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The first neighbour model, FNM, used frequently for the description of hydration has been
modified by dropping the assumption that the structure of the ‘“‘free” solvent is identical with
that of the pure solvent. The modified model, FNM2, reproduces the experimental X-ray structure
functions of alkali chloride solutions quite well and enables the study of perturbed solvent-
solvent interactions. The refined structural parameters reasonably indicate the dependence
of the hydration of the alkali cations on their radius and concentration. The hydration of Cl-
has been found to be almost independent of both concentration and the type of counter cation.

The model assumes regular symmetry for the first neighbour coordination sphere, but the high
rms deviations of the water-water distances within the shells of the aggregates indicate con-

siderable individual asymmetries.

A further modification of the FNM will be discussed in a following paper.

Introduction

One way to describe the structure of multi-
component liquids is their characterization by atom
pair correlation functions. Since 1-1 aqueous
electrolyte solutions can be considered as four
component liquids (O, H, C*, A-), the total struc-
ture functions obtained from scattering experi-
ments have to be regarded as weighted sums of ten
partial structure functions. The treatment can be
simplified by taking the solvent molecule (s) as a
unit thus reducing the number of components to
three (S, C*, A-) and the number of terms in the
total structure function to six. Also, the contribu-
tions of the ion-ion interactions to the diffraction
pattern of electrolyte solutions can often be
neglected [1].

In the past decade numerous attempts have been
made to extract the contributions of ion-solvent
interactions from the measured total structure
functions, either approximately or exactly. For this
purpose first neighbour models (FNM) were intro-
duced and difference methods such as isotopic sub-
stitution and isomorphic replacement [2, 3, 4, 5]
have been developed.

The main object of the present work was to test
a certain version of the first neighbour model for
describing the ionic hydration in concentrated
aqueous alkali chloride solutions. The experimental
basis for this investigation was provided by the
X-ray diffraction studies of the authors.
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First Neighbour Models (FNM)

The first version of this model (FNM1) was
introduced by Narten, Vaslow, and Levy [2] in
their extensive X-ray and neutron diffraction
studies on aqueous lithium chloride solutions. The
basic assumptions of FNM1 are the following:

a) Two states of water are distinguished: water
bound in the hydration shells and water outside
the hydration shells (‘“free’” water),

b) hydration shells comprise only nearest neigh-
bours,

c) hydration shells are imbedded in “free’” water,

d) hydration shells exhibit the highest degree of
symmetry (water molecules occupying the
vertices of regular polihedra),

e) the structure of ‘“free” water is identical with
that of pure water.

In terms of FNM1 the structure function of a
solution can be written as

H (k) = Xc Hc(k) + Xa Ha(k) + Xe LK), (1)

where X, Xa and Xy are the mole fractions of the
aggregates and ‘“‘free water”, respectively. #¢(k),
Ha (k) are structure functions of ion-water aggre-
gates and 5 (k) is the structure function of pure
water, where k denotes the scattering variable
k= (47/2)sin(P/2). A is the wavelength of the
primary and coherently scattered radiation, and &
the scattering angle.
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Once the type of polihedra is chosen, the indepen-
dent adjustable parameters of the model are the
ion-water first neighbour distances riw, their rms
variation lyw, the rms variation of the HoO-H.0
distances within the hydration shells iy, the
(even) coordination numbers CNyw and the param-
eters of the boundary of the domain of free water
around the ions, 7orw, lotw. The above parameters
are determined by fitting the model structure
function to the experimental one (least squares
refinement method) [2, 3].

In recent years many solutions have been studied
by analysing X-ray diffraction patterns with the
FNM1 model. From Table 1, where a collection of
results is presented [7—13], it can be seen that the
structural parameters of given hydrated ions as
obtained from different solutions hardly depend on
the counter ion and the concentration. Since some
systematic differences can be observed between the
lrw parameters, they seem to be a measure for the
strength of nearest neighbour ion-solvent inter-
actions. A sequence of increasing stability of the
hydration shells can be deduced from these lrw
parameters:

Br-, CI-, Lit, Nat, Ca2+, Ni2+,
Cr2+, Mg2+, Al3+.

A comparison of the ion-water distances obtained
by FNM1 with those obtained by adding the ionic
radii (of Pauling) to the radius of the water molecule
(1.4 A) shows agreement for doubly and triply
charged ions and deviations for single charged ions.
The distances are longer for Li* and Nat and
shorter for Cl- and Br— than expected from the
ionic radii. The coordination numbers presented by
FNM1 agree with those accepted in the literature.
It has been shown [6] that with FNM1 also partial
ion-water pair correlation functions can be derived.
To check the adequacy of FNM 1, we have calculated
the cation-water and anion-water pair correlation
functions according to Eq. (12) of Ref. [6] for CaCl,
solutions at three concentrations. The structural
parameters used were those of FNM1 published by
Caminiti et al. [3]. The calculated pair correlation
functions grw(r) and the running coordination
number functions

I'w(r) =4z ow [r2grw(r) dr, (2)
0

where gw is the number density of water molecules,
are shown in Fig. 1 and Fig. 2, respectively. The
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Table 1. FNM 1 literature data of previous X-ray inves-
tigations of some electrolyte solutions.

Ton CNiw 71w Irw Solution
[A] [A]

Li+ 4 2.25 0.25 2.1 M LiBr (7]

4 2.14 0.25 4.5M LiBr [7]

4 2.16 0.25 5.6 M LiBr [7]

4 1.95 0.25 6.9 M LiCl [2]

4 2.22 0.21 13.9 M LiCl [2]

4 2.25 0.25 18.5 M LiCl [2]
AlB+ 6 1.89 0.04 2 M AlClsz+ [13]
Na+* 6 2.41 0.24 5M NaCl [8]
Mg+ 6 2.044  0.06 2 M MgCls-CaCls [9]
Ca2t 6 2.42 0.14 1 M CaCly [3]

6 241 0.15 2 M CaCly [3]

6 2.42 0.13 4 M CaCly [3]

6 2.43 0.14 2 M MgCls-CaCls

6 2.40 0.12 1.2 M CaBrs [10]

6 2.44 0.15 2M CaBrs  [10]
Cr3+ 6 1.99 0.07 1 M CeClgt  [11]

6 2.00 0.08 1 M Cr(NO3)3 [11]

6 1.99  0.10 2 M Cr(NOg); [11]
Niz+ 6 2.05 0.10 2 M NiClg [12]

6 2.06 0.13 4 M NiClg [12]
Cl- 6 3.19 0.20 LiCl 3 H20

6 3.18 0.19 LiCl 4 H.0

6 3.10 0.20 LiCl 8 H.0

6 3.14 0.22 1 M CaCls

6 3.14 0.23 2 M CaCly

6 3.15 0.21 4 M CaCly

6 3.08 0.25 1 M CrClg

6 3.13 0.24 2 M MgCls-CaClz

6 3.13 0.21 2 M NiCly

6 3.15 0.28 4 M NiCl

6 3.16 0.24 5 M NaCl

6 3.13 0.21 2 M AlCl3
Br- 6 3.29 0.23 2.1 M LiBr

6 3.29 0.25 4.5M LiBr

6 3.29 0.26 5.6 M LiBr

average number of water molecules in a sphere of
radius 7 is

_ 47
I'w(r)=- 3 oW 7 (3)

marked by the full line in Figure 2.

The partial ion-water correlation functions show
three remarkable features.

1) the nearest neighbour arrangement around the
ions hardly depends on ionic concentration;

2) although the coordination numbers for the Ca2+
and Cl- ions are the same, the hydration shell of
Ca2t is more pronounced;

3) in FNM1 there appears a lack of water molecules
(4 ~ 6) in the surrounding the ions (Figure 2).
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Fig. 1. Cation-water and anion-water pair correlation func-
tions from FNM1 for CaCls solutions.
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Fig. 2. I'(r) functions from FNM1 for CaCls solutions.

In FNM1 fittings, model parameters having
physically unreasonable values, even when leading
to a good agreement with experimental data, must
be rejected [3]. The requirement of reasonableness
is an additional criterion f) used in the application
of FNM1.

It is evident that assumptions d) and e) and
criterion f) involve the most serious limitations of
the model. Assumption e) on the identity of the
structures of free and pure solvent excludes the
possibility of studying changes of solvent-solvent
interactions under the influence of ions, and it may

also cause an
parameters.

uncertainty of the ion-solvent

These deficiencies induced us to introduce a new
version of the first neighbours model, FNM2, by
dropping the assumption e) and the criterion f) of
FNM1. Omitting criterion f) means that we
accept without discrimination the set of model
parameters that yields the best fit. In FNM2 the
structure of ““free’” water is also interpreted in terms
of first neighbour interactions, which involves the
introduction of the new adjustable parameters
CNww, rww, lww, lyw, roww, loww-

Assumptions a) through d) of FNM1 are retained
in FNM2.

The expedience of assumption d) of FNM1 is
questionable.

Its omission leads to a third version, FNM3,
whose adequacy will be tested in a following paper
on the same data set.

The use of FNM2 for describing hydration has
been checked earlier in a molecular dynamics
study [6] pertaining to the calculation of the X-ray
structure function of a 2.2 molal NaCl solution.

Experimental and Data Treatment

Our X-ray diffraction measurements were carried
out on flat plane-parallel specimens using trans-
mission geometry and MoK, radiation mono-
chromated by a flat LiF crystal in the primary
beam. The plane parallel windows of the termostated
specimen holder have been prepared from 0.1 mm
thick plates of quartz single crystal. For details of
this technique and data processing cf. [14]. The
X-ray scattering of 2 and 4 molal (mole/kg solvent)
aqueous LiCl, NaCl, KCl, CsCl solutions was
measured in the range of the scattering variable
0.2<k=<14.75 A-1 at 25°C. The measured inten-
sities were corrected for background, polarization,
absorption and Compton scattering. Intensity data
were collected using a step-scanning facility. The
steps of the scan were programmed to be equi-
distant on the k scale (k= (47/2) sin($/2)) accord-
ing to the following scheme:

Ak =0.05 A-1 for
Ak =0.1A-1 for
Ak =025 A-1 for

02<k<5A1,
5<k<10A-1,
10 <k <1475 A-1,

and
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The experimental structure functions H (k), were
constructed according to the equation

3
H(k) = |« Icor(k) == in fiz(k)
i=1

3 3 2
— > Iinc,i(k):l/[zxift(k)] s (4)
=1

i=1

where I o is the corrected intensity, « the normaliz-
ing factor (Krogh-Moe), x; the mole fraction of
component 7 (the subscripts 1, 2 and 3 denote
cation, anion and water), f;(k) the scattering
amplitude of component ¢ and Ijpe,¢ the corre-
sponding Compton intensity. The coherent scatter-
ing amplitudes of the ions and the water molecule
were computed by use of the formulas of Cromer
and Waber [15], and Hajdu [16], respectively.
Similarly Compton intensities were calculated with
the aid of the analytical formulas of Hajdu [16] for
Cst and H50, and Palinkas and Radnai [17] for the
other ions. Normalization of the intensities was
performed with the method of Krogh-Moe. The
Compton intensities were modified by relativistic
corrections. The experimental kH (k) structure
functions for all solutions involved in the present
study are shown as dotted lines in Figs. 3 and 4.

Modified First Neighbour Model (FNM2)

In order to examine the usefulness of FNM2,
model structure functions have been fitted to the
experimental kH (k) functions by systematically
refining the model parameters via a least squares
procedure.

Model Structure Function

In terms of FNM2, the structure function is
given as

3
HM (k) = leifi(k)' )
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The X;’s are the mole fractions of the three types of
aggregates (depending on the coordination numbers)
and J#;(k) is the partial structure function of
aggregate i. Each (k) is composed of contribu-
tions from the discrete structure and from a
continuum:

Hy(k) = AL (k) + HC (k) (6)
CN¢+1
AP (k) = Z e_mn(k) Aok rmn s lmn) » (7)
4
HLE) = — =& By Cowe (1) A1 ( roew, lew) (8)
where )
Ay Benn, lna) =Tolk Fi) exp(— = kz) (9)
and Fn (%) f (B)
emn(l) =55 (10)
[ Z Lo fa(k)J
a=1

with the p-th order spherical Bessel function j,.
The C;w are defined by the relation

CiW(k) = (2 — (szW) Ty Tw eiW(k) (11)

(0;w is the Kronecker symbol). The adjustable
parameters of the model are as follows: The even
coordination numbers CN;w; the mean first neigh-
bour distances {r;w); the corresponding root mean
square deviations
B = {ripy — )%

and the figures row, l;w characteristic for the
boundary of the structured environment or, in
other words, the correlation lengths of the particles.
The mole fractions of ions z. and water molecules
zw, the mole numbers of aggregates JM; and the
corresponding mole fractions X; are given in Table 2.
0o is the averaged number density of particles. The
refined model structure functions are presented as
solid lines in Figs. 3 and 4. The structural parameters
calculated by FNM2 are given in Tables 3—5.

Table 2. Composition of the solutions: molality m, stoichiometric mol fractions (2., #w), coordination number in the
aggregates in FNM 2 (CNyw, CN_w, CNww), mol numbers (M., Mw) and mol fractions (X, Xw) of aggregates in the

solutions.

m X zw CNiw CN-w CNww M. Mw X, Xw

2 0.0336 0.9328 4 6 4 2 11 0.18 0.64
6 6 4 2 6.30 0.19 0.61
8 6 4 2 5561 0.21 0.58

4 0.0629 0.8742 4 6 4 4 311 0.36 0.28
6 6 4 4 1.51 0.42 0.16
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Table 3. FNM2 parameters for cation-water interactions.

r+w liw r0+W CNiw I'l'w
[A] [4] [4]
2m Lt  (217) (0.51) (542) (4) 4)
Nat 242 0.27 4.52 4 4.7
K+ 2.80 0.19 4.02 6 8.1
Cst 3.15 0.22 3.51 8 9.8
4m Lit 2.08 0.25 4.58 4 4
Nat 2.42 0.21 2.33 4 72
K+ 2.80 0.19 2.80 6 8
Cst 3.15 0.19 3.33 6 9

Table 4. FNM2 parameters for Cl--water interactions.

r-w l-w To-w CN_w I'*w
[A] [A] (4]
2m  LiCl 3.15 0.19 6.00 6.00 6.00
NaCl 3.14 0.16 6.06 6.00 6.00
KCl 3.14 0.17 6.10 6.00 6.00
CsCl 3.09 0.14 6.20 6.00 6.00
4m LiCl 3.08 0.19 5.30 6.00 6.00
NaCl 3.14 0.17 5.80 6.00 6.00
KCl 3.14 0.17 5.714 6.00 6.00
CsCl 3.16 0.14 6.00 6.00 6.00

Table 5. FNM 2 parameters for solvent-solvent interactions.

rww  lww  roww

(4] (4] [A]

CNww F}\'VW

2m  LiCl 291 0042 246 4 44
NaCl 295 0065 247 4 41
KCl 294 0103 261 4 3.7
CsCl 292 0173 32 4 2.8

4m LiCl 295 0171 259 4 3.3
NaCl 295 0.139 250 4 3.4
KCl 294 0109 273 4 2.7
CsCl 293 025 307 4 (1.6)
pure
water  2.84  0.116 271 4 45

The Model Pair Correlation Functions

An advantage of the first neighbour models is
that they give a description of the hydration
phenomena both in short and long range. This
allows the interpretation of the structure function
in the whole scattering variable range. This is why
FNM’s permit to derive approximations for the
partial atom pair correlation functions on the basis
of diffraction measurements.

LiCl

No(l

KCl

CsCl

o k(A

Fig. 3. Experimental (dots) and FNM2 (full line) structure
functions for 2 molal solutions.

2 b 6 8

The relation between the X-ray structure function
H (k) and the partial structure functions A (k) [6] is

3
H (k) = 2 cis (k) by (k) .

157

(12)

With a suitable rearrangement of the terms in
equations (5)—(11) relations can be derived between
the partial structure functions and the parameters
of FNM2 [6]. The partial structure functions deter-
mine the partial atom pair-correlation functions
through a Fourier transformation:

1 .
gis(r) =14 Satr o [khy(k)sinkrdk. (13)

The cation-water and water-water pair correlation
functions (PCF), obtained in this way for 2 and
4 molal alkali chloride solutions are presented in
Figs. 5—7. On the basis of PCF’s, coordination
numbers determined by integration up to the first
minimum Ijw (rmin) = I Ay can also be calculated
(Tables 3—5). They may differ from the even
coordination numbers CN;w.
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Fig. 5. Pair correlation functions determined by FNM2.
Cation-water and anion-water interactions in 2 molal solu-
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Fig. 4. Experimental (dots) and FNM2 (full line) structure
functions for 4 molal solutions.
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Results and Diseussion

We intend to discuss some general features of the
applied model and to draw some conclusions on the
ion-solvent and solvent-solvent interactions in
alkali chloride solutions. An earlier comparison of
FNM2 with molecular dynamics pair correlation
functions did show that the model describes the
first peaks of the true pair correlation functions
quite well and marks correctly the beginning of the
homogeneous distribution of the water molecules.
It is worth noting that inherent limitations of the
model prevent a correct description of g;(r) in the
intermediate range. It is also to be noted that the
PCEF’s of FNM2 like those of FNM1 do not satisfy
the sum rule for particle numbers

dmow [(giw(r) — 1) 12dr = — diw,
0

i=1,2,3. (14)

ITon-Water Interaction

Ion-water PCF’s of FNM2 are shown in Figs. 5
and 6, while numerical parameters of the inter-
actions are given in Tables 3—35.

It turns out that the parameters describing the
hydration of the Cl- are almost independent of the
concentration and the kind of counter ion. Only the
rms deviation I_w exhibits a slight decrease on
increasing radius of the cation. This points to a
greater effect of the smaller cations on the hydration
of the anion.

The r_w values are found to be identical within
the limits of standard errors. The ro_w parameter,
which gives the boundary of the continuum surround-
ing the anion, is always high, ro_w ~ 6 A. This
would suggest that the correlation radius of the
Cl- ion is greater than that of the cations. But the
Cl--water PCF is the one which strongly violates
the sum rule (14), so that the high value of ro_w
could also be due to one of the basic assumptions
of the model. It seems probable that the arrange-
ment of the water molecules around a Cl~ ion is not
symmetrical. This guess is supported by the great
rms deviations of the water-water distances within
the hydration shells of Cl-, which amount up to
1.2 A (not given in the Tables). The general features
of the hydrated Cl- ion in FNM2 are very close to
those in FNM 1, although the I_w values are some-
what smaller in FNM2 than in FNM1. Moreover
a slight counter ion dependence of I_w can be found
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in FNM2. The parameters of FNM1 and FNM2 for
the hydrated cations (Table 3) differ much more.
Data for the 2 molal LiCl solution are given in
parenthesis in Table 3, because the contribution of
Lit ions to the X-ray structure function is very
small, which renders the determination of the
parameters uncertain. Cation-water distances do
not depend on the concentration of the solutions
investigated. Between the Pauling radii of the
cations rp, and the cation-water distances r,w
obtained by FNM2, the empirical relation

ryw = 1.48 4- 0.01 4 7,(0.98 4 0.01)

could be established.

The constant term of Eq. (15) (1.48 A) defines an
effective solvent radius. This value is in good
agreement with the water-water distance rww=
2.95 A resulting from FNM2 (see Table 5).

In general, the l.w values are seen to decrease
with increasing cationic size and increasing con-
centration.

The behaviour of the ro.w values is also remark-
able: The larger the ion, the shorter is in general the
range 79+w of its influence on structure formation.
For the 4 molal solutions this range does not
exceed that of the first neighbours, with the only
exception of the LiCl solution; r94+w does also
decrease with increasing concentration.

The I'*y running coordination numbers are
greater than the coordination numbers CN.w,
again with the only exception of Li+ ion.

(15)

Solvent-Solvent Interactions

The application of FNM2 on alkali chloride
solutions yields clear evidence that the structure of
the “free”water differs from that of pure water.
The FNM2 parameters for the ‘“free” and pure
water interactions are reported in Table 5, while
the corresponding PCF’s are given in Figure 7.
The mean distance of the nearest ‘“free’” water
molecules has been found significantly greater
(2.94 A) than that of molecules in pure water
(2.84 A).

On comparing the lww-values of free and pure
water, one observes more structure for the 2 molal
LiCl and NaCl solutions than for pure water, and
less structure for the CsCl solution. This can be
interpreted as the ‘‘structure making” and ‘‘struc-
ture breaking” effect of the ions, discussed so often
in the literature. Accordingly, the Li+ and Nat ions
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are ‘structure making” while the Cs* ion is
“structure breaking” in 2 molal solutions. The
lww parameters for 4 molal solutions do not show
the above regularity probably because the high
concentration of ions masks the ion size effect,
except for the CsCl solution, where effect of the ions
on the structure of the solvent seems to be the
strongest. All the above effects can clearly be read
from the solvent-solvent PCF’s in Fig. 6. The
solvent-solvent lww parameters are smaller than
the l;w’s of ion-solvent interactions (excluding
CsCl). This means that the model based on X-ray
data suggests the solvent-solvent interactions to be
more intensive than the ion-solvent interactions.
The behaviour of the roww parameters is also
remarkable. These values, characteristic for the
boundary of the continuum, are near to the central
rww parameters both for solutions and pure solvent.
The same result is obtained from FNM interpreta-
tion of the neutron structure function of pure
water [18].

The low roww parameters both for the pure
solvent and for the solutions suggest that the basic
assumption d) of symmetry must be weakened.
The I'%w coordination numbers are always
smaller than the corresponding CNww values
reflecting only the discrete interaction in free
solvent (Table 5). The Iw parameters decrease

[1] E. Kélmén, G. Pdlinkds, Z. Phys. Chem. Leipzig 258,
609 (1978).

[2] A. H. Narten, F. Vaslow, and H. A. Levy, J. Chem.
Phys. 58, 5017 (1973).

[3] G. Licheri, G. Piccaluga, and G. Pinna, J. Chem. Phys.
64, 2437 (1976).

[4] J. E. Enderby, Proc. Roy, Soc. London A 345, 107
(1975).

[56] W. Bol, G. Gerrits, and C. van Panhaleon van Eck,
J. Appl. Cryst. 3, 486 (1970).

[6] G. Pédlinkds, W.O. Riede, and K. Heinzinger, Z.
Naturforsch. 32a, 1137 (1977).

[7] G. Licheri, G. Piccaluga, and G. Pinna, J. Chem.
Phys. 85, 119 (1977).

[8] R. Caminiti, G. Licheri, G. Piccaluga, and G. Pinna,
Rend. Sem. Univ. Cagliari X47, 1 (1977).

[9] R. Caminiti, G. Licheri, G. Piccaluga, and G. Pinna,
Chem. Phys. Lett. 47, 275 (1977).

Ion-Solvent and Solvent-Solvent Interactions

with increasing cation radius for both concentra-
tions. The influence of ions can be recognized in the
I'{;w parameters also, since these are always
smaller than their corresponding values for pure
water. A lack or at least a lowered degree of sym-
metry in the first coordination spheres of water is
supported also by the rms deviations of noncentral
water-water distances [ww in the tetrahedra of the
free water (Table 6).

Table 6. RMS deviations for

2m 4m the non-central water-water
lww lww interactions in the solvent
centered aggregates.

LiCl 0.27 0.42

NaCl 0.42 0.65

KCl 0.46 0.46

CsCl 0.59 0.38

pure

water 0.32

Apart from the 2 molal LiCl solution, they are
always greater than in pure water. Their values for
the 2 molal solutions are increasing together with
the increasing size of cations.

The authors wish to thank Professor S. Lengyel
for suggesting this investigation and for reading the
manuscript. We are grateful to Professor Klemm
for his critical comments.

[10] G. Licheri, G. Piccaluga, and G. Pinna, J. Chem.
Phys. 63, 4412 (1975).

[11] R. Caminiti, G. Licheri, G. Piccaluga, and G. Pinna,
J. Chem. Phys. 65, 3134 (1976).

[12] R. Caminiti, G. Licheri, G. Piccaluga, and G. Pinna,
Disc. Faraday Soc. 1978.

[13] T. Radnai, R. Caminiti, G. Licheri, G. Piccaluga, and
G. Pinna, Rend. Sem. Univ. Cagliari, 48, 247 (1978).

[14] F. Hajdu, S. Lengyel, and G. Pélinkds, J. Appl.
Cryst. 5, 395 (1972).

[15] D.T. Cromer and J.T. Waber, Acta Cryst. 18, 104
(1965).

[16] F. Hajdu, Acta Cryst. A28, 250 (1972).

[17] G. Pélinkds and T.Radnai, Acta Cryst. A32, 666
(1976).

[18] N. Ohtomo and K. Arakawa, Bull. Chem. Soc. Jap. 51
1649 (1978).



