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STUDY OF LIQUIDS AND SOLUTIONS

M.-C. BELHSSENT-FUNEL

Laboratoire Léon Brillouin (CEA-CNRS)
CE-Saclay

91191 Gif-sur-Yvette Cedex, France

The aim of this contribution is to present a critical review of what has been achieved on the
structure of liquids and solutions and to highlight the capabilities and developments of neutron
scattering in this field of research. A great variety of simple to complex systems has been
investigated with the aim of obtaining a full microscopic description of the structure. Selected
examples of high precision experiments demonstrate the performance of the neutron scattering
determination of interaction potentials, intcrmolecular structures, and partial structure factors of
complex systems. The isotopic substitution method is illustrated by the application to the study
of the solvation of ions in aqueous and non aqueous solutions.

Introduction

There have been numerous structural studies of liquids and solutions with
increasing degree of accuracy due to the high performance of spectrometers
available at the steady neutron sources like the Reactor Orphée (LLB-Saclay) and the
High Rux Reactor (ILL-Grcnoble).

Much progress has been performed in the experimental results obtained at the
neutron spallation sources such as ISIS (RAL, Didcot) and IPNS (Argonne, USA). In
the case of studies of liquids, coherent neutron scattering gives information about the
relative positions and motions of different particles in the liquid. From this scattering,
we determine the structure factor S(Q) of the liquid which leads to the static pair-
correlation function g(r). From measurements of the coherent neutron scattering at
low values of momentum transfer, we can observe effects due to excitations of
cooperative modes in the liquid. Incoherent neutron scattering depends on the
motion of a single particle ; this allows to study diffusive motions and vibrational
density of states and, in this field of investigations, neutrons appear as a unique
probe.

The purpose of this short review is not to give a catalogue of liquids which
have been investigated during the past years because there are many recent reviews
and books about this subject1'^. I will present here only selected examples where
neutron scattering is particularly powerful and I will give some fields of interest
which need to be developed during the next years.

Basic theory

The differential scattering cross section^ per unit solid angle and unit interval
of outgoing energy E' of the scattered neutrons by an assembly of particles is given
in the first Bom approximation by the following equation :

d 2 a
= AS(Q.co) (1)



where fia = h ( k o - k f ) / 2 m is the energy transfer, and m, ko ,k[ = k0 - Q jire
respectively the mass, the initial and final wavevectors of the scattered neutrons, /iQ is
the momentum transfer. A depends only on the properties of the panicles of the
system.

S(Q1O)) is the dynamic structure factor which is the Fourier transform (FT)
over r and t of the Van Hove pair distribution in space and time G(r,t) which
describes the correlation between the presence of a panicle in position r' +r at time
t'+t and the presence of a panicle in position 7' at time t', averaged over r'.

We consider scattering due to the nuclear interaction between neutrons and
the nuclei of the scattering system.

• If b is the scattering length of the N nuclei assumed all identical, the cross section is
written as :

_Ë!£_ = ^NJiLjexpfi(Q.r-œt)lG(r,t)drdt (2)
dQdE' 2JIH k0 I- v 'J

If the nuclei of the scattering system have a nonvanishing spin, the equation
(2) assumes b to be spin independent

The G function splits into the G5 and Gd pans

t) (3)

G s describes the correlation between positions of one and the same panicle at
different times. Gd refers to pairs of distinct particles (the subscripts s and d stand for
"self and "distinct" respectively).

• For nuclei with a spin-dependent scattering length, or for nuclei belonging to
different isotopes.

Equation (2) is replaced by

- ^ 7 = J i - JiL Jexp[i(Q. r - cot)] r(r,t)drdt (4)

with the spin -or isotope- dependent scattering lengths used in the definition of

F(r,t) which is written as :

r ( r , t ) = b 2 G s ( r , t ) + (b) 2G d ( r , t )

where b is any of the bj'S of the system and the average is taken over the spin states of
the corresponding panicle.

From G = G5 +Gd , the differential scattering cross section written as :

d 2 g _ d 2 a c o h ( d 2a i n c o h

dQdE1 ' dQdE' dQdE1

N JjIjeXp[i(Q,?-a)t)|G(r,t)drdt (6)
k0



( b 2 - (H) 2 IN
dQdg 2nn ^/exp[i(Q.Fcot)]Gs(F,t)drdt (7)

Equations (6) and (7) are the so-called coherent and incoherent scattering cross
sections. The separation of elastic and inelastic scattering which applies to Eq.(6) can
be performed for Eq.(7) by considering the limit of Gs for |t| —>°°. In the static

I- 47t
approximation, Q = —-sinG with A. the neutron wavelength and 20 the diffraction

A.
angle, see Fig. 1, and integrating with respect to E', the differential coherent and
incoherent cross sections per unit solid angle are respectively :

= (b)2 N{l + Jexp(iQ. r)g(r)dr}

= (b)2 N S(Q)

where S(Q) is the structure factor of the system

The incoherent cross section no longer depends on the structure of the system.
If the diffusion if isotropic which is normally the case for disordered systems

as liquids :

S(Q)=I +Po J " [ g ( r ) - l ] ^ 4 r u r 2 d r (10)

where p 0 = N / V, the number density

g(r) = l + — J — J " Q[S(Q)-l]sinQrdQ ( I t )
27c rp 0

where g(r) gives the probability of finding an atom at a distance r from a reference
atom at the origin.

From the determination of S(Q), the instantaneous distribution (within 1O-13

to 10"'^ s) of the pairs of atoms in the system is obtained by Fourier transform ; this
definition applied to the local order of the first neighbours and next-nearest
neighbours in the system.

In the case of polyatomic systems (molecular liquids, aqueous solutions,
liquid alloys, it is customary to introduce the partial structure factors Sap(Q) and the
partial pair correlation functions gap(r). relative to all the pairs of atoms of the
system, and the total pair correlation function is written as :

g ( r ) = I c a c p b a b p g a p ( r ) , (12)

where c<x,cp are the atomic concentration and bot, bp the neutron coherent
scattering lengths of the various pairs of atoms.

A change of isotope, if it affects significantly the scattering length, will
change the weight of the partials and provide a way of identifying them. Since
isotopic substitution alters only very weaidy the physico-chemical properties and pair
interactions, it will be a powerful tool to mark an atom and study its environment.

In the following we give examples of structure factor determinations and we
will focus on the more recent results proper to neutron scattering using a specialized
and adapted sample environment equipment (high and low temperature devices,
pressure cells, etc..) and using the isotopic substitution method, allowing to reach the
local environment around an identified atom.



Selected examples of S(Q) determinations.

- Monatomic liquids

• Liquid Argon1^

An example of the S(Q) structure factor for an atomic liquid, obtained with
high accuracy is given in figure 2a for liquid argon (^Ar), near its triple point at
85 K. S(Q) has a simple shape : a large peak at Q=2À"] followed by an oscillating
function which decreases in amplitude with increasing Q. Fig. 2b displays the pair
correlation function g(r) for liquid 36Ar at 85 K. This experiment gave rise to
molecular dynamics and Monte Carlo simulations. An early calculation has been
performed by VERLET1 ' and a comparison with S(Q) for a Lennard Jones fluid in the
same state using molecular dynamics is displayed in figure 2. Some recent Monte
Carlo calculation using a very accurate two body potential'2 and including three-
body and quantum corrections led to an excellent description of the properties of
solid, liquid and gaseous argon.

• Liquid gallium'•*

Very accurate measurements of the structure factor S(Q) of liquid gallium at
temperatures 326 and 959 K allowed the determination of an effective pair potential
veff(r) between the gallium atoms at these two ihermodynamic states. Fig.3 displays
the structure factor Sexpt(Q) at 326 K which has been measured over a wide range of
wavevectors (0.26-16 A"') with a high degree of precision which provides new
information on the behaviour of the structure factor for Q<2Â"'. We have attempted
to determine veff(r) by inversion of Sexpl(Q). The so-called iterative inversion scheme
of MASSERINI and REATTO' 4 is then followed to obtain the effective pair potential
from the experimental data. It has been shown14 that the iterative process converges
and the pair potential <(i(r) or pveff(r) obtained after nine iterations within an
accuracy of ±0.04 to 0.07 is displayed in Fig.4 (as computed on the basis of
statistical errors only).

The corresponding g(r) is given in Fig.4. It agrees within 0.5% to 1% with
gexp(r) i-e. the accuracy of the simulation procedure.

The inversion procedure SeXpt(Q) establishes that the effective potential is
positive and repulsive at distances corresponding to the nearest neighbours and it has
a long period of about 8 Â for the oscillations. Temperature dependence was
investigated and found to be significant. The inversion method of MASSERINI and
REATTO involves no adjustable parameter and no assumption on the theoretical form
of the effective pair potential. It turns out to be quite adequate to take account of
Sexpt(k) a nd gexpt(r) of liquid metals, but that needs precise measurements of
Sexpt(Q) over a large range of Q wave vectors. It could be interesting to extend the
inversion method to other liquid metals or monatomic liquids which has not yet been
performed up to now.

- Molecular liquids

Water under extreme conditions of temperature and pressure

Recent structural studies of liquid DiO1 5 have been performed by neutron
diffraction. The results cover a large temperature range from 950C down to -31.5°C
close to the temperature of homogeneous nucleation and particularly in the low
temperature range where liquid water exhibits an abnormal behaviour. At low
temperature, that has been achieved by using emulsions'6 which cannot be
performed by other techniques that neutron scattering.
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In figure 5, the pair correlation function of low density amorphous ice17 is
plotted together with that of water at 27°C and that of supercooled water at -10.50C
and -31.50C.

The measurements, at low temperature confirm the increasing spatial
correlations in deeply supercooled liquid water as the temperature is decreased and
the tendency to evolve towards the structure of low density amorphous ice. These
data should provide an important basis for a comparison with predictions based on
different forms of the interaction potential between water molecules.

- Method of isotopic substitution

As mentioned in the introduction, the method of isotopic substitution is a
powerful tool to study the environment of an atom.

This method has been widely applied to liquid alloys1**, molten salts6 '19,
molecular liquids and their mixtures6-20. Other liquids such as aqueous
solutions3-4-21,22 a n j recently non aqueous solutions23-25 n a v e t>een a j s o

investigated. I only present here some recent results obtained in the field of aqueous
and non aqueous solutions which could be extended to the biological solutions and
for which some attempts have already been realized26.

• Aqueous ionic solutions : Influence of the counterion21

The local coordination of Zn2+ depends strongly on counterion, temperature
and concentration. Neutron diffraction studies were carried out on solutions of 2
molal zinc triflate Zn(CF3SO3)2 and 4 molal zinc chloride ZnCl2 in heavy water. An
isotopic difference study of Zn2+ based on isotopes of natZn and 67Zn led to the total

pair correlation function G 2 ^ and thus provided direct information regarding the

Zn2+ hydration.

Figure 6a shows the function G 2 ^ (r) relative to a 2 molal Zn(CF3SC>3)2 in

D2O. The coordination numbers n 2 n and HQ are consistent with two D atoms per O
atom ; the hydration number is n=5.3(2). This demonstrates that there is no
significant penetration of the triflate ion into the Zn2+ hydration shell.

In the case of the zinc chloride, as shown in figure 6b, Zn2+ has not a
hydration shell as well defined as for Zn2+ in zinc triflate solution. The analysis of

G 2 ^ (r) leads to the conclusion that the partial pair correlation function gznCl(r)

contributes significantly to G 2^ (r) in the hydration region and provide clear

evidence for Zn2+-Cl" complexation.

• Non aqueous ionic solutions : Influence of the solvent

Neutron scattering techniques begin to be applied to non-aqueous ionic
solutions23"25.

The structure around lithium ions in solutions of lithium bromide in
acetonitrile and water has been studied24. The isotopic difference method has been
applied to lithium ions. Figures 7a and 7b show respectively the total pair correlation

function G ^ 0 C r ) for a 1.88 M aqueous solution and G y V ) for a 0.58 M
acetonitrile solution. In the case of the acetonitrile solution it has been found that the
bromide anion enters into the first solvation shell around the lithium ion, whereas in
the case of the aqueous solution the first hydration shell of the cation is not disturbed
by the anion.

The solvation number is approximately 3 in the case of acetonitrile and
approximately 4.5 in the case of water.

L T274



- Liquids in confined geometry27'-9

More recently there has been an interest in the way proximity to an interface
leads to modification of the overall molecular behaviour. Several types of
experimental approach of the problem of intcrfacial structure has been adopted ; the
methods involve the study of D2O in microporous silica of varying pores27, in clay
systems27 or inside interconnected pores of Vycor glass2**. In this last system, when
decreasing the temperature, it is possible to supercool water but not to the extent
expected for such a small confining space. In fact the presence of large hydrophilic
silica interface enhances the nucleation of ice. The observed phase of ice is the cubic
ice Ic which appears at about -180C, in the full hydrated Vycor, instead of the
expected hexagonal (Ih) form (Fig.8). The neutron scattering experiments of
cyclohexane COD 12 2 7 in microporous silica show that the resulting plastic crystal
phase is strongly influenced by the thermal history of the sample - the nucleation
point is depressed by ~ 400C.

A novel experiment by neutron scattering led to the first determination of the
structure factor of an amorphous protein, the C-phycocyanin2^ j n e effects of
hydration and temperature on the total function d(r) have been studied explicitly.
The changes in d(r) functions observed in hydrated samples depend strongly on the
level of hydration and most of these changes are due to water-protein interactions. At
0.365 g D2O per g of protein, the water crystallized into hexagonal ice at 200 K and
below, but at 0.175 DiO per g of protein, no crystallization of water was observed.

At the higher hydration a peak appears in the d(r) function (Fig.9) which
indicates that the average distance of the water molecule in the hydration shell from
the amino acid residues is 3.5A. This effect is clearly evident in the computer
simulations30 which show an increase in the clustering of water molecules close to
the protein surface within distances of 3-4.25 Â (mainly away from the nonpolar
atoms in the protein).

Conclusion

In this review, we have presented the more recent results obtained about the
structural study of liquids and solutions. Some examples of recent accurate work
have been given and demonstrate the capability of neutron scattering in the
description of the structure of a liquid and the possibility of the determination of an
effective pair potential.

The isotopic substitution method has now been extended to the knowledge of
the detailed arrangement about a chosen ion in polyelectrolyte solutions - which
opened the field to the biological solutions.

A novel field of interest concerns the study of liquids at interfaces. The first
results about water close to hydrophilic surface (Vycor surface) or close to protein
surface are presented. Much work must now involve the hydrophobic hydration.

The performance of neutron scattering has also been used to study liquids as
function of pressure and temperature31"32 and an important field of research which
needs to be developed concerns the liquids and solutions under supercritical
conditions.
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Figure captions

Fig.l. General scheme of neutron scattering studies

Fig.2. a) Structure factor S(Q) for liquid argon 36Ar near its triple point
Experimental data T = 85 K, p o = 0.0213 atoms/A3

Molecular dynamics T = 86.56 K, p0 = 0.02138 atoms/A3

b) Pair correlation function g(r) for liquid argon 3^Ar at 85 K.

Fig.3. Structure factor Sexpt(Q) for liquid gallium at 236K (po=0.02138 atoms/A3).

Fig.4. Pair correlation function g(r) and interaction 0(r) =|3veff(r) at 326 K.
The insert gives the long range part of <j>(r).

Fig.5. Pair correlation functions dL(r) of D2O obtained respectively at 27°C, -1O.5°C
and -31.5°C, compared with that of the low density amorphous ice.

2
(IL(r) = — }^°QDM(Q)sinQrdQfor the intermolecular terms only ;

SM(Q) = f I (Q)+DM(Q) where fi(Q) is the form factor of the molecule.

Fig.6. a) 2 molal Zn(CF3SO3)2 solution in D2O. Total pair correlation function

G 2
2 . The two peaks at 2.09 and 2.69 A can be identified with the nearest

neighbour Zn2+-O and Zn2+-D correlations.

b) 4 molal ZnCl2 solution in D2O. Total pair correlation function G 2
2 .

Zn2+ is coordinated to 4.1(5) water molecules and 1.4(5) chloride ions.

Fig.7. a) 1.88M LiBr solution in D2O. Total pair correlation function y
The two peaks at 1.94 and 2.58 A can be identified with the nearest
neighbour Li+-O and Li+-D correlations.

b) 0.58M LiBr solution in CD3CN. Total pair correlation function

The decomposition of G y with three Gaussian peaks leads to Li-N (2.05À)
LiBr (2.46 A) and Li-Ci (3.17Â) correlations.

Fig.8. Spectra of cubic ice (dotted line) (-1980C) and confined D2O from fully
hydrated Vycor (full line) at - 41.50C ; there is - 27% liquid water still
present below the Bragg peaks of cubic ice.

Fig.9. d(r) function for a dry deuterated protein C-phycocyansn and for a 73%
(0.365g DoO/g-protein) hydrated protein C-phycocyanin at 295 K.
(d() = 4rapo[B(r)-H).
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