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1 Introduction

The recognition that the hydration of ions has a major role in
defining the structure and dynamics of aqueous solutions has a
long but somewhat checkered history. In their extensive review
of ionic hydration, Hinton and Amis! cited 685 references (the
first as early 1900) but in the end concluded that ‘the field is in a
state of confusion’. Even the answer to such an apparently
simple question like ‘what is the hydration number of Na*?
remained uncertain with estimates ranging from 1 to 80!

In the late 1970’s, a revolution occurred in our thinking about
aqueous solutions and hydration phenomena. Instead of focus-
ing attention on a single parameter (the hydration number, the
bond length, the geometry of the ion-water moiety) solution
scientists began to realize that what actually mattered was the
distribution of these quantities which reflects the disordered and
dynamic nature of the liquid state generally. This philosophy
can put into a compact form through the concept of partial
radial distribution functions g.5(r) where a, B M, X, O, H for a
salt M X, dissolved in water, H,O.

Consider an a-type particle at the origin and ask what is the
average number of B-type particles that occupy a spherical shell
of radius r and thickness dr at an instant of time. That number is
given by

dnf = dmpgg, o(r)ridr (1)
Here pg = Ng/V, and Ny is the number of 8-species contained in
the sample of volume V. Two ‘typical’ forms for g,g(r) are shown
in Figure la referring to a strongly coordinated liquid (‘slow
exchange’) and 1billustrating a weakly coordinated liquid (‘fast
exchange’).

It follows from the definition of gg(r) in equation 1 that the
value of the integral

dmpgf gop(rIridr )]
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Figure 1 Generic radial distribution functions for (a) a well-coordinated
liquid with a long-lived coordination shell, and (b) a weakly coordi-
nated liquid.

is the running coordination number, i.e., the average number of
B atoms within a sphere of radius r, for an a atom chosen to be at
the origin. If we specify this to the distribution of oxygen atoms
in water around the cation MP(*) and r, is chosen to correspond
to the first minimum in gyo(r), the value of the running
coordination number is usually referred to as the coordination
number 7. We can, if we so wish, define the ‘hydration’
number, n, as this coordination number but we must recognize
that the interaction between ions and water is long-ranged and
what is counted as ‘bound’ water is arbitrary. The fundamental
quantity is gyo(r), and since different experiments probe differ-
ent ranges of gyo(r), it is no surprise that ‘hydration numbers’
reported by various workers differ by large factors. There is, of
course, less ambiguity for well-hydrated ions such as Ni? * where
the ion-water binding time, 7, is ~ 10~ %s for in this case gn;o(r)
will resemble Figure 1a. But for many ions, 7, is ~ 107 !1s so
that the classical concept of ‘hydration’ needs refinement and
deeper analysis.

Further insight can be gained if we know gy (r) for this is an
additional check on the coordination number and the stability of
the first hydration shell, and allows the distribution of local
geometries to be better described.

2 Neutron Diffraction and the Determination
of gmo(r) and guu(r)

If neutrons are incident on a liquid containing several nuclear
species the intensity of the scattered neutrons, I(k) is given by

P —
B

=N [Zcﬂbﬁ + Y c,Cobobal Soalk) — l]:l
a 8

with ¢, = N /N. In equation 3 r,(a) denotes the position of the ith
nucleus of a-type characterized by a neutron scattering length b,
and k is the scattering vector whose modulus, k, for elastic
scattering (i.e. |ko| = |k,|), is given by

Iky=3

a

2 Y expik(r,(B) — r(a))

Wa)(B)

(3)

k = 4xnsind/A, 4)

where @ is half the scattering angle and A, is the wavelength of the
incident neutrons. The angular brackets show that an ensemble
average has been taken, and S.4(k) are the partial structure
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Sactors Each S,g(k) can be inverted to yield g,g(r) through the
Fourier transformation

VN Jdk(s,,ﬁ(k) ~ Dksinkr

72 Nr

Bsr)=14+
8a5(r) 7

Thus Syo(k) and Syy(k) can in principle yield the real space
distribution functions gpo(r) and gyy(r) which are necessary if a
proper description of 1onic hydration 1s to be given Unfortuna-
tely the contribution of these partial structure factors to the
scattered intensity 1s very small, even for relatively concentrated
solutions (Figure 2a)

Cl—H
C—0
K—H
K—O
K—K 0—0
C—Cl
K—ClI
H—H
O—H
(a)
K—K K—ClI
K—O
K—H
(D)

Figure 2 The relative weighting of the various contributions to a
neutron diffraction experiment (a) total scattering function for a |
molal solution of KCI 1n water, (b) the first order difference function
for the same solution with 39K — 4'K

Suppose, however, that I(k) 1s determined for two aqueous
solutions equivalent 1n all respects except that the 1sotopic state
of the cation 1s changed Since neutron scattering 1s a nuclear
process, the scattering length of the cation will in general be
different for the two solutions We denote the changed species by
a and the associated scattering lengths by b, and b, The two
I(k)’s will not be identical, and the difference between them 4 (k)
will contain only those structure factors associated with the
cation, those due to the water having been ‘differenced out’
Likewise the Fourier transform of 4,(k), AG,(r), will not contain
any terms due to the bulk water and will have the form

AG(r) = c,4b, Y 2cehglg.q(r) — 1] + c24bAg, () — 1] (5)
B#a

where 4b, = b, — b, and 4b2 = b2 — b2

CHEMICAL SOCIETY REVIEWS 1995

As 1t stands, equation S 1s not very transparent, but an
example will make 1ts significance clear Consider a 1 molal KCl/
D,0* aqueous solution and suppose that the 1sotopic state of
the potassium has been changed from 3°K to 'K This produces
a change 1n the scattering length of the potassium, 4bg, of 1 21
fm (Table 1) Formally, 4Gk(r) consists of four terms given by
equation 6

AG(r) = 2cxco(Aby)bolgko(r) — 1]
+ 2cxen(4bg)bplgkp(r) — 1]
+ 2execi(db)beilgrai(r) — 1]
+ kAbglgkk(r) — 1] (6)

but 1n practice only the first two matter (Figure 2b) Thus, the
method has eliminated the water terms and the difference
function AGg(r) reflects almost totally the two radial distribu-
tion function gy o(r) and gx p(r) This approach solution was first
proposed by Soper et al 2 and has since been applied to a wide
variety of aqueous solutions and 1s today known as the ‘first
difference’ method

In the last few years, 1t has become possible to take the method
astage further and separate out gyo(r) and gy p(r) from AGy(r)
Essentially 4AGy(r) 1s measured for borh heavy water solutions
(bp = 6 67 fm) and light water solutions (by = — 3 74fm) Inan
obvious notation and for the KCl/D,O example above

AGR(r) = 2egeo(dby)bolgro(r) = 11+ 2eken(4bg)bplgkp(r) — 1]

and
AGY(r) = 2cgeo(dbi)bolgkolr) = 1]+ 2exen(dby)bulgkn(r) — 1]
so that
D, H
g =1+ chf[iZ(zfi)bD 2c,(ff(;(br:)bH
and
gxon =1+ budGR(r) — bpAGY(r) ®)

2¢kco(dby)bolbn — bl

provided H and D can be treated as isomorphic [ie
gkp(r) = gkn(r)

These equations represent ‘second order differences’ and as
such demand careful and precise experimentation Nevertheless,
the method has been successfully applied to N12* and Cr** and
doubtless further cations will be studied at this level of detail in
the future

In summary neutron diffraction with 1sotopic substitution
allows, at the first difference level a linear combination, of gmo(r)
and gyu(r), denoted AGy(r), to be determuned This combi-
nation can be decomposed into the individual radial distribution
function gpmo(r) and gyu(r), if second order differences, involv-
ing H — D substitutions, are taken In an analogous way, the
hydration of anions can be studied by 1sotopic substitution, the
derived quantities being AGx(r), gxu(r), and gxo(r) Detailed
information 1s available for the chloride anion and will be
discussed at the end of this article

3 The Scope of Difference Method

The only requirement for the application of the method 1s the
existence of two or more stable (or very long lived) 1sotopes of
the same element with a neutron scattering length difference
Ab>1fm (1 fm = 10"'°m) A lList of 1sotopes and the relevant
scattering length data given in Table | demonstrate that a wide
variety of 1ons of direct interest to solution science can be
studied

* D,01s the preferred solvent for neutron diffraction but recently experiments
have been successfully carned out in H,0 3
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Table 1 Naturally occurring nuclides (with 1sotopes) of Average
relevance to solution studies Isotopic
Mass No Abundance b | Ab| max
Average Element A (%) (fm) (fm)
Isotopic
Mass No Abundance b iAb| max
o . Ag 107 51839 7 64 345
Element (%) (fm) (fm) 109 48 161 419
1 99 985 -374 106 125 —
H 10 41 108 089 —
2 0015 667 110 12 49 —
6 759 200 Cd 111 12 80 — 154
L1 422 112 2413 74
7 925 -222 113 1222 -80
14 99 634 937 114 28 73 64
N 29 116 749 71
15 0366 6 44 In 113 43 539 139
24 78 99 55 115 957 400
Mg 25 10 00 36 19 120 0096 —
26 1101 49 122 260 38
32 9502 2 80 123 0908 -005
S 33 075 474 1 94 Te 124 4716 795 80
34 421 348 125 714 501
36 002 — 136 18 95 555
Cl 35 7577 1166 858 128 3196 5 88
37 24 33 308 130 3380 601
39 93 248 379 130 0106 -36
K 40 00117 — 121 132 0101 78
41 6 730 258 134 2417 57
40 96 941 499 Ba 135 6592 4 66 216
42 0647 315 136 7852 490
Ca 43 0135 02 479 137 1123 682
44 2 086 180 138 7170 483
46 0 004 255 136 019 580
48 0187 15 Ce 138 025 6 70 195
46 80 473 140 88 48 484
47 73 349 142 1108 475
T 48 738 -59 1187 142 2713 717
49 55 1 00 143 1218 —
50 54 593 144 23 80 24
v 50 4 345 760 8 00 Nd 145 830 — 63
51 83 789 -04 146 17 19 87
50 4345 -4 50 148 576 57
Cr 52 83 789 491 911 150 564 528
53 9 501 ~-420 144 31 -3
54 2365 455 147 150 143
54 58 42 148 113 719
Fe 56 91 72 1003 137 Sm 149 138 —24 193
57 22 23 150 74 143
58 028 150 152 2617 - 500
58 68 27 14 4 154 227 917
60 26 10 28 Eu 151 478 500 322
N1 61 113 7 60 2310 153 522 822
62 359 - 870 152 020 —
64 091 - 038 154 218 —
Cu 63 69 17 643 42 155 14 80 130
65 3083 106 Gd 156 20 47 63 77
64 48 6 523 157 1565 113
66 279 598 158 24 84 89
Zn 67 41 7 58 235 160 2186 915
68 188 6 04 156 006 —
70 06 — 158 010 —
Ga 69 60 1 788 148 160 234 -07
71 399 6 40 Dy 161 189 — 429
84 056 — 162 255 —
Sr 86 9 86 568 173 163 249 —
87 700 741 164 28 2 422
88 82 58 716 162 014 —
90 5145 65 164 161 83
91 1122 88 Er 166 336 104 74
Zr 92 17 15 75 33 167 3395 30
94 17 38 83 168 268 87
96 280 55 170 149 93
102 1 020 — 168 013 —
104 1114 55 170 305 68
Pd 105 2233 64 23 171 143 97
106 2733 41 Yb 172 219 961 163
108 26 46 — 173 16 12 9 56
110 172 — 174 318 2305
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Table 1 (cont.)

Average
Isotopic
Mass No. Abundance b | 4D max
Element A (%) (fm) (fm)
176 12.7 8.7
174 0.162 10.91
176 5.206 6.61
Hf 177 18.606 0.71 12.5
178 27.297 5.9
179 13.629 7 46
180 35.100 13.2
180 0.13 —
182 26.3 7.04
w 183 14.3 6.59 8.28
184 30.67 7.55
186 28.6 ~0.73
184 0.02 —
186 1.58 12.0
187 1.6 9.7
Os 188 13.3 7.8 42
189 16.1 11.0
190 26.4 11.4
192 41.0 11.9
190 0.01 9
192 0.79 9.9
Pt 194 329 10.55 2.72
195 33.8 8.91
196 25.3 9.89
198 7.2 783
196 0.14 30.3
198 10.02 —
199 16.84 16.9
Hg 200 23.13 — 13.4
201 13.22 —
202 29.80 —
204 6.85 —
Tl 203 29.524 6.9 2.6
205 70.476 9.5

Notes

(1) Thas list, though substantially based on the Sears (reference a) compilation,
differs for those 1sotopes where new information 1s now available Several
1sotopes have been measured or re-measured by Koester and co-workers
and the results are reported 1n 1ssues of the Zeutschrift fur Physik A (1980—
1990) For 1sotopes where resonance effects are important around thermal
energies, (notably Cd, In, and the lanthamdes), the values quoted refer to a
specific wavelength e g b for 194Dy 1s for A = 0 499 A Afull description of
how to convert to other wavelengths 1s given in Cossy er al (reference b)
and the ‘raw’ data provided by Sears needs to be carefully interpreted
(Ab)max 15 calculated for 1sotope pairs excluding those for which the
abundance 1s less than 0 1%

(n) To calculate b for the naturally occurring element, sum the products of
1sotopic abundance and 1sotopic scattering length and divide by 100, e g
b("™N1) =[6827 x 144+2610x28+113x76+359 x(—870)

+ 091 x (—038)]/100 =10 3 fm

References
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(b) C Cossy, A C Barnes, ] E Enderby, and A E Merbach, J Chem Phys,
1989, 90, 3254

3.1 Some Specific Examples

3.1.1 Ni2*

The first example is Ni2 * which is particularly favourable for the
difference method. A convenient substitution is ™'Ni — %2Ni
which yields 45 = 18.9 fm. An example of 4Gy, (r) is shown in
Figure 3 and the relevant structural parameters for a variety of
concentrations and counter ions are listed in Table 2. The form
of AGn,(r) and the stability of the first hydration shell against
changes in concentration, temperature, and counter ion ‘decisi-
vely support the accepted stoichiometry for the complex (i.e.
Ni(OH,)s)’ (Hunt and Friedman 1n reference 4).
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Figure 3 The first-order difference function 4Gy,(r) for a 1.46 molal
solution of NICl, m D,0 (1 barn = 10-2% m?). In this and later
figures, the unphysical structure below the first peak has, for clanty,
been supressed.

Table 2 Hydration properties of Ni2* 1n D,0

Electrolyte Molality 78, aolA ono/A AR

NICl, 441 5.8(2) 2.07(2) 0.27(3) —  2.67(2) 0.38(3)
3.05 5.8(2) 2.072) 0.27(3) —  2.67(2) 0.38(3)
2.0 5.9(1) 2.06(2) 0.30(3) 11.7(2) 2.67(2) 0.36(3)
1.46 58(3) 2.072) —  11.6(3) 2.67(2) 0.34(3)
0 50 5.9(2) 2.07(2) 0.30(3) 11.4(4) 2.68(2) 0.36(3)
NI(CIO,), 3.80 5.8(2) 2.07(2) 0.26(3) —  2.67(2) 0.36(3)

In this and subsequent tables oyo and ayp, are the full-width at half-maximum
of the principal peaks 1n AGy(r)

Fon/A onpfA

The instantaneous geometry of a nickel complex shown in
Figure 4 and is essentially constant for solutions in the concent-
ration range 0.1 to 4 molal. The mean value of the so-called ‘tilt
angle’ ¢ obtained from

cosg = Fon — (Fu + o)
2Fn0foncos(8/2)
where 8 is the water bond angle, though frequently quoted in the
past is, in fact, misleading3-¢ This is because the water molecules
in the hydration shell undergo significant ‘wagging’ motions
and, as explained earlier, a more fundamental quantity is the
probability density, P(cosd). With the aid of a simple model
Powell and Neilson® were able to show that P(cos¢) is a broad
function, with a weak tendency to peak near, but not at, ¢ = 0.
Since H and D have scattering lengths of different sign, it is
possible to isolate gn,o(r) from AGy,(r) by choosing a ‘null’
mixture of H,O and D,O as the solvent. There are small
corrections due to the presence of gn,n,(r) and gn,ci(r) in 4G, (r)
but these can be safely neglected. This experiment was per-
formed by Powell ez al.3 for a 2 molal solution of NiCl, with the
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Figure 4 The instantaneous geometry of the nickel-water complex. ¢ is
the so-called ‘tilt angle’ and is a function of time.

results shown in Figure 5. At the same time the second difference
method as exemplified by equation 7 yields gy;u(r) exactly
(Figure 6). These two functions allow several new conclusions to
be drawn. They confirm (if confirmation were needed) that the
first peak in AGy(r) is indeed due to gnjo(r) and that the
stoichiometry of the complex is Ni(OH,)s. More significant is
the fact that peaks in gnjo(r) and gniu(r) are separated for both
the first coordination shell [which is clear from the form of
AGyNi(r)] and for the second coordination shell {a result not
evident from AGy(r)). Thus, the orientational order of the water
molecules driven by divalent ions persists over length scales of
6A or more. This experimental result was, in fact, anticipated by
Dietz, Reide, and Heinzinger? in their pioneering computer
simulation studies of Mg?* in solution.

o N & O ®

r(A)

Figure 5 The radial distribution function gn;o(r) (Reference 3).

-
r(A)

Figure 6 The radial distribution function gyn(r) (Reference 3).

3.1.2 Cr3+

It is, of course, well established that the chromium(i) ion in
aqueous solutions coordinates six water molecules in the first
hydration sphere. Experiments based on isotopic dilution show
that the residence time of the oxygen atoms in the first hydration
shell is long (approximately 1 x 10%s). The lifetime of the first-
shell water hydrogen atoms is much shorter (~ 10~3s) but
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nevertheless the Cr3*—H,O moiety is clearly very stable. It is
therefore of interest to compare AGc(r), gco(r), and ge(r)
with the equivalent quantities for other cations in solution.

Broadbent, Neilson, and Sandstrem?® exploited the substitu-
tion "2'Cr — 53Cr which gives a 4b value of 7.56 fm. To avoid the
anion displacing water as a ligand, Broadbent et al. worked with
a perchlorate solution at 2.2 molal. They also used H—- D
substitutions in order to obtain a second difference and their
results for AGc(r), gcro(7), and ge,y(r) are shown in Figures 7, 8,
and 9 and in Table 3. The comparison with the corresponding
data for Ni?* is instructive; the structure of the first coordina-
tion shell and the persistence of orientational order into the
second shell and beyond confirm the strongly hydrating char-
acter of Cr3*.

N ~
o o
.

g
=)

AGg,(r)(107%barns str ")

g
o

1

0 2 4 6 8 10
r(A)

Figure 7 The first-order difference function 4Ge(r) for Cr3* in D,0
(Reference 8).

1

0 2 4 6 8 10
r(A)

Figure 8 The radial distribution function g¢,o(r) (Reference 8).

3.1.3 Fe** and Fe®*

In view of the general interest in electron-transfer reactions and,
specifically, the ferrous — ferric exchange mechanism, a com-
parison of the hydration properties of Fe?* and Fe3* is of
considerable relevance. Such a study was undertaken by Herd-
man and Neilson® with the results shown in Figure 10 and Table
4. They clearly confirm the existence of well-defined octahedral
complexes with Freq shifted by 0.1A for Fe?* —Fe3*. This
observation is in excellent agreement with the MD study of
Kumar and Tembe!® although the absolute ion—oxygen sepa-
ration predicted by theory differs from experiment by about
0.15A. At the AGE(r) level, it is clear that orientational effects in
the second shell are more pronounced for ferric ions, although to
make this statement fully qualitative second-order difference
with H — D substitutions are necessary.
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N ngH(r )
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Cossy et al.'? is underway in the Lausanne group led by
Professor Merbach. A summary of the results obtained so far is
given in Table 5 and the form of 4G ,(r) clearly resembles that
obtained for ferric iron as the example in Figure 11 shows. The
data confirm that there is indeed a decrease in coordination
number from nine to eight along the lanthanide series. The
intermediate value of 8.5 found for Sm3* indicates the presence
of an equilibrium distribution of eight and nine coordinated
aqua ions. Helm and Merbach!! have analysed the full width at
half height of the first two peaks in 4Gy ,(r) and have concluded
in the light of this and other spectroscopic evidence that for the
lighter elements, 7| .o is in fact bimodal.

r{A)

Figure 9 The radial distribution function g¢,4(r) (Reference 8).

Table 3 Hydration properties of Cr3*

Electrolyte Molality A% Fmo/A  omo/A /A omu/A
Cr(Cl0,); 2 6.0(5) 1.98(2) 0.27(4) 11.5(5) 2.60(3) 0.36(4)

1.0}
0.5
oo}
—05r
—1 .0 -
1 1 L. I — 1 1
0 1 2 3 4 5 6 7 8

Figure 10 The first-order difference function AGg(r) for (a) Fe?+ (full
line), and (b) Fe** (broken line). Taken from Reference 9.

Table 4 Hydration properties of Fe2* in | molal iron chloride
in heavy water and Fe3™* in 1.5 molal iron nitrate in
heavy water

Cation A, Freo/A  oreo/A 7R Feen/A  oren/A
Fez* 6.03) 2.13(2) 0.28(2) 12.1(5) 2.75(5) 0.36(3)
Fe3+ 6.02) 2.01(2) 0.32(2) 12.0(5) 2.68(3) 0.40(3)

3.1.4 The lanthanides
‘Despite the large number of attempts made in the last
twenty years to determine the coordination number and
structure of the tripositive lanthanide ions in aqueous solu-
tion, it is as yet still unclear whether a coordination number
change from nine to eight occurs along the series or not. This
uncertainty hinders the mechanistic description of the dyna-
mic processes which are taking place on these solvates.” (Helm
and Merbach, in reference 11.)
Ascan be seen from Table 1, the lanthanides are well suited to
the difference method and a programme of research, initiated by

Table 5 A comparison of the coordination numbers (CN), the
Ln3*-oxygen (Fpo) distances, the Ln?*-deuterium
(Fmp) distances, and the corresponding full width at
half height (¢) obtained from neutron diffraction
studies on aqueous Ln(ClO,); solutions

Ln*+*  Molality A9, mo/A  Fmp/A  omo/A  omp/A
Nd 1.8m 8.9(2) 2.50(2) 3.143) 0.30(2) 0.42(3)
Nd 0.3m 8.8(2) 2.52(2) 3.153) 0.28(2) 0.4I1(3)
Sm 1.0m 8.5(2) 246(2) 3.113) 031(2) 0.43(3)
Dy 1.0m 79(2) 2.38(2) 3.033) 0.26(2) 0.36(3)
Dy 0.3m 792) 2392) 3.03(3) 0252) 0.353)
Yb 1.0m 7.92)  232(2) 2.98(3) 0.24(2) 0.33(3)

Taken from L. Helm and A. E. Merbach, Eur. J. Solid State Inorg. Chem., 1991,
28, 245.

AGp,(r)(1072barns/str ~)

IS

n

5 6 7 8

-

4
r(A)
Figure 11 The first-order difference function 4Gp,(r) for Dy3* in D,0O

(Reference 12).

3.1.5 Li*, Ag* (approximately isomorphic with Na* ) and K*
The first-order difference method of neutron diffraction can be
applied directly to Li* and K *. The sodium ion can be investi-
gated at an approximate level by total X-ray diffraction and by
isomorphic substitution and using the Na‘*/Ag® pair.!3 A
summary of experimental and theoretical data is given in Table
6.

The studies have shown that Li* has a well-defined hydration
shell (Figure 12) characterized by the two resolved peaks in
AGL(r). The value of Ao changes with concentration,
approaching 6 in the dilute limit and dropping well below 4 at
high concentrations. Computer simulations give a value of 6 for
Li* at infinite dilution, with structural parameters in broad
agreement with experiment. It should, however, be pointed out
that although the two resolved peaks in AGy,(r) shows that this
ion is well hydrated, the fact that 7 g is strongly concentration
dependent and that water ion binding time is only ~ 20 ps
implies that the hydration is considerably less well defined than
that of divalent cations like Ni2+.
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Table 6 Hydration properties of Li*, Na*, Ag*,and K+ 1n

D,0O
Coordination
F 7 number

Ion Method  Reference (/2) (X) fimo
Li* expt | 1952) 255(2) 55(3)

MD 2 204 260 60

MD 3 198 257 53
Na* expt 4 24(2) — 5(1)

MD 2 235 291 62

MD 3 229 295 60

MD 5 255 305 54
K~ expt 6 27(1) 31Q2) 55(5)

MD 2 286 332 76

MD 3 276 335 75
Ag* expt 7 241(2) 2974) 41(3)
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Figure 12 The first-order difference function AG,(r) for Li* in D,0 (see
Table 6)

The comparable data for K* are shown in Figure 13 The
absence of clearly resolved peaks in AGg(r)1s clear evidence that
K * 1s weakly hydrated so that no specific dynamical significance
can be attributed to water molecules located in the first shell, the
coordination number simply expresses the geometrical fact that
there 1s a high probability of finding water molecules around K *
but the hydration shell itself 1s highly disordered with consider-
able inter-penetration of gxo(r) and gk p(r)

Sodium 1s monosotopic and 1s therefore not susceptible to the
first difference method However, Ag* can be studied by neu-
tron diffraction (Figure 14) and since Ag* and Na* are, to a first
approximation 1somorphic, 4Gay(r) can be used as a good
indication of the form for AGy,(r) Theoretical results for
gnao(r) and gnau(r) are shown in Figure 15 Clearly Na* 1s
intermediate between Li* and K* and can be regarded as a
moderately hydrated 1on This 1s confirmed by an X-ray study of
the compound NaOH 7H,0 in the sohid!* which shows that the
sodium-water distance varies from 2 29 A to 2 46 A and that the
Na* environment 1s a highly distorted octahedron This local
structure contrasts with that for the well-hydrated Mg2* 1n
MgCl, 12H,0 where the cationic environment 1s a regular
octahedron and Fy,0 15 2 065 A for all six water molecules A
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Figure 13 The first-order difference function AGg(r) for K+ in D,0O (see
Table 6)
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Figure 14 The first-order difference function AG,y(r) for Ag* 1n D,0
(see Table 6)

comparison of the radial distribution functions for the oxygen
atoms of the water with respect to L1*, Na*,and K+, together
with the equivalent quantity for pure water 1s shown in Figure
16

316 Ca** and Sr**

The coordination properties of both Ca2* and Sr?* have
formed the basis of several investigations both of an experimen-
tal and theoretical nature Early experiments!’ on Ca2* showed
that AGc,(r) was characterized by two peaks indicating that this
divalent 1on 1s well-coordinated although the hydration number
was reported to be strongly concentration dependent (Table 7)
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Figure 15 Theoretical radial distribution function for Na* in D, O (see
Table 6).
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Figure 16 The radial distribution functions gio(r)(I =Li*,Na*,0,K*)
A:Li*; B:Nat; C:0; D:K* (Reference 13).

Table 7 Hydration properties of Ca?* in D,O

Electrolyte Molality 7@, FCaO/A oCaO/A fCaD/A oCaD/A
CaCl, 4.5 6.4(3) 241(3) 0.343) 3.04(3) 0.43(3)
CaCl, 2.8 7.2(2) 2.39(2) 0.34(3) 3.02(3) 0.43(3)
CaCl, 1.0 10.0(6) 2.46(3) 0.43(4) 3.07(3) 0.61(4)

These experiments should be repeated with the improved tech-
nology now available in order to remove some of the uncertain-
ties. Barnes (private communication) has begun this study and
reports that the hydration shellis of a more complex nature than
was originally proposed by Hewish et al.

The other alkaline earth studied so far is Sr? *;16 AGg(r) was
characterized by a single broad peak centred at 3.2 A. This result
implies that there is considerable penetration of gs.o(r) by
gsrH(r), a consequence of a highly disordered first coordination
shell.

3.1.7 Cu** and Zn**

Salmon and co-workers have studied the Jahn-Teller ion
Cu?*.17.18 Examples of AG¢(r) are shown in Figure 17 and are
consistent with the expected Eg distortion of the six octahedrally
coordinated water molecules which solvate the cupric ion. This
observation raises interesting and important theoretical
questions as to the meaning of the Jahn-Teller distortion in the
liquid state. Accordingly, Curtiss, Halley, and Wang!®
addressed this problem theoretically and have concluded that on
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Figure 17 The first-order differences for AG¢(r) for (a) Cu?* in D,0
with nitrate as the counter ion (full line); (b) Cu?* in the D,O with
percholate as the counter ion (dotted line). The percholate data have
been scaled so that the contribution to AGcy(r) from geyo(r) is
equivalent to that from the nitrate (Reference 18).

long time scales, the structure of the hydration shell must be
rotationally invariant. On intermediate time scales, the shell
exhibits cubic symmetry and it is only on the shortest scales
where the (D,;) distortion is apparent.

It has long been recognized that the strong tendency of Zn2+
to coordinate other ligands has made the investigation of this
aquaion especially difficult. Powell ez @/.2° have shown that in
chloride solutions with molalities as low as 0.48, significant
Zn2*~Cl~ interactions occur at room temperature. In a later
study Powell ez al.?! investigated a 2 molal zinc solution in which
the anion was methanesulfonate (triflate). The choice of the
triflate ion was made in order to avoid cation—anion complexa-
tion, so that a first-order isotopic-difference study of Zn2 * based
on the substitution "'Zn — %7Zn should yield an unambiguous
description of the hydration shell. The data for 4Gz,(r) are
displayed in Figure 18 and the relevant structural parameters are
listed in Table 8. It is something of a puzzle that /79, is found to
be 5.3. The peak widths characteristic of 4G,,(r) together with
the spectroscopic evidence lead to the conclusion that the Zn2 *—
water complex is relatively long-lived so that 79, might be
expected to be 6 (octahedral coordination) or 4 (tetrahedral
coordination). One possibility is that both species exist in
solution in more or less equal proportions. Further experiments,
involving changes in pH, concentration, and pressure are necess-
ary if a complete understanding of this important ion is to be
achieved.
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Figure 18 The first-order difference function 4G, (r) for Zn2+ in D,0.
To avoid inner sphere complexation, trifiate was used as the counter
ion (Reference 21).
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Table 8 Hydration properties of Zn?* 1n D,0

rzan/A azun/A 1B, Fznn/A ozan/A
53(2) 209(2) 026(3) 106(2) 269 0 32(3)

Electrolyte Molality 72,

Zn(CF,80,), 20

318 Cl-

Although several anions have been studied by the difference
method, we shall focus here only on the chloride 1on Thisionisa
useful probe of anion properties in solution and 1s an important
1on i 1its own right In previous studies at the first difference level
1t was established that C1- has a characteristic local coordina-
tion which 1s remarkably insensitive to i1onic concentration,
counterion, and moderate changes in temperature and pres-
sure 22 The shape of 4G¢|(r) 1s characterized by two well-defined
peaks centred around 2 2A and 3 2A The first of these reflects
CI-H(1) interactions, whilst the second 1s an unresolved pair Cl-
O and CI-H(2) The most widely accepted geometry of the Cl-
H,O interaction consistent with both experimental and theoreti-
cal studies 1s shown 1n Figure 19 For relatively low concent-
rations (¢ <2 molal) the coordination number saturates at
approximately 6

Figure 19 The instantaneous arrangement of a water molecule near toa
chloride 1ron

In a recent study Powell et al?3 worked at the second
difference level, and obtained the individual pair distribution
functions gc(r) and geo(r) In this way 1t was possible to
resolve structure in AG(r) notably around the second peak, and
hence discuss the C1~—H,O coordination in considerable detail

From the individual go(r) and geo(r) and the structural
parameters shown 1n Figure 20 and Table 9, Powell e al/ were
able to draw several firm conclusions First, the new results
decisively confirm the widely accepted geometry described 1n
Figure 19 The ‘linear’ configuration 1s fully justified and the
‘dipolar’ model (which still appears in text-books from time to
time) can, in agreement with all recent calculations, be finally
rejected

Secondly, the value of 7qy derived directly from gey(r) of
228+ 003 A 15 1 excellent agreement with previous studies
based on AGc(r) The first maximum 1n geo(r) occurs at
31401 A Inearler studies the position of the broad second
peak mn AGq(r) was sometimes (incorrectly) ascribed to 7o
alone with the result that the apparent chloride—oxygen distance
quoted was too long by ~ 005 A This new work essentially
resolved the difference noted by Magini er al 24 between Fcio
distance obtained by total X-ray diffraction and by the first
difference method, particularly when 1t 1s remembered that the
former approach requires some degree of modelling

The comparison of the experimental distribution functions
with those dertved from computer simulation 1s particularly
mstructive Many studies of the chloride 1on in solution were
undertaken during the period 1976—1985 The results of these
studies were, 1n the main, compared with experiment at the first
difference {1e AGc(r)] level and, apart from a tendency to
overestimate the coordination number by ~ 30%, the measure
of agreement secured was deemed to be satisfactory Now we are

167

Gomln
N

ooln

Figure 20 The radial distribution functions gcio(r) and geu(r) 1n a 2
molal NiCl, solution experiment (full line) (Reference 23), Sprik et a/
(short-dashed line) (Reference 25), Dang et al (long-dashed line)
(Reference 26)

Table 9 Coordination properties of chloride in water
rCIH(I)/A nt raolA n@t ’(IH(v./A
228(3) 6 4(3) 31(1) 7 0(4) 37(1)

t Because of penetration effects by water molecules outside the first
coordination shell, #f, rather than #®, 1s the primary coordination number

ina position to make a detailed comparison at the g 4(r) level it 1s
evident that even the best of the earlier simulations do not
capture some essential features 1n the experimental data, a fact
disguised by cancellation of discrepances in the formation of the
linear combination of geoy(r) and geio(r) to obtain AGey(r) In
recent studies, Sprik et al 2% and Dang et al 2% have argued that
many of the earlier difficulties arise from the failure to account
properly for the polarizability of the water and/or the chloride
1on The results of the two recent simulations which used a
polarizable water model, are in much better agreement with
experiment than those from earlier studies, particularly with
respect to the chloride—oxygen and chloride-hydrogen distances
and coordination numbers (Figure 20) The challenge to
describe satisfactorily the chloride-water coordination still
remains, but the experimental partial radial distribution func-
tions obtained by Powell ez a/ 23 indicate where improvements
are required and will provide a crucial test of new and refined
models
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