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Abstract The structure and bonding in azurite are in-
vestigated on the basis of accurate single-crystal X-ray
diffraction data. Both spherical IAM and pseudoatom
models have been used in the refinements. The defor-
mation electron density: dynamic (IAM) and static
(pseudoatom) are mapped for the CO5; group and for
Cu(1) and Cu(2) squares in different sections. The car-
bonate group in azurite, not constrained to have trigonal
symmetry, exhibits peaks in both static and dynamic
maps which result from ¢-bonds between C—sp> hybrid
orbitals and O—p orbitals with some delocalisation of
density in the dynamic map because of the thermal
motion of oxygens. For the analysis of crystal fields and
for the multipole calculations, coordinate systems on the
Cu-atoms have been chosen as for a Jahn-Teller octa-
hedron, but with the normal to the square as the z-axis
instead of the absent apical oxygens. In both Cu squares
there are peaks which result from single Cu—O o-bonds.
Most remarkable is the preferential occupation of the
non-bonding 3d orbitals of Cu-atoms being above and
below the Cu-squares. The centre of these peaks for the
Cu(l)-atom makes an angle with the c-axis ~53° in the
ac plane. This direction corresponds to the maximum
magnetic susceptibility at ambient temperature. The real
atomic charges of Cu-atoms in azurite determined from
multipoles are close to Cu™'. The occupancies of the 3d
atomic orbitals show that non-bonding orbitals in both
Cu-atoms are most populated, in contrast to bonding
orbitals, as is typical for the Jahn-Teller octahedron. The
absence of apical oxygens makes this effect even more
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pronounced. It is suggested that the antiferromagnetic
structure below 1.4 K will be collinear and commensu-
rate with b” = 2b.

Key words Azurite - Experimental charge density -
Orbital occupation - Antiferromagnetic properties

Introduction

The determination of the experimental electron density
(ED) distribution from precise X-ray diffraction data
offers the possibility to analyse the chemical bonding
and its pecularities in crystals. Up till now, many com-
pounds — both synthetic and natural — have been studied
by this method, and in particular a large group of
compounds containing tetrahedral anions such as sili-
cates, phosphates and borates. In addition to tetrahedra,
the borates may also contain triangular anionic groups.
Amongst the carbonates, in which carbon is always
trigonally coordinated and to which azurite belongs,
only calcite, magnesite and dolomite have been investi-
gated (Effenberger et al. 1983; Goettlicher and Vegas
1988; Maslen et al. 1995). The crystal structure of azu-
rite was first determined by von Gattow and Zemann
(1958) and refined using single-crystal neutron diffrac-
tion data by Zigan and Schuster (1972). Unlike in cal-
cite, the carbonate group in azurite is not constrained to
have trigonal symmetry. The Cu®" ions are in square
coordination with oxygen atoms from two carbonate
and two hydroxyl groups. At low temperature, azurite
exhibits antiferromagnetic properties (Frikkee and Van
den Handel 1962).

We now report the refinement of the structure of
azurite in which accurate single-crystal X-ray diffraction
data have been used to obtain the charge density dis-
tribution by both IAM and multipole refinements that
include the calculation of deformation electron density
maps, the determination of atomic charges and the oc-
cupancies of the Cu®?" 3d orbitals. In the light of this
analysis we have been able to add further detail to the



antiferromagnetic model of the azurite structure below
its Néel temperature of 1.86 K, first proposed by Frik-
kee and Van den Handel (1962).

Experimental procedure

The sample for investigation was provided from the Ural deposit
by the Vernadsky Geological museum of RAS, Moscow. A
spherical specimen with radius 0.015 cm, prepared from dark blue
crystal, was used for the data collection. The monoclinic unit-cell
parameters were refined from 15 reflections measured using a
Syntex P1 dlffractometer (Table 1). The main dataset was collected
in the hemlsphere h k., I, where 3008 reflections were measured
in the region 20 = 5 100°. Then a further 716 reflections were
added in the region h_;, k, 1., 20 = 5-50°. We used MoK, ra-
diation from a graphite monochromator and a variable scan angle
increasing from 2° to 3° with i mcredsmg scattering angle. A variable
scan rate from 2° to 12° min~" depending on the intensity was used
in the measurements. The stability was checked by periodic mea-
surement of the (10-2) reflection intensity. The measurement lasted
150 h, during which the specimen was in the beam for 117 h. The
drift in the primary beam intensity did not exceed 2.5%. Thus, we
obtained eight equivalents in the region 20 = 5-50° and four in the
region 20 = 5-100°. The integrated intensities were determined by
the Lehmann-Larsen procedure for peak profile analysis adopted in
the program PROFIT (Streltsov and Zavodnik 1989). The aver-
aging of all the data gave R;,. = 0.0516 for the (Fobq) of 1549
independent reflections with Fgp > 40(Fobs). The slightly high
value of Ry, reflects some asphericity in the shape of our sample.
We applied corrections for LP and for absorbtion by the spherical
sample (ur = 1.62).

Spherical refinement (IAM) and deformation density

As a starting point for the refinement using the CSD
package (Akselrud et al. 1989), we took the atomic
coordinates of von Gattow and Zemann (1958), which
were then refined by least-squares with anisotropic
thermal vibration parameters. The Cu form factor was
corrected for the anomalous scattering of Mo radiation.
An isotropic secondary extinction correction was ap-
plied following Zachariasen (1945), in which R, = 4300
(the dimension of the mosaic block in A).

Table 1 Crystallographic and experimental data

Space_group 124/cl

a (A) 5.011(2)

b (A) 5.850(2)

¢ (A) 10.353(4)

B ) o 92.41(3)
Cell volume, V (A%) 303.2(3)
z 2
Calculated density, pearc (g cm™) 3.775(4)
Mean radius of single crystal, r (cm) 0.0150
Absorption coefficient, u (5 cm™) 108.27
Radiation and wavelength Mo 0.71069
Diffractometer Syntex P1
Scan type . w - 20
20max and (sinf/A)pax, (A7) 100.00 1.1
No. of measured reflections 3008
No. of unique reflections 1549
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The deformation electron density was calculated
from the difference Fourier series:

3p(r) = (1/V) D _[Fors(@) — Fiam(a)] exp(—27iqr) .

To obtain the structural parameters corresponding to
the independent atomic model (IAM) with spherically
symmetrical scattering functions, the refinement was
restricted to the 480 independent reflections having
smO/A = 0. 85 A~!. With the weighting scheme 1/w =
0% + (Fops)* . ¢=0.0002, the refinement gave
R =0.0176, R, = 0.0231, S =1.07 (Table 2). Tables 3
and 4 give the final atom coordinates, anisotropic dis-
placement parameters and selected interatomic distances
and angles.

The crystal structure of azurite is well described by
von Gattow and Zemann (1958). It is built from COj3
triangles and Cu(1)—40 and Cu(2)—40 squares. The CO;
group is not constrained by symmetry, in contrast to
trigonal groups in calcite or dolomite. However, the
triangle in azurite is sufficiently regular with the O-C-O
angles close to 120° but the distance C—O(3) is enlarged
(Table 4). The carbon atom lies practically in the same
plane as the oxygens. The Cu(1) atoms lie at the centres
of symmetry at the corners of the unit cell and at the
middle of its hc face and are coordinated by O(1), O(2)-
atoms at distances of ~1.94, 1.95 A (Table 4). Next-
nearest neighbours are a C-atom and other oxygens. The
coordination of Cu(2) is also square (~1.93-1.99 A,
Table 4). There are two oxygens in the second coordi-
nation sphere at distances of 2.36 and 2.76 A, but the
coordination polyhedron is not described by von Gat-
tow and Zemann (1958) as octahedral because these
atoms do not lie on the normal to the square. A centre of
symmetry lies at the middle point of common edge of
two Cu(2) squares.

The connection of the square planar groups Cu(l)
and Cu(2) in the chain along the b axis is shown in
Fig. 1a. The normal to the Cu(l) plane lies close to the
diagonal of the ac face or [101] (Fig. 1b). The orienta-
tion of the pairs of Cu(2) squares is also approximately
diagonal [10-1] and perpendicular to the Cu(l) planes.

The deformation density dp(r) was investigated in
sections which include the CO5; group and the Cu(1)-40
and Cu(2)-40 squares. Figure 2a shows the Jdp(r) dis-
tribution in the plane defined by the centre of the oxygen
atoms of the CO; triangle. Three peaks with max1ma of
0.3-0.5 ¢/A* result from s-bonds between C—sp> hybrid
orbitals and O—p orbitals. The heights of these peaks are
close to the value 0.4 found in CaCOs; , but are not as
symmetrical as in the trigonal carbonates mentioned
above. Because of the delocalisation of the electron
density, it is not meaningful here to comment on the
presence or absence of the m-components in the C-O
bonds.

Such a distribution of dp(r) may result from the low
symmetry of the COj group in azurite, with the conse-
quent inequivalence of O(2), O(3) and O(4) in bonding
with other atoms in the structure, as well as from the
thermal motion of the CO5; group. The anharmonicity of
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Table 2 Spherical and multipolar refinement results

Spherical (IAM) model refinement
Restrictions
Weighting scheme, ¢ .
Extinction formalism, R,, A
>sin0/i <, (A7)
Rk
Ry

>sinf/i<, (A™Y)
Ry
Rwhkl

Multipolar model refinement
Weighting sheme, ¢ )
Extinction formalism, g, A X 104, (seconds)

F(hkl) > 4.000(F)

1/[o (F)* + 0.0002(Fops)’]
Zachariasen (secondary), 4300
0.8-1.0

0.0176

0.0231

1.07

0.0-1.0
0.0262
0.0328
2.48

[o(F)* + (0.01Fg)’]
Becker-Coppens (Lorentz mosaic spread, type I) 0.0479(9), 6.85”

R 0.0169
Ry 0.0219
1.48
K’, Py refinement
Rk 0.0178
Ryni 0.0230
S 1.44
Cu C (0] H
K 0.98(6) 1.04(1) 0.98(3) 1.14(8)
Atom Cu(l) Cu(2) C o(l) 0Q) 0(3) 04 H
Pua 4.94(4) 10.17(2) 3.63(8) 6.47(3) 6.56(3) 6.52(3) 6.46(3) 0.74(8)

Table 3 Atomic fractional coordinates, anisotropic displacement amplitudes for Cu, C, O and isotropic displacement amplitudes for H

after multipole refinements

Atom Xx/a y/b z/c

Cul 0 0 0

Cu2 -0.2503(3) 0.9985(3) 0.4166(1)

C 0.329(2) 0.300(2) 0.318(1)

ol 0.728(2) 0.811(2) 0.445(1)

02 0.104(2) 0.399(2) 0.331(1)

03 0.450(2) 0.208(2) 0.417(1)

04 0.431(2) 0.296(2) 0.207(1)

H 0.180(2) 0.801(2) 0.369(1)

Atom Ull U22 U33 UIZ UI3 U23

Cul 0.01101(6) 0.00793(3) 0.00875(1) —0.00154(8) 0.00066(4) 0.00088(4)
Cu2 0.00911(4) 0.00983(3) 0.00814(1) 0.00067(6) ~0.00128(2) ~0.00121(2)
C 0.0116(3) 0.0102(2) 0.0079(1) 0.0021(4) ~0.0002(2) 0.0006(2)
ol 0.0118(2) 0.0098(1) 0.01021(5) 0.0004(3) 0.0003(2) ~0.0012(1)
02 0.0152(3) 0.0175(2) 0.01052(5) 0.0073(4) 0.0002(2) ~0.0009(2)
03 0.0151(3) 0.0174(2) 0.00888(5) 0.0062(4) 0.0000(2) 0.0028(2)
04 0.0144(2) 0.0173(2) 0.00857(5) 0.0043(4) 0.0019(2) 0.0030(2)
H 0.032(2)

atomic displacements has been calculated using the -0.21(9), O(3) cll1 =-0.26(9), cl113=-0.05(2),

Edgeworth model (International tables for X-ray
crystallography 1969) adopted in CSD up to tensor of
fourth rank. The coefficients obtained in the refinement
were mostly less than twice their standard deviations.
However, ¢233 = —0.018(9) for the carbon atom and
several coefficients for oxygen atoms were: O(1)
cl13 =0.06(2), dl111 =0.05(2), d3333 = -0.0020(9),
d1222 = -0.009(5); O(2) cll11 =-0.39(9), c222=

d1112 = 0.021(8), d1222 = 0.023(6), d1122 = 0.013(5),
d1233 = 0.0022(7); O(4) cl111 = 0.27(9), c222 = 0.17(9),
cl12 = 0.12(5),d1111 = 0.06(2), d2223 = —0.006(2). The
same section of dp(r) as in Fig. 2a demonstrates now a
much more symmetrical distribution for the three peaks
with the heights of 0.6 ¢/A* lying practically on C-O
bond lines. Nevertheless, there are some abnormally high
peaks in the region of the lone pairs of O(3) atom, thus the



harmonic approximation is more appropriate for our
experimental data set. The dp(r) distribution in the Cu
squares is practically the same with and without anhar-
monicity.

Figure 3a shows a section through Cu(1l) square de-
fined by the centre of Cu(l), O(1), O(2) atoms. Four
0.3 e/A3 peaks in the corners are o-bonds between Cu-
and O-atoms. There is a large minimum of Jp(r) around

Table 4 Selected interatomic distances and angles

Cul  -0(2) 1.936(4) —0(1) 1.947(3)
~0(2) 1.936(4) —0(1) 1.947(3)
cu2  -0(3) 1.935(3) —0(1) 1.965(3)

—0(4) 1.940(4)
C ~0(2) 1.278(3)

—0(1) 1.992(4)

—0(4) 1.279(4) —0(3) 1.290(4)

Z0(2)-C-0(3) 119.6(3)°
Z£0(2)-C-0(4) 119. 5(3)0
£20(3)-C-0(4) 120.9(3)°

Fig. 1a, b Cu(l) and Cu(2) squares and C triangles arrangement in
azurite crystal structure, the hydrogen atoms are shown as spheres.
a bc projection, the arrows indicate coordination systems. b ac
projection. ¢ Cu chain from Gattow and Zemann (1958)
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Cu(1)-atom extended in the dlrectlons to the O(1), O(1")
ligands. Two small 02e/A peaks are on diagonals
between O(1) and O(2). Several other sections perpen-
dicular to the Cu(l) square show that the main defor-
mation density is concentrated above and below the
Cu(1) square. The section of the Cu(1l) square parallel
to the ac face (Fig. 3b) contains the normal to the square
plane. Two 1.1 e/A3 peaks at a distance of
~0.65 A are due to the 3d electrons of the Cu(l) atom.
Most remarkable for subsequent discussion is the angle
(~53°) between the centre of these maxima and the
c-axis (Figs. 3b, 1b).

In contrast to the distribution of dp(r) in the Cu(l)
square, the section through the Cu(2) square shows two

1.1 e//ckg peak maxima at a distance of ~0.65 A in the
square plane [diagonal direction between O(1) and O(1 )
Figs. 4a, 1a]. The peaks with heights 0.7 and 0.5 e/A
are on diagonals between O(1) and O(1’) and normal to
the Cu(2) plane (Fig. 4b, c) in contrast to their absence
on section Cu(2) and 0(3) from the second coordination
sphere. The 0.2-0.6 ¢/A* peaks in the corners are due to
g-bonds between Cu and O atoms.
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Fig. 2a, b Deformation density in CO; triangle. a The harmonic
approximation of thermal vibration parameters. b The anharmonic
approximation of thermal vibration parameters. Contour interval here
and in the following maps for spherical refinement is 0.1 ¢/A>

In the azurite structure the copper atoms are in
principle divalent (3d° configuration). The typical Cu®*
ion coordination is a Jahn-Teller-distorted octahedron
in which all 3d orbitals have a population of two save for
3d,_,» with one electron. In azurite there are only
oxygen squares around Cu atoms and no apical ligands;
nevertheless, we may approximate the crystal field at
both Cu atoms as one formed by the four oxygens and
the normal to this plane. The x, y coordination axes for
Cu atoms are directed to the corners of the square and
the z axis to its normal.

It is known that in a tetragonal point group Dy, the
3d energy levels are split into four levels corresponding
to the orbitals: (d.., d,.), (dy,), (d_,2), (d2); for or-
thorhombic D,y into six (d..), (d,.), (dy,), (d_2), (d2),
(d2/d,>_,») and for monoclinic Cs into five (d.2), (d,2—2),
(dyy). (d2). (d,0).

For the Cu(l) one may conclude on the basis of the
op(r) distribution that in all approximations the d,, d,.
and d,. orbitals are most populated and these levels are

b
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Fig. 3a, b Deformation density in Cu(l) square. a Section in the
square plane. b Section parallel ac axis, close to perpendicular to the
square

stabilised, whereas the d,._,» orbital is least populated
relative to the spherical atom, and this level is destabi-
lised as is typical for the Jahn-Teller octahedron. The
absence of apical oxygens does not remove this effect,
but makes it even more pronounced.

For the Cu(2) the positive lobe of the d,, orbital is
most populated (at the same time the negative lobe is
depopulated), the d,., d,. orbitals being slightly popu-
lated. As for Cu(l), the d,._,» orbital is least populated
and this level is destabilised. The most populated d.,
lobe is directed to the mid-point (symmetry centre) of
the common edge O(1)-O(1") between two Cu(2)
squares.

The position of the hydrogen atom in azurite has
been determined previously by Zigan and Schuster
(1972) from neutron single-crystal data. Nevertheless, a
large 0.8 ¢/A* peak in Jdp(r) outside the Cu(l) square
(Fig. 3a) with coordinates x =0.846, y =0.230,
z=10.623 is clearly due to the single H electron.
A comparison between the neutron and X-ray H
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Fig. 4a, b Deformation density in Cu(2) square. a Section of the pair
of Cu(2) and Cu(2’) squares and common edge O(1)-O(1"). b Section
through the O(1”) and normal to the Cu(2) plane

coordinates shows that the latter imply a somewhat
closer position of H to O(1) H-O(1) =0.869 A,
H...... O(4) = 2.290 A, than the neutron parameters:
H-O(1) =0.97 A, H......O(4) = 2.13 A. The distance
D-A: O(1)-O(4) =3.00 A corresponds to a weak
hydrogen bond.

The section of dp(r) in Fig. 5 defined by the centre of
donor atom O(1), the H position from neutron param-
eters and the acceptor O(4) shows a typical hydrogen
bond with the deformation density peak of 1.0 e/A*. The
weak peak of 0.2 ¢/A’ is also in this map close to the
O(4) acceptor. This bond connects O(1), common ligand
for two Cu(2) and one Cu(1), with the O(4) belonging to
the COj; triangle and another Cu(2) square, translated
along the a axis (Fig. la, b). Thus, the weak hydrogen
bond connects Cu(2) squares along a.

Pseudoatom refinement and static deformation density

A multipole refinement was undertaken to obtain elec-
tron-density characteristics undisturbed by the atomic
thermal motion present in the static deformation density
maps and to obtain the 3d-orbital populations of the Cu
atoms. The same experimental data set corrected for
absorbtion by a spherical sample was used as in the
previous refinements. Structural parameters from the
spherical model were used as starting values in the mul-
tipole refinement which was carried out with the pro-
gram MOLDOS96 (J. Protas, personal communication)
modified for DOS personal computers and based on the
earlier program MOLLY (Hansen and Coppens 1978).
The anharmonicity of the atomic displacements were
modeled using a Gram-Charlier expansion up to tensor
of fourth rank (International tables for X-ray crystal-
lography 1974). All the coefficients obtained in the
refinement were comparable with their standard devia-
tions; thus we may conclude that there are no significant
anharmonic motions in azurite.

In the Hansen and Coppens (1978) multipole model,
the electron density is approximated as the sum of the
pseudo-atomic electron densities in the form:

Patomic (l‘) = Pcpcore (l‘) + PUKlspvalence(K/r)

4 1
+ 3 KPR D Py (/)
1=1 m=—1

The refinable parameters were the scale factor, the va-
lence-shell contraction—expansion parameters k’, k” and
the multipole populations P, and Py, up to the hexa-
decapole level (I,,.x = 4). Isotropic secondary extinction
was refined using Becker and Coppens’ (1974) model
with the assumption of mosaic spread domination (ex-
tinction type I) and with Lorentzian distribution of the
mosaic block orientation. The form factors for the core
and valence shells of neutral Cu, C, O and H were cal-
culated from Hartree-Fock wave functions (Clementi
and Roetti 1974). The anomalous dispersion coefficients
were taken from the International tables for X-ray
crystallography (1969). The multipole refinements were
performed up to hexadecapoles for Cu, C, O and up to
quadrupole for H. The exponential radial functions
exp(—x”¢ér) with nm =4,4,6,8 for Cu and with
n = 2,2,3,4 for C, O, H were used. Initial values for the



504

orbital exponent coefficients &¢c, =82, &c=2.5,
o =4.5, &g = 2.2 were chosen following Hansen and
Coppens (1978) and recent multipole refinements of re-
lated inorganic compounds (Ivanov et al. 1998, 1999,
Kuntzinger and Ghermani 1999). One set of «’, ¥ pa-
rameters was used for both Cu(1) and Cu(2) and another
for all the O atoms. At first, the scale factor, the posi-
tional and harmonic atomic displacement parameters
and the extinction parameter were refined using all re-
flections. The weighting scheme w = 1/[¢*(F) + (cF)?]
with ¢ = 0.01 provided the correct model fit according to
the Abrahams and Keve (1971) criterion.

The asymmetric unit was constrained to be neutral
during the refinement of P,. The starting P, parameters
corresponded to the number of electrons in the valence
orbitals of the atoms: 11.0 for Cu atoms [5.5 for Cu(l)
taking into account the site symmetry multiplicity], 4.0
for the C atom, 6.0 for oxygen atoms and 1.0 for the H
atom. The local coordinate systems on the Cu(l) and
Cu(2) were chosen as described above: x and y to the
corners of the square; on the C atom x and y were
directed to O(2) and O(3) corners of triangle; on the
oxygens x and y were directed wherever possible to the
chemical bonds with cations or to other oxygens; on
the hydrogen x was directed to O(1) (the donor atom in
the hydrogen bond) and y parallel to the « axis
(Fig. 1). Thus, the x and y axes were maximally
orthogonal. The multipole refinement initially included
the scale factor, positional and temperature anisotropic
parameters, then x” and P,. In subsequent steps, the
Py,,, and then the x” parameters were added to the
refinement.

The agreement of the model obtained here was
R(F) =0.019, S = 1.54. The «’ parameters were equal to
1.00(1) for Cu atoms, 1.04(2) for C atom, 0.97(3) for O
atoms, 1.21(1) for H. The P, were equal to 5.17(4) for
Cu(1), 10.67(1) for Cu(2), 3.56(1) for C, 6.34(4) for O(1),
6.42(4) for O(2), 6.36(3) for O(3), 6.30(3) for O(4),
0.67(9) for H, the charges corresponded to Cu(l)*%*,
Cu2) "0, C 04 Oy 0 02) %2, 0(3) 0%,
04)™°3°, H" % and were abnormally small.

In the case of pyrite, FeS, (Stevens et al. 1980), even
negative charge on the Fe atom was obtained in refine-
ments which included the Fe 4s electrons. As was men-
tioned there, the 4s population cannot be determined
reliably from X-ray data because the diffuse 4s orbitals
contribute significantly to only a few low-angle reflec-
tions that are also highly affected by extinction. Thus,
the population of the Fe 4s density function has been
fixed at zero. The multipole refinements of several Co-,
Ni- and Mn-containing compounds carried out by
Hollady et al. (1983) demonstrated that the models
without 4s-density functions for Co, Ni, Mn atoms
agreed better with theoretical expectations. The multi-
pole refinement of LiFePO, (Streltsov et al. 1993) was
also carried out with the assumption that the Fe 4s
electrons are added to the oxygen valence shells. The
novel investigation of CoS,, NiS, and FeS, (Nowak
et al. 1991) considered the model with Fe, Co and Ni as

doubly charged cations, and P, was thus 6, 7 and 8,
respectively.

In the multipole refinement of natrolite (Ghermani
et al. 1996) the charge of the sodium cation (+ 1) was
never refined because of the sharpness of its 4s scattering
function, which affects only very few low-order data.
The same restriction was made for Li in a-spodumene
(Kuntzinger and Ghermani 1999) and Ca in skolecite
(Kuntzinger et al. 1998). Thus, this procedure is com-
mon in multipole refinements of alkali and alkali-earth
compounds and it was adopted to overcome the same
experimental problems in X-ray diffraction as were
mentioned first for Fe in pyrites.

The high extinction in azurite (see Table 2), the very
low charges in the first refinement and the method of
attack discussed above lead us to make analogous as-
sumptions. The starting P, parameters for the four ox-
ygen atoms in the structure were changed to 6.375 from
6.0 in order to take into account 1.5 4s electrons of both
Cu atoms, whose starting P, were 5 for Cu(1) and 10 for
Cu(2), assuming that Cu 4s density functions are not
included in the model.

The Cu(l) and Cu(2) positions in the azurite have
Wyckoff notation 2a and 4e, respectively, and point
symmetry 1 and 1. Nevertheless, an attempt was made to
refine multipole population parameters under the con-
straints of higher symmetries: 4/mmm, mmm or m, being
in the Cu planes. Thus, four different types of defor-
mations were used for both Cu atoms: tetragonal, or-
thorhombic, monoclinic and, as it is in the structure,
triclinic. The index-picking rules for site-symmetry
spherical harmonics were taken from Kurki-Suonio
(1977). The figures of merit R and S for four variants
were: 0.0209, 1.76 (tetragonal), 0.0208, 1.71 (ortho-
rhombic), 0.0205, 1.69 (monoclinic) and 0.0169, 1.44
(triclinic). There is no doubt that the approximation of
higher symmetry is not correct in the case of azurite. At
the end of the refinement seven weak reflections were
rejected because |Fo-Fc|/cFo > 15. The extinction,
positional and harmonic atomic displacement parame-
ters were then refined again together with the multipole
parameters without «x’, x”. The resulting atomic coor-
dinates and anisotropic displacement parameters were
found to be practically the same as those obtained from
the spherical refinement (Table 3). Selected interatomic
distances correspond to that given in Table 4.

The procedure of k” refinement (only x” and Pv) for net
atomic charge determination was also performed (the x’
and P, parameters are given in Table 2). It was found that
Kk’ values are mostly close to I: Cu atoms have x’
parameter equal to 1, thus are neither expanded, nor
contracted; the carbon atom is somewhat contracted, and
the hydrogen atom shows the maximum contraction; the
oxygen atoms are expanded (Table 1). The charges
correspond: Cu(l) + 1.11(4), Cu(2) + 0.83(6), C +
0.37(8), H + 0.26(8), O(1) — 0.47(4), O(2) — 0.57(4),
0O(@3) — 0.53(3),0(4) — 0.46(3). One may conclude that 4s
electrons of Cu atoms are involved in g-bonding, thus the
valence state of copper atoms is close to Cu' .



Fig. 6 Static deformation density in COj triangle. Here and in the
following maps contour interval is 0.2 /A’

The static deformation electron density calculations
were carried out using the program SALLY (Hansen,
personal communication). The section of the COj
triangle (Fig. 6 is analogous to Fig. 2a, b) looks more
“ideal” and symmetrical than that of the dynamic
spherical model. There are three 0.4-0.6 ¢/A’ peaks
being practically on C—O bond lines and oxygen lone
pairs of the same highs. Nevertheless, it is not fully 3m
symmetry as for CO;z group in CaCO; and MgCO;
obtained in VALRAY multipole refinement (V. A.
Streltsov, personal communication 2000) for synchro-
tron data (Maslen et al. 1995) with the peak on C-O
bond of 0.5 e/A°.

The sections of Cu(l) square confirms the principal
characteristics of density distribution with its maximal
concentration above and below the Cu(l) square on
section Fig. 7a analogue to Fig. 3b, whereas the section
of the Cu(l) square in the plane has only two weak
peaks (Fig. 7b, analogue to Fig. 3a). There are large
peaks in the plane of a couple of Cu(2)-Cu(2’) squares
(Fig. 8a analogue to Fig. 4a). The hydrogen bond is
shown in Fig. 9 analogue to Fig. 5.

The calculation of orbital populations was carried out
for Cu(1) and Cu(2) on the base of the relations between
multipole population parameters and 3d orbital occu-
pancies for transition metal atoms derived by Holladay
et al. (1983). The electron population of five 3d orbitals of
the Cu(1) and Cu(2) atoms in the lowest symmetry variant
are compared with spherically averaged free atom
(Table 5). For the Cu(l) d,. and d,. orbitals are most
populated: 31 and 28% in comparison with 20% for the
spherical atom. Because of the absence of apical oxygen,
they correspond to non-bonding orbitals. The bonding
d,>_)> orbital is least populated (~8%), as was found in
deformation density maps on the basis of a spherical
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Fig. 7a, b Static deformation density in Cu(l) square. a Section via
Cu(1), O(1) and C atoms close to perpendicular to Cu(l) square.
b Section in the Cu(1) plane

model. For the Cu(2) atom also non-bonding d... and d,
orbitals are mostly populated (25 and 26%), whereas the
bonding d,>_,» and two non-bonding d.» and d,. orbitals
are depopulated. The difference in the populations of d .
and d.. orbitals may be due to electrostatic interactions
between the negative ligands and the negative
d-electron on orbitals. The interatomic distance Cu(2)-
O(1") is 1.992 A in contrast to Cu(2)-O(1), which is less,
1.965 A. In accordance with the choice of local coordi-
nation system, the interelectron repulsion is considerably
less for electrons in the d .. orbital [diagonal between O(1")
and normal to the Cu(2) square] and O(1’), than for
electrons in the d,. orbital [diagonal between O(1) and
normal to the Cu(2) square] and O(1).

Thus, the investigation of the electron-density distri-
bution in the azurite using both spherical (IAM) and
pseudoatom (multipole) models leads to the following
conclusions about chemical bond peculiarities:
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As in other carbonates, in the carbon triangle there
are single C—-Og-bonds between C sp® hybrid orbitals
and O-—p orbitals; low symmetry and thermal motion of
oxygens lead to some delocalisation of density.

In the Cu squares there are single Cu—O bonds; most
remarkable is the preferable occupation by 3d electrons,
the non-bonding orbitals of Cu atoms being above and
below Cu(l), Cu(2) squares and in the direction of the
common edge of Cu(2) pairs of squares.

The bridge of density in Fig. 8a through the common
edge of two Cu(2) squares is well comparable with the
bridge of density through the common edge of two Fe
octahedra in the magnetite Fe;O4 structure. The last
result was obtained in SCF-X, calculations for the

/ l "'R.,IH‘-_,/\ _.

L .

1 27N \
h J ,J! F, \V/p ‘\L 7 III
£ \_ /\) |I.II

Fig. 8 Static deformation density in Cu(2)-Cu(2’) pairs with the
common edge O(1)-O(1") and O(3) atoms

(Fe2010)157 cluster by Sherman (1987) and was ex-
plained in the assumption of antiferromagnetic coupling
of iron cations.

Antiferromagnetic properties and the charge density
of azurite

The magnetic behaviour of azurite received considerable
attention some 40 years ago. The transition from para-
magnetic to antiferromagnetic state at 7y = 1.86 K was
first observed by Spence and Ewing (1958) by means of
nuclear magnetic resonance and subsequently confirmed
by a number of authors (Van der Lugt and Poulis 1959;
Garber and Wagner 1960). A A-type anomaly in the
specific heat at 7= 1.84 K was reported by Forstat
et al. (1959). The associated entropy change of 1.17 cal
deg 'mol™" corresponds approximately to Rln2, imply-
ing that only one third of the copper moments order at
this temperature.

Fig. 9 Static deformation density on the hydrogen bond O(1)-

Table 5 Orbital populations

for Cu(1) and Cu(2) atoms in Orbital Cu(l) Cu(2) Spherical atom Cu
azurite Multipole Occupancies ~ Multipole Occupancies ~ Multipole Occupancies
refinement (%) refinement (%) refinement (%)
d. 1.3(1) 13.1 1.9(1) 18.6 2 20
d,. 3.1(2) 31.3 2.5(2) 24.6 2 20
d,. 2.8(2) 28.3 1.3(2) 12.7 2 20
dp_y 0.8(2) 8.1 1.9(2) 18.6 2 20
dy, 1.9(2) 19.2 2.6(2) 25.5 2 20
>d 9.9 10.2 10 20
do -0.7(1) —-0.4(2)
2 /yz -0.1(2) 1.3(2)
EYEI 0.3(2) 1.0(2)
2y 0.5(2) -2.8(2)
2 /yz -1.3(2) 0.0(2)
dyjey -0.2(2) 0.8(2)
2zlyz 1.9(3) 0.0(3)
20—y -0.9(3) -0.7(3)
oiey ~1.5(2) -03(2)
deyo sy -1.4(2) 1.1(2)




Frikkee and Van den Handel (1962) determined that
the maximum of magnetic susceptibility lies in the a—c
plane, ¢’ making an angle of 52° to ¢ in f-obtuse at
4.2 K. The angle to ¢ increases as a function of de-
creasing temperature from 47° at temperatures above
14 K to some 50° at 1.4 K. The susceptibility y obeys a
Curie-Weiss law in the temperature interval 67-300 K,
but then exhibits a broad maximum around 5 K. Below
T, x- tends to a small value, as would be expected for
antiferromagnetic spin alignment in the ¢’ direction.
Frikkee and Van den Handel (1962) concluded that the
most likely magnetic coupling scheme in azurite is one in
which pairs of Cu(2) ions are coupled antiferromagnet-
ically well above Ty but no long-range order is estab-
lished. Below Ty the moments at the Cu(1) atoms form
an ordered antiferromagnetic array. If we relate these
ideas to the disposition of the Cu(1l) and Cu(2) ions in
the crystal structure and the results of the ED investi-
gation, we see that the pairs of Cu(2) atoms related by
centres of symmetry are likely to form antiferromagnetic
dimmers through indirect exchange via O(1) and O(1)".
Although the shortest Cu(1)-Cu(l’) distance is
a (5.011 A), no simple superexchange path exists in this
direction. We may therefore suppose that the most likely
antiferromagnetic coupling Cu(1)-Cu(1’) may be estab-
lished between Cu(l) ions separated by b (5.85 A) via
exchange paths involving the Cu(2) dimmers. We
therefore suggest that the antiferromagnetic structure
will be commensurate with 4" = 25 and with the Cu(l)
moments of spin-ordered electrons (maximal deforma-
tion density peak) making an angle in the a—c plane of
some 52° to ¢ in f-obtuse. Weak magnetic coupling
between the Cu(l), Cu(2) chains (Fig. 1) may occur
through the carbonate complex anions.
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