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An ab initio structure determination of synthetic volborthite Cu;V,0,(OH),, 2H,0 was performed from
X-ray and neutron powder data using a modified Rietveld method. The cell is monoclinic (space group
C2/m; Z = 2) (X rays: a = 10.606(4) A; b =587 A; ¢ = 7.21303) A; B = 94.90(3)°) (neutrons: a =
10.607(5) A; b= 5.864(4) A; ¢ = 7.214(6) A; B = 94.88(4)°). The refinement leads to R; = 0.035; Rp =
0.065; Ryp = 0.063 (X rays); and R; = 0.060; Rp = 0.093; Rwp = 0.085 (neutrons). The structure is built
up from defect brucite-type layers in the (001) plane, connected one to each other by pyrovanadate
groups. The corresponding pillared and layered framework embeds water molecules. The hydrogen

bonding subnetwork is described. Structural correlations are given.

Introduction

In the context of a general study of the
physical properties of copper-containing
natural minerals, we reproduced the syn-
thesis of volborthite Cu;V,0s, 3H,0. This
compound was known since the 18th cen-
tury. Later, the physical, chemical, and op-
tical properties were studied by Guillemin
(7). Leonardsen and Petersen (2) assigned it
a monoclinic symmetry. However, no
structural determination had been carried
out so far. Therefore, this paper is devoted
to the crystal structure of synthetic
volborthite and its structural relationships
with some layered and pillared structures.
It will show that volborthite is correctly
written with the formula Cu;V,0,(OH),,
2H,0.
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Experimental

Volborthite was prepared according to
the method of Strupler (3) from stoichio-
metric amounts of CuSO, and V,0s solu-
tions in NaOH medium at 40°C. The par-
tially deuterated sample used for neutron
diffraction was prepared in the same way.
The compound is poorly crystallized and
exhibits broad diffraction lines.

The X-ray powder pattern recorded on a
Siemens D501 diffractometer (diffracted
beam monochromator; CuKa; 26 range: 5—
120°) agrees with the data of Leonardsen
and Petersen (2). In order to avoid orienta-
tion effects, the X-ray samples were pre-
pared according to the method described in
Ref. (4). The neutron diffraction pattern of
the deuterated sample was recorded on the

220



SYNTHETIC VOLBORTHITE

TABLE 1

DETAILS OF RIETVELD REFINEMENTS
(X RAY AND NEUTRON)

X ray Neutron
Lattice constants
a(A) 10.606(4)  10.607(5)
b(A) 5.874(1)  5.864(4)
c(A) 7.213(3) 7.214(6)
BC) 94.90(3) 94.88(4)
Volume (A% 447.5(1.8)  447.2(2.1)
Density (g - cm™3): 3.52 3.52
26-step scan increment (°) 0.04 0.20
26-range (°) 15-115 15-130
A A) 1.54056 2.52370
Number of reflections 340 102
Zero point (20) 0.024(4) —0.376(13)
Reliability factors
R, 0.035 0.060
Rp 0.065 0.093
Rup 0.063 0.085
Rg 0.040 0.025
Space group C2/m C2/m

DI1B difcfractometer (20 range: 10-130°; A =
2.5237 A) at Institut Laue-Langevin in Gre-
noble.

Data Analysis

The conditions limiting possible reflec-
tions (hkl: h + k = 2n) lead to the space
groups C2/m, Cm, or C2. The lattice pa-
rameters refined from X-ray data are a =
10.606(4) A; b = 5.874(1) A; ¢ = 7.213(3) A;
B = 94.90(3)°; v = 447.5 A3: and the calcu-
lated density is d = 3.52 g/cm? for Z = 2.

Individual intensities were extracted
from the X-ray powder pattern by a profile
fitting procedure which does not need any
structural model but constrains the angular
position of the reflections to be consistent
with the cell parameters (5). Table I sum-
marizes the details of data collection.

Intensities were converted into structure
factors and used as input data for the pro-
gram SHELX76 (6). Cu?* and V°* were lo-
calized by using the direct methods (option
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TANG of SHELX) and a Fourier synthesis.
Scattering factors for Cu?* and V°* were
taken from International Tables for X-ray
Crystallography (7) and O~ from (8).

A profile Rietveld refinement using this
set of atomic positions as structural model,
followed by Fourier difference synthesis,
yielded the positions of the remaining oxy-
gen atoms. Reflection (001), very asymetri-
cal, was excluded. This leads to the reliabil-
ity factors Ry = 0.041; Rp = 0.074; Ryp =
0.073.

Refinements performed in the space
groups Cm and C2 do not improve these
results.

At this stage, indications of anisotropic
X-ray line broadening were noticed. Such
an effect and the anomalously high line-
width of all reflections are not unexpected
since the method of synthesis (precipita-
tion) is not favorable to the growth of crys-
tals larger than 1000 A. So the X-ray data
were reexamined using the ‘‘size-strain
analysis’’ options of our modified Rietveld
method [(9) and references therein]. The in-
strumental profile g was determined from a
well-crystallized NiF, sample measured un-
der the same conditions; the experimental
profile A of Cu;V,0,(0OH),, 2H,0 is then re-
produced as the convolution product ~ =
f* g (where fis the “‘true sample’’ profile)

TABLE 1I

MEaN siZE M (A) AND STRAIN VALUES IN SOME
CHARACTERISTIC DIRECTIONS

Directions perpendicular to
planes (kkl)

h00  0k0 00/ 101 110 011

M (Ay .
@p) - @710 (A

216 402
0.33

159 154 320 226
1.65 038 0.25 0.64 0.58

4 M is related to the “‘surface” distribution while another
definition M 1 exists for a ““volume”’ distribution (obtained
from integral breadth for instance). When the size effect is
ﬁxeg as a Cauchy-like broadening, the relation M1 ~ 23 is
valid.

{(Z:2) is obtained from (Z 1) by the relation (Z/% = |n|¥
(Z ), where (Z?) and X are refinable parameters (K = 1.7(1));
(d') = 13.8 A, see Ref. (9).
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FiG. 1. Observed (...) and calculated (—) X-ray powder patterns. The difference appears below at

the same scale.

by means of Fourier coefficients. Assuming
a given size distribution (Cauchy), an ad-
justable strain variation in space, and using
an ellipsoid in order to approximate the
mean coherency domain and the mean
strain (9), the reliability factors drop to R} =
0.035, Rp = 0.065, Rwp = 0.063 (Fig. 1). In
Table II, the mean particle size and the
strain parameters, i.e., the distribution of
atoms around their equilibrium positions,
are reported. The strain is very weak if
compared to cold worked materials for in-
stance, so the line broadening is mainly due
to the size effect. The particles are not (001)
platelets, as generally observed for brucite-
type compounds obtained by precipitation,
but the easiest direction of growth appears
to be [010].

The hydrogen atoms were located on a
difference Fourier map using the neutron

diffraction pattern. The vanadium coordi-
nates were fixed at the values they had in
the final refinement from the X-ray data.
Fermi lengths of D, H, and all of the nonhy-
drogen atoms were taken from (10). The
sample was not fully deuterated; therefore
the deuterium site occupancy was also re-
fined and corresponds to 74% of deuterium
on hydrogen sites; with isotropic tempera-
ture factors, this leads to Ry = 0.060; Rp =
0.093; Rwp = 0.085 (Fig. 2). Final atomic
coordinates and thermal parameters appear
in Table III. Selected interatomic distances
are listed in Table IV,

Description of the Structure and
Structural Correlations

After a discussion in terms of coordina-
tion polyhedra and hydrogen bonds,
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F1G. 2. Observed (...) and calculated (—) neutron powder patterns. The difference appears below at

the same scale.

volborthite will be described using two dif-
ferent ways: the layered structure and the
pillared one. Finally, other structures
which exhibit similar characteristics will be
compared to volborthite.

A. Coordination Polyhedra and
Hydrogen Bonds

The two types of copper atoms are in oc-
tahedral coordination. Cu(2) shows an ac-
ceptable (4 + 2)-coordination (4 * Cu-O =
1.9-2.0 A; 2 * Cu—0 ~ 2.4 A), i.e., the
Jahn-Teller distortion gives rise to the gen-
erally observed elongation. On the con-
trary, the pseudo-tetragonally compressed
octahedral coordination of Cu(1) (Table IV)
must be considered as dubious in the ab-
sence of a precise single crystal structure
determination and without the confirmation

of spectroscopic data. This anomaly may
be, however, tentatively attributed to some
kind of competition between the tendency
to a ferrodistortive cooperative order
(which would have been observed for a long
Cu(1)-0O(2) distance) expected for such a
highly Cu?* concentrated material and the
constraints of the topology of the host lat-
tice structure as previously noted by
Reinen (11). Nevertheless, the crystal
chemistry of the structure remains credible.

The short Cu—-0O(2) distances correspond
in fact to bonds between copper and hy-
droxyl groups (see below). The copper oc-
tahedra form layers (Figs. 3 and 4) which
will be discussed further.

Vanadium atoms are surrounded tetrahe-
drally by four oxygen atoms. Three out of
the four belong also to the copper octahe-
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TABLE III

POSITIONAL AND THERMAL PARAMETERS FROM
X-RAY AND NEUTRON REFINEMENTS

Atom x/a y/b zle B(A?
Cu(l) 0 0 0 0.69(7)
0 0 0 1.02(13)
Cu2) 1/4 1/4 0 1.81(5)
1/4 1/4 0 1.02(13)
\' 0.9959(2) 12 0.2516(3)  0.55(5)
fixed fixed fixed fixed
o1 o 12 12 4.27(31)
0 12 12 1.50(14)
0(2) 0.3424(5) 12 0.1143(7)  1.55(19)
0.3428(9) 1.2 0.1095(5) 1.50(14)
0@3) 0.0682(3) 0.2721(6) 0.1846(5)  1.82(12)
0.0756(7) 0.2635(12) 0.1864(10) 1.50(14)
04) 0.1548(5) 12 0.8464(7)  2.02(17)
0.1622(8) 12 0.8381(16) 1.50(14)
O(w) 0.3261(5) 12 0.4788(7)  4.71(18)
0.3223(12) 12 0.4894(18) 1.50(14)
H(1) 0.3501(25) 12 0.2376(44) 5.709)
H(2) 0.3536(23) 0.3714(33) 0.5639(29) 5.7(9)

Note. The values from neutron data appear in bold.

dra, the last, O(1), is shared between the
two vanadium tetrahedra of the pyrovana-
date groups.

Inbetween the layers and the pyrovana-
date groups, the O(w) atoms of the water
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F1G. 3. Perspective view of volborthite. The copper
octahedra of the layer are hatched heavily for Cu(1)
and slightly for Cu(2), respectively.
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molecules are inserted and draw a honey-
comb sublattice. As predicted by bond va-
lence calculations (12), the refinement
confirms that O(w) correspond to water
molecules H(2)-O(w)-H(2) whereas O(2)
linked to three copper atoms correspond to
hydroxyl groups —O(2)-H(1).

Hydrogen H(1) gives a hydrogen bond
with O(w). Hydrogen H(2) points toward
O(3). This justifies that the water molecules
are maintained by hydrogen bonding to the
layers (Fig. 5). Therefore volborthite can be
described by the formulation Cu;V,0,
(OH),, 2H,0 instead of CusV,0s, 3H,0 as
claimed before. Infrared analyses confirm
the presence of hydroxyl groups together
with water molecules.

TABLE IV

SELECTED INTERATOMIC DISTANCES (A) AND
ANGLES (°) FROM NEUTRON DATA

Cul octahedron

Cul-02 = 2 * 1.906(10)
Cul-03 = 4 = 2.159(7)

{Cul-0O) = 2.075, (dshapnon = 2.110)

02-Cul-02 = 180.0(7)

03-Cu1-03 = 2 = 91.5(6)
03-Cul-03 = 2 = 180.0(2)
03-Cui-03 = 2 * 88.5(6)
03--Cul-02 = 4 * 91.9(7)
03-Cul-02 = 4 = 88.1(7)

Cu2 octahedron

Cu2-02 = 2 * 1.501(6)
Cu2-04 = 2 * 2.049(15)
Cu2-03 = 2 * 2.380(8)

(Cu2-0) = 2.110, (dshannon = 2.110)

02-Cu2-02 = 180.0(6)
04-Cu2-04 = 180.0(3)
03-Cu2-03 = 180.0(5)
04-Cu2-04 = 2 * 97.0(4)
04-Cu2-04 = 2 * 83.0(8)
03-Cu2-02 = 2 + 82.0(6)
03-Cu2-02 = 2 * 98.0(5)
03-Cu2-04 = 2 * 87.7(6)
03-Cu2-04 = 2 + 92.3(5)

V3+ tetrahedron

V-03 =2 % 1.712(12)

V-04 = 1.746(8)

V-0l = 1.789(2)

(V=0) = 1.739. (dspannon = 1.735)

H1 bonding

H1-02 = 0.921(33)
Hi~Ow = 1.866(34)

H?2 bonding

H2-0Ow-0.969(40)
H2-03 = 2.051(37)

03-V-03
04-V-04
01-V-03
01-V-01

n

108.3(7)
2 x 112.3(7)
2 x 107.8(4)
108.2(6)

o h

H1-02-Cu2 = 2 = 114.4(2.6)
H1-02-Cul = 114.4(3.0)
02-H1-05 = 166.1(3.5)

Ow-H2-03 = 150.6(1.2)
H2-Ow-HI1 = [17.8(2.5)

Note. Vanadium atoms were fixed at the value they had after refine-
ment of the X-ray data. (lonic radii from Shannon (/9)).



SYNTHETIC VOLBORTHITE

N
s

N

}\\
i

)
7

4

N (¢
ﬂl'
/Y
A %
7
s
A\
/—\

VN W/

A
N

)
D

)
A
Y

2
&
A
AR
<

\\\\\\‘

Q

/
A

ja

A

F1G. 4. Projection view along ¢ axis. V atoms are
represented as circles. The hatching of octahedra is
the same as in the legend to Fig. 3.

B. Brucite-Type Layers

As noted in section A, copper octahedra
build up (001) layers that we shall call de-
fect brucite-like layers (thereafter noted
DBL). Indeed, in the brucite-type layers
(Fig. 6a) all the octahedral sites are occu-
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F1G. 5. A simplified view of hydrogen bonds. (L) and
(M) represent [1Cu;0; layers and only anions which
lead to the formation of hydrogen bonds are drawn. (L)
evidences hydrogen bonds with H(1), with the forma-
tion of hydroxyl groups —~O(2)-H(1), (M) hydrogen
bonds with H(2), H(2) pointing toward O(3). Inbe-
tween the layers appear water molecules H(2)-O(w)—
H(2), H(1) forming a hydrogen bond with O(w).

225

pied; MX, octahedra share edges with six
neighboring octahedra and build up MX,
planes; such layers are found for instance in
MT(OH), compounds (M™T = Ni, Co, Mg,
Fe..)) (see, for example, Ref. (I3)) and in
CuAlO; (14) with the delafossite structure.
Ordered vacancies can be introduced on
the cationic sites of the brucite layer. In
PbSb,0¢ (I5), in thorveitite-like com-
pounds: Cd,V,0 (16), Mg,As,0; (17)... the
layers, in which one-third of the octahedral
sites are vacant, have [IM,X¢ formulation
(Fig. 6b) (M = Sb, Cd, Mg).

In volborthite layers, copper atoms oc-
cupy three-fourths of the octahedral sites,

‘_Al—ALAF 7A|—D—M—AI-D—A|—

(@) MX,
— (B) Chains —(B) C.;Glilll
| —(A)Chains 1 —{A) Chains

.lll ||||%
<I||“/ al

'/— <I|“|/Il ?

(d,) [ZIM3X8
(ii)
Fi1G. 6. Brucite-like layersf (a) MX,, brucite layer;

(b) OM,Xs; (c) (d) TIM;Xg, defect brucite layers
(DBL).
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s 31 (Dse0q)
P Pb < Pb octahedra
SO0 (os,00)
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(d)

F1G. 7. Pillared structures built up from defect brucite layers (DBL). ([ corresponds to a vacancy).
(a) CuAlO,; (b) PbSb,0s; (¢) CuyV,040H),, 2H,0; (d) Ca,Pt;0,.

as in the Ca,Pt;05 structure (/8); this leads
to the formulation (i) OM;Xs, where the va-
cancies are hexagonally ordered (Fig. 6c).
This same formulation is encountered in an-
other kind of layer where the isolated va-
cancies are orthorhombically ordered (Fig.
6d, ii). This DBL is found in A,Mn3;03 (A =
Co, Zn, Cu, Mn, Ca, Cd...), A;Mo0;03 (A =
Co, Zn, Mn, Fe...), and isostructural no-
lanite compounds (Refs. in (/8)). In terms
of plane nets of copper atoms, this means
that the Schlifli symbol (20) is [6.3.6.3] and
[(32.6%)?2, 6.3.6.3] for (i) and (ii), respec-
tively.

A more accurate description of the
volborthite layer can be given considering
that the layer is composed of two kinds of
rutile-like chains extended in the b direc-
tion. Filled chains of Cu(2) atoms ..—Cu(2)—
Cu(2)-Cu(2)-..: (type A) alternate with
half-filled chains of Cu(l) atoms ..—Cu(1)—
O-Cu(1)-O-..: (type B). Two consecutive
(A) chains, separated by a (B) one, are
shifted by the distance x (= b/2 for
volborthite) (Fig. 4) at variance to layers of
(ii) formulation where no shift is observed.
Using such a description, the JIM, X, layer
is composed of ..~At-[-At-At-[-At—..

chains successively shifted by the distance
3x/2 (Fig. 6b).

C. Pillared Structure

Among the different compounds named
before, just a few of them exhibit pillars in
the interlayer region, depending on the
composition of the layers.

A pillared structure with an MX, compo-
sition is illustrated by the delafossite-type
compound CuAlQ,. In the interlayer space,
the Cu atoms are linearly coordinated by
two oxygen atoms belonging to the AlO,
layers. (Fig. 7a). All the oxygen atoms of a
layer are linked to copper. The bridging
units, perpendicular to the layers, corre-
spond to a close-packing ..BBAACC...

For DBL layers, the best place for the
location of linking units is above and below
the windows of the Kagomé layers. Among
the [OM;X¢-layered compounds noted be-
fore, only PbSb,04 (15) exhibits a pillared
structure. Figure 7b illustrates the Pb atoms
which use six oxygens of the layers to en-
sure an octahedral pillar. The Pb octahedra
are located above and below two-thirds of
the empty octahedral interstices of the
[0Sb,0¢ layers. This leads to the formation
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of a hexagonal array of close-packed oxy-
gen atoms (..ABC..).

Cu;3V,0-(OH),, 2H,0 and Ca,Pt;O0z are
examples of pillared structures built up
from [OM3Xg (i) sheets. In Ca,Pt30; the
[OPt;05 sheets are connected by Ca atoms
in trigonal prismatic coordination; (Fig.
7d). It gives rise to —~AABBCC- arrange-
ment.

In isostructural nolanite compounds,
only A,Mn;Og compounds (A = Mn, Ca,
Cd) adopt a pillared structure built up from
(ii) sheets with A in trigonal prismatic sites.
It leads to ...AABBCC... arrangement
identical to that of Ca,Pt;0s.

In the case of volborthite, the bridging
units are pyrovanadate groups. They intro-
duce new oxygen planes with vacant an-
ionic sites (Fig. 7¢), increase the intersheet
distances, and allow water molecules to be
located in the interlayer region. This leads
to the formation of a pseudo hexagonal
close-packed arrangement of oxygen planes
(..ABC..). This provides a good example of
the influence of the nature of the bridging
unit, located above and below the empty
octahedra, for the control of the type of
close-packed arrangement.

Conclusion

This structural study shows that
volborthite is a hydrated basic salt with the
formulation Cu;V,0,(0H),, 2H,0. It ex-
hibits an interesting structural topology
with layers, pillars, and hydrogen bonding
networks. The thermal behavior of this hy-
drated phase and the structural phase tran-
sition which occurs in the anhydrous com-
pound will be described in a future paper.
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