The presence of dimers may be due to some irregular-
ities of the cualsite lattice and/or incorporation of some
Cu-substituting atoms (or vacancies) into the chain followed
by breaking of exchange bonds between Cu ions. The low
isotropic HF'S value may be due to the opposite signs of the
main A tensor components A, and A,.

DISCUSSION

Cualsite, CuAl,Si,O-(F,OH),, is a new member of a cop-
per silicate family with relatively few members, comprising
both natural and synthetic compounds. From the chemical
point of view, its chemical composition, method of synthesis
(growth on topaz), and crystal structure allow one to con-
sider cualsite as a copolymer of topaz (Al,[SiO,](F, OH),)
and a hypothetical copper metasilicate, CuSiO;. Neverthe-
less, contrary to most known copper silicates, cualsite con-
tains no chains or other infinite silicate units. [Si,O~]
diortho groups are isolated in the cualsite structure and
form together with [CuOs] polyhedra some kind of layers
in the ab plane (Fig. 6). These layers are sandwiched
between layers of [AlO4F,] octahedra, which are fully iden-
tical to those existing in the topaz structure (Figs. 7b and
7e). This is the main reason for the observed over- and
intergrowth of cualsite and topaz perpendicular to the
¢ axis.

Denoting the [AlO4F,] octahedral layers by O and
[SiO,] tetrahedra by T, we can write for topaz the following
sequence: {-O-T-O-T-},. By analogy, we can write
{-O-T-Cu-T-O-}, for cualsite, where Cu denotes
[CuOy 4 1] pyramids. Due to the almost full identity of both
structures in ab plane formation, various intermediate com-
binations of these layers seem possible. For example,
{~O-T-O-T-Cu-T-O-T-},, or some other combination
of layers may exist, depending primarily on the chemical
composition of the crystallization medium. In this case, the
following general formula may be written: xCuSiOj-
Al,[SiO4](F, OH),, where 0 < x < 1. Such compositional
variability is characteristic for the copolymers and can ex-
plain the anomalously low Cu content in blue zones on the
topaz seeds, which were grown under Cu-deficient condi-
tions.

The perfect {001} cleavage found in cualsite is of the same
nature as that in topaz (13). It is easy to see in Fig. 7 that the
weak directions of AI-O and Al-F bond rupture (dashed
lines) are preserved in cualsite and are responsible for this
cleavage.
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As discussed in the previous section, coordination poly-
hedra and interatomic distances and angles in cualsite co-
incide fairly well with known correlations and are of the
same magnitude as in other copper silicates. The Cu'V-O
distance for approximately square coplanar coordination
varies normally from 1.932A in Li,Cus(Si,04), (7) to
1.995 A in Cus(SiO3),(OH), (1), being 1.96(1) A for Cu' in
(IV 4+ I) coordination (7). In cualsite, these distances are
1.946 and 1.955 A. The fifth Cu—O distance in the square
pyramid is always larger and varies from 2.240 A in
Ca,Cu,Si;0,0-2H,0 (3) to 2.692 A in Cus(SiOs),(OH),
(1). In cualsite, the fifth Cu-O distance is 2.366 A. It is
noteworthy that this vertex (fifth) oxygen is at the same time
a bridging oxygen of the Si,O- group (Fig. 8). Its participa-
tion in both the (CuQOy ) pyramid and the Si,O- diortho
group may result in an abnormally small Si—-O-Si angle
(123.7° compared to an average value 139° (15)).

A very similar arrangement of coordination polyhedra
was observed in the mineral papagoite, Ca,Cu,Al,[Si;O4,]
(OH); (5), where Cu?* is also in a plane formed by edges of
two [AlO¢] octahedra. (Cu-0O),, = 1.95 A and the Cu to
fifth oxygen atom distance is 2.402 A. Similar to the ar-
rangement in cualsite, the [AlO4] octahedra in papagoite
are also connected by [Si,O,] diortho groups (or more
precisely by [Si4Oq,] rings), but contrary to cualsite, the
bridging oxygen, though it was included in Cu?* coordina-
tion in (5), is too far from Cu?* and the {Si—-O-Si)
angle = 138.14°, which is very close to the average value
139°.

A distinct covalent component of the Cu—O bond is
confirmed by ESR measurements. The ESR spectrum of
cualsite reflects an exchange interaction of Cu?”* ions ar-
ranged in an infinite zigzag chain along the b axis.

The larger isomorphic capacity of cualsite compared to
that of topaz is easily understandable in terms of their
structures. The topaz structure is based on the oxygen (and
fluorine) close packing and almost all [AlO4F,] octahedra
have common O-O edges, whereas the cualsite structure is
much more open and flexible. This helps to compensate
and/or to relax any possible deformations which may arise
during V substitution for Al, which was obtained in our
hydrothermal experiments.

CONCLUSION
The single-crystal structure of a new copper aluminum

silicate CuAl,Si,O-(F,OH), (cualsite) synthesized hydro-
thermally was determined and was shown to be in close
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relation to that of topaz. Full identity between both struc-
tures in the ab plane explains well the epitaxial overgrowth
of cualsite on the topaz single-crystal seeds.

The physical properties of cualsite coincide well with its
structure, in which the topaz layered fragments alternate
with the [CuSiOs;] layers in the [001] direction. Copper
coordination is a (4 + 1) square pyramid with a vertex
oxygen being the bridging oxygen of the [Si,O-] diortho
group. Zigzag chains (with intrachain angle 103°) formed by
[CuO,] squares inside [CuSiO;] layers coincide well with
the ESR spectrum of interacting Cu?™ in cualsite.

The main interatomic distances and angles in cualsite fall
in the range typical for other known copper silicate struc-
tures. The only exception is a very small diortho groups
Si—O-Si angle (123.7°).
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