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LiOH and NaOH molecules, whereas minimum flat-
tening (0-13-0-11 A) is found in LiH and NaH mol-
ecules.

Of course one must account for the environment
surrounding the isolated molecules if one wants to
compare the present theoretical results with real
systems in the crystals. Such theoretical approaches
are now scheduled.

The authors thank Dr Michael Schmidt, North-
Dakota State University, who kindly provided them
with the North-Dakota version of GAMESS
program. A special debt of gratitude goes to our
mentors: Professor N. S. Hush and G. Bacskay, The
University of Sydney, who introduced us to these
areas.
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Abstract

The electron density in the title compound has been
determined at room temperature by multipole
refinement against single-crystal X-ray intensity data.
Hydrogen positional and displacement parameters
were fixed to values determined by refinement
against single-crystal neutron data. The electron den-
sity based on the deformation functions of all atoms
in the structure is compared with the individual
densities calculated from the deformation functions
of only nickel or the separate water molecules. In
this way the effects of simple superposition of the
individual densities have been studied. The experi-
mental deformation density around nickel is in good
agreement with that expected from simple ligand-
field theory for an ideally octahedral Ni(D,O);*
complex. The individual densities of the water mol-
ecules show clear polarization of the lone-pair densi-
ties according to the coordination of the water

* Present address: Institut Laue-Langevin, 156X, 38042 Gre-
noble CEDEX, France.

+ Permanent address: Institute of Nuclear Chemistry and Tech-
nology, Dorodna 16, 03-195 Warsaw, Poland.

0108-7681/90/010027-13%03.00

molecules. This polarization is distorted by super-
position in the electron density based on all atoms; in
particular, the apparent decrease of the electron den-
sity in the lone-pair regions of the water O atoms can
be attributed to superposition of the oxygen density
with the negative deformation density of nickel.
Crystal data: NiSO,.6D,0, M, =274-92, P4,;2,2,
a=67803 (6), c=18288(2) A, V =2840-73(2) A,
Z=4, T=295K; A(Mo Ka)=071069A, p=
2:553mm~!, F000)= 544, R=10-014 for 1765
reflections (X-ray); A= 1210 A, u =0-047mm~", R
=(-035 for 628 reflections (neutron).

1. Introduction

Experimental deformation electron densities of com-
pounds comprising first- and second-row elements
are mostly in good qualitative agreement with theor-
etical deformation maps (reviewed by Feil, 1986).
For compounds with heavier elements, however, the
picture is less clear. On the theoretical side it is
unclear as to what extent the deformation is domi-
nated by crystal-field effects, i.e. what exactly should

© 1990 International Union of Crystallography
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a chemical bond to a transition metal look like. On
the experimental side the heavier elements lead to
more absorption and hence greater uncertainty in the
correction, and, because of the larger inert core, to a
decreased fraction of the scattering coming from the
valence electrons. On the other hand, the contraction
of the d-electron distribution of the heavier elements
of the first transition-metal series gives stronger
X-ray scattering at higher angles compared with the
valence electrons of the lighter members.

Despite these difficulties quite a number of experi-
mental investigations of the deformation electron
density in transition-metal compounds have been
performed. For recent reviews see Coppens & Hall
(1982), Coppens (1985) and Hall (1986). Of particu-
lar relevance to the present work are the few studies
of transition-metal salt hydrates: CuSO,.5H,O
(Varghese & Maslen, 1985), CrSO,.5H,0 (Vaalsta &
Maslen, 1987) and NH,M(S0,),.6H,O (M = Mn, Ni,
Cu) (Maslen, Ridout & Watson, 1988; Maslen,
Watson & Moore, 1988). ND,Ni(SO,),.6D,O has
also been investigated by polarized neutron diffrac-
tion (Fender, Figgis & Forsyth, 1986). The primary
interest in these studies was in the electron density
around the metal atom and whether it reflected any
departure from ideal octahedral geometry of the
environment of the metal atom. Little attention was
paid to the details of the hydrogen bonding and
electron density around the lighter elements, least of
all around the water molecules, in the presence of
such strong scatterers. The published deformation
maps (difference or X~ N Fourier syntheses) suffer
from many of the experimental difficulties mentioned
above. They often contain a lot of spurious peaks,
and it seems rather difficult to draw definite conclu-
sions concerning the electron distributions around
the metal atoms.

In this paper we present the deformation electron
density of the title compound determined from com-
bined X-ray and neutron diffraction data. Our inter-
ests in this compound are twofold. First to study the
electron density distribution around the Ni atom,
and secondly to see if useful details of the deforma-
tion of the water molecules can be obtained. As the
three crystallographically independent water mol-
ecules are coordinated in different ways to the Ni
atom, we also have the interesting possibility of
comparing the different influences of Ni on the elec-
tron densities of these water molecules, specifically in
the lone-pair regions. To minimize the effects of
experimental noise and avoid the problems of phase
uncertainty in difference or X — N Fourier syntheses
for this noncentrosymmetric structure, modelling of
the electron density deformation by multipole fitting
is used.

The structure of the title compound was first
determined by Beevers & Lipson (1932). O’Connor &

Dale (1966) located the hydrogen positions from
two-dimensional neutron diffraction data. The preci-
sion of the hydrogen positions was improved by
Bargouth & Will (1981), and most recently Stad-
nicka, Glazer & Koralewski (1987) determined the
absolute configuration by X-ray diffraction.

2. Experimental

Slow evaporation at 295 K of a concentrated solu-
tion of nickel sulfate in slightly acidic heavy water
produced deep-green translucent pyramidal or
bipyramidal crystals which exhibited the forms (101)
and (001).

X-ray data

Intensity data were collected at room temperature
from a truncated, nearly square, pyramidal crystal
0-35 mm high and 0-31 mm along the base edges. To
avoid exchange of deuterium for hydrogen the crys-
tal was coated with a thin film of polystyrene. Enraf-
Nonius CAD-4 diffractometer, graphite (002) mono-
chromatized Mo Ka radiation; cell dimensions
determined by least-squares fit to the 8 values of 25
centred reflections in the range 11 < 6 < 27°; a nearly
complete hemisphere of reflections with k>0 to
sin@/A =103 A~" scanned in @26 mode, 8628
reflections measured in total including repeated
measurements of six standard reflections; back-
ground corrections following Lehmann & Larsen
(1974), standard deviations estimated from counting
statistics, Lorentz and polarization corrections
applied; absorption correction by Gaussian integ-
ration using the calculated attenuation coefficient u
=2-553 mm ™', transmission range 0-84-0-86.

The four strongest standard reflections increased
steadily in intensity during the course of the
measurement, suggesting a decrease in the crystal
perfection owing to radiation damage. Recollection
of the first shell of reflections (8 < 12°) at the end of
the data collection, and comparison of these with the
first measurements showed that only the strongest
reflections had increased significantly. No reflections
beyond the first shell should be affected. Since the
average of the elapsed irradiation times at which the
pairs of equivalent reflections in the first shell were
measured are all about the same, and we can ignore
the effect beyond the first shell, averaging equivalent
reflections effectively cancels the effects of the time
dependence of the radiation damage even for the
strongest reflections. Averaging of the 6571 equiva-
lent reflections (standard reflections omitted) in the
Laue group 422 gave 1867 independent reflections
with an agreement index, [Zw(|F,I>—{IF,*)¥
Sw|F,1"2, of 0-028; here w is the inverse variance
of the observed squared structure amplitude |F,[%
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and (|F,% is the average of |F,|* for each set of
equivalent reflections. The time-wise variation of
extinction is not the major contribution to this
figure; the index increased slightly to 0-030 when
only the strongest 10% of the reflections were
included.

Neutron data

The positional and thermal parameters of the H
atoms used in deformation analyses are usually taken
from a neutron diffraction experiment. Unless an
accurate correction can be made for the large
absorption of neutrons by hydrogen, the hydrogen is
often replaced by deuterium for both the X-ray and
the neutron experiments. Since both the previous
neutron diffraction studies were made on relatively
large non-deuterated crystals and no corrections for
absorption were made we repeated the neutron
experiment on a deuterated sample.

The crystal used for the neutron data collection
was a 5-5 mm high truncated bipyramid with a base
4-8 x 3-2mm® To avoid exchange the crystal was
mounted in a quartz tube. The data were measured
on the Aracor-Huber four-circle diffractometer at
the R2 reactor at Studsvik, Sweden, in a beam of
wavelength 1:210 A obtained by reflection from a Cu
(220 plane) double monochromator. The cell dimen-
sions agreed with the X-ray determined values; com-
plete set of 724 unique reflections with A=k, k=0
and /=0 to sinf/A =0-68 A~ scanned, w28 step
scans; three standard reflections measured at regular
intervals showed no significant variation. Back-
ground corrections following Lehmann & Larsen
(1974) and Lorentz corrections applied; absorption
correction by Gaussian integration using an experi-
mentally determined attenuation coefficient u =
0-047 mm ™!, transmission range 0-85-0-90.

All data reduction programs and the full-matrix
least-squares program UPALS used for structure
refinement have been described by Lundgren (1982).

3. Refinements

The atomic positions of O’Connor & Dale (1966)
were used as starting values in the refinements.
In both the neutron and X-ray refinements the quan-
tity minimized was Sw(|F,|>*—|F./*)? where w™!=
o2 (IF,1») + K|F,)* and 0coun Was derived from
Poisson counting statistics. The constant k was fixed
empirically at 009 and 0-01 for the neutron and
X-ray data, respectively, on the basis of weighting
analyses for different values of k.

Neutron data

The scattering lengths used were 1-0300, 0-2847,
0-5803 and 0-6674 cm ~'2 for Ni, S, O and D, respec-

Table 1. X-ray refinement details

I, conventional refinement. II, deformation refinement, 432 symmetry
assumed for Ni, 43m symmetry assumed for S, sulfate O atoms equivalent,
water molecules equivalent, mm2 symmetry assumed for the water O atoms.
111, deformation refinement, 43m symmetry assumed for S, sulfate O atoms
equivalent, water molecules equivalent, mm2 symmetry assumed for the
water O atoms. IV, deformation refinement, sulfate O atoms equivalent,
water molecules equivalent, mm2 symmetry assumed for the water O atoms.
V, deformation refinement, water molecules equivalent, mm2 symmetry
assumed for the water O atoms. VI, deformation refinement, mm2 sym-
metry assumed for the water O atoms, water D atoms equivalent. VII,

deformation refinement, water D atoms equivalent. 4 = |F,|> — |FJ>.

| 11 111 v A\ VI VII
n (No. of reflections) 1765 1765 1765 1765 1765 1765 1765
p (No. of parameters) 57 93 108 12] 151 179 197
R=2X|AVSF} 00268 0-0171 00165 00157 00152 00144 0-0150
wR = (LwdYIwF")"* 00585 0-0305 00300 0-0282 00251 00240 00238
S=[Zwd¥n-p)'? 3722 1965 1937 1830 1643 1585 1.578

No. of reflections 257 80 64 49 20 16 18
with |4|/o > 4-0

tively (Sears, 1986). Several extinction models within
the Becker & Coppens (1974) formalism were tried:
type 1, type II or general, isotropic or anisotropic
(Thornley & Nelmes, 1974), with Gaussian or
Lorentzian mosaic-spread distributions. All refine-
ments indicated severe extinction for many reflec-
tions.

As mostly found for neutron data the best agree-
ment between observed and calculated data was for
an isotropic type-1 model with a Lorentzian mosaic-
spread distribution. Only the 628 reflections with
|F,?=230(F,)*) and suffering less than 75%
extinction were used in the final refinement. The 112
variable parameters were the scale factor, the angular
mosaic width, the positional and anisotropic thermal
parameters of all atoms, and the proportion of
deuterium content to hydrogen content (assumed to
be the same for the three independent sites). The
agreement indices, as defined in Table 1, following
the final refinement were R = 0-039, wR = 0-105 and
S = 1-18. The final fractional atomic coordinates and
equivalent isotropic displacement parameters are
given in Table 2. The refined deuterium-to-hydrogen
content corresponded to 96-6 (4)% exchange.

X-ray data

Only the 1765 reflections with |F))? = 30 (|F,|?)
were used. Two sets of refinements were carried out:
(a) a conventional refinement assuming spherical
atomic scattering factors, and (b) deformation
refinements in which the aspherical valence-electron
distribution was fitted to multipole deformation
functions. In both sets of refinements the spherical
scattering factors for Ni, S and O were the neutral-
atom relativistic Hartree—Fock scattering factors of
Doyle & Turner (1968), while the non-relativistic
Hartree—-Fock scattering factor of H (Cromer &
Mann, 1968) was assumed for D. The anomalous-
dispersion contributions were from Cromer &
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Table 2. Fractional atomic coordinates and equivalent

isotropic  displacement  parameters (A%  for
NiSO,.6D,0 ar 295K (upper figures, neutron
refinement; lower figures when given, X-ray
refinement V1)
The form of the displacement factor was
exp(— 2w Z,Z,Uhha*a*); Ug = (U, + Uy + Uyy)/3.
X y z Ueq
Ni —0-2104 (1) —0-2104 0-0 0-0095 (3)
-021039 (2)  -021039 00 0-0146 (0)
s -0-7090 (4) -0-7090 00 0-0101 (9)
—=0-70910 () -0-70910 0-0 0-0167 (0)
o(1) -0-1726 (3) 0-0469 (3) —0-05257 (10)  0-0229 (6)
-0-17284 (8) 004673 (13)  —005278(3)  0-0301 (1)
0(2) —0-4701 (2) —0-2442 (2) —0-05628 (10)  0-0159 (5)
—0-47011 (13) —0-24399 (6) —0-05617 (2) 0-0225 (1)
03)  —00655(2) ~0-3568 (2) -008475(9)  0:0150 (5)
—0-06596 (13) —0-35637 (7) —0-08493 (2) 0-0213 (1)
0@  -06217(3) - 06205 (3) —0:06589 (9)  0-0255 (6)
~ 061965 (22) —0-62012 (16) —0-06604 (5) 0-0318 (2)
o)  -09229(2) - 06725 (3) -000020 (11)  0:0228 (5)
—0-92339 (14) —0-67230 (14) ~0-00050 (7) 0-0287 (1)
D) -00776 (3) 01459 (3) —0:04018 (12)  0-0272 (6)
D(12)  —0-2489 (3) 0-0839 (3) -009466 (9)  0:0295 (6)
DQ1) 05666 (3) -0-1433 (3) -004725 (12)  0-0306 (6)
D(22) -0-5347 (3) -0-3723 (3) -005872 (11)  0:0254 (5)
DB31) 00144 (3) —0-4643 (3) -006653 (12)  0:0296 (5)
D32 00160 (2) -02716 (3) -0-11624 (10)  0:0253 (5)

Liberman (1970). A number of extinction models
within the Becker & Coppens (1974) formalism were
tried. Again an isotropic type-I correction was found
to be most appropriate. In all refinements the deuter-
ium positional parameters were fixed to the values
refined from the neutron data.

(a) Conventional refinement. The following param-
eters were refined: the scale factor, the mosaic width,
and the positional and anisotropic displacement
parameters of all atoms other than the D atoms.
Initially the deuterium displacement parameters were
fixed to the values refined from the neutron data.

For crystals in polar space groups it is possible
to determine the absolute configuration if the
anomalous-scattering contributions, as in this case,
are sufficiently large. Refinements were therefore
carried out in both of the enantiomorphic space
groups P4,2,2 and P4;2,2; the initial coordinates
were those of O’Connor & Dale (1966), with the
signs retained in P4,2,2, or reversed in P4;2,2.
Unlike the crystal studied by Stadnicka er al. (1987)
our crystal had clearly grown in the P4;2,2 enantio-
morph (wR=0-14 in P4,2,2; wR = 0-04 in P4;2,2).

It is frequently observed in combined X-ray and
neutron studies that the X-ray refined coordinates
for atoms other than D agree satisfactorily well with
the neutron coordinates but that the displacement
parameters are systematically higher in the X-ray
case. Possible causes of this discrepancy are thought
to be thermal diffuse scattering, different systematic
errors in the background correction (Coppens,
Boehme, Price & Stevens, 1981), multiple diffraction

(Lundgren, 1980) or inappropriate atomic scattering
factors (Larsen & Hansen, 1984). A disagreement
was also observed in the present study, the average
discrepancy for the O atoms being 38 (8)% for both
conventional and deformation refinements. In our
case the disagreement between X-ray and neutron
parameters cannot be due solely to errors in experi-
mental technique, since the average disagreement
over the heavy atoms between our X-ray dis-
placement parameters and those of Stadnicka et al.
(1987) is only 2%, and the average disagreement
over all atoms between our neutron displacement
parameters and those of Bargouth & Will (1981) is
only 10%. Whatever the cause, the consequence is
that the X-ray displacement parameters of the heavy
atoms must be refined to avoid unduly large
systematic errors in the refinement and final Fourier
maps. The deuterium displacement parameters,
which cannot be refined with confidence from the
X-ray data, were fixed to the neutron values multi-
plied by 1-38.

As can be seen from Table 1, the final agreement
indices for the conventional refinement in P4;2,2 are
reasonably small; however, Fourier difference syn-
theses calculated after this refinement clearly showed
residual features which should be amenable to
modelling by a multipole expansion of the charge
distribution of the valence electrons.

(b) Deformation refinement. To model the aspheri-
cal electron distributions we used the multipole
deformation functions proposed by Hirshfeld (1971)
with modifications by Harel & Hirshfeld (1975) and
Hirshfeld (1977). The spherical charge density at
each atomic site is modified by an expansion of up to
35 terms, of the general form,

p(r,0,) = N,r"exp(— yr')cos" 6,

centred on the site, where r and 8, are polar coordi-
nates in the kth of a chosen set of axes, n and & are
integers [n=0,1,2,3; k=1,... (n+ D(n+2)/2], i/,
are normalizing factors, and / =1 or 2 for Lorenztian
or Gaussian radial functions, respectively. The scat-
tering factor for each atom is then,

f=f+ ZCi‘Pi

where f; is the spherical free-atom scattering factor,
and ¢; are the Fourier transforms of the expansion
of the deformation density. The (population) param-
eters C; are refinable.

A series of deformation refinements were per-
formed. In the first, the ideal local symmetries of 432
and 43m were imposed on the Ni and S atoms,
respectively. All water molecules were assumed to be
identical with local symmetry mm2, while cylindrical
symmetry was imposed about the D atoms along the
O—D bonds. The independent sulfate O atoms were
also assumed to be equivalent with local symmetry
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3m. These constraints were relaxed successively in
the later refinements as indicated in Table 1 together
with the final agreement indices for each refinement.
The deformation functions of the six independent D
atoms were constrained to be identical in each
refinement since it was assumed that the differences
in the electron density in the O—D bonds would be
modelled by the deformation functions on the O
atoms. Strong correlation effects meant that the
parameter y, which governs the breadth of the radial
function, could not be refined with the other defor-
mation parameters. It was therefore fixed, somewhat
arbitrarily, at 3-5 for all atoms. This choice and our
assumption of Gaussian radial functions appears
reasonable as judged by the flatness of the residual
maps after the final refinement. In all refinements the
structural model was constrained to be neutral.

The successive improvements in agreement as the
constraints are relaxed are significant, except for
relaxation of the mm2 symmetry on the water O
atoms. We also note the relatively small improve-
ment that relaxing the constraint of octahedral sym-
metry for Ni gives. We shall henceforth consider
only the results of refinement VI. The positional and
equivalent isotropic displacement parameters of the
Ni, S and O atoms following refinement VI are given
in Table 2.* The final coordinates of the heavy atoms
from the neutron and X-ray refinements agree within
three estimated standard deviations (e.s.d.’s) with
each other and with those reported by Stadnicka er
al. (1987). Our X-ray displacement parameters for
the heavy atoms also agree within three e.s.d.’s with
their values.

4. Deformation maps

X — N syntheses with the observed structure factors
assigned the phases of the calculated (N) structure
factors underestimate the deformation density for
noncentrosymmetric  structures (Coppens, 1974).
X—N syntheses, in which the observations are
assigned phases calculated in a deformation
refinement, should not underestimate the density,
and have the desirable feature that the observed
intensities are still included (Thomas, 1978). There
are, however, some disadvantages to these syntheses.
The subtraction of the anomalous-dispersion contri-
butions from the observed structure factors is only
approximate; for transition metals the contributions

* Tables of the observed and calculated X-ray structure factors
and the anisotropic displacement parameters following the neu-
tron refinement and the final X-ray deformation refinement have
been deposited with the British Library Document Supply Centre
as Supplementary Publication No. SUP 52323 (19 pp.). Copies
may be obtained through The Executive Secretary, International
Union of Crystallography, 5 Abbey Square, Chester CH1 2HU,
England.

can be comparable with the deformation terms. The
maps are also sensitive to noise and large absolute
errors in the measured structure factors. In particu-
lar, extinction-affected and omitted reflections can
cause significant distortion. Finally the maps are
necessarily a superposition of the deformation func-
tions of all atoms in the unit cell, which may confuse
the interpretation of the deformation of a particular
atom or molecule. Deformation model maps derived
from the fitted multipole model are much less sensi-
tive to noise, insensitive to omitted reflections, and,
as proposed below, the effects of superposition can
be removed by including only the deformation func-
tions of the constituent of interest. Calculation of the
model map is effected in practice by Fourier trans-
formation of a complete set of structure factors
calculated with f; and the atomic dispersion correc-
tions set to zero.

To characterize the hydrogen bond it is often
useful to apply one of the well-known partitioning
schemes in which the total interaction is decomposed
into electrostatic, polarization, charge transfer,
exchange and dispersion contributions. The different
contributions can be defined by various products of
the wavefunctions of the isolated constituents and
the final complex (e.g. Morokuma, 1971), and can
also be related to the electron density distribution
(Yamabe & Morokuma, 1975). The electrostatic con-
tribution corresponds to the effect that would result
if the free constituents, in some hypothetical way,
were brought together into the relative positions that
they occupy in the actual complex without any
deformation of the original charge distributions and
without electron transfer. Thus for the water mol-
ecule the electrostatic contribution just corresponds
to reorientation of the molecule. The polarization
contribution corresponds to deformation of the
charge distributions of the constituents, still without
charge transfer. The other contributions all involve
transfer of charge between constituents. It has been
shown theoretically that the electrostatic part alone
(‘the simple electrostatic model’) to a first approxi-
mation gives a very good representation of the
charge distribution in a hydrogen bond (Yamabe &
Morokuma, 1975), and that the polarization contri-
bution, the dominant remaining component, is an
order of magnitude smaller for weak O—H---O inter-
actions of the type considered here.

We could also apply such a partitioning scheme to
other interactions, although the relative importance
of the contributions may differ from that for hydro-
gen bonds, and the difficulty in partitioning the
electron distribution between the constituents of a
strong interaction means that the analysis should be
restricted to weak and moderately strong interac-
tions. We will consider specifically the relatively
weak Ni-—O bonds between Ni and the water mol-
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ecules. For the single Ni atom the electrostatic con-
tribution corresponds to orientation within the
crystal field of the ideal octahedral charge distribu-
tion of the isolated atom, and would be expected to
dominate the deformation density.

In an experimental study it is impossible to isolate
all five contributions from each other, although some
separation, particularly of the electrostatic com-
ponent from the others, could perhaps be made by
inspection of the local symmetry of the experimental
deformation density, or by comparison of crystallo-
graphically independent molecules in the same struc-
ture. In NiSO,.6D,0 we can look for deviations of
the Ni deformation from ideal octahedral symmetry,
for deviations of the water molecules from mm2
symmetry, and for differences amongst the indepen-
dent water molecules. However, as we have already
pointed out, interpretation of the deformation of a
particular atom or molecule in the electron density
maps based on all atoms in the unit cell may be
confused by the superposition of the deformation
functions of neighbouring atoms.

We will therefore compare the deformation densi-
ties based on the deformation functions of the whole
structure with those based on only the deformation
functions of the Ni atom or the individual water
molecules. In this way the effects of simple super-
position on the deformation densities of adjacent
constituents may be removed, and an interpretation
within the partitioning scheme attempted. The valid-
ity of the separation of the deformations of adjacent
constituents depends very much on whether the
radial functions are appropriate. However, provided
we do not attempt to separate strongly covalently
bonded atoms, e.g. O and D in the water molecules,
the region of overlap of the deformation functions
where we make the separation should occur in the
tails of the radial functions of the individual atoms
or molecules, and the choice of radial function and
exponents should not be too critical. A closer analy-
sis of this point with a comparison with the theoreti-
cal densities of truly isolated constituents will be
made elsewhere.

5. Resillts and discussion

For a general description of the crystal structure we
refer to the earlier reports (Beevers & Lipson, 1932;
Stadnicka et al., 1987). Selected bond lengths and
angles are listed in Table 3, including more precise
values than quoted in earlier studies for the water
molecules and hydrogen bonds.

Nickel is located on a 4(a) site with symmetry 2.
The surrounding six water O atoms form a slightly
distorted octahedron, in which O(3) and O(3") are
located on opposite corners, whereas O(1) and O(1),
and similarly O(2) and O(2), are adjacent to one

Table 3. Selected bond lengths (A) and angles (°) for
NiSO,.6D,0 at 295 K (neutron diffraction data)

Standard deviations are given in parentheses. Superscripts on
the atom symbols denote equivalent positions: (i) y, x, —z;
@) y, =1+x, —z (@il)) =1+x, y, z; (iv) =1+x, =1+, z;
(v)f—x,%+y,%—z.

(a) Covalent bonds

Ni—O(1) 2-009 (2) O(1)—Ni—0(2) 88:10 (8)

Ni—O(2) 2052 (2) O(1)»—Ni—O0(3) 89-86 (8)

Ni—O(3) 2-086 (2) O(1)—Ni—O(1") 90-43 (14)
O(1)—Ni—O0(3) 9041 (8)
O(2—Ni—0(3) 88-79 (8)
O(2)—Ni—O0(2) 93-39 (12)
O(2—Ni—O(3) 9195 (8)
O(1)—Ni—O(2) 17832 (9)
O(3)—Ni—O(3) 179-61 (12)

S—0@4) 1-470 (3) 0O(4)—S—O(5) 109-04 (12)

S—0O(5) 1472 (3) 0(4)—S—04") 110-09 (34)
O4)—S—O(5) 10965 (11)
O(5—S—0O(5) 10935 (34)

(b) Water molecules

O(1)y—D(11) 0957 (3) D(11)y—O(1)—D(12) 111-7(3)

O(1—D(12) 0961 (3)

0(2—D(21) 0961 (3) DQ1)Y—0(2—D(22) 1097 (3)

O(2—D(22) 0974 (3)

0O(3)—D(31) 0967 (3) D(31)—0(3)—D(32) 1092 (2)

0(3)—D(32) 0986 (3)

(c) Hydrogen bonds

O()--0O(5™) 2721 (3) O(1)—D(11)--0(5") 1689 (2)

D(11)--0(5") 1-775(3)

o(1)-0(3") 2797 (3) 0(1)—D(12)-0(3*)  169-6 (2)

D(12)--0(3")  1:847 (3)

0O(2)--0(5%) 2774 (3) O(2—D(21)--0(5% 1554 (2)

D(21)-O(5") 1-871 (3)

0Q2)-0(d)  2-756 (3) 0(2—D(22)-0@) 1724 (2)

D(22)--0(4)  1-788 (3)

O@3)--0(5*) 2812 (3) O(3)—D(31)--0(5™)  154:3 (2)

D(31)--0(5™) 1909 (3)

0(3)--0(4") 2:735 (3) 0O(3—D(32)--0(4") 168-8 (2)

D(32)--0(4") 1761 (3)

another. For the following discussion it is important
to note that the three independent water molecules
are coordinated to nickel in quite different ways (cf.
Fig. 1 and Table 3):

(a) Water 1 has an almost perfect planar trigonal
environment. The deviation of nickel from the water
plane is only 1°, Fig. 1(a). Furthermore it donates
one hydrogen bond to the water O(3) atom and one
to the sulfate O(5) atom.

(b) Water 2 is also surrounded by only three
neighbours but in this case nickel approaches the
water O atom in a tetrahedral rather than trigonal
direction with respect to the protons [the angle to the
water plane is 36°, Fig. 1(b)]. There is, however, no
neighbour in the fourth tetrahedral direction. The
water molecule donates one hydrogen bond to the
sulfate O(4) atom and one to the sulfate O(5) atom.

(¢) Water 3, by contrast, has a complete tetra-
hedral environment. It receives a coordinative bond
from Ni [angle of 47° to the water plane, Fig. 1(c)]
and a hydrogen bond from water 1 (angle of 58° to
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the water plane). Two hydrogen bonds are donated
to the sulfate O(4) and O(5) atoms.

The free Ni>* ion has a d® electron configuration.
An Ni** ion octahedrally coordinated by a weak
ligand field (spin-free state) has a symmetrical
dSd? electronic configuration with two electrons in
each of the three d, orbitals and one electron in each
of the two d, orbitals. In a strong ligand field,
however, both d, electrons occupy the d? orbital,
and the d,._,. orbital is unoccupied. In the latter
case the repulsion of the ligands by the electrons in
the 42 orbital will lead to a square-planar arrange-
ment of the ligands, as commonly observed in Ni**
complexes with strong ligands.

In the present case, with water as a rather weak
ligand, we expect a spin-free state for Ni** and thus
regular octahedral coordination, provided that all six
ligand water molecules are coordinated in an equiva-
lent way. We have already noted, however, that the
three water molecules are attached quite differently.
These differences are reflected in the Ni—O distances
within the coordination sphere of nickel: Ni—O(3) is
0-04 A longer than Ni—O(2), which in turn is 0-04 A

Fig. 1. Nearest-neighbour geometries of the three unique water O
atoms: (@) O(1), (b) O(2), (c) O(3).

longer than Ni—O(l) (see Table 3). The coordi-
nation octahedron 1is thus elongated in the
O(3)—Ni—O(3’) direction as expected from the
differences in the water coordination described
above. This elongation might be taken as a slight
tendency towards a square-planar arrangement
around Ni?*. However, it seems more likely that the
formation of directed hydrogen bonds around the
water molecules has forced the molecules to
approach nickel in different ways, with the different
Ni—O distances as a secondary result. That the
hydrogen-bond formation might play a dominant
role is supported by the similar hydrogen-bond
lengths (2:72-2-81 A) and the much smaller variation
in hydrogen-bond angle amongst the six bonds than
in the angles made by Ni to the water planes.

Deformation electron densities

The static multipole model deformation maps for
the sections of interest around Ni and around the
three water molecules after refinement VI are illus-
trated in Figs. 2 and 3, respectively. In the diagrams
the three atoms defining each section are written
without parentheses. For orientation purposes other
atoms close to these sections and the relevant H
atoms are indicated within parentheses. In an
attempt to distinguish the characteristic features of
the Ni ion and the water molecules, the maps calcu-
lated from only the deformation functions of each of
these constituents are also plotted separately.

(@) The Ni atom. Let us first consider the total
deformation maps (Figs. 2a—c). Apart from the large
negative peak centred on Ni, the only definite feature
observed is an electron deficiency in the bonds to the
surrounding water O atoms in comparison with the
diagonal directions. This is just the feature expected
for a d,fd,,2 electron configuration, where the
diagonally directed d, orbitals (d,,, d,, and d,,) are
all completely full while the two d, orbitals share
two electrons. The deformation distribution is not
so clearly defined, however, that we can state how
the d, orbitals share the electrons, i.e. whether the
Ni deformation is ideally octahedral.

The deformation maps of Ni with the adjacent
water deformation functions omitted (Figs. 2a’—¢")
give a much clearer picture of the Ni electron
density. The electron deficient peaks in the three
independent Ni—O directions now appear more or
less equivalent; likewise for the positive peaks in the
diagonal directions. These observations agree with a
spin-free configuration with both d,, orbitals half-full
as opposed to the spin-paired alternative with d. full
and d,:_,.empty. The deformation thus has nearly
ideal octahedral symmetry, even though only the
crystallographic site symmetry 2 was imposed on the
Ni deformation functions in the refinement. More-
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(¢)

Fig. 2. Ni(D,0); static deformation model maps based on a full set of reflections to sin8/A = 1-03 A~'. (All maps in Figs. 2—4 are based
on refinement V1.) Maps (a) and (") are calculated in the plane through Ni, O(1) and O(2), (b) and (b°) in the plane through Ni, O(1)
and O(3), and (c) and (¢’) in the plane through Ni, O(3) and the internal bisector of O(1)---Ni-O(2). All atoms are included in the
calculation of the unprimed maps, while only the Ni deformation functions are included in the calculation of the primed maps.
Contours are drawn at intervals of 0-05 e A =3, Negative contours are dashed; the zero-level contour is omitted. The map (not shown)
through Ni, O(3) and the external bisector of O(1)--Ni---O(2) calculated using only the Ni deformation functions is very similar to (¢").
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over, the angles between the vectors from Ni to the
negative peaks are closer to 90° than the angles
between the Ni—O vectors (Table 3). Our earlier
suggestion that the elongation of the bonds along
Ni—O(3) results primarily from the particular
approach of the water molecules rather than from
repulsion of D,O(3) by preferential occupation of the
Ni d,. orbital is thus supported by the electron
density analysis. The maxima along the eight diago-
nal directions lie at distances 0-6-0-7 A from the
nucleus, which compare well with the 0-6 A calcu-
lated for the Ni atom in the similarly weak octahe-
dral field in NiO (Watson & Freeman, 1960). The six
minima in the bond directions lie at distances
0-7-0-8 A.

Our total deformation maps (Figs. 2a—c) show a
distortion from ideal octahedral symmetry in the
distribution around Ni, which is very similar to the
distortion observed by Maslen, Ridout & Watson
(1988) in X — N maps of NH,;NiSO,.6H,O and
which they attribute to the nearly planar geometry of
the second coordination sphere of Ni. Our individual
maps (Figs. 2a’-c’) show, however, that the distor-
tion in the total distribution is due primarily to
superposition of the ligands in a non-ideal geometry
on an ideally octahedral Ni’* deformation. The
comparatively slight improvement in agreement from
refinements II to III also suggests an ideally octahe-
dral deformation of the Ni?* electron density. Could
the distortion observed by Maslen, Ridout & Watson
(1988) in the X — N maps also be due to super-
position in a non-ideal geometry, and not to long-
range interactions as they have postulated? We note
that the polarized neutron diffraction study of
ND,NiS0,.6D,0 (Fender et al., 1986) implied that
the d,, orbitals in this compound are equivalent.

(b) The water molecules. The deformation densities
are illustrated both in the planes of the water mol-
ecules and perpendicular to these, through the two-
fold axes, both with all deformation functions
included in the calculation (Figs. 3a—f), and with
only the deformation functions of oxygen and deu-
terium of the water molecule in question included
(Figs. 3a’-f").

We first consider the total maps (Figs. 3a—f). The
densities in the O—H bond directions of all three
molecules are very similar: concentration of density
within the bond and deficiency further out. In the
region of the ‘lone pairs’ the deformation density has
a very clear banana shape; it is quite concentrated in
the plane of the water molecule but very extended
perpendicular to this plane, and in general agrees
with theoretical calculations (Hermansson, 1984).
Very slight excesses just in the lone-pair directions
can be observed, but there are also further peaks
near the O atoms that confuse interpretation of the
bonding deformation. All these features, including

the rather irregular contours in the lone-pair plane,
are typical for experimental deformation maps of
water molecules. ‘

Of particular interest here is the possible influence
of the environment on the lone-pair distribution, first
of all owing to the coordination to Ni, and for
D,0(3), also owing to the hydrogen bond donated
by D,O(1) (¢f. Hermansson, Olovsson & Lunell,
1984). Our total deformation map for D,O(3), for
example, shows a slightly smaller lone-pair peak in
the direction of Ni than in the direction towards
D,O(1) (Fig. 3f). Experimental studies of other
hydrates give rather contradictory results; in some
cases the lone-pair peak becomes more pronounced
when the O atom is approached by a metal ion or
receives a hydrogen bond, in other cases the opposite
effect is observed (e.g. Eisenstein & Hirshfield, 1983).
The observed decrease in the lone-pair density in the
shortest hydrogen bond in NaHC,0,H,0 (Dela-
plane, Tellgren & Olovsson, 1990) is also predicted
by ab initio calculation of the total density, but
Lunell (1984) has shown that the theoretical result is
an artifact due to superposition of the donor and
acceptor deformation densities. Perhaps the other
apparently contradictory experimental observations
are also due to superposition of the deformation
distributions of neighbouring atoms.

Our total deformation maps also suggest that
there is distortion in the plane of the water molecule
as well as in the lone-pair plane. For example the
lone-pair density of D,O(1) in the water plane is
compressed quite significantly in the direction of Ni
(Fig. 3a).

We now turn to the individual deformation maps
of the water molecules (Figs. 3a’—f"). These maps are
unusually free of spurious peaks and look much
more like the theoretical density of a free water
molecule (Hermansson, 1984) than do the total
maps. A notable difference compared to the free
molecule is a decrease in resolution of the lobes in
the lone-pair region.

Comparing the individual maps with the total
maps we see immediately that many of the lone-pair
‘features’ in the total maps have resulted simply from
superposition of the densities of the separate units.
For example the compression of the lone-pair density
in the plane of D,O(1) in the total deformation map
is due to the contribution of the negative region of
Ni coordinated in this direction (compare Fig. 3a
with Fig. 3a’ and Fig. 2a"). The same effect occurs in
the lone-pair plane (compare Figs. 35 and 35").

An approaching hydrogen bond has a similar
effect to that observed for Ni, as illustrated by the
01—D(12)-O(3) bond in Fig. 4(a) (total deforma-
tion map) and Fig. 4(¢’) (juxtaposed individual
deformation maps). In the total deformation map the
lone-pair density of O(3) in the direction of the
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Fig. 3. Static deformation model maps in and perpendicular to the planes of the three unique water molecules. (a), (c) and (e) are
calculated in the plane of the water molecules 1, 2 and 3, respectively; (), (d) and (f) perpendicular to the respective planes.
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Fig. 3 (cont.) All atoms are included in the calculation of the unprimed maps; only the deformation functions of the O and D atoms of
the water molecule in question are included in the primed maps. Reflection limit and contours as in Fig. 2.
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hydrogen bond is noticeably decreased and shifted
closer to O(3) due to the superposition with negative
density from D,O(l), compared with the individual
maps. The effect appears to be somewhat smaller
than for the O(1)---Ni bond, however.

A comparison of the deformation densities in the
lone-pair region of the three different water mol-
ecules in the individual maps now allows us to
answer our original question whether the environ-
ment distorts the lone-pair system or not. While all
three water molecules are very similar in the plane of
the water molecule all the lone-pair densities (Figs.
3%', 3d" and 3f”) are slightly different. The lone-pair
density of O(1) has a single lobe that extends signifi-
cantly towards Ni, while that of O(3) has two lobes,
one extending towards Ni and the other towards
D(22). We attribute these differences in the lone-pair
densities of O(1), O(2) and O(3) to their different
local environments and the polarizing influence of
the ligands.

Mirror symmetry in and perpendicular to the
plane of the water molecule was imposed in the
refinement and this is evident in the individual defor-
mation maps. Relaxing these constraints caused little
change in the maps or in the agreement between
observed and calculated structure factors (Table 2).
It is beyond the accuracy of our data to attempt to
interpret differences in the lone-pair lobes on a given
water molecule.

The bond peak heights of the three water mol-
ecules agree very well in both the total deformation
maps and the isolated maps: 0-40, 045 and
0-45¢ A~2 for the O—D bonds in O(1), O(2) and
O(3), respectively; 0-30, 0-20 and 0-22 e A3 for the

lone-pair peaks. The similarity in the strengths of the
six hydrogen bonds is reflected in the nearly identical
shapes and heights of the corresponding positive and
negative peaks near the D atoms in the three mol-
ecules. The lower values of the lone-pair peaks of
O(2) and O(3) compared with O(1) are consistent
with the more diffuse nature of these peaks owing to
the nearly tetrahedral local geometries.

6. Concluding remarks

Meaningful interpretation of the deformation density
of water molecules can be made in the presence of
strong X-ray scatterers such as transition-metal
atoms, but multipole fitting and plotting of model
deformation maps are preferable to conventional
Fourier difference techniques to minimize the effects
of noise. Model maps based on just the deformation
functions of the individual atoms or molecules may
allow the deformation of neighbouring constituents
to be separated and remove artifacts caused by
superposition.

When the effects of superposition are removed, the
deformation electron density of Ni in NiSO,.6D,0
shows just the features expected in a weak octahedral
ligand field. The individual deformations of the three
water molecules show that their interaction with the
environment is also largely electrostatic; however,
some polarization of the lone-pair densities in the
different environment is evident.

This work was funded by the Swedish Natural
Science Research Council (NFR). We especially
thank Dr R. Tellgren for collecting the neutron data.

Fig. 4. Static deformation map through O(1}—D(12)--O(3). All atoms are included in the calculation of (a); (a’) is a composite of the
two maps with only the deformation functions of the atoms in D,O(1) included in the calculation of the region near D,O(1) and only
the deformation functions of O(3) included in the calculation of the region near O(3). The heavy line shows the limit of region.

Reflection limit and contours as in Fig. 2.
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Strukturverfeinerung des Kompositkristalls im mehrdimensionalen Raum

VoN KATsuo KATO
Mukizaishitsu Kenkyusho,* 1-1 Namiki, Tsukuba-shi, Ibaraki-ken 305, Japan
(Eingegangen am 2. Mai 1989; angenommen am 28. Juli 1989)

Abstract

The superspace-group approach formulated for com-
posite crystals by Janner & Janssen [Acta Cryst.
(1980), A36, 408-415] was programmed for com-
puter and applied successfully to the structure
refinements of ‘LaCrS; (LanCreS;90) [Kato,
Kawada & Takahashi (1977). Acta Cryst. B33, 3437-
3443] and M oCuy;05 (M = Big.03,Cag.5645r0.405)
[Kato, Takayama-Muromachi, Kosuda & Uchida
(1988). Acta Cryst. C44, 1881-1884]. The structure
of ‘LaCrS5’ refined to R = 0:056 for 2087 reflections
and that of M,;Cu,;O, refined to R = 0-028 for 1006
reflections.
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Einleitung

Unter einem Kompositkristall versteht man denje-
nigen Kiristall, dessen Struktur aus mehreren
ineinandergreifenden Teilen vershiedener Trans-
lationsperioden besteht. Jeder einzelne Teil bildet fiir
sich ein system, das Teilsystem, das die Symmetrie
einer bestimmten dreidimensionalen Raumgruppe
aufweist. Besitzen die Translationsgitter der Teil-
systeme eines Kompositkristalls kein gemeinsames
dreidimensionales Teilgitter, so ist der Komposit-
kristall nicht kommensurabel, andernfalls ist er kom-
mensurabel. Im reziproken Raum gibt es Reflexe, die
allein von einem einzigen Teilsystem stammen, aber
auch diejenigen, zu denen mehrere oder alle Teil-
systeme beitragen.
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