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Abstract

The crystal structure and the absolute configuration
of a-NiS046H,0 (M,=262-86) have been deter-
mined by X-ray diffraction at room temperature. For
a crystal that is optically laevo at 0:4579 wm, laevo
at 0-4765 um and dextro at 0-5145 um, the space
group was found to be P4,2,2 (Dj), with a=
6-783 (1), c=18-288 (2) A, V=841-4(3) A, Z=4,
D,=2:075Mgm~>, Mo Ka, A=0-71069 A, u=
2-58 mm™', F(000)=544. The structure was refined
to R=0-0254 and R;=0-0327 for 1864 reflections.
The chiral arrangement of O atoms in the structure
is examined in connection with the theory of Glazer
& Stadnicka [J. Appl. Cryst. (1986), 19, 108-122] and
linked with the measured optical rotation at
wavelengths below ~0-5 um and above ~2-0 pm. It
is shown that the contribution from the O atoms of
the water of crystallization is more important than
that from the sulfate O atoms in determining this part
of the optical rotatory dispersion, whereas the
observed anomalies between these wavelengths are
principally due to d-d transitions in the nickel ion.
Calculations using the program of Devarajan &
Glazer [Acta Cryst. (1986), A42, 560-569] support
this view.

Introduction

Ever since the discovery of optical activity by Arago
in 1811, there have been many attempts at explaining
its origin. In order to understand optical activity in
crystals it is important first to determine both the
chirality (or absolute structure) of the crystal and its
optical rotation - the so-called absolute configuration.
Although it has been possible for the last 40 years or
so to use X-ray anomalous scattering to determine
absolute configuration, there are relatively few
examples to be found in the literature. Those inor-
ganic crystals for which the true absolute configur-
ation is known were shown by Glazer & Stadnicka
(1986) to have structural helices of polarizable atoms,
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whose sense could be related closely to the sense of
rotation of plane-polarized light. A set of rules was
given to enable these helices to be correctly chosen.
Devarajan & Glazer (1986) subsequently used a
polarizable point dipole approach based on the
original work of Born and others to calculate optical
rotations for most of the inorganic crystals studied
by Glazer & Stadnicka.

The first structure determination of a-NiSO,.6H,O
was carried out by Beevers & Lipson (1932), who
obtained the space group P4,2,2 (or P4;2,2) and so
predicted the occurrence of right and left crystals
which should possess rotatory powers of opposite
sign. They confirmed their predictions and discovered
anomalous behaviour of the rotatory power. After
this work, many papers were published on the optical
properties, which have been shown to be anomalous
for this material. Below, we briefly survey some of
the more important papers.

The optical rotatory dispersion (ORD) was
measured for the first time quantitatively by Under-
wood, Slack & Nelson (1938), who showed that
between 0-420 and 0-650 wm the sign of rotation
changed at 0-503 wm. Absorption bands at 0-3890
and 0-7187 um were also observed. Slack, Lageman
& Underwood (1938) also measured the magneto-
optical activity, and calculated an effective optically
active ultraviolet absorption band at 0-0964 um.

A nearly complete measurement of ORD, circular
dichroism (CD) and absorption was published by
Ingersoll, Rudnick, Slack & Underwood (1940) over
the wavelength range 0-25-2:2pum. Striking
anomalies in the ORD were found at 0-69 and
116 pm, corresponding to absorption and CD
maxima at these wavelengths. Of the observed bands
shown to contribute to the ORD, those at 0-385 and
0-690 wm were identified as being responsible for the
green colour characteristic of divalent nickel
hydrates, with one at 1-16 wm probably belonging to
the same system of bands. Two absorption bands at
about 1-5 and 2-0 um were identified as being due to
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the water of crystallization, and, because of their
vibrational character, considered to make no appreci-
able contribution to the ORD. A theoretical relation
between rotatory power and CD was also verified.

In 1966, O’Connor & Dale published a two-
dimensional neutron difiraction study of the crystal
structure of the deuterated compound. They
confirmed the space-group assignment and basic
structure determination of Beevers & Lipson and, in
addition, found all the deuterium positions.

Further work on the CD and absorption spectra
was published by Grinter, Harding & Mason (1970).
In this paper, which gives several other references to
studies of the ORD and electronic bands of
NiSO,4.6H,0, all the bands were assigned group theo-
retical symbols relating to d-d transitions within the
electronic states of the quasi-octahedral [Ni(OH,)s]**
moiety. Their results indicated that neither first-order
spin-orbit coupling nor trigonal, tetragonal or ortho-
rhombic distortions significantly affect the accessible
electronic states involved in the transitions.

The only theoretical analyses of the optical activity
in this crystal appear to have been made by Strickland
& Richardson (1972) and Kato (1972), who demon-
strated that the CD bands in the near infra-red, visible
and near ultraviolet regions could be successfully
calculated on the basis of a model in which the
Ni(OH,)s groups were considered to be isolated from
one another, but perturbed by the field due to the
crystal environment with site symmetry 2(C,). Thus
the optical activity related to these bands was found
not to be attributed to the interaction between
chromophores constituting a structural helix, but to
the asymmetric field on the metal ions.

Burkov, Kizel, Ivanova, Safronov, Semin &
Chel'tsov (1973) measured the ORD for the sulfate
and selenate crystals, and showed that it was similar
in both. Castano (1969) and Perekalina, Kaldybaev
& Konstantinova (1979) measured the CD tensor
components (parallel and perpendicular to the
tetragonal ¢ axis) and their dispersion within the
wavelength range 0-35-0-50 wm. These turned out to
be opposite in sign, but their magnitudes varied with
wavelength in a similar fashion, peaking at about
0-390 wm.

Despite the many papers dealing with the subject
of optical activity in «-NiSO,.6H,0, there has not
been any measurement made of the absolute configur-
ation of this crystal nor any attempt, therefore, to
link its chirality with that of the optical rotation. The
most recent structure determination that we have
found is by Bargouth & Will (1981), but although the
structure was refined to an R factor of about 2%, no
absolute configuration was reported. In the present
paper, we describe a new X-ray structure determina-
tion, including for the first time the absolute configur-
ation. We also discuss the optical rotatory dispersion
in connection with the work of Glazer & Stadnicka

a-NICKEL SULFATE HEXAHYDRATE

(1986) and of Devarajan & Glazer (1986). It is impor-
tant to realise that all other studies of optical activity
in this compound have so far concentrated exclusively
on the d-d transitions in the metal ion, and therefore
relate only to the relevant CD and absorption bands
within the observable wavelength range. We, on the
other hand, concentrate on the underlying behaviour
of the ORD, which is best seen at wavelengths outside
the region influenced by these d-d transitions. It will
be shown that this arises mainly from the crystal
structural arrangement of the O atoms of the water
molecules.

Crystal preparation and optical measurements

Analytically pure NiSO,7H,0 (from Polskie
Odczynniki Chemcizne) was recrystallized three
times from water, and then made into a saturated
aqueous solution. Single crystals of @-NiSO,.6H,0
were grown by slow evaporation of the solution at
about 308 K. Large dark-green, bypyramidal crystals
were obtained, typically about 40 mm long and 25 mm
across, and of good optical quality.

A 4-8 mm thick (001) slice was cut for measure-
ments of the ORD at room temperature. The orienta-
tion was checked by conoscopic figures, and the
optical rotatory power was measured by the modula-
tion method described by Habryto & Koralewski
(1981). An argon-ion laser (Zeiss Jena) was used as
the light source, and this enabled measurements to
be made at three wavelengths, 0-:4579, 0-4765 and
0-5145 um. The sign of the optical rotation was
checked by rotation of an analyser and also by inspec-
tion of Airy’s spiral.

Absorption measurements were also made at room
temperature in the UV and visible regions (0-185-
0:9um) on a 1-18 mm (001) slice, using a Specord
M40 (Zeiss Jena) spectrometer with unpolarized light.

Structure determination

A small piece of the crystal of a-NiSO,.6H,0 used
in the ORD measurements was cut in the shape of a
parallelepiped with {001} and {110} faces, and
measuring 0-28 (2) mm between (0,0,1) and (0,0,1),
0-32(2) mm between (1,1,0) and (1,1,0), and
0-42(2) mm between (1,1,0) and (1,1,0). X-ray
measurements were made at room temperature on an
Enraf-Nonius CAD-4 diffractometer using graphite-
monochromated Mo Ka radiation (A =0-71069 A).
The lattice parameters a = 6-783 (1), ¢ = 18-288 (2) A
were obtained by a least-squares fit using 25 reflec-
tions in the range 11 < 6 < 19°. The intensity data were
collected up to 6 =36° in the 6-26 scan mode, with
the scan width given by (0-75+0-35 tan 6)°. Two
intensity control reflections were monitored hourly
throughout the data collection and showed no system-
atic changes: the average variation was less than
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Table 1. Fractional coordinates and thermal parameters
with e.s.d.’s in parentheses

T=exp[-2w* (U, h2a**+- - - +2U, hka*b*+- - )], where Uy, are in A%
For H atoms, the isotropic value of U is given.
.

Point

Site  symmetry x y z
Ni 4(a) ) 0-21060(3)  0-216060(3) 0-00000
S 4(a) .2 0:70943 (6) 0-70943 (6)  0-00000
o(1) 8(b) 1 0-1727(2) —0-0470(2) 0-0528 (1)
0(2) 8(b) 1 0-4705 (2) 0-2449 (2) 0-0561 (1)
0(3) 8(b) 1 0-0658 (2) 0-3599(2)  0-0850(1)
0(4) 8(b) 1 0-6209 (2) 0-6203 (2) 0-0658 (1)
0(5) 8(b) 1 0-9237 (2) 0-6731 (2) 0-0003 (1)
H(11) 8(b) 1 0-1097(6) —0-1333(6) 0-0394 (6)
H(12) 8(b) 1 0-2215(6) —0-0746 (6) 0-0867 (5)
H(21) 8(b) 1 0-5702 (6) 0-1559 (6) 0-0507 (6)
H(22) 8(b) 1 0-5371 (6) 0-3532(6) 0-0601 (6)
H(31) 8(b) 1 —0-0051 (6) 0-4453 (6) 0-0744 (6)
H(32) 8(b) 1 —0-0101 (6) 0-2941 (6) 0-1149 (5)

Uy Uy, Us; Uy Uy Uy,
Ni 0-0142(1) 0-0142(1) 0-0135(1)  0-0005(1) —0-0005(1) —0-0015 (1)
s 0-0147 (1) 0-0147(1) 0-0203(2) —0-0014(1)  0-0014(1) —0-0006(2)
o(1) 0-0335(5) 0-0245(4) 0-0284(4) 0-0123(4) —0-0125(4) —0-0128(4)
0(2) 0-0165(4) 0-0193(4) 0-0287(4) -0-0032(4) —0-0040(4) —0-0005(4)
0(3) 0-0219 (4) 0-0212(4) 0-0188(4) 0-0001(4) 0:0013(4) 0-0042 (4)
0O(4) 0-0478 (5) 0-0221 (4) 0-0242(4)  0-0002(4) 0-0108 (4) —0-0091 (4)
0o(5) 0-0170(4) 0-0248(4) 0:0418 (4) —0-0074(4) —0-0045(4)  0-0058 (4)
H(11)  0-0487 (6)
H(12)  0-0506 (6)
H(21) 0-0504 (6)
H(22) 0-0491 (6)
H(31) 0-0516(6)
H(32) 0-0502 (6)

1-4%. 4009 reflections with I > o(I) were measured
intherange 0=h=11,0=k=11,-30=<[=30. These
were corrected for Lp factors and absorption using
the SHELX76 program (Sheldrick, 1976); the
maximum and minimum transmission factors were
0-531 and 0-456 respectively. Symmetrically
equivalent reflections were then averaged (R, =
0-027) to give 1886 unique mean values of |F(hkl)|.
Refinement of 1864 values of |F(hkl)|> 20 was car-
ried out with the SHELX 76 program in both enan-
tiomorphic space groups incorporating neutral
atomic scattering factors and anomalous-scattering
factors from International Tables for X-ray Crystal-
lography (1974). The initial coordinates for non-H
atoms were taken from O’Connor & Dale (1966). In
the course of the refinement, the H atoms were located
on Fourier difference maps. The temperature factors
for all atoms except H were refined anisotropically.
In the final stages of the refinement, no peaks were
found on Fourier difference maps above 0-2¢ A~%,
thus showing that all atoms had been accounted for.
For space group P4,2,2 the final agreement factors
were R=0:0254, R; =0-0327; A/ o = 0-05 for non-H
atoms, 0-25 for H atoms. Refinement in space group
P4,2,2 with the coordinates inverted (equivalent to
changing the sign of f") gave R=0-0446, Rs=
0-0589. Recalculation of structure factors for the
models P4,2,2 (xyZ) and P4,2,2 (xyz) [in the same
way as done by Glazer, Stadnicka & Singh (1981) for
dicalcium strontium propionate, which crystallizes in
the same space group] gave R ~0:16 and Rg ~0-53.
There was therefore no doubt that the crystal

Table 2. Important interatomic distances and angles

(a) Bond lengths (A) and angles (°)

Ni-O(1) 2:013 (1) 0O(1)-H(12) 0728 (9)
Ni-0(2) 2:053 (1) 0(2)-H(21) 0-912 (4)
Ni-0(3) 2-086 (2) 0(2)-H(22) 0-865 (4)
S-0(4) 1-475(2) 0(3)-H(31) 0-798 (5)
S-0(5) 1-474 (1) 0(3)-H(32) 0-860 (7)
O(1)-H(11) 0765 (5)

O(1)-Ni-0(2) 88-2(1) 0(3)-Ni-0(3}) 179-9 (1)
O(1)-Ni-0(3) 89-6(1) 0(4)-8-0(5) 109-2 (1)
O(1)-Ni-O(1) 90-5(1) 0(4)-5-0(4") 109-4 (1)
0O(1)-Ni-0(3") 90-5(1) 0(4)-5-0(5") 1099 (1)
0(2)-Ni-O(3) 88-8(1) 0(5)-S-0(5") 109-3 (1)
0(2)-Ni-0(2}) 93-2(1) H(11)-0(1)-H(12) 109-3 (7)
0(2)-Ni-0(3") 91-1(1) H(21)-0(2)-H(22) 100-6 (4)
O(1)-Ni-0(2') 180-0 (1) H(31)-0(3)-H(32) 99-5 (6)

(b) Geometry of hydrogen bonding

D-H---A H---A(A) D---A(R) £ DHA (%)
O(1)-H(11)---0(5%) 1-956 (5) 2716 (2) 172:3 (6)
O(1)-H(12)---0(3%) 2-087 (6) 2:792(2) 163-2 (5)
0(2)-H(21)---0(5) 1-959 (5) 2-775(2) 166-4 (5)
0(2)-H(22)---0(4) 1-902 (4) 2-749(2) 165-8 (4)
0(3)-H(31)---0(5") 2-110(7) 2-820(2) 148-2 (8)
0(3)-H(32)---0(4") 1-887 (4) 2:729(2) 165-8 (4)

(¢) Non-bonding distances (A) less than 3-100 A

0(1)-0(2) 2:829(2) 0(2)-0(2") 2-982(2)
0(1)-0(3) 2-888(2) 0(3)-0(2) 2-956(2)
0(2)-0(3) 2-895(2) 0(4)-0(4") 2-408(2)
0(4)-0(5) 2405 (2) 0(5)-0(4) 2-414(2)
o(1)-0(1") 2-858(2) 0(5)-0(5") 2-404(2)
0(3)-0(1%) 2:911(2) 0(2)-0(1") 3-097 (2)

Symmetry code: (i) y, x, —z; (ii) —1+x, —1+y, z; (iii) y, ~1+x, —z;
(V) ~T+x, 5,2, (V) 3= =2+p 42 (V) 3= X 2+y,3-2

belonged to the P4,2,2 (xyz) enantiomorph. The final
atomic coordinates and temperature factors are given
in Table 1 and important interatomic distances and
angles in Table 2.*

Atoms O(1), O(2) and O(3) belong to the water
molecules and form a roughly octahedral coordina-
tion polyhedron (Fig. 1) around the Ni** ion, which
occurs on a 4(a) site with symmetry 2(C,). O(2) and
O(3) are each connected through two hydrogen bonds
(Table 2b) to the sulfate O(4) and O(S5) atoms, which
act as acceptors. For O(1) the acceptors are O(5) and
the water O(3) on a neighbouring coordination poly-
hedron (Fig. 2a). ‘

The average O-O distance within the polyhedron
is 2903 (2) A. This should be compared with the
average hydrogen-bonded distance of 2:760 (2) A.
0O(4) and O(5) in the sulfate group (Figs. 1 and 2b),
have an average separation of 2-408 (2) A, emphasiz-
ing the great difference between the water O atoms
on the one hand and the sulfate O atoms on the other.
This too can be seen by comparing the Ni-O and
S-O distances, in which the latter are considerably
shorter. Of the remaining interatomic distances
between the polyhedra, only one is close to 3-1 A
(Table 2¢), and all others are much longer.

* A list of structure factors has been deposited with the British
Library Document Supply Centre as Supplementary Publication
No. SUP 43764 (9 pp.). Copies may be obtained through The
Executive Secretary, International Union of Crystallography, 5
Abbey Square, Chester CH1 2HU, England.
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It can be seen (Fig. 2b) that the structure is com-
prised of layers of SO, and Ni(OH,)¢ groups con-
nected not only by a network of hydrogen bonds
within a layer, but also by hydrogen bonds between
the layers. The layers are stacked in such a way that
the Ni(OH,;)s coordination polyhedra are grouped
around the 4, axes, with the sulfate groups almost
directly above along [001] and alternating with them
every half c repeat. The effect of this stacking arrange-
ment is to produce channels along the 4, axes in
which only H atoms occur. O(1) and O(3) form a
‘helical’ structure (Fig. 3), which in projection has
reentrant angles caused by the strong hydrogen bonds
to O(4) and O(5). Although O(2) lies in the vicinity,
it cannot be considered to be part of the helix.

We must also comment on some of the drawings
of this structure appearing in the literature, which are
either wrong or misleading. Thus, for example, in
Strickland & Richardson (1972) and in Kato, Ban &
Tsujikawa (1972) the number of sulfate groups
around the Ni(OH,) polyhedron is shown to be less
than six. This probably arises from earlier statements
that there are stong hydrogen bonds within (001)
layers with weak hydrogen bonds between the layers;
our measurements show that the hydrogen bonds
between the layers are just as strong as the others.
We have a more serious objection to the drawing in
Kato et al. (their Fig. 2) which shows four Ni(OH,),
polyhedra in the unit cell positioned in such a way
that they appear to be approximately related by a
fourfold axis projected in the centre of the unit cell,
whereas our Fig. 2(a) clearly shows this to be far
from the truth. Unfortunately, their inaccurate

Fig. 1. (001) Projection of the Ni(OH,)2* group, including thermal
ellipsoids drawn at the 50% probability level (ORTEP; Johnson,
1965), with all the nearest sulfate groups connected by hydrogen
bonds (marked by thin lines). O-O contacts are denoted by
double lines. H(11) is not easily seen as it projects directly onto
two O(4) ellipsoids. The fractional heights along c for the atoms
labelled in the figure are: Ni, 0-00; S%, 0-00; S, 0-25; §¢, —0-25;
0(1), 0-0528; O(2), 0-0561; O(3), 0-0850; O(4), 0-0658; O(5),
0-0003.

a-NICKEL SULFATE HEXAHYDRATE

(b)

Fig. 2. (a) (001) Projection of NiO4 coordination polyhedra
(slightly distorted octahedra) showing how they are packed
together. Hydrogen bonds between O(1) and O(3) of neighbour-
ing polyhedra are shown dotted. Heights of Ni (large circles)
are marked in 1/100’s of ¢. 4, and 2, axes are marked. (b) (010)
Projection of NiOg and SO, polyhedra with hydrogen bonds
between O atoms shown dotted. The sulfate polyhedra are perfect
tetrahedra within the limit of error. Heights of Ni (large circles)
and of S (small circles) are marked in 1/100’s of b.

Fig. 3. Stereo projection of the region around the 4, axis through
(0,3,z). O(1) and O(3) are seen to lie on an RS2/8 helix
consisting of alternating O(3)-O(1) contacts (2-:911 A) and
O(1)---0(3) hydrogen bonds (2:792 A).
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diagram has spread to other papers, e.g. Kizel,
Krasilov & Burkov (1974).

Discussion

Fig. 4 shows plots of the ORD, CD and ordinary
absorption spectra measured along [001], taken from
several sources in order to provide a complete picture
so far as is known. The short dotted line refers to
ORD measurements carried out on our crystal over
a limited wavelength range, and it is clear that our
crystal has optical activity opposite to that shown in
the experimental ORD curve marked by the dash-dot
line in Fig. 4.

It can also be seen from this curve that the
behaviour is anomalous in the way that the sign of
rotation changes with wavelength at approximately
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Fig. 4. ORD, CD and absorption spectra of a-NiSO,.6H,0. The
measured ORD is marked in dash-dot lines, and the ORD
calculated after removal of the contribution from the Ni** transi-
tions is given by the curve marked in dashes. The small line of
dots around 0:5 wm are our own measurements showing that
the crystal used here was of opposite sign.
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Table 3. Spectral values used in the Kramers- Kronig
formula given by equation (1), after Moscowitz (1960)

3A > Toy 2Age~'E, Ty, 3A5~ Ty,

R, (10740 cgs) 17 0-25 0-07
49 (um) 0-145 0-080 0-035
AY (um) 1155 0-690 0-390

0-5 and 1-2 wm. There are in addition other anomalies
at about 0-39 and 0-69 wm. The three major CD peaks
have been identified by Grinter et al. (1970) as d-d
transitions of the Ni*" ion. Assuming the crystal field
to be octahedral, these transitions were labelled as:

3A23 -> sTlg(P)
3/425; - lEg9 3T]g(F)
Ay, Top(F).

[Note that, strictly speaking, as the crystal field at the
nickel site is 2( C,), the group theoretical labels should
be converted as:

A2g—)A T]g—)A+2B
E,»2A T,,>A+2B

and so the observed peaks should be, at least in
principle, split further.] In Table 3 the rotatory
strengths R,, calculated from the CD bands and the
wavelength values of the CD maxima, A%, are given
for these three transitions, as taken from Grinter et
al. (1970). Assuming the peaks to be Gaussian, we
also give the CD halfwidths A} measured from Fig.
4. The *A,, = 'E,, *Ti, peak actually has some fine
structure (Meredith & Palmer, 1969), but at room
temperature this is small, and for our purposes the
assumption of a Gaussian shape is reasonable.

In order to calculate the contribution of the nickel
d-d transitions to the observed ORD, we applied to
each peak the Kramers-Kronig transformation given
by Moscowitz (1960):

2R,

0
k

>

Pk = (0696 x 10-2) A9
(A=2a9)/ 4%
X{exp[—(/\ - A0/ (4% { exp (u?) du
—A%/2(A +/\‘,1)} (1)

The resulting contributions between 0-25 and 0:65 pm
were summed together, and then subtracted from the
observed ORD curve within this spectral region. The
resulting curve, which essentially reflects the contri-
bution to the ORD from the O atoms alone, was fitted
to the Drude-type analytical expression:

06053

p="7 303947 )

2
0
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where A is in um, p is in °mm™" and A, =0-1876 wm.
This equation gives the dashed curve shown in Fig.
4. Comparing this theoretically derived curve with
the experimental ORD curve, we now see that the O
contribution provides the major underlying behaviour
and the nickel contribution interposes to cause the
relatively small anomalies and apparent complexity
of the ORD curve within a limited wavelength range.
It is probable that the large rise in absorption below
0-2 pm (¢f. Ap) in Fig. 4 is due to the O atoms and
that it is the optically active band associated with the
oxygen ORD curve that we have derived. Unfortu-
nately, there have been no CD measurements pub-
lished for this wavelength region (presumably
because it is so difficult to do the experiment in the
UV end of the spectrum), which would corroborate
this assumption.

We note that in the isomorphous compound
ZnSe0,.6H,0, the observed ORD curve is almost
identical to our derived curve for oxygen, and that
the absorption spectrum shows only a steep rise below
about 0-23 pm (Kato er al, 1972), which can be
compared with the absorption edge observed in a-
NiSO,.6H,0 at about 0-2 wm in Fig. 4. NiSeO,.6H,0,
on the other hand, shows ORD, CD and absorption
spectra that are almost identical to those of a-
NiSO,.6H,0. Both observations support our view that
the O atoms provide the general shape of the ORD
curve and that the transition metal simply adds an
extra contribution to modify this curve, thus causing
the changes in sign.

Because the optical rotation in our crystal (laevo
at 0-4579 and 0-4765 um, dextro at 0-5145 um) was
found to be opposite in sign to the ORD curve in
Fig. 4, as indicated by the dotted line, we would
expect that the crystal would be overall laevo, i.e.
negative, with respect to the oxygen curve that we
have derived. It is important to compare this finding
with what is known about the crystal structure.

Following Glazer & Stadnicka (1986) we first
choose the most polarizable atoms, which, in this
structure, are the O atoms. Because the Ni—-O bonds
are weaker than the S-O bonds (as shown by the
relative bond distances), O(1), O(2) and O(3) will
have larger electronic polarizabilities than O(4) and
O(5), and so they should contribute more strongly
towards the optical activity. In this complicated crys-
tal structure, it is difficult to envisage the anisotropic
polarizability ellipsoids, as done for the crystals
studied by Glazer & Stadnicka, but it is interesting
to note that the helix of O(1) and O(3) atoms in Fig.
3 is right-handed, RS2/8 in the notation of Glazer &
Stadnicka, and so has the same hand as the sense of
rotation of the plane-polarized light.

We calculated the optical rotatory power due to
the O atoms using the program described by
Devarajan & Glazer (1986). This required estimated
isotropic polarizabilities for each atom, atomic frac-

a-NICKEL SULFATE HEXAHYDRATE

Table 4. Examples of calculations of refractive indices
and optical rotatory power along [001] at A =050 um
Jrom oxygen in NiSO,.6H,0

Calculations according to the program of Devarajan & Glazer (1986). The
results should be compared with the values estimated from experiment:
n,=1517, n,=1-493 and p= -2-4°mm"".

Polarizability volumes (A?)

o(1) 0@2) 0(3) 0®4) 0(5) n, ne  pmm™)
1-0t 1-02 1-01 1-60 1-60 1-428 1-416 +0-86
1-80 1-40 1-80 1-40 1-40 1-544 1:544 +0-47
1-40 1-40 1-40 1-40 1-40 1-482 1-471 +0-29
1-20 1-00 1-20 1-00 1-00 1-353 1:351 +0-29
1-40 1-:00 1-40 1-00 1-00 1-382 1:384 +0-26
220 1-50 2:20 1-50 1-50 1640 1-653 -0-22
1-80 1-00 1-80 1-00 1-00 1-441 1-455 -0-29
1-40 1-90 1-40 1-:00 1-00 1-453 1-448 -0-62
1-45 1-80 1-45 1-30 1:30 1-506 1-492 -1-15
1-50 1-80 1-50 1:30 1-30 1-514 1-501 -1-22
1-50 1-80 1-50 1-40 1-40 1-532 1-517 -1-23
1-60 1-90 1-60 1-00 1:00 1-483 1-484 -1-35
1-60 1-80 1-60 1-30 1-30 1-529 1-519 ~1-43
1-70 2-00 1-70 1-00 1-:00 1-507 1:510 -1-72
1-80 1-40 1-80 1-00 1-00 1-473 1-484 -1-84
1-70 2-00 1-70 1-:20 1-20 1-544 1-540 -2:06
1-70 2-00 1-80 1-20 1-20 1-551 1-549 -2-27
1-80 200 1-70 1-20 1-20 1-552 1-548 -2-33
2-50 1-20 2-50 1-:20 1-20 1-607 1-654 -2-35
1-80 1-90 1-80 1-:00 1-00 1-514 1-522 -2-44
1-80 1-80 1-80 1-00 1-00 1-506 1514 -2-46

tional coordinates, cell dimensions, wavelength of
light and propagation direction to be supplied, and
the program then calculated refractive indices and
optical rotatory power via an Ewald sum over all the
point dipoles in the crystal. We then varied the
polarizabilities, keeping the closest possible agree-
ment with the refractive indices, and examined the
calculated value of p. In this crystal, there are five
independent isotropic oxygen polarizabilities to
adjust and so we could not expect to calculate the
correct values as directly as in the crystals studied by
Devarajan & Glazer. For an assumed wavelength of
0-50 wm, the estimated experimental value of p for
the oxygen curve was obtained from equation (2) as
—2-4°mm~"', with the sign chosen as negative on the
basis of our experimentally determined ORD. The
refractive indices are only known for three
wavelengths:  0-6563, 0-5893 and 0-4861 um
(Winchell & Winchell, 1964). To find the values at
A =0-50 um we used the Sellmeier approximation to
fit a smooth curve through the three wavelengths

o 1-23925A°
° A%-0-012033

o 1:173017A2
°7A2-0-011091

where A is in pm, and this gave n,=1-517 nd n, =
1:493 (to use only three points in this way is dubious,
of course, but in any case the refractive indices in
this wavelength region show only a small dispersion).

Table 4 gives the results of several calculations
where the five polarizabilities have been varied within
acceptable limits for oxygen. To some extent, we find
a conflict between the roles played by the water O(1),

(3a)

(3b)
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0O(2) and O(3) atoms, on the one hand, and by the
sulfate O(4) and O(5) atoms, on the other. Increasing
the polarizabilities of O(1) and O(3) tends to give the
correct sign of rotation but makes n, <n,, whereas
increasing the polarizabilities of the sulfate O atoms
tends to give the wrong sign of p but makes n, > n..
In addition, a small value for the O(2) polarizability
tends to make n, < n,. Since the observed refractive
indices must contain contributions from all the atoms,
whereas our calculation is based purely on the O
atoms, it may be that we should not put too much
emphasis on trying to obtain n, > n, in our computa-
tions. At the chosen wavelength, the optical rotatory
power is small, and so the classical theory used cannot
be expected to give a precise result. Furthermore, the
oxygen curve obtained in Fig. 4 is based on the
precision with which the Kramers-Kronig relation-
ship can be applied and so it too probably has a
substantial error in magnitude, although not in sign.
It would be better to calculate p at shorter
wavelengths, where the observed and estimated ORD
curves are closer and the values of p are larger; but,
unfortunately, we have not found any measurements
of the refractive indices at these wavelengths, and it
would be inadvisable to extrapolate the Sellmeier
equation so far, especially because of the intervening
electronic bands.

Despite the complexity of this case, our calcula-
tions do reveal clearly that it is the water O atoms
that are more important than the sulfate O atoms in
determining the sign and magnitude of the ORD at
wavelengths below about 0-5 um and above about
2-0 wm, where there is little influence from the nickel
d-d transitions. It is also comforting to note that, at
least as far as O(1) and O(3) are concerned, this result
agrees with the Glazer & Stadnicka approach.
However, the computation also requires a large
polarizability from O(2), which does not form part
of the RS2/8 structural helix, although it appears
within its confines.

Finally, as further evidence of the correctness of
the computations, it is worth pointing out that when
we calculate p for a direction perpendicular to [001],
we find that the sign is changed. This should be
checked experimentally in the future, but for the
present we note that it is consistent with the findings
of Castano (1969) and Perekalina et al. (1979).

Conclusions

The ORD of «-NiSO4.6H,0 is anomalous in the
visible region, but, nevertheless, we have demon-
strated a link between the structural chirality, par-
ticularly arising from the water O atoms, and that of
the rotation of plane-polarized light in the normal
regions of the ORD curve, which have previously
been ignored by other authors. A number of approxi-
mations have had to be made in this example, but,
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even so, the results of our computations are most
encouraging. As with the examples used by Glazer &
Stadnicka (1986) and by Devarajan & Glazer (1986),
it is seen that the major influence on the optical
properties comes from the structural arrangement of
the atoms in the crystal.
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