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CHAPTER 1 Te

STATISTICAL [MECHANICS AND NEUTRCN SCATTERING

1) Distribution Functions

Frogress in the structure of liquids has generally been
achieved as an interplay between theory and experiment, and it is
necessary to define a quantity vhich relates to both. Distribution
functions form the building blocks of statistical mechanical theories,
(1) and (2), and can be obtained from experiment, at least in principle.

In terms of the X-sPa.ce, each particle j is given a
momentum vector 2:1 and a position vector -:?-j' There are N particles
in the syétem and we represent the entire system by 3N dimensional
vectors r(N)a.nd ‘D(N), where, for example, r _( ) Zr e Quantum
mechanics applies to the system, so we define an eflj.emental volume of
phase space as h-mdg_(N)d_:g_(N), where h is Planck's constant, and

Trd We then define a geueric distribution function
(R(N) (N‘B) for a system with identical particles such that

b p(o ), )y g () () L
is the probability that any one of the N particles will be found
within d31d£1 at Dy2Zqs while simultaneously any cther particle will
be found within d22d£2 at 2595y etce

There are N} ways of distributing the particles in the

system, which places a normalizing condition on the distribution:
N

In the same way we define the distribution for a subset

of kg N particles as:

#) (), () vool 2™, (N))-rrdndr e 103

J=1
The factor 1/(N-k)! arises because there are (N-k)! ways of introducing

Tff-' Y]

the N-k remaining particles to the system.

Hence this subset has the normalizing condition:
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1/07% SF(k)(g(k)..I;(k)) 121. 9 = (ﬁgﬁz ces Tod

and phase distributions of consecutive order are related, from 1.3,

(k) (P.(k),a(k>) - /() F(k+1)(;o.(k+1)’£(k+1)> dn .
[ X X 4 1.5

An important quantity, derived from the phase distribution,
is the configuration distribution, obtained by integrating over all

momentas
kgW) )y < 1) 2B ), 20y ), L.l 106
vhere n is the average number of particles per unit volﬁme of con-
figurational space. So defined, g\&)(z()) is the probability of
finding any perticle within dr, at r,, whilst simltanecusly |
finding any other partiele within dr, at z,, etc. Consecutive
distributions are obtained from (1.5):
k k k+1 k+1
£ (00 S ) o e

Thus, for example, the pair and triplet correlation functions are

given by:s.
22y,

eee 1a8a

| N
) = (ﬁ'—'é'ﬁ g g ™, ;IT

n3g(3)(£"£2,£3) - WI}BTJS KON

and from 1.7

ijz Jﬁ‘

dr. eee 148D
)

2
g( )(£19.1:.2) z_—T g 1,1‘2,_3) eoe 149
Combining 1.6, 1.7 and 1.4, we have the important normalization
condi‘tj.ion: ‘ .
2 (2) _ N _ . 1
gn g\ (zpzy) dxydn, = o T = H(N-1) ees 1410

The next stage in the problem is to relate the phase distributions-

to macroscopic variables. This is done by means of ensembles.

2) Ensembles
The idea of a cloud of points inX-space s each point

representing a complete system,leads to the concept of an ensemble of
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systems in thermal and mumerical contact. The entire ensemble,
however, is isolated so that although the energy and number of particles
may vary from one system to another, the totals for the ensemble remain
constant. This is called the Grand Canonical forme The usual
procedure is to assume energy fluctuations are small, so the average
distribution is used as the most probable distribution. loreover,
the time average of a function of the system is set equal to the
average over the ensemble.

For a one component system, the probability distribution,
FG’ is defined as 3

(N) (N)
FG(R(N)!.’_-'.(N)) g lexp(, = kin‘E ) PO Pa b

where /u is to be associated with the thermodynamic chemical potential,
H is the Hamiltonian for the system with N particles, ILB is Boltzmann's
constant, and T is the absolute temperature. & is the Grand partition

function for the ensemble - it forms a normalizing function for F

(N) (\})

#’—) exp (— kBT ) ssh Jo12

14 =

: J.%uen in the forms

Z = z XN /\I:) eoe 1013

20 , o
qh,;.. wle ACULV \t\/)
vhere \, the SEbiwiiy cosSfofmms, is given by
H
= el T

and Z(N) is the Canonical partition function.
The link with thermodynamics is made via the entropy, S:-
s = «InF,>

il e Bl <?> '/"g\I> - bt i

m -
The brackets <...> represent the average over th: ensemble. Ve
associate <H>with the internal energy of the system, and the

similarity of this equation with the thermodynamic equation for the



Helmholtz frce energy, (see, for example, ref. (3) ):-

F = U - TS’
suggests we associate the Helmholtz free energy with & ¢

F = ké."lnz-i-NkBTln)\ eee 1416

3) Multi-component systems

If we introduce more than one atomic species to the systen,
then, in general, each species will have its own chemical potential,

and the phase distribution is now expreiﬁsd ﬁ)tbe forn

. oN - H
™M) = LexeES kB(p' ) RSERY

where /Q_ e N = Z AN, a.nd/“a‘, N, are the chemical potential

and number of atoms respectively of species a.

There is no effect on the meaning of the overall distr-
ibution functions, £, As an obvious example of a multi-component
system, however, consider the electrical resistivity of binary alloys.
in the formalism of Faber and Zimen (4). Since different species of
atom have different scattering propertieé for the electron, the
resistivity is dependent on the atomic distribution.

The overall distribution function is split into a series
of partial distributions, according to their respective scattering
properties., This can be complicated if we have to consider the

triplet or higher ¢rder correlations, but for pair correlation the

total is represented by a sum:
2 2
gl )(_r.1,£.2) = E Z e,y géb) (zqrz,) cee 1418
a b

where the sums over a and b are each over .a.ll the atomic species,

and ¢ aiS the atomic fraction of a atoms. The partial distribution,
ga(_%) Qr_.] ,_z_'z), represents the probability of finding an atom of species
and an atom of species b at e

Another reason for this choice of separation is based

a at Iy
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on the normalizing condition, 1410. We can represent the total

number of particles in the system as

N = E Na XX 1019

a

Then N(N-1) = Zma (an - 1)
a b
2 Na( N~ 1 ) + Za é Naﬁb | eee 1420

Hence we have a normalizing condition for the partial distributionss

L]

22 \ (2) _

n'c, Xsaa (zyoz,) -y ax, = N, - 1) ces 10212

n%c_o g(z) (z,sz,) dz, dx, = NN a#bd 14210
ab ab 11=p =] =P a'b con

4) Neutron Scattering

Various descriptions of the theory in relation to liquids
are available, references (5) - (12). Van Hove (6) is generally
invoked in the course of these discussions. The scattering process
of the neutron is intimately bound up with its wave-particle duality.
The fact that a single neutron can set up a series of scattered waves
from an array of scatiering centres, which then combine, cokerently
or incoherently, to form a single neutron, is incomprehensible on
any classical basis, and the gquantum mechanical approach , therefore,
is to consider each neutron as being scattered by the entire
array of nuclei available to it.

The neutron is given an initial wave vector, 30, so its
initial momentum is # Q,, where # is Planck's constant/°TW , and
a scattered wave vector §,. The momentum transferred fo the system
in scatiering the neutron is

hQ.O = h-g},o - B, eoe 1422
and the energy tranfer is
voo= #(Q-¢)/m cee 1223

m being the mass of the neutron.
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When a neutron strikes a nucleus it is a.ffectéd by three
influences:

i) the neutron-nuclear rotential - this is generally
very short renge (10”4 m ) compared with the wavelength of the
neutron (10-10 m ) - hence the assumption of s-wave scattering only
(i.es no angular momentum interaction),

ii) the mass of the nucleus - this affects the recoil
of the nucleus and hence the energy transferred to it by the neutron,

iii) the forces holding the nucleus in position, princip-
ally due to the surrounding electrons and nuclei. These also
determine whether any vibrational modes in the bonds may be excited.

Scattering characteristics are expressed in terms of cross—

sections. Thus, for an incident flux of N neutrons per unit arez,
the rumber scattered into solic angle do. is H(%.__a.- ddl , vhere
%‘% is the differential scattering cross-section. As, in general,

there will be an energy transfer, then a partial differential

2
‘scattering cross-section is defined such that N( djlg; ) is the

number of neutrons scattered into solid a.ngle— d with an energy

gain of dw.

5) Inelastic Scatterin: Cross—section

In appendix 1 is derived an expression for the partial
differential cross-section (equation 5.1.10). For neutrons, assumption
(1) above implies a2 §-function for Vj@ - gj) - the Fermi pseudo- |
potential (13) 3
rz - R.) veo 1424

and the Fourier component of a S-function is a constant, gg;b-j.

vj(E" 33) = TJ

bj is called the coherent bound scattering length for atom j ( by
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.analogy with scattering from rigid spheres)

6) Hlastic Scattering

If all the atoms were rigidly bound, neutrons would have
the same energy after scattering as before. The Fourier transform
over w is then performed immediately, giving a S(t) function for

the time dependence. This leaves

%% = E E biby exp(-iR.E;(0)) exp(iQR (0))e  eoe 1425

J k
The cases for j=k and j £ k separate:
z b§ + Z by exp(ig. (B - R,)) coe 1426
J Jfk
The second summation in 1.26 is considered in appendix 2. For
powder diffractometry and liquids the cross-section is averaged over
all directions of the incident Q vector, and we see only the radial
distribution functione. troducing rartial structure factors
in the Faber-=Ziman formation , i.e.
a,Q = 1+ 4'ﬂ'nj(gab(r) - 1) ﬂﬁégﬁl = ar vee 1427

and atomic fractions

C = "2" ees 1428

a N

we finally obtain for the scattering cross-section

& = N,
where .
FQ) = anbaz +Z o2ri(a (q) - 1) + zzz o e, b (2. (@) = 1)
’ a a . "a be

[ XX ] 1029
Here w2 have made use of the definition A2.8, so that gab(r) is

invariant in the order of a,b, i.c. gab(r) = gba(r}.

7) Isotopes in fleutron scattering

There are two scattering lengths for each isotope with spin,

and the isotopes are distributed randomly among the atoms of a given element.
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The summations in equation 1.29 must first be performed over all
the spin and isotope states of each element, but the partial structure

factors are left outside such averages:-

FQ) = -Z° hNGVE Z ¢,? (ay,(Q) = 11<b >
a a
* ZEE e (ap(@) = N <h, >
a bra

eee 130

where the averages are performed over spin and isotope. The coherent

bound scattering length of an element is then

b, = <ba.>isotope,spin see 157
and the isotope bound scattering length is
bia = <bia.>spin . eee 1052

g) Isotopic Substitution
" It ig seen from tables ( for exsmple (14) and (IS”) ) that
scattering lengths show quite wide variations with isotope, and some
are negative, This affords a method of extracting partial structure
‘factors (Enderby (10) ), assuming suitable isotopes a.i-e available.
It would be impossible with X-rays, where the form factors are indep-
endent of isotorpe.

The first term in equation 1,30 represents the total scattering
cross=section of the sample, In general, since the atoms are not
rigidly bound, it depends on the neutron energy and the atomic
environment. For heavy elements the measured cross—section is close
to the bound value, but for light elements, such as hydrogen and
cieuterium, there is considerable recoil., In the present experiment

the total cross—section was calculated as the average of that for
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the water molecule, ( see (16) ), plus the bound cross-section of
the two ions.

This total scattering cross-section also affects the choice
of isotopes. Hydrogen, for example, has a much larger total cross—
section than its coherent scattering, so is unsuitable: for accurate
structure factors, the second and third terms in equation 1,30
should predominate. As a result, heavy water is used for the solvent.
For the choice of solute, sodium chloride was readily available
with chlorine isotopes, which have a suitable range of scatte:r;ing
lengths,

A solution of sodium chloride in heavy water presents to
neutrons a fou:r:-éomponent system, D, O, Na, Cl, having ten partial
structure factors. Examination of 1,30 shows that just two chlorine

substitutions (mass numbers 35 and 37 ), and a subtraction, produces:-
Foe(Q) = For(Q) =A = 2 (02, = 12) ((@v o = 1) + 26 (byp = by)
35 37 C1\ 35 37 ClCl Cl* 35 37
opbp(agyp = 1) + egbolage = 1) +
ONabNa(a’CINa. - 1) eoe 1433
where A = °C1(<b§5> - <b§7>)’

and a third substitution (natural chlorine) with further subtractions

gives

. 1 Foog = Fzr = Ay

2
e (Ppat = P35) (®pat = P37

Fyo = Pz =/,

see 1,34
( B35 = By7)

Huation 1.33 represents the enviromment surrounding the chlorine ion’

and it will be dominated by the D = Cl and O - Cl terms, because of
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the concentration factors. A Fourier transform of this equation
produces a similarly weighted sum of the radial distributions,
and so is a picture of the hydrated water molecules. Zquation 1.34

represents the distribution of the chlorine ions in the solution.
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9) Flaczek Corrections
Bquations 1,35 and 1,3} show us those parts of the total
pattern in which we are interested. When discussing systems of
several nuclei, Placzek (&) divides the total scattering into self
and interference terms, as in equation 1.29. For a constant

efficiency detector the measured differential cross-section is

= S

1 1
- % - me ) - e (25, - (2t +ws, - 2%)

+ cocee ...1’35

)
where Eo is the energy of the incident neutron, t = u sm2 -i ’

and u = 4Q§ . QO is the incident wave vector of the neutron, and ©
is the scattering angle.) Derivatives are taken with respect to t.
Sy is the elastic cross-section (equation 1.29) and Sys Sps eees

are the moments of this function:- )
Z<b§>eii ZE byb, Gl oo 1036
i i34 '
where the summatidn over i and j is over all the atoms. Iguations
1.35,136 Teplace equation 1.26 for the real system,
In the first summation, the average is performed over the
spin and isotopes as in equation 1,30, and Glili are the moments for a

single nucleuss

= 1

gi n2a2 | |
6] = —3-2% coe 13T
it B (hzsz)z . 4 1202

2 ZMi 3 2Hi av °

Kav represents the mean kinetic energy of the 'i'th mcleus.

For the interference terms

ij _ . .
Gy =  exp iQ.( L -z )y, as in equation 1.26
G‘ij = 0 see 1038

1
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69 ia Gij-lli- ﬁ“fi + (2 .8302 e p i C (r.25))
2 i i, 4 @ - & 2,8 & R

The second term in the square brackets represents the correlation of
momentum of the different nuclei, For classical statistics there is
no such correlation, and this is usually treated as negligible.

Byuations 1435 and 1.5 may be combined, and the subtraction of
1.3 repeated here, after introducing the partial structure factors in
exactly the same way as before.

For the self terms this produces to first order:

(R B Y B R R e S R e )
35 31 M AR s B ool

If K, is assumed to be of the order kT, and By is 0.16 eV ( for A=
0.69 & ), the third term at T = 293° K is 0.006, so it is reasonable
to ignore it compared to 4 sin2 g o m is the mass of the neutron.
For O = 1800, the overall correction is =0.,114, so we should expect
a small fall in the term with increasing angle. It is not possible
to employ this formula as the detector efficiency is not known.
However, in appendix 8 it is shown that there is a straightforward
method for correcting any fall in the value of A.

ij
1

second order corrections must be considered. The terms obtained are:

For the interference terms, G,¥ disappears, and so the

2 e
2 2 2 m ‘
cx (a0101 - 1)( B35 - ‘b37)( 1 - ;%-15‘0101(0))4-%01(1335 - b37)!L\
2 e
cDbI)( &s1p - (1 - f—- Fcu)(@)) + similar terms.
Cl ;
oee 1.40

where Fij (9) is 2 function of 3, and its derivatives which
cannot, in general, be calculated (although the possibility of

applying the correction iteratively has apparcntly not been
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investigated), and momentum correlations are ignored. The
important result is that the amn and a0 terms and their trouble-

some Placzek corrections have disappeared.
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CHAPTER 2

THE STRUCTURZ OF AQUECUS SOLUIIONS

1) Barly Concepts of Dissociation

Modern electrolyte 'theory has evolved from several discoveries
which were made in 1887. Gibbs (I7) had previously developed a system
o1 thermodynamics so that measurements of elevation of boiling point,
lowering of freezing point, vapour pressu:ﬁe of solvent, solubility, osmotic
pressure, conductivities, on solutions could all be related to a single -
thermodynamic quantity - the chemical potenti‘al; Raoult (I8) showed
that the lowering of vapour pressure of the solvent is proportional to
the mole fraction of the solute. Van't Hoff (19) subsequently showed
this to be proportional to the number of solute particles present. For
example, from Raoult's Law it is possible to estimate the moleculaxr
weight of the solute, Dreisbach (20). The molecular weight of KCl
in solution, as determined by this method, turns out to be nearly
half its actual value of 75, implying that the solute molecule is diss-
ociated into two particles. Another example is that the osmotic pressure
of a 1-1 electrolyte is approximately double that of a sucrose solution
of the same molality.

The electrical properties of dissociated solutions (mostly
acid, base and salt solutions) had already been extensively studied:
the concept of ions as charge carriers was introduced, and it was known
that at low concentrations the equiﬁalent conductivity of a solution
was a maximum at infinite dilution, Arrhenius (21) proposed that when
these substances dissolved in water they dissociated into rositive and

negative charged ions, and the degree of dissociation, X , was related
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to the equivalent conductivity,/A., by

A\

K = == _ cos 241
_/\—-.,

where Ay is the equivalent conductivity at infinite dilution. The
implication was that the ions moved at a constant speed, independent of
the concentration and inter-ionic forces,

The dissociation constant could also be defined from the Ostwald
Dilution Law (22) in terms of the ionizationm consta.:;t, and discrepancies
between the two definitions led to increasing support for a theory which
allowed the solute to be completely dissociated, even at high concentrations,
and the reduction in mobility of the ions was then attributed to their
electrostatic attraction: the actual behaviour of osmotic coefficients,
activity coefficients, and equivalent conductivities was quite unlike

that predicted from the Arrhenius theory.

2) Debye-Huckel Theory (23)

The method of Débye and Huckel is to solve the Foisson-Boltzmann
equation for a distribution of equal numbers of rositive and negative
charges. It invokes two major approximations (24):

(i) The potential of mean force between a tair of ions ignores
all short range repulsive effects, and is simply the Coulomb interaction
due to the charges on each ion. The effect of the solvent arpears only
in the dielectric constant, £, of the medium in which the ions are
situated.

Thus the potential .energy of ion j, with charge qj, due to ion i

a distance r away is represented by

wiﬂ(;) = qJ ?i(_ll) voe 242
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where ?l(g) is the electrostatic potential due to the charge q,.

(ii) The quantity Vs 5 (z) is assumed very small compared to

k.BT, so that the distribution function between ions i and j may be approx-

imated to
w, . (@)
g3@ = ex(- ’i';'ni—
) qJ?i(g) 23 -

kB T
Neither apQroxima’cion can work if the ions approach each other
closely, so the resulting formulation can only work for extremely dilute
solutions. - Assuming a srherically symmetric charge distribution, the
potential is |
7, =
where k, the reciprocal Debye length, is defined by

2 2
k‘ - = E-%B—T‘ Zs ns Q,S eee 2e5

and n_ is the mmber density of ions with charge q_. '

exp (~kr)
T

[ X X4 2.4

0 |2

Subsequent modifications to the theory included the introduction
of an ionic diameter, a, representing the distance of closest approach.
Bjerrmm (1) considered a 1-1 electro%yte to be associated if the ions

a
approached within a distance of 1 - s and defined this as the closest

2 ekBT
distance of approach.

The success of the theory and its modifications is by now very
well established. However it does only apply to very dilute solutionms,
typically 0.001 molar or less for 1-1 eleétroly'tes. For 2-1 electrolytes
the approximation, equation 2.3, when substituted into the Foisson-

Boltzmann equation, is much less satisfactory, and the theory will

apply to an even smaller range of concentration, Robinson and Stokes (2€).
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3) Hodern Hlectrolyte Theory

There have been many semi-empirical attempts to extend the Debye-
Huckel approach to higher concentrations, (26) and (27), and at least
one major attempt to give electrolyte theory a rigorous statistical
mechanical background, Friedman (28). The aim is to calculate thermo-
dynamic quantities as functions of concentration and then make a compari-
son with experiment. The calculations are rerformed either with Honte
Carlo / Molecular Dynamics similations, or by approximation theories, such
as the Fercus Yevick or Hypermetted Chain approaches, Rasaizh (29). The
former are time consuming and expensive, but act as standards with which
to judge the more approximate resulis. A potential of mea.n force between
ion pairs is modelled, and thermodynamic properties axe evaluated from
the radial distribution which is generated from the potential. Iriedman

(30) discusses a typical form for the potential between ions i and j:-

Uij(r) = COUL, . + conij + CAV, . ces 246

13 + C-D‘Ri

3 J

COUI.;:L_j represents the electrostatic potential. CORi.'i is the hard core
repulsiire potential,' and assumes either an inverse power or exyonential
form, CAVij reyresents the polarigation of the cavity in the dielectric
medium containing the ion, vhich results in a force pushing the cavity
toward a region of lower field. GURJ..:j is an adjustable parameter,
introduced to represent the overlap of the cospheres of the hydrated
solvent, Gurney (31).

This latter effect is the extent to which the solvent is usually
considered in all the theories: it appears as a structureless medium,
whose dielectiric constant is modified only in the proximity of an ion.
Yonetheless, the behaviour of activity coe\fficien'ts for the models, is
a considerable improvement over that for the Debye-Huckel fermulation

The concentration for which agreement with experiment is satisfactory

is now as high as 1 molar, Unfortunately at higher concentrations
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the agreement becomes worse again, and Rasaiah attributes this to the
absence, in the models, of any reference to solvent gramilarity:
detailed calculations which include solvent - solvent and solvent -
solute interactions have yet to be performed.

The statistical mechanical approach was established by lMacMillan
and Mayer (82): it regards the ions as a gas of finite charged particles
moving in a structureless medium. This is the justification for the
use of the traditional Percus-Yevick or Hyper-netted Chain equations.
However, interest in the original Debye-Huckel method has been renewed
recently by Bennetto and Spitzer (33). They argue that ‘any positive
contribution to the free energy function arising from the (hard core)
repulsions (between the ions) is also intrinsic to the standard state,
and does not, therefore, contribute to the non~-ideality.' For high
concentrations the Debye-Huckel azssumption of a spherically symmetric
charge distribution around an ion becomes inadequate, and instead the
cloud is allowed to be polarized by the neighbouring charges: this
contributes additional multipole interactiohs. Unfortunately, detailed
comparison with experiment is left to amother paper which has not
appeared yet, although the authors claim the behaviour of ac’t';ivity
coefficients,derived from their treatment, with concentration is
'realisticts They also claim they can recover the cube root dependence
of activity coefficients on molality - this dependence has been the
subject of some controversye.

The cube root "law", previously examined by Ghosh (34) and
Frank and Thompson (3§),has been interpreted by Bahe and Farker (3€)
in terms of a lattice model of the solution. The solvent appears as a
continuous dielectric, but solvation is introduced as a dielectric
gradient over a range of 1.5 to 5 2 from the centre of the ion. Beyond

this distance the dielectric constant assumes the bulk value of the

solvent, When a second ion is brought uz to a first, rolarization
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of the dielectric gradient produces a -1-5 (repulsive) term to the
T

electrostatic potential energy, additional to the Coulomb interaction.
Bahe assumes the ions are on a lattice, and then verforms a liadelung-
type energy sum over the ion distribution. However, Guirke ( Fh.De
Thesis, Leicester University, 1977 ) argues that such a sum is invalid
because the energies of the induced dipoles are not pair-wise additive.
Moreover the authors seem unaware of all the recent X-ray and neutron
scattering data on aqueous solutions.

As an overall view, it is clear that there is no unique theory

for the structure of concentrated agueous solutions. One of the diffi-

culties of all the approaches is that they calculate thermodynamic
properties, which are likely to be insensitive to the microscopic
arrangement of the solution, and hence to the detailed form of the
ion-ion and ion-solvent forces.

4) Bvidence from X-ray Diffraction

Since the review of X~-ray scattering data on aqueous solutions
oy Safford and Leung (37), there has been a considerable literature
on the subject, and a lot of work published in Zhurnal Struktornoi
Khimii is now available in English translation.

Tor water, a tetrahedral near-neighbour configuration of water
molecules, with some interstitial rositions, which increase in number
as the temperature is raised, has emerged as the most likely model. There
is some disagreement over which rrecise disordered lattice model is used:
Nerten (38) proposes a disordered Ice I lattice with interstitial
molecules, vhereas Q'Reilly (89) favours a mixture of Ice Ic and Ice VII

lattices. Lowever, bec-use of the high degree of disorder beyond
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using X-ray diffraction.
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Wertz, Lawrence, Kruh
Nanasivayam

Lawrence, Kruh
Dorosh, Skryshevskii

Wertz, Kruh

Terekhova, Radchenko

Terekhova, Ryss, Radchenko
Shapnvalov, Radchenko

 Narten

Shapovalov, Radchenko, Lesovitskaya
albright

Fishkis, Soboleva

Narten, Vaslow, Levy

Licheri, Ficcaluga, Finna

Wertz, Bell

Bell, Tyvoll, Vertz

Fishkis, Zhmak

Cristini, Licheri, Ficcaluga, Fimna
Alves iiargues, De Barros llarques
Bertagnolli, Veidner, Zimmermann
Triolo, uarten

Licheri, Piccaluga, Finna

structure of agueous solutions,

Ref. Solute
42 KOH,KC1
43 KOH,LiCl

FeCl
%‘é— %

Zn012
47 K280 4,Na.280 ,LiZSO 4
4Ta I;NaSBF4
48 D'Ig(!ZLZ,NiCZI.2
49 N'H4BF4,L:LBF4
50 ZnZBr2
51 HC1
52 Alkali-metal halides
53 I*Lg:Cl2 ’ CaClz, 00012, NiCl,,CuCl

& Cd012

54 Cocl:2
55 NH4CI,K01
56 NH4F,KF
57 HyS0,
58 Ammonium Halides
59 Co80,, 1150,
€0 Alkaline~earth Halides
61 KI,LiI
62 LiCl
63 Alkali Halides
64 ZnCl, /HBC1
65 Cu012
66 CuS0o 4
67 Cr(HQO) 6C13
68 2=1, 1=2, & 1=3 electrolytes
69 CsF
70 HC1
71,72, TAiBr,Calr,, CaCl respectively

2’ 2

2
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the first near-neighbour shell, the models are essentially in asgreement,
and they are both supported by the molecular dynamics model for liquid
water, Stillinger and Rahman(40). .

For solutions, the general method is to generate a composite
X-ray radial distribution, and assign different peaks to solute-and solvent
interactions, often using a model of the structure. On the assumption
that the scattering from the water molecule is dominated by the spherical
part of the molecular form factor, Blum (4!), the composite distribution
will be the sum of six partial distributions, and so the assignment
rust inevitably be ambiguous. The majority of the information derived
from the technique concerns the coordination of water molecules around
the ions, and a summary of this inform,tion is présented in Appendix 4§
The hydration numbers show variations, depenciing on the solute studied,
and on the authors performing the data analysis, and only in LiCl (62.)
bas any attempt been made to assign orientations to the hydrated water
molecules: this latter experiment was performed in conjunction with
neutron scattering.

.V ~ The other important ini‘dma'tion derived from X-ray scattering
concerns the ion-ion distribution. The existence of a longer range
structure beyond the ionic hydration shells is considered to be indicated
by & maximum in the scattering pattern for a scattering vector in the
region of 1 1, Neilson, Enderby, and Howe (74). Freviously, Dorosh
and Skryshevskii (53) had come to a similar conclusion when considering
X-ray scattering from soluticns of Ich;Clz, Ca.ClQ, 00012, NiCl2, Cuclz,
CaCl, . &lves liarques and De Barros lawques {68) nave succesfully
attributed lov angle maxime fo a lattice structure of cation complexes,
which involve water zolecules and anions, in solutions of BeClz, MgClz,
1g(105) o Ngamz; 4101y, AlBrs, A1(NO5)z, InClss Zor CaCl,, they find

a low angle Teature, but could not construet a uodel to explain it:
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Licheri, riccalusa and Pimna (72) find no cuch feature ( although their
presentation of the data may obscure it), but both authors agree that it
Gisappears in CaBr,solutions (73)s It is not clear whether this is a true
effect, or simply an artefact of the increased X-ray scattering

amplitude of bromine,

For 1-1 electrolytes there is very little evidence for long range
structure. Only for concentrated. LiCl solutions has Beck (78) suggested a
structure related to the crystalline hydrate, ~hilst Narten (62) finds
no evidence for this structure at all. In figure 2.2 are sh&wn the
X-ray intensity curves obtained by Lawrence and Kruh (§L) for a variety
of alkali - halide solutions. Only for CsCl is there suggestion of a low
angle feature, althoggh its presence could also be hinted at in concentrated
lithium and sodium iodide solutions. Bertagnolli, eidner and Zimmermann
(9) consider the Cs ions in CsF solutions to be arranged only in the
cavities of a disordezxxap-imidymite lattice.

rI‘Ii‘zere has been some work on solutioﬁs in organic solvents. Hertz,
Tutsch and Bowman (76) have remarked that 'water has a strong tendency to
form its own structure, so vart of the force exerted by an ion's electric
field is needed to break down the rrover structure of water. Consequently,
solvation structure stabilization is known to be stronger in non-agueous
solvents, where proper solvent structures are absent or less develogped'.
There have been studies of ferric chloride in methanol (77) and
magnesium, calcium, cobalt and nickel chlorides in methanol, ethanol, and
dimethylformamide, (78) and (79). In all these solutions the hydration
phenomena re more pronounced than in the equivalent aqueous solutions.
The divalent cations are six~fold coordinated with solvent molecules,for
dilute solutions: at higher concentrations this is reduced to four,.ith

anions entering the first shell of molecules. ror the solutions in
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alcohol, the low angle maximum is rmch more prominent, indicating en-
hanced long=-range ordering of the ions. Tor the dimethylformarice

solutions the low angle mexioum d&isarpears.

5) Bvidence from Neutron Scattering

The number of neutron scattering experiments on aqueous
solutions is small. Apart from the work of Narten, the major contribution
has come from Znderby (§0). This work has given quantitative information
about the nickel-nickel partial structure factor in nickel chloride
solutions, and confirmed the idea of a lattice structure. There is also
the inelastic neutron scattering work of Safford, Leung, Neumann and
Schaffer (81). The inelastic spectra will contain contributions from
all the molecular motions in the solutions, and so interpretation can
only be cualitative 2t best: their main conclusion is thet small
nighly charged ions disrupt the vater strvcture and form locally ordered
complexes.

€) liolecular Dymemics and lionte Carlo Calculations

Since the successful application of molecular dynamics €0 liquid
water (40), the technique has been applied to aqueous solutions, although
limitations in computer size and time have so far prevented a sirulation
irith a large number of solute particles, EHowever valuable information
about the hydration of ions can be obtained. ©So far the calculations
have been limited to alkali-metal and halogen ions. Either the ST2
model of the water molecule or Hartree-Fock calculations are used to
obtain the ion-vater and water-water potentials. The hydration numbers
and ion-water distances are shown in Apﬁendix: 6 . These parers
also contain rmch information about the orientation of the water
molecules, 2amman (1) has demonstrated the formation of hydration
spheres around a pair of :ositive and negative icns surrounded by

vater molecules,
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List of ionte Carlo / lolecular Dynamics calculations on the hydration

of ions by water molecules.

Author(s) liethod

Heinzinger, Vogel

Vogel, Heinzinger

Heinzinger, Vogel

Vogel, Heinzinger
Kistenmacher, Fopkie, Clementi
Fromm, Clementi, Wattis

Watts

Briant, Burton

Mruzik, Abraham, Schreiber,
& Found

D

MD

D

MD

MC

MC

nef.

82

84
85
86
87
88
89
90

Ion
1it,c1”
cst,e1”
Lit,nat, cst, 17,007, F
Nat,c1”
it et %, 7,0
i,
it xt,F, 0
Nat,mbY,08%, 7, e, 17

1it,xt, 0", 7
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7) Conclusion

There is a wide literature on the structure of agueous solutions.
Since the successful Debye-Enckel theory,ideas have diverged along
several paths which represent a considerable improvement at higher
concentrations, but develorment of a rigorous theory is unlikely until
detalled knowledg: of ion-solvent and ion-ion interactions is available.
X-ray diffraction data and molecular dynamics calculeations have sugpplied
some of this, but discrerancies occur between different exreriments on
the same solufion. The X-ray data is,however, cuite consistent in assign-
ing ion-water distances to the hydration spheres.

A variety of other techniques have been applied to the proi)lem
‘of ion hydration. Infra-red absorption, Raman spectroscopy, and nuclear
magnetic resonance have supplied some information = cee,for example,
Irish (92), the series of rapers by James et ale. (98), and those by
Hertz et al, (77). However because of the complex interpretation required
for the latter experiments only general conclusions are usually drawn
about the structure making and structure breaking properties of ions.

The neutron diffraction experiment presented in subsequent
chapters is a source of reliable, quantitative information on the
hydration of srecific ioms, and ion-ion interactions, and chould
eventually enable a major advance in both theory and interpretation of

data from other experimental techniquesfo De mowle,
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CHAFTER 3

IEE NEUTRCH EXCERTIANT

1) Introduction

Examination of the structure of liquids is usually
accomplished using the Debye - Scherrer powder technique. There
are two differences: the liquid structure pattern is considerably
more diffuse than the crystal one, and peak intensities are much
smaller, Hence a large incident flux is raquired tc produce
observable scattering, and it is not necessary to have the high

resolution of a crystal diffractometer.

2) Neutron Diffractometer

Figure 3.1 shows a schematic diagram of the D4 liquids
diffractometer at Imstitut Laue - Langevin, Grenoble, France.
The principle of neutron diffraction has been described by Bacon
(¥). Samples were mounted in zirconium - titanium cans, fige 3¢28e
This ic a random alloy, so that, because the titanium sca.ttering
length is negative, then, with appropriate choice of concentration,
the alloy could be made with nearly zero conherent scaiteringe The
sanple was mounted on a netal candle at the centre of the vacuun
chamber, and centred with a micrometer gauge: when comrletely
central, rotating the sample produced no movement on the gause.
The incident beam was collimated to 50 rm high, and 20 mm wide, and
cadmium shields on the sample container lowered the beam height
to 31.4 mn. The wavelength used was 0,69 2 throughout, and was
checked regularly by I.L.L. staff. Typical counting times were
two days ver seample; there was a count rate of ~360 ver sec at
the main reak in the total scattering rattern. The data were

recorded on magnetic tare or pajer tape for computer analysis.
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3) Sample Preparation

Several of the earlier experiments were not repmducg"?ble,
and it emerged that this was due to varying amounts of light water
in the samrles. DIr. Heilson suggested the use of an infra~red
spectrometer to monitor the hydrogen content. This spectirometer
(a Perkin - Elmer infra~red spectrometer) produces a graph of the
variation of infra-red absorption with wavelength. The sample is
contained between calcium fluoride glass windows Q.1 mm apart. an
absorption feature due to an O = H bond excitation at 3400 cm™
vas selected for the purpose. The absorption, A, is given by the
Beer-Lambert law as a function of the concentration, ¢, in atoms
per unit volume, of the component causing the absorption:

log,lo A = - Xkc, ese Dol
where k is a samrle cell constant. The procedure was to compare
the absorption of the sample with that of a sheet of standard glass
by taking the ratio

log,, A/As = -ke+ko coe 342
vhere the suffix s applies to the standard. This egquation was
used to calibrate the spectrometer and samvle cell, fig. 3.2b. The
sodium chloricde solutions were tested in a sirilar way and compared
using the calibration curve. The important zim was to prepare
all the samples with the same iight water content., The heavy
water used was normally 99.9 witd D,0; it was possible to prerare
samples with absorption the same as 99.2 to 99.7 wt % D,0, and the
three samples could be made the same within x 0405 wt % D20.

They were prevared in 5 or 10 ml Fyrex volumetric flasxs
vith air-tight glass stoppers. To reduce the 320 content, the
sodium chloride was initially baked ata150° C for several hours.

Subsequently, in solution, if the content was still too high, the
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solution was evaporated over gentle heat an¢ the solute re-~baked.
The long neck of the flask prevented any loss of solute in the
drying process, and it was generally not necessary to remeat the

process more than three times,
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Data Analysis (See Paalman and Pings (94) , and Hlech and
Averbach (§) , Placzek (§5) )

1s Subtract backgrownd counts from empty container, vanadium,
and sample counts,

2. Correct venadium counts for absorptiocn, multiple scattering,
and inelastic effects. From the known incoherent cross-
section of vanadium, calculate a calibration constant, CVAN.

3¢ Calculate the Paalman and Pings quantities As s ?
?
A s 2nd A y and the multiple scattering cross-
cySC CyC
section, ) for the sample.

4. Generate the corrected data as function of ©

' 1 A
cySC
I.(e) = Ic+s(e) - I (®) -—A—‘—:—
S,8C S,8C CyC

where I +s(9) is the scattering from sample plus container,
and I, (@) is the scattering from the empty container.

Se Normalize IS(O) to units of differential cross-section,
and subtract the multiple scattering:

I(6)
CVAN

PO =

- o=
m

6. Convert values of scattering angle @ to momentum trans-
fer, Qs
4T sin 2
Q = 2
A

where )\ is the wavelength of the neutrons.
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4) Datza Analysis

Data were taken for the background (i.e. no sample or
container), emrty container, vanadium rod of dimensions similar to
the sample, and sample in the container. These were corrected for
absorption, according to Paslman and Pings (94), and for multiple
scattering, according to Blech and Averbach (95). See figure 3.3.

The muiltiple scattering was assumed to be isotropic with scattering
angle. Vanadium has virtually zero coherent scattering and so is used
to calibrate the neutron counter.

This approach is open to some criticism. The Paalmen and Pings
work was originally derived for X-rays, in which photon capture is the
predominant form of absorption, and scattering causes negligible
attenuation. Hence multiple scattering is usually ignored for X-rays.
For neutrons, in the present samples, scattering is the primary form
of attenuation, and neutron capture is usually quite small. Multiply
scattered neutrons contribute to ~ 20% of the total scattering. Thus
it is not clear whether the Faalman and Pings approach is applicable
in this instance: a more rigorous treatment should include both
multiple scattering and absorption under the same formalism. In the
past this procedure has been used quite satisfactorily with monatomic
and binary liquids, where the degree of accuracy required is the same
order of a magnitude as the errors in. the absorption correction. In
the next chapter, however, it will be seen that errors of 1.0 % can
lead to a completely misleading picture of the ion-ion structure
pattern., Faalman and Pings is used here in the absence of a more
acceptable formalism: for the first order differences at least,

the data go to approximately the correct limits.
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5) Correction Procedure

The first order differences were generated according to
equation 1.33, and smoothed using the Fourier analysis technique
described in Appendix 3 o The latter considerably reduces the stati-
stical noise in the data, but it was evident from the outset that
syetematic errors rema.m.mg in the data were sufficiently large to
prevent a direct second subtraction to obtain the chlorine-~chlorine
distribution. This problem has arisen rreviously in partial structure
factor ahalysis, and Edwards, Enderby, Howe and Pég;h(?é), have used an
algorithm to remove as much of the systematic error a;s possible,

Their method relies on the fact that the partial stucture factors must
lie within certain limits, and they allow the function F(Q) for each
isotope to ‘vary between 20,01 bams for 0<Q<2 X', and (1 %.05)F(R)
for Q2 3-1. Table 3.1 gives the scattering lengths for the isotopes
used in the present experiments., If these are substituted in

equation 1.34, it will be seen that for a variation in Fna:b(Q) of 0,01
barns, and ¢y= 040331 (corresponding to a 5.32 molal solution), then
the value of a5y &enerated will change by 53. The conditioning
becomes even worse at greater dilutions.

Consider the first oxrder differences from equation 1.33:-

M= F (@) - B - A,
ees 303
R = Fp(Q) - F5,(Q) - A,
The systematic and random errors are represeﬁted by 51 ’ SZ respectively,

and equation 3,3 is rewritten in the form

D= ogX + gqp¥ + 9,
e 3ud
2= cpy X + cpy ¥ +52
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where X = ( 3.0101 - 1 ) XX 3.53

T= 2eb(amy 1)+ 2cob0( a1 ) + 2cNabNa( 2o | )s

[ X ¥ 2 3.5b
2 2 2
and oy = o (B = D3 )
2 2 2
2= °a (%5 =) oo 346
1y = g ( gy = 59
oy = Cq ( b35 - b37).
e
There are two conditions on which the data 4® sensitive to errors:
éumx = a0 + 12 = (a0,y +Cy) X + CORRy ces 307
Sy = a,D1 + D2 = (a'I°1Y+ coy) ¥ + CORR, ees 348
c c
2Y 2X
where = - ——=_ and = - -
X ¢y’ B °1x’ e 349

CORRy = ay§+§, , and CORR, = a, §.+ §, .

Because X and Y must lie within certain limits, then SUMx and SUM.I
+ +
must also lie within limits IE and L; respectively, and these define

maximum and minimum values for CORRy , CORRy:

o - 1 - s

oo 3010

The procedure is to allow CORBX to vaxry between COB}?;&X and COR.I\’;?.'J“,l

while COBRxsixmxltaneously varies between Coaﬁax and CORR:‘;“], and foxr
each pair of values CORRy, CORRy, the corrections 31,32 are computed

from equation 3.9. A pair of values of 51, Sz are selected such that

S = [51‘ "'lsgl eee 311

is a minimm, i.e. the corrected curves are to lie as close as possible
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to the original. To check the consistency of the procedure, a third
difference may be defined:

D3 = D1 - D2,
and the analysis repeated for each of the pairs D1, D3 and D2, D3,

The corrected differences are then Fourier transformed . to.the weighted
sum of radial distribution functions, and the analysis repeated, with
of course different limits for SUMX . SUMY .

The corrected first order differehces are shown alongside thz
originals in figures 3.9 to 3.14. The correction is not usually greater
than Q01 barms - indeed it is an order of magnitude less than this for
most of the Q range. The exception occurs in the range 0<&<0.5 g ’
which is difficult to measure expefimentally. With this exception, the
present corrected data lie well within the systematic error limits
proposed by Edwards et al.

To describe the allowed limits for SUMY s @n  average sum

of the partial distributions in equation 3.5b wus defined as

Y

Yav = ° [ XX ] 3.12
‘ (2°DhD + Zegby  + 20 a )
The limits on X and Y__ are shown in Table 3.2. The data - indicate.

the limits on Ya.v since this temm domiz}ates the first order difference.
The limits on X are not well defined. However the thermodynamic limit
of 8y 0y 2t Q= 0, i.e. a‘ClCl(o)’ can be computed, and the limits for X
were defined to be = 1,5 ( gy (0) =1 ) ,(see Appendix 4).

For the radial distributions, it is known that none of the
partial distributions can be nega.tivé, and atomic packing prevents any
liquid redial distribution function going above ~ 4 for r>2 R. In fact
the limits of the radial distribution function of X were larger than

those which could be physically allowed, as the data retained large
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truncation oscillations.

In general if the scattering lengths or the limits on
SUMx ’ SUHY have been wrongly chosen, then the corrected data lie
further from the original than they would with correct values, This

provides an inherent check on the scattering lengths.
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CHAFTER 4

RESULTS

1) The Chlorine Hydration Srhere

The function Y(Q) in equation 3.5b represents a weighted
sum of C1 - D, Cl = 0 and C1 -~ Na partial structure factors, and can
be extracted according ¢ equation 3.8 (figs. 41 - 4.2 ). Fourier

transform of this function yields Y(r),( figse. 4¢3 = 4.5 ), where

Hr) = —F Y(Q) Q Sin(ar) 4@
2Mnx

= 2epby(ggp = 1) + 200bg(Egyo = 1) + 20y, (B, ~ 1)
eee 4ol
The figures show that statistical noise remains in the data as well
as truncation errors caused by Y(Q) being measureable to only finite
values of Q (<C15 . 1 )e To identify true structural features, a window
function (see for example (107) ) was applied to Y(Q). The form of
the window function was

T@= w7 cos 2 )
2

L X & J 4.2

with T = 15 &, ana Y(Q) =0 for Q15 g1,
Since Y(r) is dominated by the Cl - D and C1 - O terms, it
is immediately evident that the chlorine ion is strongly coordinated
with water molecules, and beyond the hydration sphere there is
practically no ordering of the water molecules. The double peak in
Y(r) implies that the water molecules have a definite orientation around
the ion. The depth of the minimum between the two peaks indicates that
the rate of exchange of hydrated water molecules with the unhydrated
molecules is small, (but see Chapter 6 for a discussion of this).
However it is not clear whether the first peak consists

entirely of deuterium atoms, or partly of deuterium and partly oxygen.
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The coordination numbers are obtained by integrating over the first

peak: RMIN
4TTn g(Y(r) +A) P ar = 2o + 2bgN,+2b Mo eos 4e3
0

where A = 2epby + 2c0by + 2 ey b

Ny Ny » Ny, ave the respective coordination mumbers of D, 0, Na,

and BMIN is the position of the minimum., Table 4.1 shows the results
of the integration for the three cases when the first peak consists
(i) entirely of deuterium (No = N =0 ) » (i1) of equal mumbers of
deuterium and oxygen ("N =N, N, =0 ), and (iii) entirely of
D,0 molecules ( Np=2N,, N =0 ).

2) Model of the Bydration Schere

To obtain a more specific répresentad:ion of the structure, a
model of. the hydration sphere was developed on the lines given in the
previous paragraph. Ncis the mmber of water molecules §oordinated to
the ion: the total rumber of atoms in the hydration sphere is then
}N et 1 If n, is the total number density of D, O,C:a.nd Na atoms in

the bulk liquid, then the Tean volume per atom is =, and so the
3Nc +1°¢

?
nc

volume occupied by the hydration sphere is vhich enables

a2 mean radius of the hydration sprhere to be defined as

5
rc-..-,\/V}(Bch"‘). -00404

4 T =n,
In the model, the continuum radial distribution function is assumed to
be flat beyond tkis radius, and 2_ero within it. As the transition from
hydration sphere to continuum is unlikely to be truly 'hard', a small
width, w , is placed on the contimmm radial distributiomfunction:

gc(r) = 0, r<rc-w
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(z #0)° Tz )
g,(r) = er (1-sin(E§'r'f;i—)), rc-w<r<rc-w.-" s

]

gc(r) 1, > T, W

For the coordinated molecules, the spherical polar coordinates
of the ion with respect to the oxygen atom of a water molecule were
defined according to figure 4.8a, and the distance of each deuterium
and oxygen atom from the chlorine ion calculateds The O -~ D bond
1eng£h was set at0.94  , and the D = 0 - D angle set at 104.5° (see
Franks (97) ). To account for thermal motion, a normalized Gaussian
profile of width w was placed on each distance and weighted according
to the neutron factors. This produces an hydrated radial distribution

T zex?

[
= e— Do b
gh(r) 4'“'an CD D Dé'TT N exp( 2W ) +

z N (-(r - ro)§ y
+ 20 'b e———— exp —————— coe 4.
00 2
01211‘»: W

Here, ND’ No are the numbers of deuterium and oxygen atoms at distances
Ty Tg regsrectively. The summations are perforined over all the atoms
in the hydration sphere., The weighted radial distribution for the model
is finally defined as

Loaer® = g@ + Agx) - A cos 4T

At concentrations 5.32 and 2,99 molal, two models emerged,

(figS. 4,6b and 4,]a, and Table 4.2 )s It was not necessary to define
more than two Cl =~ O distances. In model A, one of the 0 -~ D bonds in
the water molecule lies nearly parallel to the Cl - O axis = there is
only one hydratio'n sphere. In model B the two deuterium atoms lie
equidistant from the chlorine ion, and there is a second layer of

water molecules, similarly orientated, which overlaps with the continuum.
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At a concentration of 1449 molal, two models again
emerged, aﬁd one of these (B) is shown in fig. 4.Tb. The model
A had a first shell similar to the model A of the higher concentrations,
and a second hydration shell similar to the 1.49 molal model B.
At this concentration, the small signal to noise ratio makes the
analysis open to much greater ambiguity, but for both models at this
concentration, unlike at the higher concentrations, a second shell
of orientated water molecules is definitely needed to regenerate
the experimental data. | |

The models were analysed in terms of their mean square
deviation from the experimental data, and results of this are
shown in table 4.3. For concentrations 5.32 and 2.99 molal, model
B emerges as giving the better fit of the two, despite the fact
that it entails a Cl - O distance shorter than that observed in
any X-ray experiment, appendix 5, and an orientation different
from that observed in the molecular dynamics simulations. In the
past, the orientation as in model A has been accepted as the most
likely configuration. This discrepancy may well represent a
short-coming in the modelling technique, but Narten, Vaslov and
Levy (62) used the same typée of model to obtain the hydration of
chlorine ions in LiCl solutions, and there have been very few
X —ray experiments on NaCl solutions. However one wouldn't expect
the hydration of Cl in the two solutions to be very different.

Finally,it should be noted that the sodium ions are
not included in the models aé they contribute less than 3 % to

the composite pattern.
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3) Chlorine Fartial Structurs Iactors and Radial Distributions

‘e chlorine partial structure factors were extracted
according to equation 3.7 from the corrected differences. Direct
Fourier transform of the partials yielded a g{r) which had lar:;e
oscillations of period ~1 R in the range 2 - 10 3, and virtually
structure~less beyond. Such a distribution is difficult to justi-
7y physically. The molten sodium chloride data (Edwards et a2l. (96))
shows that the chlorine ions do not zpproach any closer than 3 2
in the liquid state, and the period of oscillation in the Cl - Cl
radial distribution of the fused salt is A4 2. Fence the large
oscillations were treated as truncation errors, and the oscillations
in agn (&) were similarly found ‘o be due to g(r) values beyond
beyond 20 2. Assuming the g(z) cannot have a period of oscillation

less then 1.8 &, then (a should be substantially zero

crer = V)
for Q values greater than 2T /1.8 2-1, ie€e 345 1. At the seme
time, the resolution of the D4 diffractometer at I.L.L., Grenoble
is usually quoted as 0.2 %' at @ = 1 77, so it is difficult to
observe oscillations of period 0.3 3-1 or less. This implies a restr-
iction on the maximum »adius value to which information can be

obtained : = = ZTT /0.3 = 2049 ?x. The window function, eguation

=
ax e

442, wes aprlied to 2 -1 uith T = 3.5 %7, and to Scrcl "

a1 %

with T = 20 Q. nally, because the daia for < 0.4 1 is w-

reliable, this region was approximated by drawing a straisht line

between the thermodymemic value (Appendix 4; at & = 0, and the value

at @ = 0.4 3-1. In gélc:l.(r)’ all values for r<3 2 were set o Z€T0.
The partial structure factors obtained are showm in

Tig 448 ¢ the band of error shows the amplitude of the oscillavions

in the raw data, Cbviously with such large error bars at the lower
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concentrations, it is difficult to Jjustify the radial distribution
curves presented in fige 4.9. The apparent increase in structure
with dilution is probably an effect of the increased statistical
mncertainty in the partial, although there is some justification
in terms of structuring of the ions by water molecules (see Chapter

6 ) at lower concentrations.
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4) Nickel Chloride Agueous Solutions

A study of nickel chloride aqueous solutions was performed

concurrently with the present experiment, using nickel isotopes.

This work was performed by Dr. Ileilson, and so is only presented

in outline here. The experimental method was identical with that

for sodium chloride solutions. The nickel isotopes used were:

natural nicikel, nickel *62', and nickel 'zero!', the latter consisting
of a mixture of natural and '62' (which has a negative scattering
length) such that the scattering length is nearly zero, (see Table 4.4).
The equations relating to the .stmc'tu:ce functions are exactly
analogous to those already described, and the figures contain all

the relevant information. At present, application of the correction
procedure described in Chapter 3, has not been completed, and so

there are no Y(Q) or Y(r) curves for the data. Instead, the second
order subtraction was performed directly; no reliable radial distribu~
tion has been obtained from this data. However the first order
difference curves have been Fourier transformed, and yield important
information concerning the nickel hydration sthere.

The total F(Q) curves show a small feature in the region
of 1.0 3?1 for the natural isotope, which moves inwards at lower
concentrations: this movement has been interpreted in terms of a
lattice model of the solution, Neilson, Enderby and Howe (74.).
The feature does not appear in the 'zero! or '62' isotope cuxves,
and only very weakly in the first order difference curve, F'62' - F'zero"
where despite the negative scattering length of the nickel isotope,

it would still appear as a positive feature if it were solely due

to the Ki-Ni rartial structure factor. This suggests that a wajor
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contribution to the peak is from one of the %erms aip® io? Hwicl
Thus the identification of the movement of the pre-peak in the total
F(Q) pattern with the movement of the main peak in the Ni-Ni
partial structure factor has yet to be verified by partial structure
factor analysis at lower concentrations. The existence of the
feature and its movement contrasts strongly with the sodium
chloride solutions, where no such feature is observed.

The radial distribution cuxves, fig. 4.18 - 4.20, indicate
that the water molecules are tightly bound to the nickel ion. The
coordination numbers were obtained by a similar integration to
equation 4.3, and are shown in Table 4.5. Least squares analysis
in terms of models has not been performed, but it is clear that
only the orientation of the water molecules shown in fig. 4.22
would fit the data at all dilutions. Thus the existence of a
cation complex, as suggested by X-ray diffraction data (Chapter 2),
is confirmed, and the depth and width of the minirmum between the
double peak and subsequent features implies that the rate of exchange
of hydrated water molecules with the suryoundings is small, This
again contrasts with the sodium chloride data, where the orientation
of hydrated water molecules around the chlorine ion is open to
ambiguity, and the hydration sthere merges continuously with its

environment.
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Fige 4422 Orientation of watsr molecules around the nickel ion




CHAFTER 5 40.

MODELS OF LIQUIDS

1) Introduction

In the discussion in Chapter 2, it emerged that some
authors have suggested the existence of a quasi-lattice structure
of the ions dissolved in an aqueous solution. This has prompted
two questions: how lattice-like is the structure, and do other
liquids not show similar features? There is also the question of
whether the structure can be predicted by a ‘nqn-lattifgg' @del.

For agqueous solutions we have the following information
concerning the ion-ion distribution: The structure factor for
chlo:éine ions in sodium chloride shows no ordering in the radial
distribvtion. For nickel chloride, there is considerably more
evidence for ordering in the Ni - Ni partial structure factor.

In addition, a small peak in the total scattering pattern,
associated with the first peak in the nickel rartial, is seen to
move linearly with n%l s Where Ny is the number density of
nickel atoms (74).

An attempt is made here to answer the questions by presenting
some calculations on disordered lattices, and comparing them with

the results of ~ hard-sphere sirmlation.

PART A = Disordered Lattices

2) Setting Up the Disordered lattice

The lattice model of liquids, both theoretically and

experimentally,is well-known. Kaplow, Strong and Averbach (98 )
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and (99) have found good agreement between the disordered lattices

of magnesium, lead and gold-tin alloys and their corresponding liquid
stucture. Narten (38) was able to obtain good agreement between
a disordered Ice I model of water and experiment, although O'Reilly
(39) showed an Ice Ic-VII model to be equally satisfactory. Most
aprroaches use a large number of adjustable parameters to fit-
their models, leading to a confusing picture of the real liquid |
structure. In the present study, a simple model is used to compare
a variety of liquids, showing the extent of the lattice-like
behaviour, and gaining insight J.n‘!:o the physical meaning of the liquid
structure factor.

The radial distribution function for a crystal lattice
is represented by a distribution of s-functions, whose heights
corresponds to the number of atoms at each radius value from a given
origin, Thermal broadening, the Debye-Waller factor, reduces the height
of the peaks, but the area under each still represents the number of
atoms, For the liquid model, the broadening is allowed to increase
considerably so that the peaks overlap and thé distribution becomes
continuous,

There are two types of distribution to be discussed:
g(r) is the probability function discussed in Chapter 1. G(r)dr is
the mmber of atoms found within dr at r, and is equal to 4 nr°g(z)dr.
It is necessary to generate G(r) before g(r) can be calculated. The
method for disordering a crystal structure therefore falls into three
stages:~-

1) Obtain G(r) for the solid lattice.

'2) Disorder this and then divide by ATnr> to obtain g(x)e
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3) Perform & Fourier transform to obtain a(Q).

The third stage is included since experimental data comes as a(Q),
and it is possible to awvoid termination errors in the simulated
data by generating g(r) to large values of r. A general computer
algorithm was written for any crystal lattice which can be
described by a repeated unit cell, for the G(r) in stage 1, See
figure (5.1).

For step 2, the width of the 'itth peak, o7 » is described
by the equation

of = ax, eee Fol

where x. is the position of the peak, and a is the width constant.

i
Other broadening terms were tried. A constant term was unsatis—
factory, a square-root term did not produce sufficient disorder at
large r, and a quadratic term was too strong.: the linear function
is the maximum broadening possible while keeping the distribution
meaningful.

Bowever, Frenkel (l00) argues from - statistical mechanics
that the width should increase as 4?:; « Indeed the linear term
is not pexfectly satisfactory. But in the real liquid there are
interstitial positions, on account. of the atomic motion, which are
not possible in the solid, and this produces broadening additional
to Frenkel's simple kinetic term. |

Another effect, not mentioned by Frenkel, is that disorder-
ing a lattice with increasing peak widths increases the number
density of the final G(r)e The amount will depend on the value of
ay, and the peak shape. Hence it is necessary to integrate the
disordered G(r) to obtain the new mean mumber density. This

integral is awkward for the Gaussian probability curve usually



Figure 5.1
Algorithm for generating radial distribution of a crystal.

1s Input the dimensions and angles of the unit cell, the
coordinates of the atoms within the cell, and their
ylattice site probabilities.

2. Define the maximum radius to which atoms are to be

counted, and define a parallelipiped containing an
integer number of unit cells, and sides parallel to the
unit cell vectors, sufficiently large to contain a sphere
of this radius. | '

'3, Step through the parallelipiped, stopping at each unit
.. cell.
4. At each unit cell, generate the coordimates of each ]

atom in turn, and convert to Cartesian coordinates with
respect to the centre of the parallelipipeds Measure the
distance of the atom from this origin: compare with the
previous values of such distances. If there are aiready
atoms at this distance add the present lattice site probability
to the existing value., If there are no atoms previously at
this distance, generate a new lattice distance and probability,
and place this in the array in order of increasing distance.
If the distance is gfeater than the radius of the sphere, then
ignore the lattice site.

5. When the stepping is complete, there will be two arrays,

one containing all the distances from the origin at which
a lattice site may be found, and the other contains the total
nvm‘ber of atoms to be found at each distance, given that some
or all of the sites are not filled for 100 % of the time.
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associated with this type of disorder, so a simpler function for

the peak shape is used here:-

Fi(r ) = -%"._[1 + %S(—z%f)—— )J ’ ees Dol
i i

Y ' i
for ( x;, -5 Jpr=( x; + -2--) , and zero for r outside these
limits. The -%: factor is introduced so that the integral of
i

the function over the allowed range of r is wmity; this integral

is analytice
The disordered G(r) is represented by the sum
G(r) = Zﬂi Fi(r) ' .o 5¢3
i

where N.is the number of atoms at radius x

5 5 in the original lattice.

3) Results

a) Monatomic liquids.,

There is a wide literature for the structure factors of
monatomic liquids. Comparison of the disordered solid-state
structure with the liquid structure factors is shown in figs. 5.2,
to 54 « Table 5.1 gives the parameters used in the simulation.
No attempt was made to obtain a least-squares fit: the amount of
fitting was kept to an absolute minimum, The guiding criteria
were, to obtain a near-neighbour distance, atomic number density
and péa.k width constant, consistent with an a(Q) close to experiment.
The following points emerge from the comparisons—

1) Except for zinc and tin, the near-neighbour distances
of the simulation are too large. For zinc and tin they are too
small.

2) Except for zinc and tin the second and subsequent
peaks of the simulated data are at too low a value of Q. For tin
they are at too large a value, for zinc they are approximately

correcte.
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3) All the simulated number densities are too large,
despite three out of five of the near-neighbour distances being
{too large.

The conclusion is that the second and subsequent peaks in
the structure factor are more representative of the near-neighbour
distance than the first peak, and that the liquid has vacancies
in ' the solid state lattice. The liquid structure does resemble
the solid lattice: it would, for example, be quite impossible to
fit either of the cubic structures to liquid tin. To this extent
the liquid may be described as lattice-like.

b) Molten Sodium Chloride

Reliable partial structure factors have been obtained for
this system (Edwards,Enderby, Howe, and Page (96) ), and these
are compared in fig. (5.5) with a disordered F.C.C. lattice.

See Table 5.2. Once again, number densities are too larges the
lattice sites are only 7%% occupied.

If the position, Qo s of a feature in a structure factor
represents the near-neighbour distance, 4 , then we would\expect
the product de to be constant as 4 alters from real liquid to
model. This product for the first and second peaks in the real
liquid is compared with the simmlated values in Table5.5. The
two models agree closely with each other, which is expected as
model (b) is a scaled up version of model (a). Yet neither
model represents the true liquid, as deduced from the structure
factor, and it is seen that the second peak/minimum .

has the more direct relationship with the near-neighbour distance.



¢) Liguids Based on the Nickel Arsenide Structure
Examples of these liquids are: Au-Sn, Ni-Te, Cu-Sn,

Ni-Te Cuz'l‘e, Cu~Te. They are all binary alloys. In the
nickel arsenid.e. structure (see ‘w‘yckoff (0S) ), metalloid (4s)
atoms form a close-packed hexagonal arrangement, and the metal
sites are octahedrally coordinated by metalloid atoms. In terms
of the unit cell vectors, the atomic coordinates ares:-

M (i) (0,0,0) (ii) (0,0,%)

As 3 1) (%32 (11) (%,%3%)
These substa;zces often show a variable composition. TFor compounds
of the form NiZAs an additional set of Ni sites occur ats:-

Moo (1) GED W) G
For compounds of the form N:I_Asz, only site (i) is occupied.

A related structure, for GuzTe, is the iron arsenide
structure, FezAs, which has a tetragonal unit ¢ell, containing
two molecules:~

Per (1) (0,0,0) ~ (i1) (3%,0)
(151) (O3u) () (3,0,8)
As : (1) (0,4,w)  (i1) (30,)

For Cu,Te u(Cu) =0.27, and u(Te) = =0.285 ; effectively this means
a treble plane of Cu atoms sandwiched with a double layex of
Te atomse -

Neutron data are available for Ni-Te, lSH.-‘]!e3 (06), and
Cu-Te, Cu,~Te (106) , and here the total scattering
functions , F(Q), are compared (see equation 1.29 ), as these are
more sensitive to errors in the partial structure factors. See
Table 5.4 and figs.(5.6) and (5.7). Tor ni-Tes, the abundance
of tellurium over copper is represented by decreasing the lattice

site probabilities of the copper to ome third of those of the
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tellurium. Crystal data are taken from Wyckopf, who is, however,
gilent on the structure of Cu-Te: the nickel arsenide structure
has been assumed here.

CuzTe exhibits two structural forms - a low temperature
EeZAs stucture, and a high temperature form, analogous to nickel
arsenide, inwhich the metal atoms form planes with tellurium between.
The similation shown in the figure is for the former structure, as the
latter produced a considerable pesk at 2 8 '. It is important that
the experimental data show a peak at 0.8 2'1, and both the high and
low temperature simulations show a significant first peak at a1 &7,
on account of the layered structure of these lattices.

The same point is made in the NiTe and ISI:'.Tv.a'3 similations.
Both the experimental curves show a peak in the low § region. In
the simulated data, in which, for both liquids, the models are identical
except for the lattice site probabilities and peak widths, the pre-peak
at 1.05 8 is introduced by reducing the probabilty of site (ii) comp-

ared to (1). For NiTe,, the two sites have equal probability, and no

3’
pre-peak is observed. BHence the pre-peak is created in the disordered
model by emphasizing the planes of nickel atoms.

In all these simulated structures, the nickel and copper
near-neighbour distances remain near 2.6 2. The conclusio; is that
the first peak does not necessarily represent this distance, as the
monatomic liquidé already studied have a similar distance of closest
approach, but there is mo peak in the structure pattem at 1 & .

d) Nickel Chloride Agueous Solutions

In the solid state nickel chloride hexahydrate forms a

monoclinic structure consisting of planes of nickel atoms, along which

the crystal cleaves easily (168). The discrdered nickel distribution
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and partial structure factor for this lattice, expanded to give

a first peak in the structure factor at 1 3,-1, are shown in fig.
5.8. The amount of disordering necessary, (width constant a = 0.8),
is substantially more than that used for the previous liquids,
although the simmlated peak is still too large. The comparison
indicates that a lattice - type ordering of the ions is reasonable,
but with greater disorder than found in one- and two-~ component
liquids, |

e) Sodium Chloride Aqueous Solutions

Although the chlorine partial structure factor, fig. 4. 8
indicates no ordering of the chlorine ions, it has been seen, from
the similation of fused sodium chloride, that & peek in the C1-CL
structure factor coincides with a sharp minimum from the Na~-Cl
structure factor, and when added together with the appropriate
neutron factors the two features might cancel each other. Hence
a suitably expanded F.C.C. lattice has been disordered (with
a = 0.8) and the Cl-Cl and Na~Cl structure factors added together
with the neutron factors appropriate to the F35 - F37 first oxrder
difference at 5.32 molal, fig 5.9. For the disordered lattice
there remains a significent peak at 1 2-1, znd the absence of
such a sharp feature in the raw first order difference confirms

our earlier conclusion that there is negligible ordering of the ions

in the solution.
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PAR?T B -~ Hard Svhere Czalculations

4) Baxter's IZguations

The present neutron experiments on aqueous solutions
indicate the strongly hydrated nature of the ions. This has
prompted the idea of treating the hydrated ions as hard spheres,
Quirke and Soper (I09). TUsing a factorization procedure, Baxter
(110) has derived a straightforward technique for generating
multi-component, hard sphere radial distributions, in the Percus-
Yevick approximation, without recourse to the usual Fourier
inversion method. Perram (Il| ) demonstrated that a steywise
solution is possible, and 2 program was written to perform this
for the multi-component system., The comp\_::.ting time for the six
partial distributions in a three component system, out to 35 i,
and at o step of 0.05 3, was 2 minutes. The Fourier transform

was then performed as described in Appendix 3.

5) One and Two Component Systems

As a check that the program worked correctly, the one-
component distributions, with a hard sphere diameter of 1 K, were
comrared with those of Throop and Bearman (I12), for a wide range
of concentrations; the agreement was to within 0.1 % in all cases.
Although the near-neighbour distance remains constant as the concen-
tration decreases, the subsequent peaks in the radial distribution
move to greater r values, and this is represented in the structure
factor by movement in the position of the first peak, fig 5.10e.

The analysis was repeated for a two-component system with
hard sphere diameters fixed 2t 5.6 & ang 4.3 2 for nickel and chlorine
ions respectively. Again ovements of the first peak are seen,

especially at the higher concentration, fig 5.10,
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6) Three Commonent lNodel

In the three component model, a more detailed descri;tion
of the effect of hydration on the hard sphere diameter of the ions
is given. Tor the concentrated solutions most of the water is
bound, and free water molecules are only introduced after the
maximum amount of water has been absorbed into the hydration
stheres. The nickel diameter and hydration number are held at 5.6 )'s
and 6.0 respectively at all concentrations. At present no chlorine
subgtitution has been carried out in I\I:i.Cl2 solutions, and both the
both the magnitude and variation with concentration of the chlorine.'
hydration number are umknown. In order to make progress we shall
assume all the remaining water molecules are bound to the chlorine
ion at 4.41 molal - tilis gives a chlorine hydration nmber of 2.3.
This rmumber is allowed to increase to 6 at 2,0 molal, after which

it remains constant, Table 5.5,

The movement of Q with number density is shown in fig S.llbe
(QO is the position of the first peak in the Wi-Ni partial structure
factory) The region over which Q, moves linearly with n%i is small
in comparison to the experimental points; the gradients of the two
lines are different. Also, the three component model deviates more
rapidly from the linear behaviour than does the two component model,
indicating that the free water molecules have their own structuring
effect. QO for the model partial stfuctxrce factor is different from
that found experimentally, but the magnitude of the partial is
correct, so,judged solely from the magnitude of the expe;':imen‘ba.l
vartial, there is no evidence for any more ionic ordering than

found in a hard sphere fluid.
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FART C - Arcgument from the Zexro Limits

From the results of the previous two sections it is possible
to drav some simple conclusions about the liquid structure factor:

(i) T™e first peak does not necessarily represent the
near-neighbour distance of the atoms, but is more representative
of the longer range structure.

(ii) The clue to the behaviour of the near-neighbour
distance as the density of the liquid varies is in the seco.nd or
subsequent peaks.

(1ii) The magnitude of the first peak is not simply
an indication of the extent of the order, since it is also propor-
tional to the number density used in the structure factor definition,
and the scaling effect of the size of the particles.

A necessary, but not sufficient, condition for tha validity
of a particular model, is that the low Q structure factor should go to
the thermodynamic limit. These limits have been calculated
according to the Beeby formulation, Appendix 4., for concentrations
of nickel and sodium chlorides appropriate to the experiments, and
comparison is made with the simple lattice and hard sthere models
of nickel chloride in fig 5. 12, ..

For a salt, A:Bx, which completely dissociates in to 14X ions
on dissolving, the Beeby formula gives, for the zero limit in a very

dilute solution:

1 X ‘
su(o) - 1 = ok JH - -c-A (T-T-':? soe 57

vwhere n is the total number of atoms per unit volume, c A is the
atomic frzction of A ions, and the other symbols have the same meaning
as those in the arpendix. This result can be seen irmediately by

invoking the Landau-Lifshitz formula for the chemical potential
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of the solvent in a dilute strong electrolyte (118). Hence, since
x>0, the limit goes to = ©9at zero concentration, and is a general
result for all systems which dissociate into ionized particles
on dissolving.

It is interesting to compare this behaviour with that of the
Debye-Huckel limiting law, which applies at low concentrations. The

radial distribution about an ion in the theory is given by (see

Chapter 2) :
444 - A
gij(r) = 1= ;:-i:i‘%, = T kz ece De8

where £ is the dielectric constant of the solvent and k is the
reciprocal Debye length. TFourier transform of equation 5.8 at G=0

gives immediately

4n 433 1 ' qiq;j
a .(0) - 1 = - i— -'-j‘ - - - 'YX 5.9
13 e P i
i*i '
%

where 'ciis the atomic fraction of species i.

For a molecule of the form LBI, A is assumed to have a
charge x unité compa.red to B, then, for charge neutrality, the ion
B will have an atomic fraction xc A? if ¢, is the atomic fraction of

A
A, Substituted in 5.9, these results give

= - 1 (=X -
a’u(o) -1 = OA(-‘ + x) . eee 5010

The only difference between this and equation 5.7 is the compress-
ibility term, which represents the fact that the solvent is not
a true continuum at any dilution. Hovever this term is small,
and,as fig 5. shows, the model fits the low § limits for both
sodium-and nickel chlorides more accurately than the otker models,
The agreement is especially good for sodium chloride.

The importance of this result may be seen in the following

way. In the Debye-Huckel theory, the quantity % represents
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the distance of the maximum in the charge cloud density from an ion,
and it varies as 1/ Gi . Hence,as the concentration decreases,
the charge cloud expands away from the ion. The similarity between
the thermodynamic limits of the real solutions and those of the
Debye-Huckel theory suggests that such an expansion also occurs

in the real solution. The absence of Coulomb forces in the hard
spheré model is no doubt one reason why the model gives only approximate
agreement with experiment,and then only at high concentrations,

when atomic packing of the hydration spheres has a decisive role.

»Ye_t the Debye-Huckel charge cloud has no 'structure' in terms of

peaks in the radial distribution function, equation 5.8. Combining

the two approaches, the observed structure in nickel chloride

solutions is an effect of hard sphere interactions between strongly
hydrated nickel ions, but the movement of peaks with concentration

is dominated by the Coulomb forces. A full three component simmlation,
which included electrostatic forces between the ions,has yet to

be performed.. The success or failure of such a simlation would

confirm or disprove the ideas proposed here.

On the same érgument, the absence of any structure in the
distribution of chlorine ions in sodium chloride solutions, might suggest
that the hydrated water molecules are not bound tightly to that ion,
although the neutron evidence requires that they are stronsly

-~

orientated towards it when approaching closely. The lack of structure
could equally be an effect of the packing of non~spherical hydrated ions.
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CHAPTER 6

CONCLUSION

In the previous Chapter, we have seen how the hard-sphere
similation is a useful reference system with which to judge the
real solution. The tightness of the binding between an ion and
its hydration molecules will be represSented by the sharpness of
the first peak in the ion-oxygen radial distribution, but even
a bare ion surrounded by water molecules with only hard sphere
rerulsions present, will show a significant peak, due to the
a.tpmic packing. Hence, the true extent of binding is determined
by comparison with the hard sphere situation. Neutron data
cammot at present sul;ply in.fom;ztion about the ion-oxygen rartial
distribution. Nonetheless, a model which fits the data must
generate a reasonably accurate ion-oxygen distribution; and so
in fig 6.1 comparison is made between the chlorine - oxygen partial
obtained from model A in sodium chloride at 5.32 nolal, with the
same distribution function from a mixture of hard sthere water
molecules (diameter 2.8 &, number density 0.0299 / 2°), sodium
ions (diameter 1,90 &, number density 0,00318 / g3 ), and chlorine
ions (diameter 3.6 R, number density 0.00318 / 2’ )y at the same
concentrations Clearly,for the chlorine ion, the water molecules
are no more tightly bound than in the hard sphere solution, and
probably less so. In addition, the ion-water yotential is mmch
'softer' than a hard sphere potential. Hence the hydration of
wvater molecules around the chlorine ion is confirmed to be an
orientation effect, but the role of binding between the ion and
its hydration sphere is at present unclear. ‘

.Samoilov (Il1&), by considering the activation energy
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needed to rerlace a water molecule in the hydration sphere, argues
that, for ions like K+, VCS+, cl-, Br , I , the rate of exchange
of water molecules around the ions is greater than the rate for
those around a water molecule in pure water, i.es. the ion
actually 'lubricates! the motion of the water molecules. The
present data agrees with this interpretation, although thexre

is marked orientation of the water moiéculeé near the ion.

As no model has been developed, so far, for the nickel
hydration sphere, it is not psssible to make the same comparison,
slthpugh the height and sharpness of the features in figs 4.18
to 4420 strongly suggest that binding does occur.

Théré are no previous experimental data on the distribution
of chlorine ions in the solution, and all the simulations have
been carried out at concentrations below 2,0 molal - these
invariably ignoxre the finite size of the solvent particles.
However, Stell and Sun (1¥) quote some Monte Carlo results,
for a series of solutions up to 1,968 molar , for a two-
component system of charged hard spheres, and Lantelme and Friedman
(W16) performed a simulation of a 1,0 molar solution, by treating
the motion of the charged particles as Brovmian motion in a
viscous medium. DNeither of the simulations shows ‘'structure' in
the distributions, but it is unfair to compare them with the
chlorine partial at 5.32 molal, which,as we saw earlier, of the
three concentrations for which a partial structure factor is
available, is least likely to contain experimental error.

Finally, a hard-sphere simulation of sodium chloride
solutions, analogous to the one for nickel chloride, is presented
in fig 6.2 - see Table 6.1. Although it is unrepresentative
of the real solufion, since we now know that the ion-solvent

potential is not thard!, the increasing role of the solvent
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in structuring the ions is clearly demonstrated by these cuxves.
Hence the result in fig 4.9 , where there appeared an increase

in structure with dilution,could be interpreted as such an effect.
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APPENDIX 1

We' define the Hamiltonian for the unperturbed system as HO’ and
for the neutron interaction we then add the Hamiltonian of the particle

to be scattered and the interaction potential:-

H = HO + g + %Vj(g_-gj) o»oo Al.1
where R, is the position of the 5B mucleus, and the sum is taken over

all the scattering centres. Vj(_r_ - g_j) is the scattering potential.
Born approximation o tells us the partial diff-

erential cross-section:-

_ _ ”
2 Q.t ' -
d R . <\
e = @ @Kl exP(lM)ZVj@ - B [D{8(-5)
¢ : cos A1,2
where i and f represent the initial and final states, and E is the

energy of the system. The g-ﬁmction expresses conservation of energy.
If we let _R_:_z_'-_R_j, then the integral can be written as

Zgag vj(g) exp(ig.(g_+gd)) =Z'vj(g) ezp(ig._l_i_j) eee 41,3

vj(g) is the Fourier component of V’j(f_t).

The cross-section must be averaged over all initial and final
states. The average over the initial states simply is a thermal
average. The distribution of final states is governed by the unper-
turbed Hamiltonian acting on the final states.

First we note the Fourier expansion of a S-ﬁmction:

S(Ef - ~v) = -é%—.- at exp(1( g - E; - w)t) cee Ald
In the Heisenberg representation

exp(-i Byt i) = exp(-i Et)|1> eee A1,5
and <f| exp(d Bt) = Lflexpld Bgt) eee Al.6
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Furthermore we note the following operation on a fumction of the

system, f:
exp(i Hot) £(0) exp(=i Hot) = £(t). vee AlLT
Finally, to make use of these results, we replace the term within the
modulus sign squared by the expression
. + . . -
< Evj(g) exp(-ig.gj)l £ r[z-vk(g) exp(lg._f_?k)ll>, ees ATL8
J k

where ‘
v'j"(g) = Sdg_ V,® exp(-iQ.B) - cos ATL9.

Note that Vg@‘), VJ.@ are independent of operations of the Hamiltonian

and time. Combining all the previous equations, we obtain

2
d_‘:_g; = %—(%)2-2-{.? at ezp(-i\ft)z Zv';(g)vk(g) *
* exp(-ig._f_lj(O))erp(iQ.gk(t)) . . eee AT410

Here the thermal average has been assumed.



AFPENDIX 2

In equation 1.26 we have the sums

Ezb bkerp(lg.(g‘- R.)) vee A2,1
3 KAJ
Setting _gm = _P_Ik - gj,this is rewritten:

EZ b jbm(e;p(ig.gm) -g(gm)) | coe 42,2
J m

The sum over J is performed immediately

Zb =Z | e d23

For, the sum over m, 1et /O b(_r) represent the ‘density of

particles *b' with an ‘a' particle at the origin.

 fa® = )Se-m) oo b2t
o
so | /oab@ exp(iQex) dx = Z‘exp(ig._ﬁm). vee A2,5
m

Also note that jg g‘) = Z N gexp(ig.g) & eee A6
k b

The sum over m. now. becomes

S 5\ (Pa@ - 1) epa) & oo 227
)
Using the partial distributions of equation 1.18, we write
I r .
gab(E) = A;é—g-bg ? soe A2.8

and A2.1 finally becomes _

anz ¢y bby |8 (@ = 1) exp(iQ.p) oz - ces A2,9
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APPENDIX

SMOOTHIIIG BY FOURIER ANALYSTS

The standard method of smoothing noisy data by Fourier
é.na.lysis is to set up a Fourier series through the data. The
higher frequency harmonics are then deleted since they corresrond,
principally, to the noise in the data, and ‘smoothed' data regener-
ated from a reduced number of harmonics. Such a procedure applied
to a structure function is open to an important criticism.

For the Fourier analysis, we take n data points, and set
up a second set so that the combined set is an EVEN function, i.e.

I = Iy for 0<i<n, " eee A341

J
then on Fourier analysis the sine coefficients d:.sappea:c, and the

da.ta.m expressed as a series of cosine coefficients:

2n-1
‘ I(Qj) = Z ak COS("n'l‘) eeos A302
- k=0
where 2n-1 T
% = 3y 1) sl | v 823
’ k=0
The Fourier transform of I(Q) is in general defined by
G(I) = r.(;.' I(Q) sm((‘.:_") daqQ , see Ago

2-“3na 2 where n, is the total number density of atoms.

For a finite number of discrete data points,the definition,4i o4y

can be rewritten as aa-\ /
] .
G(rm) = l‘"zna_’rmA QEQJ I(Qj) sin(erm) XY 3305

- J=o
where AQ is the step in Q-space between data points, so that

Qj = 5.8Q. QiAX is the maximm value of Q, so that n = QYAX/A Q,

ol
A

fast-Fourier transform algorithm of Cooley and Tukey (|I7) was employed

This form of representation is used because the

andrm

to evaluate equations A3.3 and A3.5.
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For the transform A3.5 we need the sine coefficients,

so the function @, I(Qj) is made ODD, i.ee le(qj) = - Q.Zn_j I(an_j)

@
J
for n<j<<2n. Combining A3.2 and 43,5, after reordering the terms, gives
2n-1 2n-1
6x) = =—— & AQZ Q.cos(Q.r, ) sin(Qr. ) .
m 2o, T % % 3k 3°m
m :
k::o Jﬁ [ X X 4 Aa.s

The bracketed term represents the Fourier analysis of the function

Qj cos(Q.jrk), and is given by

2
+ QMAX™ 2m +ve for k+m EVEN
= - for m % k YY) A307a
P T an?) ~ve for k-m OID
2

b = - % for m = k, | ees A3eTD
assuming n > k+m. The cases for when k=0 and n@k+m are also |
straightforward to derive., It is clear that values of hkm’ for

m # k , are large in the region k=xm. Thus if we delete coefficients
a for k greater than a value k', say, then we similarly deleting
most of the information about G(zx,) for r >z , .

' The point is demonstrated in fig. A3.1, where the Fourier
coefficients (curve (c)),from the structure factor of a disordered
F.C.C. lattice ( see chapter 5), are compared with the radial distr-
ibution function (curve (a) ) derived from the same structure
factor : the iwo curves bear considerable resemblance to one
another, Curve (b) shows the radial distribution function after
terminating the Fourier coefficients at 3 £. Although this last
curve may exaggerate the effect, it is clear that simply deleting
coefficients is not a satisfactory way of obtaining a radial
distributio;l.

Curve (d) shows the Fourier coefficients obtained from

the first order difference 135 - 137 s (fig. 3-9b), after inter-
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polating the raw data to a step of 0.015 ™', This is the least

noisy of all the difference curves, but the Fourier coefficients
retain considerable noise: this noise persists over all radius values,
(see Wertheim (118) ), but has a maximum in the region of 10 . The
curve appears flat beyond 8 3, but there is no justification for
assuming this, especially as the long range interaction, the C1 - Cl
partial distribution,contributes only 5 % %o the total.

In the absence of a more satisfactory method, the problem
was overcome in the present work by smoothing the coefficients using
a simple averaging procedure, i.e. the va.lue of coefficient a was
replaced by %(al.n_'_1 + Zan‘ + a1 )e The amount of averaging.was
kept to a minimum and restricted to regions where the Fourier
coefficients displayed no or only slowly varying structure.

The Fourier analysis technique also enables us to correct
any fall in the data due to Placzek effects on the self terms
( section 9, Chapter 1.). To first order this correction is of
the form

B @y = By (1 - ) ves 43,8
where Aois the ideal, elastic value, and b is a constant.

Fourier coefficients of A(Q) are, for k&n,

o = O eud® v’ 4, ()" ee £3.9
Tk
Hence the coefficients rise sharply for small k. 3By subtracting a
curve of the form A3.9 from the coefficients at small values of
k, the Flaczek correction to the self terms can be completely
eliminated. In practice, the effect occurs only w:.th:m the first

5 coefficients of the first order differences.
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APPENDIX &

ZFERQ LIMIT CALCULATIONS

Beeby (I19) has derived expressions for the zero limits
to the partial structure factors in an agueous solution consisting
of N‘b solute molecules dissolved in Na. solvent molecules, in a
volume V, in terms of the fluctuations A, AN.. These fluctuations
are in turn rela.teq. to the isothermal compressibility, H, and

the derivative of the osmotic pressure %—E with respect to

molecular fraction, ¢ =

Tabulated data usually give the practical osmotic
coefficient, f , which represents the deviation of the osmotic
pressure from its ideal (van't Hoff) value, as a function of
molality, m. The osmotic pressure is then given by (Robinson

and Stokes (26))

vN .k T F
P o= —-O—;k;B-—-Il m
1000 V»a
- where N, is Avogadro's number, v is the number of ions which

0
the solute dissociates into, M1 is the molecular mass of the solvent,

and Va. is the average of the partial molar volume of the solvent,
on ecither side of the membrane. In practice thig number does not
change significantly, and so it is treated simrly as the vartial
molar volume of the solvent.

In terms of molality
1

a - & 1000 dm | 1000
= S 1000 = >
1 M1 de (1 - 0)2 H1
and o Wi T 1 ad
a—g = p > ( ¢ + am )o
a (1-¢)

There is a slight confusion alout dimensions in Beeby's

taper. The partial molar volumes are defined as



R
i - T ﬁ )P,N

implying that Ni refers tc¢ the number of gram molecules of sub-
stance i, whereas the relations for the zero limits aprly to the
fluctuations in the number of molecules. For the present we shall

keep the latter notation, so the partial molar volume becomes

~ Bv
Vi % TPﬂk

and everywhere in Beeby's paper we replace v; by :r_i.

Ho
_ With this notation the fluctuations are
2
2 V.
Ly> Fep00) 8+ g5 isr—)
<i> Nov By

<L 2> e
= b = (krcm + X
<> = v
B> ¥ Yo%

S(er (o) B + T2

< nb> Nov B,

where N= N_+ N , and B, = (1)2(¢ + m-a-‘g-)
: 1=c

|
<=

Osmotic coefficient data were taken from Growther and

Dunlop (120) for sodium chloride, and from Robinson and Stokes (26)

for nickel chloride. Strictly these values apply to light water

63

solutions, but the conversion to D.0 does not affect the values very

2
apprecia‘bly, Robinson (121).
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APPENDIX S

Hydration of ions in aqueous solutions - ion-water distances and

coordination numbers obtained from X-ray diffraction. If more than

one value of either tarameter is given, this indicates the uncertainty

of the varticular experiment.

Jon

Na

Cs

HH

Ref,

47
49
61

62

63

T1

47
47a

42

47
61

52

49
58

Solute Ion-Water(Oxygen) Hydration Number Molality

Dis§anc_:e ‘ ~ (gm moles per
1000g H,0 )
14,80, 2.08 4 2422
LiBF, 2414 6 10440
LiT - 246 5¢53
3.4 0e43
Licl 2,25 4% 4 184,50
o 195 4% 1 6490
1icl 241 - -
LiBr 2.16 . 4,6 6460
2425 4,6 2,22
Né2304 2438 4 2,22
NaBF, 2.4 6 9405
2465
KOH 2,9 | 4,6 2,02
5451
K,S0, 2.8 4 0455
KI 249 147 6461
3,2 051
CsCl 315 2495642 2.5
248,442 540
240,340 1040
CsBr 3615 Se1y6e0 245
19,340 5.0
CsI 3415 2e35247 245
NH, BF, 3,00 445 2,78
NE,F 2,88 4ed 15456
NH,C1 2480, 4ad 6051
NH, Br 2.82 4ol 7431

NE,I 2.91 | 4ed 6478
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APEINDIX § (cont'd) ?

IJon  Ref. ©Solute Ion-Water(Oxygen) EHydration Number Molality

Distance
rg™ 48 lgCl, 2.0 6 2422
55 Mgll, - 6 1439
6 2422
6 3¢15
60 11gCl, 241 ‘ 841 5465
241 ‘ Te9 4427
68 MgGl, 241 6 5,72
2,78
Mg(no3)2 241 6 4475
2.13
MgEr, 2.1 6 5472
: 2,52
ca™ 53 cacl, - 6 2,22
138
60 cacCl, 2.4 840 5,22
842 3426
72 CaBr, 2444 6 2,14
2440 6 1426
73 CaCl, 2.42 6 4452
2441 6 2,08
2442 6 1.00
se™t 60 SrCl, 2.61 32,8 2457
Bt 60 BaCl, 2.9 9.6 1454
Co™t 53 CoCl, - 6 3483
2422
1639
54 00012 2e1 6 375
m* e miCL, 2.1 6 2,22
o3 NiCL - 6 3415
2,22
139
cw™ 53 cucl, - 47 2 Cl ions 451
’ 4 also coord- 2,22

inated
6 1439
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APPENDIX § (cont'd)

Ion Ref., Solute Ion-Water(Oxysen) Hydration Ifumber Folality
Distance
™ 65  cucl 1493 Cu;C1 (H,0) clusters 5410
(cont*d) : Cu9016 ( ot)S lusters 3455
5014 H0) pclusters 3.
66 Cuso, 241,243 4,6 0474
0e45
m™ 46 zcl, 2,05 1 (3 Gl atoms are coord- 27.5
inated at the same 8.5
distance.) ¢
560
50  Znbr, 2412 2 (2 Br atoms are coord- 17.7
inated at the same 89
distaﬂceo) ¢
| 4ot
64 chz.zlnm 2405,2415 2 345
™ 55 caci, - 1,2 (2 or 3 Cl atoms 2,22
' coordinated as well) 1.39
att g8 a101, 149 6 3,38
1463
A1Er - 67 2442
mtt 68 InCl, 2435 6 6.9
: 249
e 67 crcl 1490 6 0425

3
The coordination of anions is not well defined for solutes with di-valent

or tri-valent cations, because the anion is frequently considered to form

part of a cation complex.

OH 42 KOH 2.9 1,6 4448
. 2,01

43 KOH 2.9 6 1750

Cl™ . 42 KC1 3,16 SedsTe2 551
43 LiCl 3424 8,9 6486

48 MgCl, 3435 6 2422
Nicl, 3435 6 2422

52 LiCl 3425 6e5yTe3 10.0

5420 5edy 84T 5.0

) 3615 66251140 : 245

54 CoCl, 3.1 - 3475



APPEDIX § (cont'd)

Ton Ref,

ca- 58
(cont'ad)

60

62

63

70
13

63
71

72

61

Solute

NE401

YMgCl,

HC1
CaCl

LiBr

NH, Br

LiBr

LiBr -

Lil

Ion-water(Oxygen) Eydration Number

Distance
342
342
3e2

3¢19
3,10
3,25

3e13
3e15
3414
3614

3443
33T
3440
336

340
3e29

3476
3465
3469
346430.04
347

6 - may include
Nﬂﬁ ions

8e2

849

7.9

8.0

6 1

6 1

8e2y941

Tely1042

8.0 '

4

6

6

6

Te2,849
6665843
6eTyTe2

6 - may include
ions

Teds9e5
6

6615849
6¢75840
848,94
6

9e6

4.2

946

4e2

+
NH,

67+
Molality

6e51

565
4¢27
5422
3426
1845
649
8462
5499
2,27
1349058
4452
2.09
1,00

1060
50
245
Te3

4426
6460
2422
2.14
1426

10,0
540
265
6.T7
6461
0.5
556
0.43



APPENDIX 6

68.
Yydration numbers and ion-water distances derived from liblecular
Dynamics and Monte Carlo calculations on ion-water clusters.
Ion Ref. lMethod Jon - O Distance Hydration numoer
it 82 - 85 D 2,08 5475 042
86 I’IC 1.9"200 4
87 MC 1.75 4y 5,6
88 MC 2 5
90 1C 2 -
Nat 84,85 m 2,31 6.6 (2.2 molal)
Te3 (0455 molal)
86 MC 243=-2.4 596
89 MD 243 5
xt 86 MC 2,728 5,7
88 MC 249 5
90 MC 2.8 -
B’ 89 MD 2.4 5
cst 83 MD 3.1 7.3% 047 ( anion:F")
8.2% 0.8 ( anion:C17)
F 83 MD 2,22 603+ 041
86 MC 2,7=2.8 4,6
87 MC 242,243 394
88 Lie 2.7 5¢5
89 MD 243 6e5
90 MC 245=2.6 -
1~ 82 - 85 MD 2,67 Toh £ 0.4 (anion: Li™)

6.7 £ 0.3 (anion: Na™)
749 + 0.3 (anion: cs™)

86 MC Jedy3e5 6,7
88 MC 3¢5 6
90 MC 303 -
Br 89 MD 2.9 5
1 84 D 3,02 Te1 T 041

89 MD 3.8 5
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APEENDIX Z - TAEBLES
TABLE 5.1 G=xperimental Conditions for Sodium Chloride Solutions.

a) Isotopic Composition (Chlorine Isotopes) and Scattering Lengths

Sample At. % 201 At. % 97CL  Coherent Scattering
Length ( 10™ 2cm)
Natural 7545 24.5 0.96
Nt 5943 40.7 0.81
135! 99.4 0.7 1.17
37 9.6 90.4 035

b) Solution Composition and Scattering Cross-Sections.

*
Mlality Density Atomic Scattering cross-section per atam

gn moles per gm/ce Fraction barns
1000 gm D,0 Natural Nt 135¢ 137"
532 1.30 0.0331 - 4.09 431 3482
2499 1.22 0.,0192 44,03 - 4,11 3482
149 1.16 0.0097 - 3091 397 383

*
measured in the course of the experiments, The likely error is : 0.01 gm/cc.

¢) Hydrogen Contents.

Holality Hydrogen content, expressed as the wt % of H,0 in
pure D20 which had the same absorption as the solution.
Natural "Nt '35 37 »
532 - 0.8 0.8 08
2099 0e5 - 0e2 0.2
1449 - 0«4 0.3 Oed

. TABLE 3.2 Limits on Partial Structure Factors and Radial Distributions.

Molality  Partial Structure Factors Fartial Radial Tistributions
X 1 Yav -1 X -
. 0=2% 227"+ 0-1.850 1.853+ 0-1.858 *V1.858+
Max Min Max Min DMax Min lax Min Max Fin [ax Min DMNMax rdn
532 0 =30 1 =3 1 =3 -1 =1 3 =3 =1 -1 2 -1
2099 40 =40 1 -4 1 -1 -1 =1 3 =3 =1 =1 2 -1
1449 70 <70 1 =3 0,8 =0.8 -1 =1 3 =3 =1 ai 2 -1



TABLE 4.1
Holality (1)
All Deuterium
atoms
532 S5e4
2,99 6.6
149 6ed
TABELE 4,2
441 to 4.7,
Molality Model A- C1L -0 e
@®) (%
5¢32 ) 3415 90
2,99 3e15 90
Model B 1st Hydration Sphere
CL-0 ] g N,
@) (% (9
S5e32 2¢7 €0 52 2
2,99 246 80 52 245
1.49 2.5 60 =48 3

Equal numbers of
deuterium and oxygen

Hydration Numbers of Chlorine Ion in NaCl Solutions.

(11)

(iii)

atoms
249 19
3¢5 244
3e3 2.2

Farameters for hydration sphere models drawn in figse.

g Ny v
°) @®)
15 5¢5 0426
15 6.0 04,24
2nd Hydration Sphere
cL-0 o ¢ N,

@ (DN

37 80 52 1.5
367 80 52 1e5
348 90 ~60 4e5

TO.

All ])20 molecules

@)
0.18
0.18

0.16



TABLE 4.3  Optimum Parameters of the Hydration Sphere Models.

18t Hydration Sphere

lolality Cl =0 N

o
@)

Model A
5432 3.2% 0,02 5.5%0.1
2,99 3,2% 0,05 6.0%0,2

1049 3.251‘0.05 6;01'0.2

HodelB. |
5032 2.68%0,04 2,1%0.1
2,99 2.65%0,03 2,270,2

1,49 2.6 30,1 3.0%0.2

0 g
(% (%
sof3 12k
90¥10 10¥5
8010  si5
g23s 462

85210 5234

55520 -40%10

2nd Hydration Sphere.

Cl1 -0 NO )

() ()

440 ¥0,1 5.9%0,2 25%15
3.720,1 1,320.2 90240
3.5%.1 1.6%0.2 55425
3.8%0,1 4.5%0,2 70420

The errors shown indicate approximately the range over which the mean

within 10 % of the minimum value.

¢ TeleBe Tele S,
deviation deviation

W

( °) per point per point (R)

for Y(r)  for Y(Q)

- 0,173 0.178

= 04303 0.353
-80425 0,279 0,419
5238 0,154 0.121
45725 0,228 0,270

-60310 0.234 0.445

square deviation varies

0.26
0.24

0.26

0.18
0.18

0.16

‘il
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TABLE 4.4 Composition of liickel Chloride Aqueous” Solutions,

Molality Density lickel
gm/cc  Atomic
Fraction Natural

4.41 1653 06027 44,61

3402 1441 0.019 4443

1.43 1.25 0.009 4,33
Scattering Lengths:

Ni (Natural) 1.03 x 10" 2cm

Ni ('621) =0.79 x 10~%en

Ni ('zexo') 0,04 x 10™ %cm

~

Scattering cross-section per atom

(barns)
162 1zero!
439 4436
4429 4426
4.29 4426

TAELE 4.5 Hydration Numbers of Nickel Jon in Nickel Chloride

Solutions (assuming the double peak in figs. 4.18 - 4,20 consists

solely of D,0 molecules} o

Molality Hydration Number
4441 508 = 0,1
3,02 6.0 £ 0.2
1443 6e1 X 04



TABLE 5.1

Parameters for lMonatomic Liguids.

T3.

Liquid | Crystal Near-neighbour| Humber QEnsity Width %Reference
Structure Distance (R) (per hi8 ) cons ant‘ No.
Expt. | Model | Expt. | Model &)
Ar FoCoCo | 371 3.88 | 0.0212.| 0.0237 | 0.4 101
Na B.CeCe | 347 3483 |0.0244 | 00253 | 0,42 102
Zn H.CeP. | 2475 2.68 |0,0622 | 0,0708 | 0.6 103
Fe . BuCuCo | 2454 2,61 | 00756 | 0.0796 | 0.5039 | 104
Sn | Tetragon.| 3.18 | 3.07 |0.0355| 0,0371| 0.42 103
TAELE 5.2
Parameters for Molten Sodium Chloride
Paxrtial | Near-neighbour Number sity Width
Distance (X) (pex Dﬁg) Constant]
Expt. | Model(a)| Model(b)| Expt.|Model(a)|Moael(v)] @)
C1-Cl | 41 3.89 4,38 0.5
Na-Na | 41 3482 4.35 0.0311] 0.0467 | 0,033 0455
TABLE 5.3

Molten Sodium Chloride - Comparison of Peak Positions

Partial
Expt.
Na~Cl 4455

Product de
First peak/minimum

Second peak/mrinimum

( a)Model (.b) mp . (8.) Model (b)
T.78 T.80 13.94 13.69 13.88
509 517 10,32 10431 10441




T4

TABLE 5.4 Parameters for liquids with ¥ickel Arsenide-type Structures

{Liquid| Structure (lietal-metal near-|Total no. Width constants (3f1)
neighbour density of|letal-|lietalloid-letalloid-
distance ( 8 ) |model metal | metal metalloid

b Expt. liodel (per 35)

NiTe NiAs 245 2458 0.055 OeT Ce7 Oe7
NiTe3 NiAs - 2464 04055 | 0.4 0.4 0.7
CuTe Nids 2,78 2.61 04055 0655 0445 0.5
Cu,Te| Fe,ds |2463 2,58 |0.031 0.6 0.5 05

TABLE 5.5 Hydration Numbers and Free Water Molecule Concentration
for -Three Component Hard Sphere - | '

Molality

4,27
371
3405
187
0.81
0.31
0.06

Hydrated nickel diameter =

del

Remaining free D20

diameter. (per 3;)

0.00933
0002283
0602923

D20 noe Nimno.. Cl
density density hydration Hydrated no. density.
(pex 3?) (per 3}) number.

@)
0.02926 0.00274 2.3 443
0.02976 0.00239 362 4445
0.03026 0,00197 4.7 4475
0.03147 0600123 6.0 50
0.03237 0,00053 6.0 5.0
0.03183 0,00020 640 5.0
0.03289 0.00004 6.0 5.0

Nickel hydration number = 6.0

TABLE 6.1

Molality

e32
2499
1449

D20 no., Na no. Cl

0.,03217

Remaining free D20

Hard Sphere liodel of Sodium Chloride Solutions

density density Hydration Hydrated no. density
(per 2})

(per 25) (per 3?) liumber

0.02988 0,00318 4.5
0.03109 0,00186 5.0
0603203 0,00095 Te5

diameter
4.77
4.86
Se31

0601265
0,02019
Na hydration nmumber = 5.0, Na hydrated diemeter = 4415 8.

5.6 3, water molecule diameter = 6.0 &
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ABSTRACT

tne introductory chapters, some of the theoretical and
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- \5.,,.4— “

experimental evidence for the structure of agueous solutions is

s

revieved. A neutron diffraciion experiment is described, which
employs isotopic substitutioh, from which information concerming
the hydration of ions in solution, and their distribution, can

be obtained. The results for sodium chloride solutions, with
chlorine isotopes, at concentrations of 5.32, 2.99, and 1.49
molal, and the accompanying data amnalysis are presented in detail,
whilst data from nickel chloride solutions, with nickel isotorpes,
are presented in outline.

Both chlorine and nickel ions are strongly hydrated, but
for the chlorine ion %the binding may bve weak: the hydration appears
as marked orientation of water molecules towards the ion. With
the accepted qrienta?ionro§~3§ﬁer‘molgcples~arpundthe c?lorige
ion, the optirmm coordination number for a model of the hydration
syhere is 5.5 0.1 at 5¢32 molal, increasing to 6.0 % 0.2 at lover
concentrations = at 1,49 molal a second hydration sthere is
suggested by the data. The nickel hydration sphere is moxe
tightly bound, with a hydration number of 5.8f Oe1 vhich remains
essentlallj constant with ailution.

The ionic distributions are discussed in terms of lattice
and hard-sphere models., The chlorine distribution in sodium chloride
is apparently structuréless, whilst the disfribution of nickel
ions in nickel chloride has a mmuch nore ordered charzcier, but
the modzls zive only a qualitative rerresentation of the nickel

structure function.



