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An x-ray diffraction study of NiZ; and Mg, by
difference methods
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Received 10 October 1988, in final form 10 January 1989

Abstract. Difference methods of x-ray diffraction have been used to study the microscopic
structure around Nify; and Mgfy; in a variety of aqueous solutions. Reference to the results
of neutron diffraction experiments has shown that Nif}; and Mg, can be regarded as
structurally isomorphic species, thereby enabling the local ionic structure to be measured in
terms of the cation-oxygen and cation-cation radial pair distribution functions, gyo(r)
and gy(7). Results are included for the dependence of these functions on concentration,
counter-ion species and the interchange of light and heavy water as the solvent.

1. Introduction

One of the most intractable problems in the study of aqueous electrolyte solutions is the
experimental determination of ion—ion distribution functions. In certain favourable
cases this information can be derived from the second-order difference method of
neutron diffraction. However, these experiments are at the limit of present technology,
because the contributions to the total diffraction pattern from the ion—ion terms are
small. We have therefore developed a new technique, based on isomorphic substitution
and x-ray diffraction, for which the weightings of the ion—ion terms are larger.

A preliminary account of this work has already been published (Skipper et @l 1986),
and we now give fuller details of the method. We also include new results, some of which
are complementary to those obtained from earlier neutron diffraction experiments, and
some of which demonstrate that at the level of a second-order difference the x-ray
method can surpass the neutron method.

2. Theoretical background

2.1. Diffraction from aqueous solutions

The basic structure of an aqueous electrolyte solution, MX,, in H,0, can be written in
terms of ten radial pair distribution functions, g.4(r). Of these, guu(7), guo(r) and goo(7)
describe the water structure, gayv(r), gux(r) and gxx(r) describe the ionic structure, and
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gmo(r), gmu(r), gxo(r) and gxu(r) describe the ion-water structure. These functions can
be related to the x-ray or neutron structure factors of the sample, Fx(k) or Fy(k), which
can be obtained from the experimental intensity, /(k);

F(k) = a(k)[1(k) + y(k)] (L

where k = (47t/2) sin 6 is the scattering wavenumber, #k is the momentum transfer of
x-rays or neutrons of wavelength A, scattered through an angle 26, and a(k) and y(k)
represent correction functions which must be used to obtain a properly normalised
structure factor (Enderby and Neilson 1981). F(k) can be written as

F(k) = ; % CoCofall)f (S op(k) — 1] )

where f,(k) is either the x-ray form factor of species « or the neutron scattering length
of nucleus . ¢, is the atomic fraction of scattering centres «, and the sums are over all
scattering species. S,5(k) is the partial structure factor of species a and 3, which can be
related to g,4(7) by Fourier transformation;

2a5() — 1= 1/ pr) J " [S4s (k) — 1 sin (kr)k dk 3)
Q

where p is the total number density of particles in the system, and is typically 0.1 A= for
an aqueous solution.

Since ten partial structure factors contribute to the total structure factor of an
aqueous electrolyte solution, it is difficult to obtain unambiguous structural information
concerning the ions from a single diffraction experiment (Neilson and Enderby 1979).
This situation can be improved by the use of difference techniques.

2.2. Difference methods in diffraction experiments

The difference method of neutron diffraction based on isotopic substitution has been
discussed elsewhere (Soper et al 1977), and we will only point out the important results
here. Briefly, it is possible to carry out sets of neutron diffraction experiments on
isotopically distinct samples and thereby obtain detailed structural information con-
cerning the environment around the substituted species. There are two levels at which
this can be done. The first is at the ion—solvent level, and leads to a first-order difference
distribution function, Gy(r). Taking the example of cation (M) substitution;

Gum(r) = Agumo(r) + Bgup(r) + Cgux(r) + Dgam(r) + E 4)

where A = 2coemfo(fu = fur), B = 2cpomfo(fm = fu)s A = 2exemfx(fu —fw), D =
i (fi—f4)and E=A + B + C + D. fyy and fy are the k-independent neutron
scattering lengths of the isotopically distinct cations, M and M'. At the second level it is
possible to determine the cation—cation structure factor, Syn(k), and hence its Fourier
transform, gayp(r), from independent measurements on three isotopically enriched
samples.

The same procedures are not possible with x-ray diffraction. The x-ray atomic form
factors, f,(k), depend on k. Fourier transformation of Fx(k) will therefore involve
convolutions of the partial structure factors with the corresponding f,(k). Furthermore,
f(0) is proportional to the electron number, z,, and so there is no guarantee that
exchange of species with different scattering properties will lead to the same structure
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Table 1. Properties of the solutions used in the x-ray diffraction experiments. p = sample
density (g cm™!); 4 = linear absorption coefficient (cm™!); V = volume of unit composition

(A%,

Label  Solution Molality p u v

I 3.88 M NiCl,in H,0 4.204 1.424 149 10.069
II 3.88 M MgCl, in H,O 4.337 1.267 4.55  10.374
I 3.88 M NiCl,: MgCl, 50:50 in H,O 4.321 1.349 9.72  10.185
I 3.88 M NiCl,in D,O 3.784 1.530 149 10.069
II 3.88 M MgCl,in D,0 3.901 1.366 4.55  10.374
I 0.44 M NiCl, in H,0O 0.444 1.052 2.63 9.935
II 0.44 M MgCl, in H,O 0.445 1.032 1.46 9.983
111 0.44 M NiCl,: MgCl, 50:50 in H,O 0.445 1.042 2.04 9.959
I 0.1 MNiCl;in H,0 0.1 1.009 1.54 9.983
II 0.1 M MgCl,in H,0 0.1 1.007 1.29 9.997
I 3.88 M NiBr,in H,0 4.25 1.761 553 10.147
II 3.88 M MgBr,in H,0 4.25 1.627 477 10.147
III 3.88 M NiBr,: MgBr, 50:50in H,O 4.25 1.694  51.5 10.147

in solution. For this reason there is no method of substitution equivalent to the isotope
technique.

An early attempt to overcome this inherently difficult problem was made by Bol ez
al (1970), who developed a method based on isomorphic substitution. This enabled them
to obtain a much deeper understanding of cation hydration than had previously been
possible. However, because they did not carry out any independent checks of the validity
of the substitutions their results remained ambiguous.

To progress further we have used a combination of x-ray and neutron diffraction
experiments. The method which we now propose is based on isomorphic substitution
and x-ray diffraction, but with a check of the isomorphism by comparison with the results
from the formally exact difference method of neutron diffraction. Self-consistency
checks are also made among the various x-ray diffraction results. Possible isomorphic
pairs are chosen on the basis of existing solid and liquid state coordination data, and
dynamical properties in the liquid state, as evidenced by NMR or kinetic measurements.
One of the species should also be susceptible to the isotopic substitution method of
neutron diffraction.

Once a possible isomorphic pair (M and M’) has been selected, x-ray diffraction
experiments are carried out on three equimolar solutions of the two salts. Samples I and
IT contain ions M and M’, respectively, and sample III is a 50: 50 mixture of samples I
and II (table 1). The x-ray structure factors, Fx(k), can then be determined by the
procedures of Habenschuss and Spedding (1979) or Skipper (1987). Taking solutions I
and II for example, the first-order difference function, Ay(k), can be constructed as
follows;

Am(k) = Fx(k) = FR(k)
A(k) = A(R)[Smo (k) — 1] + B(k)[SMH(k) - 1]
+ C(O)[Smx (k) = 1] + D(R)[Svm (k) = 1]

where
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A(k) = 2cocmfolk) Afu(k) B(k) = 2cgomfulk) Afu(k)
C(k) = 2cxemfx(k) Ap(k) D(k) = c}; A’fy(k)

and
Afu(k) = fu(k) = fu (k)

and

Afy(k) = fluk) = fir (k).

As mentioned above, the atomic form factors for x-ray diffraction, f,(k), are k-
dependent. Fourier transformation of equation (5) therefore results in a convoluted
distribution function. However, the main aim of a first-order difference analysis is to
determine the ion-water structure. Ay (k) can therefore be divided by A(k) to give a
new function, Ayo(k). This step enables the ion—oxygen term to be deconvoluted, and
therefore allows the coordination sphere to be investigated;

Ao (k) = Ay (k)/[2cocmfo (k) Afy (k)]
Aro (k) = [Smo (k) = 1] + B(k)/A(K)[Smu (k) = 1] + C(k)/AK)[Swx (k) = 1]

+ D(k)/AK)[Sm (k) — 1] (6)
where

Snia (k) = Suta (k) = {{Swra (k) = Sna (][ fsr (R)/[Fra (k) = frr ()]}

and
Sam (k) = S (k) = {Srenrr (K) = Sy (O[3 (R)/(FRe (k) = fir ()]}

because Sy, (k) and Sy (k) will not be identical if M and M’ are not perfect isomorphs.
The corresponding distribution function is then

Grio0) = 8o () = 11+ 1/27pr) | 1BIO/AK)[Ssas(h) ~ 1]
0
+ CO/AMS s (6) = 1] + D/ARS e (k) = 1 sinlr) ke dk
Grio (1) =0 (r) = [A(0) + B(O) + C(0) + DO)V/AO) + [{H5,4(r= ) s )

+Heal(r=r)gmx(r) + Hp 4 |(r = )| g (r)} d7’ (M

where

8 () = 8050 = | [80s) = ap My |- = ) ar ®

—c

and « is the stronger scatterer. The terms Hy y(7) in equation (7) are given by,
Hv () = /) [ (XY (0] cos(lr) k. ©)

The effects of these functions on Gyo(r) have been discussed by Skipper (1987). In
general the peak shapes may be changed by the convolution process, but their positions
are not.
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If the ion—oxygen peak is isolated in r-space the coordination number of oxygen
around the ion, nyp, can be obtained;

ry o
ﬁMO = 4ﬂpCO J’ GMO(r)r2 dr (].O)
r

and so from equation (8),

Fivmo = nmo — (Mo = Pmo)[fmr (0)/(fu(0) — far (0)] (11)

where fiyo is the coordination number measured by an x-ray difference experiment, and
Ao is the true value. The assumption involved in equation (11) is that either the species
M and M’ are very nearly isomorphic, or that H; ;_r(r) is a good approximation to a
delta function, 6(r).

The validity of a given isomorphic substitution can be tested in a number of ways,
the most sensitive of which involve the properties of the difference functions, Gyo(7).
As mentioned in § 2.2 there are two ways in which this is done in the present work. The
first is to compare the x-ray difference function, Gyo(r), with the result obtained from
neutron diffraction, Gy(r). If the nearest neighbour cation—oxygen correlation in these
two functions is found to be the same, within error, this is taken as proof of isomorphism.

A second means of checking isomorphism is to compare the two independent G (7)),
which can be obtained if three Fyx(k) are measured for a given system. These distribution
functions will only be self-consistent if the two species M and M’ are structurally
isomorphic. This test is particularly valuable if it is not easy to isolate gyo(r) in the
neutron first-order difference function, Gy(r). This may be the case for more weakly
hydrated cations, when the nearest-neighbour peaks in gyo(7) and gyu(r) overlap to
some extent,

Itis straightforward to show thatif x-ray diffraction measurements are made on three
solutions (including a 50:50 mixture of the two original samples) then a second-order
difference function can be constructed to give Syw(k) directly;

Sw(k) — 1= AY/A'(k) = A%y/B' (k) (12)

where Ay (k) = Fx(k) = FR(k), A} (k) = Fi(k) = FX'(k) and A'(k) = c{fl(k) -
MMM — FRER)Y, B'(k) = cy{fia(k) = A OHFM(K) - ()} and fiu(k) =
fu(k), fls(k) = fur(k) and fif (k) = [fu(k) + fru(K)]/2.

The distribution function associated with the second-order difference intensity is,
G (r) = 1+ 1/(27%0r) f [Sape (k) — 1] sin(kr)k dk. (13)
0

It is worth pointing out that equation (12) gives Sy (k) exactly within the limits of the
isomorphic substitution, if the various f,(k) are known.

Once isomorphism has been established at the level of a first-order difference, a
second-order difference analysis can be expected to produce reliable cation—cation
distributions. This is based on the assertion that as a result of screening by the solvent,
chemical differences between the ions will have more effect on cation—water than cation~
cation interactions. Conditions should therefore be chosen to make the formation of
stable ion pairs unlikely. In particular, the use of very concentrated solutions (>4 m) or
strongly nucleophilic anions should be avoided.



3494 N T Skipper et al
3. Experimental procedures

3.1. Sample preparation

All samples were prepared under glove box conditions in our chemical laboratory at
Bristol (table 1). The deuterated solutions used in the neutron diffraction experiments
were checked for light water content using infra-red spectrometry, and their isotopic
content was determined by mass spectrometry. Apart from the heavy water solutions
used to check the isomorphism, all other samples were made with de-ionised water.

3.2. Diffraction experiments

The neutron diffraction experiments of Neilson and Enderby (1978, 1983) were carried
outunder ambient conditions onthe D4B diffractometer ofthe ILL, Grenoble. Neutrons
of wavelength 0.7 A were scattered by two isotopically enriched samples; *NiCl, and
82NiCl, in D,0. The data were corrected by standard methods for absorption, multiple
scattering and incoherent scattering and then normalised to give the structure factors of
the solutions (Soper et al 1977). The difference function, Ay(k), was calculated from the
two structure factors, Fy(k), and its Fourier transform, Gy(r), was used to obtain a
real-space representation of the structure around Ni**. The nearest-neighbour Ni?*-O
correlation of Gy(r) was used to test the validity of the substitution of Mgf;,; for Ni[zaz} .

The x-ray diffraction experiments were carried out in reflection geometry on a 6—6
x-ray diffractometer, manufactured by Rigaku Corporation of Tokyo. The arrangement
was very similar to that employed by Levy ef a/ (1965), and used an approximation to
Bragg/Brentano para-focusing in which the sample was flat. In this geometry both the
x-ray source and detector arms subtended an angle 8 to the free surface of the liquid
sample.

X-rays of wavelength 0.7107 A were produced by an Mo target x-ray tube, operated
at50kVand 40 mA. Toremove the MoK radiation, of wavelength 0.672 A,a0.075 mm
Zrfilter was placedin the incident beam. If thisis not done the K4 radiation can contribute
to the measured Compton intensity at large scattering angles. A focusing graphite
monochromator was placed in the reflected beam to reduce the Compton intensity and
background radiation.

The sample holders were sealed cylindrical tubes of diameter at least 10 cm, clamped
so the longitudinal axis was perpendicular to the plane of the source and detector arms.
A semi-circular window was cut in the container, to present a uniform surface of at least
8 cm to the incident beam. The material used was either brass coated in ‘araldite’ or
glass, and the window was covered by aluminium foil or ‘cling film’, or both. The seal
was made with vacuum grease, and the level of the liquid was adjusted by a 10 ml syringe.

The height of the sample was set to maximise the detected count rate at 26 = 14°,
this angle being chosen to coincide with the maximum scattered intensity of most aqueous
samples. It was estimated that the level adjustment was accurate to within +0.03 mm.
The horizontal width of the incident beam was reduced to the dimensions of the container
window by a 1 mm thick lead template. This helped to control container scattering.

Data were collected over the range 2° <26 < 156°, which corresponds to
0.3 A"1< k< 17.5 A1 The step size, A8, was chosen so that Ak < 0.03 A~!, The total
number of counts at any angle varied between 75 000 and 600 000, with the counting
time being chosen so that the statistical error in kI(k) was fairly constant, and below
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Figure 1. X-ray structure factors, kFx(k), for 3.88 M NiCl, (curve 1), 3.88 M MgCl, (curve
3, displaced by 20 e2A~") and a 50: 50 mixture of NiCl, and MgCl, (curve 2, displaced by
10e2A°).

0.5%. The data were analysed by the methods of Skipper (1987) and Habenschuss and
Spedding (1979) to give normalised Fx(k).

4. Results and discussion

4.1. Demonstration of the isomorphism between Nifzy; and Mgy,

Nickelisa d-block element, and its experimentally measured hydration enthalpy, AHg =
—2105 kJ mol ™1, is about 5% greater than the value calculated by neglecting the ligand
field stabilisation energy, AHc= — 1979 kJ mol~! (Parrish 1977). Comparison of these
values with AH for Mg?*, 1921 kJ mol ™!, shows that the chemical differences between
the ions accounts for about 10% of the total hydration energy. This is reflected in the
average lifetimes of water molecules coordinated to the two ions, which are about
4 X 107*sand 2 X 107%s for Ni** and Mg?*, respectively (Friedman 1985). However, it
is possible for the two ions to be structural isomorphs, because the structural averages
of a statistical system are independent of both the masses of the constituents, and the
absolute energy.

Previous structural information has shown that within the experimental errors the
nearest-neighbour cation-oxygen distance (ryo) and coordination number (ny0) are
2.07 A and 6.0 respectively for both Ni** and Mg?* (Huheey 1975, Neilson and Enderby
1978, 1979, 1983, Shannon and Prewitt 1969). The isomorphism of Nif;%; and Mgfyy; in
concentrated chloride solutions has been confirmed in the preliminary work of Skipper
et al (1986). For completeness we now present a detailed discussion of the results of this
earlier study, and make further use of the method.

X-ray diffraction data were gathered on five solutions;- three were in light water
(3.88 M NiCl,, 3.88 M MgCl, and a 50: 50 mixture of 3.88 M NiCl, and 3.88 M MgCl,)
and two were in heavy water (3.88 M NiCl, and 3.88 M MgCl,). The data were analysed
by the methods discussed in § 3.2, and the structure factors were determined (figure 1).
On the assumption that Ni%;q] and Mg%;q] are isomorphic the first-order difference
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Figure 2. First-order difference functions, kA (k), for 3.88 M Ni/MgCl, (see table 1). The
results for solutions [I-II] are shown in curve 1 and those for solutions [III-II] in curve 2
(displaced by 10 e2A7Y),

N

7

X
X
7_ N m?'l
N
A
M-0 M-H/M-D  M-X M-M

Figure 3. Relative weightings at & = 0 of the correlations in the x-ray (X) and neutron (N)
difference functions, Ay(k) and Ay(k). Ay(k) is for “Ni and ®*Ni isotopes in 4.35 m NiCl,
in D,0, and Ay(k) is for Ni** and Mg?~ isomorphs in 3.88 M NiCl, and MgCl, in H,0.

functions, Ay(k), of the two sets of solutions were determined (figure 2). At this stage
it is worth indicating the relative contributions to Ay (k) and Ay(k), to show that the
correlations Sy (k) and Syp(k) dominate these functions. As shown in figure 3 this is
the case.

The functions Gy (7) for both the light and heavy water solutions are shown in figure
4. The properties of these distributions are summarised in table 2, where the quoted
errors are related to the size of the unphysical oscillations between 1.5 A and 2.0 A. As
a preliminary check of the isomorphism between Nif, and Mgfy, it is noted that the
two independent Gyo(r) for the light water solutions are self-consistent. The sensitivity
of this test has been discussed by Skipper (1987). There is no significant difference
between the Gyo(r) obtained from solutions in light and heavy water.

A more stringent test of the isomorphism is obtained by comparing the x-ray result,
Gwuo(7), with the neutron result of Neilson and Enderby (1978), Gy(r), and focusing
attention on the nearest neighbour metal-oxygen correlation. As can be seen in figure
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Figure 4. X-ray first-order difference distribution function, Gy(r), for 3.88 M Ni/MgCl,
solutions (table 1). The distributions obtained from the sotutions in H,O are the solid line
(solutions [I-II]) and the squares (solutions [III-I1]). The distribution obtained from the
solutions in D,0 is given by the circles.

X-ray data
o o Neutron data
@
/

Gt
o

2 A

3
r &
Figure 5. X-ray first-order difference distribution, Gyo(r), for 3.88 M NiCl, and MgCl, in
H,O (full curve) compared with the nearest neighbour Ni*"—O correlation in 4.35 m NiCl,,
as measured by Neilson and Enderby (1983) using the first-order difference method of
neutron diffraction (circles).

5 this function is the same within error for the two data sets, and gives iy = 5.9 = 0.2
and ryo = 2.06 = 0.02 A (table 2). This confirms that in concentrated chloride solutions
Ni’* and Mg?* can be regarded as isomorphic species with respect to the local oxygen
coordination. Since Neilson and Enderby (1983) have shown that there is no significant
penetration of Cl~ into the coordination sphere of Ni**, even in 4.35 m NiCl, solutions,
it is concluded that Ni?* and Mg?* will be isomorphic in any concentration of chloride
solution. The case of other anions is discussed in § 4.3.

No quantative analysis was carried out for the M—H or M-D correlations, because
these terms are very weak when measured by x-ray diffraction. It should be pointed out,
however, that the nearest-neighbour M—H separation is shorter when measured by x-
ray diffraction, but that this is not inconsistent with isomorphism (Skipper 1987). Water
molecules in the hydration sphere are polarised to some extent by the cation, and so the
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Table 2. Properties of the radial distribution functions obtained by x-ray and neutron
diffraction experiments on aqueous NiCl, and NiBr,. ryo = peak position of the nearest-
neighbour Ni~O correlation (A); ry = peak position of the nearest-neighbour N-H of Ni-
D correlation (A); nyo = coordination number for the nearest neighbour Ni-O correlation;
Arnio = half height width of the nearest-neighbour Ni-O correlation (A). An indication of
the errors in the last digit are given in parentheses. Neutron data were taken from Neilson
and Enderby (1978).

Solution Probe NiO PNiH ANio Aryio Solvent  Difference
4 M NiCl, Neutrons 2.07(2) 2.67(2) 5.8(2) 0.26(2) D,O
3.88 M NiCl, X-rays 2.06(2) 2.51(2) 5.9(2) 0.242) D,O
3.88 M NiCl, X-rays 2.06(2) 2.50(2) 5.9(2) 0.23(2) H,0 [I-11]
2.06(2) 2.50(2) 6.0(2) 0.22(2) H,O [III-I1]
3.88 M NiBr, X-rays 2.06(4) 2.56(6) 5.6(4) 0.27(4) H,0O [I-11]
2.08(4) 2.56(6) 5.8(4) 0.25(4) H,0O [III-11]
0.44 M NiCl, X-rays 2.07(2) 2.61(4) 6.0(4) 0.23(6) H,O [I-11)
2.06(2) 2.70(8) 5.6(8) 0.21(8) H,O [ITI-11]
0.4 MNiCl, Neutrons 2.10(2) 2.80(2) 6.8(9) 0.37(5) D,O
0.1 M NiCl, X-rays 2.06(6) 2.50(8) 5.6(10) 0.20(10) H,O
Row data
° 3.0 A cut-off
10 /J&Q) —————— Cubic spline
VD/ ;’\
< g
0 :

7 2 3 4
k&Y

Figure 6. The function Sy(k) in 3.88 M Ni/MgCl, in H,0 measured by the second-order
difference method of x-ray diffraction. The solid line is the raw data muitiplied by e ~%9%?,
the circles show the result of cutting gym(r) off at 3.0 A and back Fourier transformation and
the dashed line is a cubic spline fit to the circles. To obtain this fit the knots were placed at
0.4,0.8,1.2,1.6,2.8 and 4.0 A~!. This selection is based on the assumption that there will
be little real structure beyond 2 A~! (Friedman and Dudowicz 1980).

centres of negative charge (measured by x-rays) will not coincide with the centres of
positive charge (measured by neutrons) for these molecules.

On the assumption of isomorphism a second-order difference function can be con-
structed, which gives Sy (k) directly (equation 12). The result for 3.88 M Ni/MgCl, is
shown as the solid line in figure 6. This function is multiplied by e ~%%*? and extrapolated
to —33.6 (Beeby 1973). It is compared with the neutron diffraction result of Neilson and
Enderby (1983) in figure 7. The Fourier transform of the x-ray data, gyn(r), exhibits a
residual M—O peak at 2.06 A, which is probably a result of normalisation errors in the
difference functions, Ay (k). The result of setting gyn(r) to zero below 3 A and then
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Figure 7. Comparison of the Syy(k) measured by x-ray and neutron diffraction. The solid
line is the raw x-ray data and the circles are the smoothed neutron data of Neilson and
Enderby (1983).

gumtr)

_0'5.
0 A B i)
r(A)
Figure 8. Comparison of g (r) for 3.88 M Ni/MgCl, measured by x-ray diffraction (solid
line) with guw(7) for 4.35 M NiCl, measured by neutron diffraction (circles).

back Fourier transformation is shown as the circles in figure 6. A final Sy(k) was
obtained from this function by smoothing, and is the dashed line in figure 6. The
corresponding gyn(r) is shown in figure 8, along with the neutron result.

The positions of the cut-off and first peak (r,, and 7,) in the smoothed x-ray Svmlr)
are3.8 = 0.5 Aand7.0 + 1.0 A, respectively. As a result of systematic errors present in
the original Sy (k), it is difficult to quantify the uncertainties in the final gy(r); the
bounds quoted for 7. and r, represent the confidence limits of the fitted data.

As a result of the increased weighting of the M—M term in the x-ray data (see figure
3) we feel that Syp(k) derived from the x-ray studies is more closely representative of
the true Sy (k) of the solution. We draw attention to the fact that the smoothed gy (7)
derived from our x-ray diffraction experiments does not exhibit the peak at r, = 4.7 A,
which is present in the neutron data. However, the gyn(r) derived from the x-ray and
neutron and x-ray studies cut off at about the same value, r,, = 4 A. The x-ray curve is
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Figure 9. Comparison of gy(r) for 3.88 M Ni/MgCl, measured by x-rays (solid line) with
the theoretical gy(r) for 4 M NiCl, calculated by Friedman and Dudowicz (1980) (circles).
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Figure 10. Gyo(r) for 0.44 M Ni/MgCl, compared with the result for 3.88 M Ni/MgCl,. The

full curve is for the 3.88 M Ni/Cl, (solutions [I-11]) and the circles and triangles are for the
0.44 Ni/MgCl, (solutions [I-I1] and [III-1I] respectively).

compared with the theoretical prediction of Friedman and Dudowicz (1980) in figure 9
(see § 4.4).

Having demonstrated that Ni** and Mg?* are isomorphic in concentrated chloride
solutions, we exploit this observation by studying Ni** /Mg?* coordination as a function
of concentration and counter-ion.

4.2. Concentration dependence of Nits,) /Mgt coordination

X-ray diffraction data were gathered for 0.4 M and 0.1 M NiCl, and MgCl, solutions
(table 1). The distribution functions, Gy(r), obtained from these solutions are shown
in figures 10 and 11. There are two points which can be made regarding these results.
The first is that the nearest-neighbour cation—oxygen peaks give results which are
consistent with those obtained in neutron studies (table 2). The second is that the results
for the 0.1 M solution are at the limit of the present technology. Experiments on such
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Figure 11. Gyo(r) for 0.1 M Ni/MgCl, (circles) compared with the result for 3.88 M Ni/
MgCl, (full curve).
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Figure 12. Smoothed §yu(r) measured by x-ray diffraction, for 0.44 M NiCl, (curve 1),
3.88 M NiBr;, (curve 2) and 3.88 M NiCl, (curve 3).
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dilute solutions should, however, be feasible with a synchrotron source, which produces
a flux several orders of magnitude greater than those obtained from laboratory sources.

The results for the first order differences are summarised in table 2. From these
values it is concluded that in the concentration range studied there is no measurable
change in either the position (ryo), coordination number (#iyo) or half-height width
(Aryo) of the nearest-neighbour oxygen correlation around Ni** and Mg?*.

A second-order difference analysis was attempted for the 0.4 M solutions. This
represents the limit of the present x-ray set, and the combination of statistical and
normalisation errors in the first-order difference functions made it necessary to set both
Guo(r) to zero below 3.0 A before Syy(k) was constructed. If this was not done a
residual of the M—O peak at 2.06 A dominated the M~M correlations. The raw Syp(k)
was smoothed and Fourier transformed to give the distribution gym(7), which is shown
in figure 12. The positions of the cut-off (7) and first peak (7,) in this function occurred
at4.5+ 1.0 A and 12.5 = 2.0 A, respectively. Throughout the second-order analysis k-
space data were multiplied by e %%*and Sy (0) was taken as —150.0, to give a
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Figure 13. k Ay(r) for 3.88 M NiBr,. Curve 1 is from solutions [I-II] and curve 2 is from
solutions [III-II] (table 1).

reasonable extrapolation to the first usable datum point at 0.6 A~1. The results suggest
that gyw(r) has approximately the same shape as in the 3.88 M case, but that 7, is
displaced to larger r on dilution.

4.3. Anion dependence of M?* hydration and of M**-M?* coordination in concentrated
Ni2*/Mg?* salt solutions

Asshownin § 4.1, Nit, and Mgg; can be regarded as structural isomorphs in chloride
solutions, but this does not necessarily mean that the pair will be isomorphic in the
presence of other anions. To investigate the case of simple halide solutions the experi-
ments of § 4.1 were repeated, replacing Cl~ for Br™. This substitution was chosen for
the following reasons.

It has been reported that in concentrated NiBr, solutions a significant number of
bromide ions displace water in the coordination sphere of the cation (Magini et al 1985).
Since bromide ions are strong scatterers of x-rays {zg,- = 36, z¢- = 18) the difference
method is suited to measure this displacement effect. In contrast to this it is improbable
that x-ray diffraction techniques would be able to detect the presence of either F~ or I”
coordination sphere of Ni** and Mg?*. F~ is a weak scatterer of x-rays (zz- = 10), and
itis unlikely that a significant number of cation—anion pairs form in Nil or Mgl solutions,
since the stability of halide complexes with Nify, or Mgfi; decreases in the order
F~ > Cl” > Br~ > I" (Cotton and Wilkinson 1972).

The x-ray diffraction procedures of § 4.1 were repeated on three solutions of 3.88 M
Ni/MgBr, (table 1) and the functions Fx(k) were determined. Compared with the results
for the Ni/MgCl, solutions there was a significant increase in the magnitude of the
statistical errors (see figures 2 and 13). This was caused by the large linear absorption
coefficients of the solutions (about 50 cm~" for 4 = 0.7 A), which reduced the measured
count rates by a factor of at least ten compared with the chloride samples. Due to the
small instabilities of the x-ray tube when operated over long periods increased counting
times would not have reduced the overall error.

The first-order difference functions, Ay(k) and Gyo(r), are shown in figures 13 and
14. The two Gyo(r) obtained from solutions [I-I1] and [ITI-I1] were consistent, and their
properties are summarised in table 2. From these results it is concluded that exchanging
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Figure 14. Gyo(r) for 3.88 M Ni/MgBr, (solutions [I-II], circles) and 3.88 M Ni/MgCl,
(solutions [III-11], full curve); see table 1.

chloride for bromide as the anions has little effect on the coordination of Ni** or Mg?*
in concentrated solutions. This does not preclude the possibility of a small amount of
inner sphere penetration by the anions.

Guo(r) from solutions [I-I1] is compared with the corresponding function for the
3.88 M Ni/MgCl, (see figure 14). The data from solutions [III-1I] were chosen for the
Ni/MgCl,, since these contain statistical errors of a size closer to those of the bromide
data. Thereis anincrease in the magnitude of Gyo(#) at around r = 2.6 A for the bromide
data relative to the chloride data, consistent with the presence of some Br™ in the cation
coordination sphere. However, given the size of the unphysical oscillations in the
distribution functions the present work is not conclusive in this respect.

The amount of Br~ in the coordination sphere of the cation was estimated in two
ways. In both of these Ay (k) was divided by C(k) (equation 5), to deconvolute Gy(r)
with respect to the M-Br term and produce Gyg,(r). In this function the area under
the peak centred at 2.5 A will contain contributions from both the M-H and M-Br
correlations. To estimate the contribution from the M=H term, the function ‘Gyg,(r)’
was constructed for the 3.88 M chloride data. By taking the difference between the
Gug:(r) for the bromide and chloride data and integrating the result betweenr, = 2.45 A
andr, = 2.75 A the shaded areain figure 14 was determined;-

ry
Ag, = 4mpcy, j Gug:(r)r? dr. (14)

rt

This area can be interpreted in two ways.

If it is assumed that ClI™ is absent from the inner coordination sphere of the cation in
the chloride solutions, then 7iyg, - is given directly from Ag,. If, however, Cl~ behaves
like Br~ with respect to the inner sphere, then 7iyp, can be approximated by

Fivsr = Ap:[f5:(0)/(f5:(0) = £ (0)]. (15)

The two methods give 7ig. = 0.1 £ 0.1 and /i, = 0.2 = 0.2, respectively. Since the only
direct measurement of gn;_ci(7), by Neilson and Enderby (1983), indicates that no Ni?*—
CI™ pairs are formed in 4.35 m NiCl,, the first figure is more reliable. The result of
Aig, = 0.1 £ 0.1 compares with a value of 0.44 = 0.06 measured in a conventional x-ray
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Figure 15. Syu(r) for 3.88 M Ni/MgBr,, as measured by x-ray diffraction. The full curve is
the raw data multiplied by e ®%** and the circles are a cubic spline fit to the full curve (see

caption to figure 6 for details).

diffraction study by Magini et a/ (1985). The discrepancy between the two methods could
arise either because Ni** and Mg** are not isomorphic with respect to inner-sphere
bromide ions, or because the errors associated with one of the experiments have been
underestimated.

The second-order difference functions, Sy(k) and gy(r), were constructed in the
same way as in § 4.1, and are shown in figures 15 and 12. To give a reasonable extra-
polation from the first usable datum point at 0.6 A™%, $,,,(0) was taken as —40.0. Since
the statistical errors associated with Sy (k) were large it was necessary to multiply this
function by e~*%*. For this reason the values of 7, = 4.5 A and r, = 8.0 A are not
reliable to less than =1.0 A and +2.0 A, respectively.

4.4. Discussion of §yu(r) for all of the solutions and comparison with theory

The gym(7) for the three sets of solutions are shown in figure 12. From our first-order
difference results and those of previous neutron diffraction studies (Neilson and Enderby
1983) we infer that the diameter of the hydration spheres of Ni** and Mg?* are 5.3 A.
However, the measured closest approach of the ions themselves in about 4 A, Although
the errors of the experimental data are large, it is probable that the model for the cation—
cation correlation proposed by Neilson and Enderby (1983) is correct. In this, some
degree of overlap or sharing of the hydrated water is envisaged, and the closest approach
of the cations is found to be 4.0 A. It has been suggested that a staggered overlap of the
hydration spheres allows them to remain intact at this separation. If this is the case
the value of r, should be independent of concentration and the type of anion. The
experimental values are consistent with this model, since 7. = 4.5 = 1.0 A for both
0.44 M Ni/MgCl, and 3.88 M Ni/MgBr, and r, = 3.8 = 0.5 A for 3.88 M Ni/MgCl,.
The theoretical model of Friedman and Dudowicz (1980), based on soft-sphere ions
and a primitive dielectric solvent, can be used to reproduce the essential features of the
experimental data for the 3.88 M Ni/MgCl, solutions (figure 9). By setting the cation
diameter to 2.4 A and the anion diameter to 2.86 A good agreement with our exper-
imental result for gyp(r) can be obtained. In contrast, the theory of Levesque eral (1980)
has been used to study the properties of hard-sphere ionsin a dipolar solvent. The results
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of this work show that cation—cation clusters form in such a system. These are not found
in the real solutions studied here. It is therefore concluded that in these systems the
molecular nature of the water is only relevant to the cation-cation correlations in that it
determines the effective diameter and ‘softness’ of the ions. In very dilute solutions
(<0.01 m) the exact values of these parameters probably become less important, in
which case the Debye and Huckel theory (1923) would need little improvement.

There is also interest in transitions from aqueous solution to crystal hydrate to solid
salt and then to molten salt {(Enderby et al 1987). Since the structures of the crystal
hydrate MgCl,:12H,0 and solid and molten salts of MgCl, are known (Sasvari and
Jeffrey 1966; Biggin et al 1984) the present work is useful in this respect.

A striking difference is noted between the cation—cation correlations in the 3.88 M
solution (MgCl,: 14.3H,0) and the crystal hydrate (MgCl,: 12H,0), which is stable at
—20°C. The maximum in the gyy(r) of the liquid is at 7.2 A, which is the same as the
nearest neighbour distance in the crystal. However, in the solution the closest approach
of the cations is about 4 A. Such a large change is not found for the cation-anion or
anion—anion terms (Enderby et a/ 1987). It may be concluded that in the hydrates the
interaction between the hydrated Mg?* ions is weak, as a result of the screening effect
of the solvent.

5. Conclusions

The results presented in this paper demonstrate that as far as local oxygen coordination
isconcerned Ni?* and Mg?* can be regarded as structurally isomorphicspeciesin aqueous
solution. Application of this isomorphism to x-ray diffraction has confirmed several
neutron diffraction results for cation—oxygen coordination, and enabled new infor-
mation to be obtained concerning the cation—cation correlation as a function of con-
centration and anion type.

The coordination shell of Ni** and Mg?* has been shown to contain six oxygens atoms
at an average distance of 2.06 A. Within the limitations of the experiments these values
are independent of concentration and the exchange of bromide for chloride as the
counter-ion. However, the results for 3.88 M Ni/MgBr, are consistent with the pen-
etration of 0.1 = 0.1 bromide ions into the coordination sphere of the cations.

The cation—cation correlation function, gyw(r), can be characterised by the positions
of the cut-off (r,) and the centre of the first peak (r,). The value of 7., shows no significant
variation for any of the solutions studied. It is 3.8 = 0.5 A for 3.88 M Ni/MgCl, and
4.5 * 1.0 A for both 3.88 M Ni/MgBr, and 0.44 M Ni/MgCl,. In contrast, the position
rp is 7.0 = 1.0 A for 3.88M Ni/MgCl,, 12.5=2.0A for 0.44M Ni/MgCl, and
8.0 = 2.0 A for 3.88 M Ni/MgBr.,.

To progress further with the method of isomorphic substitution the use of more
intense x-ray beams is essential. These are available from synchrotron sources, which
can produce fluxes several orders of magnitude greater than those of a conventional x-
ray tube, such as that used in the present work. The use of synchrotron radiation would
enablesecond-order difference experiments to be conducted on dilute solutions, possibly
to about 0.01 M, which is the limit of the Debye and Huckel theory (Debye and Huckel
1923).
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