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CBAPI'ER 1 1. 

STATISTICAL NECHANICS AL'ID NEDTRON SCATTERDU 

1) Distribution Functions 

P.rogress in the structure of liquids has generally been 

achieved as an interplay bett<~een theory and experiment, and it is 

necessary to define a quantity lrhich relates to both. Distribution 

fUnQtions fo~ the building blocks of statistical mechanical theories, 

(1) and (2), and can be obtained from eXIJeriment, at least in principle. 

In tenns of the t-siJace, each :particle j is given a 

momentum vector~~ and a position vector r.. There are N particles 
-;). -J 

in the system and we represent the entire system by 3N dimensional 

vectors r(~l)and n(N) where fo~ examnle r(N) = ~ r.. Quantum 
- - ' ' ~ ' - L..~ j 

mechanics applies to the system, so we define an elemental volume of 

phase space as h-3Nd.I?.(N)~(N), where h is Planck 1 s constant, and 

dJ!.(N) = TTdll:i. We then define a e;_eueric distribution function 

F~(N) ,r(N') for a system with identical particle3 such that 

h-3N F~~:N) t!:(N)) d.P.,(N)dr(N) ••• 

is the probability that ~one of the N parti·cles will be found 

Hitbin dJ2.1dr1 at 12.1,r1, \Jihile simultaneously any other particle vtill 

be found ui thin d.:,2~ at :t,2,!:e, etc. 

There are Nl ways of distributing the :particles in the 

system, \-rhich places a normalizing condition on the distribution: 

-3N J . J (~I) (N) ~ h •·. • FU2_ , ~ ) 1. 1 d 'P..! dr . = N 1 • •. 1 .. 2 
J=1 ~ -J 

In the same way we define the distribution for a subset 

of k~N particles as: 

F(k)r_(k) (k)) _ 1 ·I ~F1 .... (N) (N))~ d dr 
~ ,_;: - (H-kJ1 • •• \Ji!. ,£ . I I ].j -j 

j=1 

••• 1.; 

The factor 1/(N-k) 1 arises because there are (N-k) 1 t-Jays of introducing 

the N-k remaining particles to the system. 

Hence this subset has the normalizing condition: 



k :rr d-n .dr. 
J=• -J -J 

N 
= {H-k)l 

2. 

••• 1.4 

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

by F(k) ~(k) ,r(k)) = 1/(U-k) r F(k+1) ~(k+1 \r(k+1)) d.l\:+1 ~+1 
J ... 1.5 

An important quantity, derived from the :phase distribution, 

is the configuration distribution, obtained by integrating over all 

momenta: ( 

nk g(k) (E_(k)) = 1/h3N J F(k) ~ (k) ,;r;.(k)) d~(k) ~ . ~ • •• 1.6 

where n is the average number of particles per unit volume of con­

figurational s:pace. So defined,. g(k) (!:(k)) is the probability of 

finding !!!Z particle within dr 1 at ~1 , whilst simultaneously 

finding~ other particle within cl£
2 

at !Qt etc. Consecutive 

distributions are obtained from (1.5): 

(k),_(k)) - n r (k+1),_(k+1)) dr. ••• 1.7 g ~ - (N-k) jg ~ =k+1 

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

given by:-

2 (2) ' nN r· r (N) (N)· -A. 
n g (~1•!2) = (N-2)1 )•••J g (~ ) ]=3 ~ 

3 (3) nN r r (N) (N) nN 
n g <E.1 ,r2'9) = (N-))l J .. · J g (£ ) j=4 ~ 

••• 1.8a. 

••• 1.8b 

and from 1.7 

g(2) <E-1 t!Q) = ••• 1.9 

Combining 1.6, 1. 7 and· 1.4, 'tote have the important nonal.ization 

condition: 

) n2g(2)(E_1'.!:e) dr1dr2 = (~~)1 = N(N-1) ••• 1.10 

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 in X -space , each :point 

representing a complete system,leads to the concept of an ensemble of 



3. 

systems in thermal and numerical contact. rfhe entire enseoble, 

however, is isolated so that although the ener~J and number of particles 

may vary from one system to another, the totals for the ensemble remain 

constant. This is called the Grand Canonical form. The usual 

procedure is to assume energy fluctuations are small, so the average 

distribution is used as the most :proba.bl.e distribution. l.:Oreover, 

the time average of a function of the syste~ is set equal to the 

average over the ensemble. 

Fbr a one component system, the probability distribution; 

FG' is defined as • 
• 

1 
11 N - Hr ..... (N) ,r(N)) 

F ( (u) (N)) r.. ~ 
G ~ 'E. = g exp~ ~T ) ••• 1.11 

where }A is to be associated vri th the thermodynamic chemical potential, 

H is the Hamiltonian for the system with N particles, ~ is Boltzmann's 

constant, and T is the absolute t~mperature. g is the Grand partition 

function for the ensemble - it forms a normalizing function for FG. 

H( (N) (N)) 
,.(iN - :2, ,£ 

3 = _ ex:p~) ex:p ( ~T ) • • • 1.12 

This may be t ~~ten in the form: 

= 2 }..Nz(N) 

r ~ o 
u.bs.:~ 

where A , the · · 

= ex:p rJ1!r) 
and Z(N) is the Canonical partition function. 

••• 1.13 

••• 1.1 4 

The link ,.,i th thermodynamics is made via the entropy, S:-

= k ln ~ ••• 1.15 

The b:=ackets (: •• /represent the average over the ensemble. ~_,ie 

associate <H > with the internal energy of the system, and the 

similarity of this equation with the thermodynamic equation for the 



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

F = U - TS, 

suggests we associate the Helmholtz free energy with g : 

F = k'jlng + Nk:sTln ~ ••• 1.16 

3) Mul ti-comoonent systems 

If' we introduce more than one atomic species to the system, 

then, in general, each species will have its own chemical potential, 

and the phase distribution is now expre~H'd ti) the form 

r_(N) (B)) _ 1 ,,A~!- H~ •!: )) 
FG \Jrt. '~ - a exp~ k:J3T ••• 1.17 

where M • N = 2 /); N , and M , N are the chemical potential r - a/ a a /a a 
and number or atoms respectively of species a. 

There is no effect on the meaning of the overall distr­

ibution functions, f(N). As an obvious example of a multi-coilll'Onent 

system, however, consider the electrical -~-~~_f!tivity of binary ~loys. 

in the formalism of Eaber and Ziman (4). Since different species of 

atom have different scattering properties 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. rr.his can be complicated if we have to consider the 

triplet olf higher order correlations, but for pair correlation the 

total is represented by a sum: 

g(2)(£1,~) = I I ea'\, g~~) (r1,~) 
a b 

••• 1.18 

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

and cais the atomic fraction of a atoms. The partial distribution, 

(2) {- ) gab \.!:.1 , r 2 , represents the probability of finding an a tom of species 

a at ~1 , a.nd. an atom of species b at !Q• 

Another reason for this choice of sepa~ation is based 



s. 
on the noxmalizing condition, 1.10. \·le can represent the total . 

number of particles in the system as 

N = I!a ••• 1.19 

a 

Then N(N-1) = 2: Na ( L ~ - 1 ) 

a b 

••• 1.20 

Hence we have a normalizing condition for the :partial distributions: 

n
2
c! 5 g~) (E.1 ,!e) ~1 ~ = Na (Na - 1) ••. 1.21a 

n
2
ca.cbs g~~) ~,!e) d£.1 ~ = Na~ a F b ••• 1.21b 

4) Neutron Scatter~ 

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 a.n array of scattering centres, which then combine, coherently 

or incoherently, to form a single neutron, is incoQprehens!ble on 

any classical basis, and the quantum mechanical approach , therefore, 

is to consider each neutron as being scattered by the entire 

a~~y of nuclei available to it. 

'Ihe neutron is given an initial Have vector, ~~ so its 

ini tia.l momentum is h %• where h is Flanck 1 s constant/2lr , and 

a scattered wave ve\Jtor s._1• The momentum transferred to the system 

in scattering the neutron is 

••• 1.22 

and the energy tranfer is 

w ••• 1.23 

m being the mass of the neutron. 



\-ihen a neutron strikes a nucleus it is affected by three 

influences: 

i) the neutron-nuclear rotential - this is generally 

very shorl range ( 1 o-14 m ) com:pa.red with the wavelength of the 

6. 

neutron (10-10 m ) - hence the assumption of s-wave scattering only 

(i.e. no angular momentum interaction), 

ii) the mass o£ the nucleus - this affects the recoil 

of the nucleus a.nd hence the energy transferred to it by the neutron, 

ili) the forces holding the nucleus in position, princi:p-

ally due to the surxound.ing electrons and nuclei. These also 

determine \>~hether any vibrational modes in the bonds may be excited. 

Scattering characteristics.are expressed in texms of cross-

sections. Thus, for an incident flux of N neutrons :per unit area., 

·d~ the ~umber scattered into solid angle dA is ll(d_AJ dA , \-There 

~~ is the differential scattering cross-section. As, in general, 

there will be an energy transfer, then a partial differential 
2 

scatte~ cross-section is defined such that N(~~ ) is the 

number of neutrons sea ttered into solid angle d.A id th a.n energy 

gain of dvT. 

5) Inelastic Scatter~r Cross-section 

In appendix 1 is derived an expression for the partial 

differential cross-section (equation A1.10). Fbr neutrons, assumption 

(i) above implies a. ~ -function for V j ~ - Rj) - the Fermi pseudo­

potential (1a) : 

V.{£- R.) 
J -J 

= .ru_. r( r - R.) m 0 0 _ _J ••• 1.24 

and the Fourier component of a ~-function is a constant, 2!bj. 

bj is called the coherent bound scattering length for atom j ( by 



. analogy "'i th sea ttering from rigid spheres) 

6) Elastic Scattering 

If all the atoms were rigidly bound, neutrons \-Iould have 

the same energy after scattering as before. The Fburier transfor.m 

over w is then perfor.med immediately, giving a ~(t) function for 

the time dependence. ~1is leaves 

:~ = IT bj~ exp(-is_.R0(o)) exp(i.S,.~(o)). 
j k 

The cases for j=k and j -t k separate: 

I b~ + L bj~exp(i9.·<.&c _ ~)) 
j j#k 

• •• 1.25 

••• 1.26 

The second summation in 1.26 is considered in appendix 2. For 

powder di!fractometry and liquids the cross-section is averaged over 

all directions of the incident Q vector, and vre see only the radial 

distribution function. Introducing rartial structure factors 

in the Faber-Zi.man formulation_.·, i.e. 

aab(Q.) = 1 + 4lrn S (gab(r) - 1) s~Qr) r
2 

dr 

and atomic fractions 
Na 

= 
N 

we finally obtain for the scattering cross-section . 

do-d-O- = N F(Q), 

••• 1.27 

••• 1.28 

Here w~ have made use of the definition A2.8, so that gab(r) is 

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

7) Isotopes in Heutron scattering 

There are two scattering lengths for each isotope with spin, 

and the isotopes are distributed randomly among the atoms of a given eleLJ.ent. 



a. 

The summa.tions 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:-

F(Q.) = ~ c <b
2
'/ + ~ c 

2 (a. (Q) - 1Kb~2 
.,L_ a a L a ea. a 

a a 

+ 222. cac;, (aab(Q.)- 1)(bXbb> 
ab>a 

••• 1.30 

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

bo'lmd scattering length of an element is then 

ba = ~ba~isotope,spin 
and the isotope bound scattering leQgth is 

bia = <bia.>spin • 

8) Isotopic Substitution 

••• 1.31 

••• 1.3'2 

It is seen from tables ( for example ( 14) and (Is-) ) tllat 

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 are .available·. 

It would be impossible with X-rays, where the fo:rm factors are indep-

endent of isotope. 

The first tel:lil in equation 1.30 represents the total scattering 

~rosa-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 

deuterium, there is considerable recoil. In the present experiment 

the total cross-section was calculated as the average of that for 



the water molecule, ( see (1&) ), 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 wa.ter is used for the solvent. 

For the choice of solute, sodium chloride was readily available 

with chlorine isotopes, which have a suitable range o£ scattering 

leDgths. 

A solution of sodium chloride in heavy water presents to 

neutrons a four-component systemt: D, o, Na, Cl, havillg ten partial 

strnctu:re factors. Examination of 1.~30 shows that just two chlorine 

substitutions (mass numbers 3 5 and 37 ) , and a subtraction, produces:-

A 2 2 2 
F35(Q) - F37(Q) - Ll. = 0 01 (b35 - b37) ( aClCl - 1) + 20Cl (b35 - b37) 

cD~(aClD- 1) + c0b0(a010 - 1) + 

••• 1.'33 

and a third substitution (natural chlorine) with further subtractions 

gives 

••• 1.-34 

Ei!uation 1.33 represents the environment surrounding the chlorine ion, 

and it will be dominated by the D - Cl and 0 - Cl te:rms, because of 



the concentration factors. A Fourier transfoDm of this equation 

produces a similarly \·reighted sum of the radial distributions, 

and so is a picture of the hydrated \·rater molecules. EXI.ua.tion 1.34 

represents the distribution of the chlorine ions in the solution. 

10. 



11. 
9.) Placzek Corrections 

S!ua.tions 1.33 and 1.)+ show us those parts of the total 

:pattern in which we are interested. 'Jhen discussing systems of 

several. nuclei, Placzek ( s-) divides the total scattering into sel£ 

and interference terms, as in equation 1.29. For a constant 

efficiency det~ctor the measured differential cross-section is 

= 

+ • • •• • • •• 1.35 

where Eo is the energr of the · incident neutron, t. = u sj;r{ ~ ~ 
and u = ~ • (% is the incident wave vector of· :the neutron, and e 
is the scattering angle.) Derivatives are taken w1 th respect to t. 

so· is the elastic cross-section (equation 1.29) and s1, s2, •••• 

are the moments of this runction:-

5n = L<"bi>G!i + Ir 
i i,j#i 

b.b. Gij 
l. J n 

••• 1 •. ;6 

where the summation over i and j is over all the atoms. El}:uations 

1.35.1.36 replace 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 Gii are the moments for a 
n 

single nucleus: 

Gll 
0 

Gii 
1 

= 

= 

= 

1 
h2S2 

~ 
h29.2 2 

( 2M.) 
l. 

+ K • av 

Kav represents the mean kinetic energy or· the 'i!th.nu:leus. 

Fbr the interference terms 

= exp i9,. ( 9, - ~ ), as in equation 1.26 

= 0 ••• 1.)8 



= 
. . h2 h2Q.4 ~' 

G~J - + fP. • ~ )( R.; • Si ) ~ 
0 11. M . 4 '.:.:i V 

J. J 

12. 

The second term in the square brackets· represents the correlation of 

momentum of the different nuclei. Fbr classical statistics there is 

no such correlation, and this is usually treated as negligible. 

Elluations 1.35 and ~.36 may be combined, and the subtraction of 

·1.33 repeated here, after introducing the partial structure factors in 

exactly the same way as before. 

For the self terms this produces to first order: 

If K is assumed to be of the order k._T, and E_ is 0.16 eV ( for A= av -.a: . -a 

0.69 i ), the third teDm at T = 293° K is o.oo6, so it is reasonable 

to · ·t d t 4 · 2 e · th r th t ~gnore ~ compare o sm 2 • m J.S e mass o e neu ron. 

For e = 180°, the overall correction is -o.114, so we should expect 

a. sma.ll fall in the te:aa with increasing angle. It is not possible 

to employ this .f'o:rmula as the detector eff'iciency is not know.. 

However, in appendix g it is shown that there is a straightforward 

method for correcting a:ny fall in the value of /J.. 
Fbr the interference terms, G~j disappears, and so the 

second order corrections must be considered. The ter.ms obtained are: 

••• 1.40 

where F . . (e) is a function of a .. and its derivatives which 
~J ~ ' ~J 

cannot, in ~eneraJ., be calculated \although the :possibility of 

a~plying the correction iteratively has apparently not been 



investigated), and momentum correlations are ignored. The 

important result is tha. t the ~ and a..oo terms and their trouble­

some Placzek corrections have disapneared. 



C~ER2 

TEE STRUCTU11E OF AQUIDUS SOLUl'I011S 

1) Early Concepts of Dissociation 

Modexn electrolyte theory has evolved from several discoveries 

which were made in 1887. Gibbs (17) had :previously developed a. system 

ol' theJ:mOdynamics so that measurements of elevation of boiling point, 

lowerillg of freezing point~ vapour pressure of sol vent, solubility, osmotic 

pressure, conductivities, on solutions could all be related to a single · 

themodynamic quantity - the chemical :potential. Raoul t ( li) showed 

that- the lowering of vapour :pressure of the solvent is proportional to 

the mole fraction of the solute. Va.n 1 t Hoff ( ICJ ) subsequently showed 

this to be proportional to the number of solute p~icles present. Fbr 

example, from Raoult's Law it is possible to estimate the molecular 

weight of the solute, Dreisbach (~0). The moleoul~ 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 equivalent conductivity of a solution 

was a maximum at infinite dilution. .Arrhenius (1 \) proposed that when 

these substances dissolved in water they dissociated into ~.osi tive and 

negative charged ions, and the degree of dissociati,on, c< , was related 



to the equivalent conductivi ty,A, by 

0( _/\_ 
••• 2.1 

A ... 
where ..1\.i.s 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 ('-1) in tenns of the ionization constant, 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, 

a.nd the reduction in mobility of the ions was then attributed to their 

electrostatic attraction: the actual behaviour of osmotic coefficients, 

activit,r coefficients, and equivalent conductivities was quite unlike 

that predicted from the Ar.rhenius theory. 

2) De bye-Huckel Theo:ry (lS) 

The method of De bye and Huckel is to solve the Foisson-Pol tzma.nn 

equation for a distribution of equal numbers of positive and negative 

charges. It invokes two major approximations (2~): 

(i) T.he potential of mean force between a rair of ions ignores 

all short range repulsive effects, and is si.Dply the Coulomb interaction 

due to the charges on each ion. The effect of the solvent alJ:pea.rs only 

in the dielectric constant, S , of the medium in which the ions are 

situated. 

rrhus the potentia.l::;energy of ion j, with charge q., due to ion i 
J 

a distance ~ a~~Y is represented by 

w .. (r\ 
~J _../ = q.o.w 

J r ~ eo• 2.2 



16. 
where f1J • W is the e lectro static potential due to the charge q .• 

T~ ~ 

(ii) The quantity w •• (~ is assumed very small compared to 
~J 

'k:sT, so that the distribution function betvreen ions i and j may be a:pprox-

imated to 
w .. w 

gijw = exp(- ~) 

,.._ 1 
qjf'iW 

••• 2.3 ,.._ 
~T 

Neither ap~roximation can ~ork if the ions approach each other 

closely, so the resulting fo:rmu.la.tion can only work for extremely dilute 

solutions.· Assuming a spherically symm~tric cha:rge distribu.tion, the 

:potential is 
exp (-kr) 

= r 

where k, the reciprocal Debye length, is defined by 

·2 
k = _!_' 2 

fk:; 7 ns qs 

and n
8 

is the number density of ions uith charge ~· 

••• 2.4 

••• 2.5 

Subsequent modifications to the theory included the introduction 

of an ionic diameter, a, representing the distance of closest approach. 

Bjer.rum (lS) considered a 1-1 electro~yte to be associated if the ions 
1 q 

approached \vi thin a distance o:r - - , and defined this c;.s the closest 
2€~ 

distance or approach. 

The success of· the theory and its modifications i.s by now very 

well established. HOwever it does only apply to very dilute solutions, 

typically 0.001 molar or less for 1-1 electrolytes. Fbr 2-1 electrolytes 

the approximation, equation ~.3, when substituted into the Foisson-

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

apply to an even smaller ~~e of concentration, Robinson and Stokes (1')· 



3) Hodem Electrolyte Theory 

There have been many semi-empirical attempts to extend the De bye-

Huckel ap:proach to higher concentrations, (2.') and (17), and at least 

one major attempt to give electrolyte theor,y a rigorous statistical 

mechanical background, Friedman (1i) • The aim is to calculate themo-

dynamic quantities as functions of concentration and then make a compari-

son with experiment. The calcuJ.ations are J;erf'ormed either with .Ivionte 

carlo I Nolecula.r l}JllamiCS simulations, or by a.p:proximation theories, such 

as the :Fercus Yevick or By:pernetted Chain approaches, Rasaiah (!l')· The 

fomer a.1:e time consuming a.nd expensive, but act as standards 'tvith which 

to judge the more approximate results. A potential of mean force between 

ion pairs is modelled, and thermodynamic properties are evaluated from 

the radial distribution which is generated from the potential. Friedman 

(ao) discusses a typical form f~r the potential between ions i and j:-

= COUL. . + COR. • + CAV. . + GUR. • • 
1J 1J ~J 1J 

••• 2.6 

COUL. • represents the electrostatic potential. COR;J· is the hard core 
1J . -

re:pulsi ve :potential, and assumes either an inverse :PO\·;er or e:q:onential 

form. CAV .• re-;:resents the -nolari6ation of the cavity in the c.ielectric 1J - ~ .. 

oedium containing the ion, \-Thich results in a force push.LTJ.g the cavity 

toward a region of lower field. GUR. . is an adjustable parameter, 
1J 

introduced to represent the overlap of the cospheres of the hydrated 

solvent, Gurney (31). 

This latter effect is the extent to vrhich the sol vent is usually 

considered in all the theories: it appears as a structureless medium, 

whose dielectric constant is modified only in the proximity of an ion. 

Nonetheless, the behaviour of activity coefficients for the models, is 

a considerable improvement over that for the Debye-Euckel formulation 

·~e concentration for which agreement with experiment is satisfactory 

is now as high as 1 :rr.olar. Unfortunately at higher concentra;tions 
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the agreement becooes -vrorse again, and Rasaiah attributes this to the 

absence, in the models, of any reference to solvent granularity: 

detailed-calculations which include solvent - solvent and solvent -

solute interactions have yet to be performed. 

The statistical mechanical approach was established by B.acl-lillan 

and Mayer (~) : it regards the ions as ~ gas of finite charged l'B.rlicles 

moving in a structureless medium. This is the justification for the 

use of the traditional Percus-Yevick or Hy:per-netted Chain equations. 

However, interest in the orig~al Debye-Hu.ckel method has been renewed 

recently by Bennetto and S:pitzer (Sa). 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-idealit,r.• For high 

concentrations the Debye-Huckel assumption of a spherically symmetric 

charge distribution around a.n ion becomes inadequate, and instead the 

cloud is allovred to be polarized by the neighbouring charges: this 

contributes additional multipole interactions. Unfortunately, detailed 

comparison \vi th experiment is left to another paper ~rbich has not 

appeared yet, although the authors claim the behaviour of activity 

coefficients,derived from their treatment, with concentration is 

•realistic•. They also claim they can recover the cube root dependence 

of activity coefficients on molalit.f - this dependence has been the 

subject of some controversy. 

The cube root "law", :previously examined by Ghosh (34.) and 

Frank and Thompson (3S) ,has been interpreted by Ba.he and :Farker (3') 

in ter.ms of a lattice model of the solution. 1rhe solvent appears as a 

continuous dielectric, ~t solvation is introduced as a dielectric 

gradient over a range of 1.5 to 5 i from the centre of the ion. Beyond 

this distance the dielectric constant assumes ·the bulk value of the 

solvent. wb.en a second ion is brought u:p to _a, first, polarization 



1 of the dielectric gradient produces a (repulsive) teDm to the 
r3 

electrostatic potential energy, additional to the Coulomb interaction. 

Ea.he assumes the ions are on a lattice, and then :performs a Hadelung-

ty}:le energy sum over the ion distribution. Ho':Jever, Q,uirke ( Fh.D. 

Thesis, Leicester University, 1977 ) argues that such a sum is invalid 

because the energies of the induced di:p(,ies are not pair-\dse additive • 

.t<1oreover 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 struature of concentrated aqueous solutions. One of the diffi-

cul ties or all the approaches is that they calculate thermodynamic 

properties, which are likely to be insensitive to the microscopic 

~~nt of the solution, and hence to the detailed foDm of the 

ion-ion and ion-solvent forces. 

4) ~dence frOm X-ray Diffraction 

Since the review of X-ray scattering data on aqueous solutions 

a,y Safford and Leung (37), there has been a considerable literature 

on the subject, and a lot of work published in Zhurnal Struktornoi 

llliimii is no\·1 available in English translation. 

For water, a tetrahedral near-neighbour configuration of water 

molecules, with some interstitial :s:osi tions, \vhich increase in number 

as the temperature is raised, has emerged as the most likely model. There 

is some disagreement over vJbich :-'recise disordej:ed lattice model is used: 

Narten (~S) proposes a disordered Ice I lattice with interstitial 

molecules, whereas 0 1Reilly (~) favours a mixture of Ice Ic and Ice VII 

lattices. FAH·Iever, bec 2_use of tl1e high degree of disorder beyond 



Figure 2,1 

List of principal contributors to structure of aqueous solutions, 

using X-ray diffraction. 

Author(s) Ref. 

Brady, Krause 42 

~ 43 

=:as 44 
Kruh, Sta.ndley if 
Shapovalov, Radchenko, Lesovitskaya 47 

Ryss, Radchenko 47a 

Dorosh, Skryshevskii 48 

Badchenko, Byss 49 

Wertz, Lawrence, Kruh 50 

Namasivaya.m 51 
Lawrence, YlXUh 52 

Dorosh, Sk:cyshevskii 53 

\iertz, Kruh 54 

Terekhova, Radchenko 55 
Terekhoya, Ryss, Radchenko 56 
Shapnvalov, Radchenko 57 

Narten 58 
Shar:ovalov, Radchenko, Lesovitskaya 59 
..Ubright 60 

Fishkis, Soboleva 61 

Narten, Vaslow, Levy 62 

Lichen, Piccaluga, Pinna. 63 
Wertz, Bell 64 
Bell, Tyvoll, \ver·tz 65 

Fish.'d.s, Zhmak 66 

Cristini, Licheri, Piccaluga, Finna 67 

Alves 1-~ues, De :Bar:ros Barques 68 

Bertagnolli, ,iieidner, Zimmermann 69 
Triolo, jJarten 70 

Licheri, Piccaluga, rinna 

Solute 

KOH,KCl 

KOH,LiCl 

FeC13 1-il:. 
ZnCl 

2 

K2so4,Na2so4,Li2so4 

.Jla.:BF4 

I MgC12,NiCl2 

NH
4

BF
4

,LiBF
4 

Znl3r2 

HCl 

Alkali-metal halides 

1-1g01
2

, CaC1
2

, CoC1
2

,HiC1
2

, CuC1
2 

& CdC1
2 

CoC12 

NH
4

Cl,KC1 

:tUI.F,KF 
4 

~so4 
Ammonium Halides 

CoSO 
4

, 11iSO 
4 

Alkaline-earth Halides 

KI,Lii 

LiCl 

Alkali Halldes 

ZnC12/HCl 

CuC12 

CuS04 

Cr(H2o) 6cl
3 

2-1, 1-2, & 1-3 electrolytes 

CsF 

HCl 
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the first near-neighbour shell, the models are essentiall~in agreemen~, 

and they are both sup_r.orted by the oolecul~; dynamics model for liquid 

water, Stillinger and Rahman(4.0). 

Fbr solutions, the general method is to generate a composite 

X-ray :radial distribution, and assign different peaks~.to solute-· and solvent 

interactions, often usL~ a model of the structure. On the assumption 

that the scattering from the water molecule is dominated cr,r the s~herical 

part of the molecular fonn factor, Blum (4-l ), the composite distribution 

will be the sum of six partial distributions, and so the assignment 

must inevitably be ambiguous. The majority of the information derived 

from the technique concerns the coordination of \~ter molecules around 

the ions, and a S'UliliilBX'y of this info:t"taation is presented in Appendix o 
The hydration numbers show variations, depending on the solute studied, 

and on the authors perfonning the data analysis, and only in LiCl (61.) 

has any attempt been made to assign orientations to the- hYdrated water 

molecules: this latter experiment was performed in conjunction with 

neutron scattering. 

The other important information 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 a maximum in the scattering pattern for a. scattering vector in the 

region of 1 i-1, Neilson, Ender by, and Howe (7¥). Previously, Dorosh 

and Skryshevskii (5~) had come to a similar conclusion ·t-~hen considering 

X-ray scattering from solutions of riigC12, CaC12, CoC12, HiC12, CuC12, 

Cd.Cl
2 

• Alves Earques and De Ba.rros ha.•:'ques (bi) have succesfully 

att:rib-.Ited lo'..r a.?J.gle maxiLla to a lattice structure of cation complexes, 

uhich involve uater ::-.olecules and anions, in solutions of 3eC12, l·JgC12, 

Hg(No
3

)
2

, HgB:r
2

, AJ.Cl
3

, Al:B:r
3

, Al(No
3

)
3

, InC1
3

• For CaC12 , they find 

a low angle ~'.feature, but could not construct a ::.odel to explain it: 
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Fig. 2.2 X-ray ScatterL~g intensities from 

all:ali-}1.2.lide aqueous solutions ( R.E. 

La".·!rence, ? riv2..te cor:mru.nication). 
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Licheri, Ficcalu..~ 2nd Pinna (71) find no cuch feature ( although their 

presentation of the data may obscure ·it), but both authors asTee that it 

G.isa:9pears in ca:sr2solutions (73). It is not clear Hhether this is a true 

effect, or simply an artefact of the increased X-ray scattering 

aJ::lpli tude of bromine. 

For 1-1 electrolytes there; is very little evidence for long range 

structure. Only for concentrated LiCl solutions has Beck (7Sj suggested a 

structu..~ related to the crystalline hydrate, ·:ihilst Na.rten ( ~) finds 

no evidence for thl.s structure at all. In figure 2.2 are sho\-.'ll the 

X-ray intensity curves obtained by Lawrence and K...."""Uh (n) for a variety 

of aJ.kaJ.i - halide solutions. Only for CsCl is there suggestion of a low 

angle feature, although its presence could also be hinted at in concentrated 

li·i;hium and sodium iodide solutions. Bertagnolli, ":leidner and Zimmermann 

C'') consider the Cs ions in CsF solutions to be e.rranged onl:r in the 

cavities of a disordered,~-tridyndte lattice. 

There has been some work on solutions in organic solvents. Hertz, 

Tutsoh and :Bcn.nnan (7') have remarked that 11-rater has a strong tendency to 

fo:rm its O\m structu:::-e, so :r~art of the force exerted by an ion 1 s electric 

field is needed to break do\m the ;.ro~er structuxe of uater. Consequently, 

solvation structure stabilization is lcnown to be stronger in non-aqueous 

solvents, where :proper solvent st~-wuctu.res are absent or less developed 1 • 

There have been studies of ferric chloride in methanol (17) and 

magnesiuo, calcium, cobalt and nickel chlo~ides in methanol, ethanol, and 

climethylfomamide, (7i) and (71). In all these solutions the hyd.:::a tion 

phenomena ue more pronounced than in the equivalent aqueous so·lutions. 

·:::ne divalent cations are six-fold coordinated ~ .. Ti th sol vent noleculee ,for 

ciilute solutions: at l'...ighcr concentrations this is raduccd to four, -_.,i th 

anions entering the first shell of colecules. Ebr the solutions in 
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alcohol, the lo'-1 angle maximum is much more !Jrominent, indicating en­

hanced long-:t'a.nge ordering of the ions. 2or the dio.ethylfo.rm.a.ui~e 

solutions the lou angle ma:::iwum G.isa:!:_Jpears. 

5) ~vidence from Neutron Scatterinfi 

The number of neutron scattering experiments on aqueous 

solutions is small. A;art from the work of Narten, the major contribution 

has come from iliderby (80). This Hork has given quanti ta ti ve 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 \vork of Safford, Leung, lJeuma.nn and 

Schaffer (11). The inel2.stic spectra \·lill contain contributions from 

all the molecular motions in the solutions, 2~d so interpretation can 

only be ~ualitative at best: ti!eir wain conclusion is that small 

highly charged ions disrurt the uater str,cture and form lo.cally Ol"'dered 

complexes. 

6) ilolecular Th.,m2.Jaics and Honte Carlo Calculations 

Since the successful application of molecular dynamics to liquid 

water ~0), the technique has been applied to aqueous solutions, although 

limitations L~ cooputer size and time have so far prevented a si~~ation 

'!i th a large numbe::c of solute :particles. Ho·.:ever va.luable illlormation 

about the hydration of ions can be obtained. So far the calculations 

have been limited to allaali-metal and halogen ions. Either the ST2 

model of the water molecule or Hartree-Fock calculations are used to 

obtain the ion-':S.ter and \vater-Hater :potentials. r.I".ne hydration numbers 

and ion-water distances are sho".'.'Il in .A.p~endix 6 • '?.nese pa~ers 

also contain r.mch infoJ..na.tion about the orientation of the ;,·:ater 

molecules. .Jahman c=fl) has demonstrated the formation of hyd.=ation 

spheres around a :pair·or :ositive a11d negative ions surrounded by 

vTater molecules. 



Figure 2.3 

List of i•:.Onte Carlo / Holecula.r Dynamics calculations on the hydration 

of ions by water nolecules. 

Author(s) I•:ethod i-l.ef. Ion 

Beinzinger, Vogel l{ID 82 Li+,Cl-

Vogel, Heinzinger MD 83 + -Cs ,cl 

Heinzinger, Vogel l·ID 84 + + + - - -Li ,Na ,cs_,I ,Cl ,F 

Vogel, ~inzinger !ID 85 + -Na ,Cl 

Y~stenmacher, Popkie, Clementi 11C 86 Li+ N + K+ T;)- Cl-
' a ' ,~ ' 

Fro mm, Clementi, Watts MC 87 Li+,F-

\vatts I1C 88 + + - -Li ,K ,F ,Cl 

Bria.nt, :Burton MD 89 + + + - - -Na ,Rb ,Cs ,F ,Br ,I 

Mru.zik, Abra.bam, Schreiber, NC 90 + + - -
& Pound 

Li ,K ,Cl ,F 



7) Conclusion 

~"here is a ·,ddu literature on the structure of aqueous solutions. 

Slince the Gucce ssful De by.a-flilekel theorJ, ideas have diverged along 

s;everal paths ~.:~hich represent a considerable improvement at hiGher 

Cloncentrations, but develo:pment of a :rigorous theo~ry is unlikely until 

Qetailed knowledga of ion-solvent· and ion-ion interactions is ~vailable. 

:t-ray diffraction data and molecular dynamics calcul&.tions have supplied 

s.ome of this, but discre1=ancies occur between different experiments on 

the same solution. The X-ray data is,hovJever, ~ui te consistent in assign­

ing ion-water uistances to the hydration sphe~~s. 

A variety of other techniques have been applied to the problem 

of ion hydration. Infra-red absorption, Raman spectroscopy, and nuclear 

~etic resonance have supplied some information- E:ee,for example, 

Irish (~1), the series of r;apers by James et al. (ClS), and ·;nose by 

Hertz et al. (77). Ho\·Iever because of the complex interpretation required 

for the latter exr:.eriments only general conclusions are usually dra"m 

about the st::ructure 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 s:;ecific ions, and ion-ion interactions, and ::hould 

eventually enable a major advance in both theo~J &nd interpretation of 

data from other experimental techniques 'to be YY\.CA..VlJZ- o 



CI:IAFTE!R 3 

1) Introduction 

~ation of the structure of liquids is usually 

accomplished ·using the Debye - Scher.rer powder technique. There 

are two differences: the liquid structure pattern is considerably 

more diffuse than the crystal one, and :peak intensi ties a_~ much 

smaller. Hence a large incident flux is r=quired to produce 

observable scattering, and it is not necessary to have the high 

resolution of a crystal diffractometer. 

2) Neutron Diff~actometer 

Figure 3.1 shows a schema tic diagram of the D4 liquids 

diffractometer at Institut Laue - Langevin, Grenoble, France. 

The principle of neutron diffraction has been described ~J Bacon 

( 8). Samples were mounted in zirconium - ti taniUl!l cans, fig. 3.2a. 

This iL a random alloy, so that, because the titanium scattering 

leng.th is negative, then, tvi th appropriate choice of concentration, 

the alloy could be oade with nearly zero coherent scattering. ~rhe 

saople Has ni.Ounted on a ne tal cantle at the centre of the vacuum 

chamber, and centred 'Hi th a micrometer gauge: t-rhen com;.letely 

ceLtral, rotating the sample produced no r.~vement on the eauge. 

The incident beam t-ras collimated to 50 mm high, and 20 mm wide, and 

cadmium shields on the sample container louered the beam height 

to 31-.4 mm. The \vavelenor.th used ":ras 0.69 ~ throughout, and was 

checked regularly by I.L.L. staff. Typical co~~ting tines were 

t\</O days :9cr s2.r:1ple; there ,.,as a count rate of "-'360 :per sec at 

the main r-ea~ in the total scattering ~atte1.-n. T'ne d.:;:.ta 'l.·rere 

recorded .on me ... gnetic tare or paper tape for cooputer analysis. 



?ig. 3.1 Schenatic :Dia~-ram of the Geometr.r of :D4 

Licl1..lids :Diffractometer, 1.1 .1. GrenoiJle. 
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3) Sa.nrnle F-epa.ra tion 
. 
I 

Several of the earlier e~eriments vrere not reproducoble, 

and it emerged that this \vas due to varJing amounts of light \vater 

in the samiles. Dr. neilson suggested the use of an infra-red 

speotrometer to monitor the hydrogen content. T.his spectrometer 

(a Perkin - Elmer infra-red spectrometer) produces a graph of the 

variation of infra-red absorption \vi th wavelength. The sample is 

contained between calcium fluoride glass \·ri..."'ldows 0.1 r:m aiart. 1m 

-1 
absorption feature due to an 0- H bond excitation at 3400 cm 

\otas selected for the purpose. The absorption, A, is given by the 

Beer-Lambert law as a function of the concentration, c, in atoms 

per unit volume, of the component causing the absorption: 

log10 A = - kc, ••• ;.1 

where k is a sam:ple cell constant. '.rhe procedure was to compare 

the absor:ption of the sample with that of a. .sheet of- standard glass 

by taking the ratio 

1 A/ = - kc +k c og10 As s s ••• 

where the suffix s applies to the standard. This equation was 

used to calibrate the spectrometer ~~d sample cell, fig. 3.2b. The 

sodium chloride solutions ,.;ere tested in a sir.:ilar ,.;ay and compa.:r:ed 

using the calibration curve. The im:PQrtant aim \·ras to prepare 

all the samples 1vi th the 5ame light \-ta ter content. The heavy 

water used \ias normally 99.9 vrt% D20; it \-Tas possible to :prer:a.re 

samples 1.-ri th absorption the same as 99. 2 to 99.7 wt % D2 0, and the 

three samples could be !.Jade the same \-Ji thin ::!: 0.05 vrt ~~ D2o. 

r.:hey ',·rere :prepared in 5 or 10 ml :Fyrex volumetric flas~s 

ui th ai:t.:-tight elass sto:p:pe::s. To reduce the ~0 content, the 

sodium chloride Has initially baked at ~150° C for several hol.lrs. 

5'ubsequently, in solution, if the content \Jas still too high, the 



solution \·Tas eva~orated over c;-entle heat a.nC. the solute re-baked. 

;The long neck of the flask p:!.--evented a:ny loss of solute L'l the 

~Jing process, and it was gene~ally not necessar,y to repeat the 

process more th.:m three tines. 

26. 



figure 3. 3 

Data .Analysis (See PaaJ man and Pings (''f) , and mech and 

Averbach (q-s-) , Placzek (s-) ) 

1. Subtract backgro\md co"lm.ts from empty container, vanadium, 

and sample counts. 

2. Correct vanadium counts for absorption, multiple scattering, 

and inelastic effects. From the known incoherent cross­

section of vanadium, calculate a ca.llbration constant, CVAN. 

3. Calculate the l?aaJman and Pings quanti ties A s , s, c 
A , and A , a:ad the multinle scattering cross-c,sc c,c .. 

section, om ' for the sample. 

4. Generate the corrected data as function. of S : 
1 A. 

= r -rs(e) --
c A 

I ($) c,sc 
0 A A s,sc s,sc c,c 

where I
0
+s(e) is the scattering from sample plus container, 

a.nd I
0

(S) is the scattering from the empty container. 

5. normalize I
8

(e) to units of differential cross-section, 

and subtract the multiple scattering: 

I
8
(e) 

F (e) = 
CVAN 

6. Convert values of scattering angle 9 to momentum trans­

fer, Q: 

Q = 41f sin~ 
A 

where A is the wavelength of the neutrons. 



4) Data Analysis 

Data were taken for the background (i.e. no sample or 

container), empty container, vanadium rod of dimensions similar to 

the sample, and sample in the container. These were corrected for 

absorption, according to Faalman and Pings (Cflf.), and for multiple 

scattering, according to :Blech a.nd Averbach (CJS"). See figure 3.3. 

The multiple scattering was assumed to be isotropic with scattering 

angle. Vanadium has virtually zero coherent scattering and so is used 

to calibrate the neutron co1.mter. 

This approach is open to some cri ticiam. The l?aa.Jman and:__ ~iDgs 

work was originaJly derived for X-rays, in which photon capture is the 

predominant f'orm of absorption, and scattering causes negligible 

attenuation. Hence multiple scattering is usually ignored for X-rays. 

Fbr neutrons, in the present samples, scattering is the ~rimar,y fo~ 

of' attenuation, and neutron capture is usually quite small~ MUltiply 

scattered neutrons contribute to r- 20% of the total scattering. Tlms 

it is not clear whether the Paalman 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 bina.ry 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. FaaJman and Pings is used here in the absence of a more 

acceptable for.malism: for the first order differences at least, 

the data go to approximately the co~ct limits. 
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5) Correction Procedure 

T.he first order differences were generated according to 

equation 1.33, and smoothed using the Fourier a:a.a.lysis technique 

described in Appendix 3 • The latter considerably reduces the stati-

stical. noise in the data, but it was evident from the outset that 

systematic er.rors remaining in the data were sufficiently large to 

prevent a direct second subtraction to obtain the chlorine-chlorine 

distribution. This problem has aJ:'isen :previoUGly in :partial stru.cture 

factor a.nal.ysis, ~d F.dwards, Ehderby, Howe ~ Page CJ6), have used an 

algorithm to remove as much of the systematic error as 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 ZQ.01 barns for o<Q<2 i-1, and (1 :!O.o5)F(Q) 

for Q>2 i-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.t (~) of 0.01 

barns, and cCl= 0.0331 (co:rres:ponding to a 5.32 molal solution), then 

the value of a Cl Cl generated will change by 53. The cond.i tioning 

becomes even worse at greater dilutions. 

Consider the first order differences from equation 1.33:-

D1 = Fnat(Q) - F37(Q) - C::,.1 

ll2 = F35(~) - F37(Q) - ~ 2 
••• 3.3 

The systematic and random errors are represented by s1' ~ 2 respectively, 

and equation 3.3 is re1Mritten in the .form 

D1 = o1 X X + c; y Y + ~ 1 
••• 3.4 

D2 = o2X X + o2Y y + ) 2 
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where X = ( aClCl - 1 ) ••• 

••• 3.5b 
2 2 2 and 0 1X = °Cl ( bnat - b37 ) 
2 2 2 

02X = °Cl ( b35 - b37 ) 
••• 3.6 

0 1Y = 0 Cl ( bnat - b37) 
0 2Y = 0 Cl ( b35 - b37). 

r:;;:e_ 
There are two oondi tions on which the data 1Ut sensitive to errors:· 

where 

sozx = a.rr' + D2 = (~c1X + c2X)- X + CORBx, 

S'CMy = tyl1 + D2 = (a.yc1Y + c2Y) y + COlmy 

c2X 
= ... -, 

0 1X 

CORB:x = 2:x,~ + ~ 2 , and COBRy = 9.y ~ 1+ ~ 2 • 

••• 3.8 

••• 3.9 

Because X and Y must lie within certain limits, then ffi1Mx and SUM.y 
+ + 

must also lie within limits Ji and Li respectively, and these define 

maximum and minimt.m Values for comx , comy 

c~=-~ -sm1x 

CO~ = Ii - 5"0Mx 

c~ = r? - sm1y 

CO~ = Li - SUl1y 

••• 3.10 

The procedure is to allow CORRx to va:ry between CO~ and CO~ 

while COHBysimultaneously varies between CO~ and CO~, and for 

each pair o£ values CORB:x, CORRy, the corrections ~1 ,i2 are computed 

ft'om equation 3.9. A pair of values of ~1 , ~ 2 are selected such that 

••• 3.11 

is a rniniwim, 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- Fburier transfo~ed.to the· weighted 

sum of radial distribution functions, and the analysis repeated, with 

of course different limits for ~ , SUMy • 

The corrected first order dif£'erences are shown alo~ooside th~ 

origina.ls in figuxes 3.9 to 3.14. The correction is not usua.J.ly greater 

than QJJ1 barns - indeed it is an order or ma.gni tud.e less than this £or 

most or· the Q range. The exception occurs in the range o<Q<o.s i-1
, 

which is dii'ficul t to measure experimentally. \-li th this exception, the 

present corrected data lie well within the systematic error limits 

proposed by Eilwa.rds et al. 

To describe the allowed limits for SUMy , a.n . average sum 

o£' the partial distributions in equation 3.5b w~ defined as 

Yav = 
y 

~-------------------------P· (2~~ + 2c0b0 + 2cNa ~a ) 

The limits on X and Y are show. in Table. 3. 2. The data -av 

.... 
indicate. 

the limits on Y since this ter.m dominates the first order difference. av 

The limits on X are not well defined. However the thermodynamic limit 

or a.ClCl at Q;:: o, i.e. a.ClCl (o), can be computed, and the limits for X 

were defined to be ! 1.5 ( a 0101(o) - 1 ) .. , (see Appendix 4). 
For the radial distributions, it is known that none of the 

partial distributions can be negative, and atomic packing prevents any 

liquid radial dist~ibutiC?n function going above " 4 f'or r> 2 i. · In fact 

the limits of the radial distribution function of X were larger than 

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

In general if the scattering lengths or the limits on 

SUIX , sm.-ly 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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cHA.P.rm 4 

IDSULTS 

1 ) The Chlorine Rvdra tion S-chere 

T.he function Y(Q) in equation 3.5b represents a weighted 

sum of Cl - D, Cl - 0 and Cl - Na. partial strt.tctu:re factors, and can 

be extracted according~' equation 3.8 (figs. 4.1 - 4.2 ). Fourler 

tra.ns!o:rm of thd.s function yields Y(r), ( figs. 4.3 - 4. 5 ) , where 

Y(r) = 1 ( Y(Q) Q Sin(~) dQ 
2n2nr J 

••• 4.1 

The figures show that statistical noise remains in the data as well 

as truncation e~rs caused by Y(Q) being measureable to only finite 

values of " (<15 t-1 ) • To identify tru.e structural. features, a window 

function (see for example (101) ) was applied to Y( Q). The form of 

the window function was 

y (Q) = Y(Q) ( 1 + cos¥ ) 
w 2 

••• 4.2 

i 1dth T = 15 i-1, and Y (Q) = 0 for Q>15 i-1• 
w 

Since Y(r) is dominated by the Cl - D and Cl - 0 te:rms, it 

is immediately e~~dent that the chlorine ion is strongly coordinated 

with water molecules, and beyond the · hydration sphere there is 

:practically no ordering or the water molecules. The double peak in 

Y(r) ~plies 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 Cha:9ter 6 for a discussion of this). 

Ebwever it is not clear whether the first peak consists 

entirely or deuterium atoms, or r;a.rtly of deuterium and :partly oxygen • 
• 



The coordination numbers axe obtained by integrating over the first 

peak: 

4IT'n 

where 

BrtliN 

r (Y(r) +A) r
2 

dr = 2b~ + 2bcPo+2~~ 
0 

6.. = 2cD'b:o + 2c0b0 + 2 cNa. bNa. , 

••• 4.3 

~' N0 , ~ are the respective coordination numbers of D, o, Na, 

and BlrliN 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 deuteri1llil (N0 = ~ = 0 ) , (ii) of equaJ. numbers of 

deuterium and o~gen ( ~ Hn- = N
0 

, ~ = 0 ), a.nd (iii) entirely of 

D2o molecules. ( ND = 2N0 , NNa = 0 ) • 

2) 11odel of the B;yd;ration Snhere 

To obtain a more specific representation of the structure, a 

model of. the hydration sphere was developed on the lines given in the 

previous :pa.:ragra.:ph. N is the ntm1ber of water molecules coordinated to . c 

the ion: the total number of atoms in the hydration s!'here is then 
Cl 

3N0 + 1. If n
0 

is the total number density of D, 01"and Na. atoms in 

the bulk liquid, then the IrE an volume per a tom is 1 , and so the 
n 

3N + 1 ° volume occupied by the hydration sphere is c v1hich enables , 

a mean radius of the hydration sphere to be defined as 

= 3 3 ( 3N
0 

+ 1 ) 
re • 

4 rr ne 
••• 4.4 

In the model, the continuum radial distribution function is assumed to 

be fiat beyond tr.is radius, and zero within it. As the transition from 

hydration sphere to continuum is tmlikely to be truly 'hard' , a small 

width, w , is placed on the continuum radial di~tributionfLU'\.ctwY\: 



(:r: +w) 2 - 1T(r -r) 
c 2 ( 1 - sin( 2 : )), 
:r 

34· 

r -w......-~r +w c ~ c 
••• 

Fbr the coordinated molecules, the lpherical polar coordinates 

of the ion with respect to the oxygen atom of a water molecule were 

defined according to figure 4.,a, and the distance of each deuterium 

and o~gen atom from the chlorine ion calculated. The 0 - D bond 

length was set at0.94 i , and the D - 0 - D angle set at 104.5° (see 

F.ra.nks (<17) ) • To account for thel."mal motion, a nonnalized Gaussian 

profile of width w was placed on each distance and weighted according 

to the neutron factors. This produces an hydrated radial distribution 

function: 

Sh(r) 

••• 4·6 

Here, ~ N0 are the numbers of deuterium and oxygen atoms at distances 

rD' r 0 re~:pectively. The summations are performed over all the atoms 

in the hyd~ation sphere. The weighted radial distribution for the model 

is finally defined as 

At concentrations 5.32 and 2.99 molal, two models emerge~ 

(.f'igs. 4.6b and 4.7a, and Table 4.2 ) • It was not necessary to define 

more than -two Cl - 0 distances. In model A, one of the 0 - D bonds in 

the water molecule lies nearly parallel to the Cl - 0 axis. - there is 
lil 

only one hydration sphere. In model B the t'\vO deuterium atoms lie 

equidistant from the chlorine ion, and there is a second layer of 

water molecules, similarly orientated, which overlaps with the continuum. 



A.t a concentration of 1.49 molal, two models again 

emerged, and one of these (B) is shown in fig. 4.1b. The model 

35. 

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 

a.na.lysis 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 eJq>erimental data. 

The models were analysed in te:rms or their mean square 

deviation from the eJCPerimental data, and results or 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 - 0 distance shorter than that observed in 

any X-ray eJCI)eriment, appendix S', and an orientation di!'ferent 

!rom 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 l~arten, Vaslov and 

Levy (&2) used the same tYJ)e 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. 

Fiila.lly,i t should be noted that the sodium ions are 

not included in the models as they contribute less than 3 ~6 to 

the composite pattern. 
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3) Chlorine Pa~tial Structur9 ]actors and ~adial Dist=ibutions 

'1he chlorine partial structure f2.ctors '.:ere e:rt:::..""acted 

accor~1G to equation 3.7 from the corrected differences. Direct 

Fourier tr8.Ilsfor.n of the :pe.rtials yielded a s(r) llhich }lad la.rc;e 

oscillatior..s of :period ""1 ~ in the range 2 - 10 i, and virtually 

structure-less beyond. Such a distribution is difficult to justi-

fy physically. ~e mol ten sodium chloride data (P£h·rards et 2.1. (fll>)) 

0 shows that the chlorine ions do not a~proach any closer than 3 ~ 

in the liquid st~te, and the period of oscillation L~ the Cl - Cl 

racli.al distribution of the fused salt is "-"4 i. Hence the large 

oscillations were treated as truncation errors, and the oscillations 

in a
0101 

(Q.) \-rere similarly found to be due to g(r) values beyond 

beyond 20 ~. AssuminG the g(r) cannot have a period of oscillation 

less than 1.8 ~' then (a0101 - 1) should be substantially zero 

...,./ 9-1 . o-1 for Q values greater t:1an 2 n 1.8 ~ , J..e. 3. 5 a • At the same 

time, the resolution of the D4 diffractometer at I.L.L., Grenoble 

is usually quoted as 0.2 i-1 at Q = 1 i-1, so it is difficult to 

o-1 observe oscillations of neriod 0.3 a or less. This :im::.lies a restr-

iction on the IJa7 .. ir:rum :!:adius value to Hhich L"Ylfo:::r:la tion can be 

obtained r ::::: 2Tl' /0.3 = 20.9 ~. r~he wincio·.·r fu..YJ.ction, equation 
LJ.a:~ • 

1 

Hith T = 20 R. - o-1 
J:~nally, because the data for ' .. ;;.< 0.4 "" is un-

reliable, this region ,.ras approxi.r:la.ted by drawing a straight line 

bet'\oreen the the:!"modynam.ic value (.l:P.Pendix If.) at Q, = o, and the value 

o-1 
at Q. = 0.4 a • In gClCl (r), all values for r< 3 1\ \·:ere set to ze~"'O. 

iJ!he partial st:::ucture fcctors obtained are shm-m in 

fig 4.8 : the bru1.d of er~o:r shous the anpli tucle of the oscillations 

in the r2.\v data. Obviously Hi th such larce error bars at the lo\·rer 
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concentrations, it is difficult to justify the radial distribu.tion 

curves presented in fig. 4.9. The apparent increase in structure 

with dilution is probably an effect of the increased statistical 

uncertainty in the partial, although there is some justification 

in ter.ms of structuring of the ions by water molecules (see Chapter 

6 ) at lower concentrations. 
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4) Nickel Chloxide !queous Solutions 

A study of nickel chloride aqueous solutions \•:as :perfom.ed 

concurrently with the present e::q>eriment, using nicke 1 isotopes. 

This work '-ras performed by Dr. Heilson, 8:Ild so is only presented 

in outline here. The experimental method was identical with ~1at 

for sodium chloride solutions. The. nickel isotopes used were: 

natural nickel, nickel 1 62 1 , and nickel 1 zero 1 , the la tta: consisting 

of a mixture of na tu:r:al and t 62' (which has a negative sea ttering 

length) such that the scattering length is nearly zero, (see Table 4.4). 

The equations relating to the structure 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 perfor.med directly; no reliable radial distribu­

tion has been obtained from this data. However the first order 

difference curves have been Fburier transformed, and yield important 

information concerning the ~ickel hydration s~here. 

The total F(Q) curves show a small feature in the region 

of 1.0 i_-1 for the natural isotope, which noves in'va.rds at lo\orer 

concentrations: this movement has been interpreted in terms of a 

lattice ~del of the solution, Neilson, Enderby and EOwe (7~). 

The feature does not a:p:pear in the 1 zero 1 or 1 62' isotope curves, 

and only very ,.reakly in ths first order difference curve, F , 621 - F, zero,' 

where despite the ~t_i,!2. scattering length of the nickel isotope, 

it would still appear as a pos~tive feature if it '~ere solely due 

to the l\i-Ni 1artial structure factor. rlhls suggests that a t1ajor 
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contribution to the :peak is from one of the terms ~iD' ~iO' ~~icl• 

Thus the identification of the movement of the pre-pea.k in the total 

F(~) pattern with the movement of the main peak in the Ni-Ni 

partial structure factor has yet to be verified by partial structure 

factor analys4.s 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 curves, fig. 4.18 - 4.20, indicate 

that the water molecules are t!Sbtly 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 tems of models has not been performed, bu.t it is olea.r that 

only the orientation of the water molecules shown in fig. 4.22 

would fit the data at all dilutions. Thus the e:x:lstence of a 

cation complex, as suggested by X-ra.y diffraction data (Chapter 2), 

is confirmed, and the dei>th and width of the minimum between the 

double peak and subsequent features implies that the rate of exchange 

of hydrated \'later molecules with the su::eroundings is small. 'l'his 

again contrasts \·li th the sodium chloride data, '\vhere the orientation 

of hy.d....~ ted ~·Ja ter molecules aro1md the chlorine ion is open to 

ambiguit,y, and the hydration sphere oerges continuously with its 

environment. 
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CHAPrER 5 40. 

MODELS OF LIQUIDS 

1) Introduction 

In the discussion in Chapter 2, it emerged that some 

authors have ~gested 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? 'l!here is also the question or 

whether the structm:e can. _be :predici;ed by ·a: non-lattice model. 
. .- -- ., . . ..... _ 

Fbr aqueous solutions we have the following inio~tion 

conce~ the ion-ion distribution. The structure factor for 

chlorine ions in sodium chloride shows no ordering in the radial 

distribution. 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 partial, is seen to 
1 ·-

move linearly with ~1i , where ~i is the number density of 

nickel atoms (7~). 

An atte!Il]?t is made here to ans1-1er the questions by :presenting 

some calculations on disordered lattices, and comparing them with 

the results of n hard-sphere siculation. 

PART A Disordered Lattices 

2) Setting Un the Disordered Lattice 

The lattice model of liquids, both theoretic.ally and 

experimentally,is viell-know.. Ka.plo\v, Strong and Averbach (98) 
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and {,,) have found good agreement between the disordered lattices 

o:C magnesium, lead and gold-tin alloys and their corres:ponding liquid 

stucture. Na.rten (31) was able to obtain good agreement bett-reen 

a disordered Ice I model of water and experiment, although 0 1Reilly 

(oCJ) showed a.n Ice Ic-VII model to be equally satisfactory. !'lost 

approaches use a. _large numbe-r of -ad.j-tista.ble :parameters. to fit-· 

their roodels, leading to a confUsing picture of the rea.l liquid 

st~_ture. In the present study, a simple model is used to compare 

a variety of liquids, showing the extent of the la. ttice-like 

behaviour, and gaining· insight into t~ physical meaning of the ·liqUid 

structure factor. 

The raA1aJ distribution £'unction for a crystal lattice 

is represented by a distribution of f -fanctions, whose heights 

corresponds to the number of a toms at each radius value from a given 

origin. Thermal broadening, the Debye-Walle:r 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 ~aks overlap and the distribution becomes 

continuous. 

There a.re two ty:pes of distribution to be discussed: 

g(:r) is the probability function discussed in Chapter 1. G(:r)dr is 

the number of atoms found within dr at r, and is equal to 4rrn:r2g(r)dr. 

It is necessar,y to generate G(:r) before g(r) can be calculated. T.he 

method for disordering a crystal structure the:r.ef'ore falls into three 

stages:-

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

· 2) Disorder this and then divide by .4trnr2 to obtain g(r). 
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3) Perfo:cm a Fourier transform to obtain a ( ~). 

The third stage is included since experimental data comes as a(Q), 

and it is possible to avoid termination errors in the simulated 

data by generating g(r) to large values of r. A general computer 

algorithm was written for a:n:y 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 or the 1 i 1th peak, or, is described 

by the equation 

••• ~.1 

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

Other broadeni.Dg teDDS were tried. A constant tem was unsatis-

factory, a square-root t~ did not pmduce sufficient disorder at 
• 

large r, and a quadratic term was too strong: the linear function 

is the ma.x:imum broadening possible while keeping the distribution 

However, F.renkel (100) argues from · statistical mechanics 

that the width should increase as~ • Indeed the line~ term 

is not :perf'ectly satisfactory. :But in the real liquid there are 

interstitial_ positio~, on account_ of'. the atomic motion, which a.re 

not :possible in the solid, a.nd this produces broadening additional 

to F.renke1 1 s simple kinetic term. 

Another effect, not mentioned by Frenkel, is that disorder­

illg a lattice with increasiDg peak widths increases the uumber 

density of the final. G(r). The amount will depend on the value of 

a, and the peak shape. Hence it is necessar:r to integrate the 

disordered G(r) to obtain the new mean trumber density. This 

integral is awkward for the Gaussian pro ba.bili ty curve usually 



Figure 5.1 

.Algorithm for generating radial distribution ot a cr:ystal. 

1. Input the dimensions and angles of the unit cell, the 

coordinates o£ the atoms within the cell, and their 

lattice site probabilities. 

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

counted, and de£ine a parallelipiped containing an 

integer number or unit cells, and sides parallel to the 

unit cell vectors, sufficiently large to contain a sPhere 

of this radius. 

3. Step througb the pa.ralleli:piped~,- stop:pillg at each unit. 

... cell •. 

4. At each u.~t cell, generate the coordinates or each 

atom in tuxn, and convert to Cartesian coordinates with 

respect to the centre o£ the pa.ral.lelipiped. l'Ieasure the 

distance of the atom from this origin: compare with the 

:previous values o£ such dista.ncefl. · If' there are already 

atoms at this distance add the present lattic!! site :probability 

to the existing value. If' there a.re no atoms previously at 

this distance, generate a new lattice distance and probability, 

and place this in the a:rra:y in order or increasing distance. 

If' the distance is greater than the radius of the sphere, then 

ignore the lattice site. 

5. w.hen 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 

nvfllber of atoms to be found at each distance, given that some 

or all of the sites are not filled for 100 ~'o of the time. 
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associated with this type o£ disorder, so a simpler function !or 

the peak shape is used here:-

) J , ••• 5.2 

or · or 
tor ( xi - 2 ) ~r =e ( x1 + 2 ) , and zero for r outside these 

limits. The ..L factor is introduced so tha.t the integral of or 
the function over the allowed ra.Dge of r is unity; this integral 

is a.na.lytic. 

The disordered G(r) is represented by the sum 

G(r) = IN1 li'1(r) 
i 

••• 

where N1is the number of atoms at radius x1 in the origillal lattice. 

3) Results 

a) Monatomic Liquids. 

There is a wide litera. ture for the structure factors of' 

monatomic liquids. CoJill)Sr.ison of the disordered solid-state 

stru.cture with the liquid structure factors is shown in figs. 

to 5.4 , • Table 5.1 gives the parameters used in the simulation. 

No attempt was made to obtain a. least-squares fit: the amount of' 

!i tting was kept to an absolute minimum. The guiding criteria 

were, to obtain a near-neighbour distance, atomic number density 

and peak width constant, consistent with a.n a.{Q) close to experiment. 

The following poin_ts emerge from the compa.rison:-

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 o£ Q. For tin 

they are at too large a value, for zinc they _are approximately 

correct. 
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3) All the simulated number densities are too large, 

despite three out o£ five o£ 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 i.J:alx>ssible to 

fit either o£ the cubic structures to liquid tin. To this extent 

the liquid may be described as la ttice-llke. 

b) f.!olten Sodium Chloride 

Reliable partial structure factors have been o bta.ined for 

this system (mwa.rds,]hderby, Howe, and Page C'6) ), Bm. these 

are compared in fig. (5.5") with a. disordered F.c.c. lattice. 

See Table 5.2. Once again, number densities are too large .a the 

lattice sites are only 75'~ occupied. 

If the position, "a ' or a. feature in a. strtlcture factor 

represents the near-neighbour distance, d , then we would expect 

the :product ~ d to be constant as d alters from real liquid to 

model. This p:roduct for the first and second_ peaks in the real 

liquid .is compa.red with jale simu.lated values in Tables.;. The 

tw :qJOdels agree closely with each other, which is eX];)ected 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/~ -

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



c) Liguids :Based on the Nickel Arsenide Structure 

Examples of these liquids are: Au-sn, Ni-Te, Cu-Sn., 

Ni-Te ., ~Te, Cu-Te. They are all binary alloys. In the 

nickel arsenide. structu:re {see Wyckofr (lOS) ), metalloid (As) 

atoms foDn a. close-packed he:x:a.gonal arrangement, and the metal 

sites are octahedra.lly coordi.na ted by metalloid a toms. In tems 

o£ the unit cell vectors, the atomic coordinates area-

Ni: 

.lsa 

(i) (o,o,o) 

(i) (!,f,i) 
(ii) (o,o,i) 

(ii) (§,!,i) 
These substances often show a variable co~sition. Fbr co~unds 

of the fo:cm Nizb a.n additional set of Ni sites occur at:-
_, 

Ni 1 {ill) (!,i,i) (iv) (i,!-,i) 

For compounds or the tom NU.s2, only site (i) is occupied. 

A related structure, for ~Te, is the imn arsenide 

structure, Fet-s, which has a tetragonal unit cell, containing 

two molecul.es:-

Fe a -(i) (o,o,o) 

(iii) (o,i,u) 

As : (i) (o,!,u) 

(U) 

{iv) 

(ii) 

(~,i,O) 

-(i,o,U) 

.. (!,O,:U) 

For eu.2Te u{Cu.) =0.27, and u(Te) = -0.285 ; effectively this means 

a treble plane of Cu atoms sandwiched with a double. layer of· . 

Te a. toms. -· 

Neutron data are available for Ni-Te, Ni-Te3 (la'), and 

Cu-Te, ~-Te (1"') , 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.(s.6) and (5.7). For ra-Te
3

, the abundance 

of tellurium over copper is represented by decreasing the lattice 

site probabilities of the copper to one thil.'d of those of the 
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tellurium. Crystal data are taken from Ylyckopf', who is, however, 

silent on the structure of Cu-Te: the nickel arsenide structure 

has been assumed here. 

~Te exhibits two structural forms - a low tempenture 

Fe~ stucture, and a high tempe~ture f'oJ:m, a.na.logous to nickel 

arsenide, inwhich the metal atoms fo:cn planes with tellurium between. 

The simulation shown in the figure is for the fomer structure, as the 

latter produced a considerable peak at 2 i.-1• It is important that 

the experimental data show a :peak a.t o.a i_-1, and both the high and 

o-1, low temperature simulations show a significant first peak a.t ,_.,1 A 

on account or the layered stru.cture of' these lattices. 

The same point is made in the RiTe and NiTe3 simulation&. 

Both the experimental curves show a. peak in the low Q 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 i-1 is intl:oduced by reducing the probabilty of' site (ii) comp­

ared to (i). For NiTe
3

, the two sites have equal probability, and no 

pre-pea.k is observed. Hence the pre-pea.k is created in the disol.'dered 

model by emphasizing the planes of' nickel a. toms. 

In all these simulated structures, the nickel and co:p1'9r 
~ 

near-neighbour distances remain near 2.6 i. The conclusion is that 

the first peak does not necessarily represent this distance, as the 

monatomic liquids already studied have a. similar distance of closest 

approach, but there is no peak in the structure pattern at 1 i.-1• 

d) Nickel Chloride Agueous Solutions 

In the solid state nickel chloride hexa.hydra.te f'oms a 

monoclinic structure consisting or planes of nickel atoms, along which 

the crystal cleaves easily (108). The disordered 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 i-1, are shown in fig. 

5.8. 1l'he amount of disordering necessary, (v1idth constant a = o.a), 

is substantially more than that used for the previous liquids, 

although the simulated pea.k is still too large. The comparison 

indica:tes that a lattice - type ordering or· 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 simulation of fused sodium chloride, that a :Peak in the Cl-Cl 

structure factor coincides with a sh.axp Iilinimum from the Ua-Cl 

structure factor, cmd when added together \vi th 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 .a) and the Cl-Cl- and Na-Cl st:I=ucture factors added together 

with the neutron factors appropriate to the F35 - F37 first order 

difference at 5.32 molal, fig 5.9. Fbr the disordered lattice 

o-1 there remai..'ls a significa..~t peak at 1 A , end 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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P.Am B Bard Suhere Calculations 

4) :Ba.xter' s 2£1ua.tions 

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 bard spheres, 

Quirke and Soper (10'). Using a. factorization procedure, :Ba.xter 

(11 0) 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 (Ill ) demonstrated that a. ste:pwise 

solution is possible, and 3. :program was written to perfo:t'm this 

for the multi-com:ponent system. The computing time for the six 

:partial distributions in a th:ree component system, out to 35 i, 

and at a step of 0.05 i, was 2 minutes. The Fourier transform 

was then per~ormed as des cri bed 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 i, were 

compared with those of Throo:p and Bea.rman ( \12. ) , for a Hide range 

of concentrations; the agreement was to within 0.1 ~~ in all cases. 

Al. though 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 5.10 •• 

The analysis was repeated for a two-com:ponent system with 

hard sphere diameters fixed at 5.6 i and 4.3 i for nickel and chlorine 

ions respectively. Ac~in :::ovements of the first :peak are seen, 

especially at the higher concentration, fig 5.10 b, 
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6) Three Conmonent r~Iodel 

In the three component model, a more detailed descri~tion 

of the effect of hydration on the ha..."Y'ti sphere diameter of the ions 

is given. For the concentrated solutions most of the water is 

bo1md, and free water molecules are only introduced a.f'tex the 

maximum amount of water has been absorbed into the hydration 

spheres. The nickel ~meter and hydration number are held at 5.6 ~ 

and 6.0 res~ectively at all concentrations. At.present no chlorine 

substitution has been carried out in NiC12 solutions, and both the 

both the magnitude and variation with concentration of the chlorine 

hydration number. are 1mknown. In order to make :progress we shall 

assume all the remaining water molecules are bound to the chlorine 

ion at 4.41 molal - this gives a chlorine hydration number of 2.;. 

This number is allowed to increase to 6 at 2.0 molal, after which 

it remains constant, Table 5. o, 
The movement of 'la with number density is shown in fig 5. UJ.. 

(" is the position of the first :peak in the !Ii-Ni :pa....~ial structure 
1 

factor~) The region over which % moves linearly with ~i is small 

in con::tparison to the ex:r;erimental points; the gradients of the t'\·TO 

lines are different. Also, the three component model deviates more 

rapidly from the linear behaviour than does the two com;onent model, 

indicating that the free water molecules have their ow structuring 

effect. ~ for the model partial structure factor is different from 

that found ex,perimentally, but the magnitude of the partial is 

correct, so,judged solely from the wagnitude of the experimental 

partial, there is.no evidence for 2~ nore ionic ordering than 

found in a hard sphere fluid. 
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PARr C Argument from the Zero Limits 

From the results of the previous two sections it is possible 

to drau some si.mple conclusions about the liquid structure factor: 

(i) The first peak does not necessarily represent the 

ne~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 second or 

subsequent peaks. 

(ill) The magnitude of the first peak is not simply· 

an indication of the extent of the order, since it is also proper-

tiona.l 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. st:t-u.cture factor _should go to 

the ther.modynamio limit. These limits have been calculated 

aocord.ing to the :Beeby fo:rmula.tion, Appendix Ji.., for concentrations 

of nickel and sodium chlorides appropriate to the experiments, and 

comparison is made '\U th the simple le..ttice a...1'J.d hard sr;here models 

of nickel chloride in fig 5. 11. •. 

Fbr a salt, AB , which completely dissociates in to 1+x ions 
X 

on dissolving, the Beeby fo:rmula gives, for the zero limit in a very 

dilute solution: 

1 = nk_TH - 1 (-L) 
~ CA 1+x 

••• 5.7 

where n is the total number of atoms per u.ni t volume, c A is the 

atoLlio frc:-.ction of A ions, a.nd the other symbols ~'lave the same neaning 

as those in the a:r;pendix. This result can be seen irr.mediately by 

invoking the Landau-Lifshitz formula for the chemical potential 
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of the solvent in a dilute strong electrolyte (US). Hence, since 

x>o, the limit goes to - oOat 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-Hu.ckel limiting law, which a:p:plies at low concentrations. The 

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

= 
~qj exp(-kr) 

1
- ~T£ r 

••• 5.8 

where e is the dielectric constant of the sol vent and k is the 

reciprocal Debye length. ]burier trans£orm of equation s.a at Q:::O 

gives immediately 

••• 

where o1is the atomic fraction of s~ecies i. 

For a. molecule of the form A:B , A. is assumed to have a . X 

charge x units compared to 13, then, for charge neut:rali ty, the ion 

B will have an atomic fraction xcA' if cA is the atomic fraction of 

A. Substituted in 5.9, these results give 

••• 5.10 

The only difference between this and equation 5.7 is the compress-

ibilit.y ter.m, which represents the fact that the solvent is not 

a tru.e continuum at a:ny dilution. Hol·rever this term is small, 

and, as fig 5. shovrs, the model fits the low Q, li.mi ts for both 

sodium· nnd nickel chlorides more accurately than the otter models. 

The agreement is especially good for sodium chloride. 

The importance of this result may be seen in the .follo-vdng 

way. In the Debye-Hu.ckel theory, the quantity ~ represents · 



1 /(cation no. density) ·· 
0 1 2 3 4 x103 (A3i. 
0+---~----~----~--~~~~--~ 

-100 

Zero 

limit 

-200 

~300 

-400 

' 

(e) 

(d) 
Fig. 5. 12 Corn:uarison bet~een 

zero limits of partial structure 

factor for various r:.odels, '.-Ii th 

'\ thermodynar.aic limits . 

'\ (a) :Disordered 
'\ l attice (r~i-Hi) 

'\ ' b) ~bye-Huckel 
(ri-l~i) 

( c ) De bye-Hucl~e 1 
'01- Cl in sodium 

'\ chloride) 

' '{d) Hard sphe1·e 
' (Ni - Ni) 

( e)'' The:::"lJJdynamic 
with no'\ dissociation 

'\ (1a- Fi ) 

' 
~(c) 

(b) 

• Sodium Oioride 
solutions 

• Nickel Chloride 
solutions 

(a) 



52. 

the distance of the maximum in the charge cloud density from an ion, 

and it varies as 1/ {n.. • Hence, a.s the concentration decreases, 
~ 

the charge cloud expands a\Ja.Y from the ion. 'lhe simi!ari ty betv1een 

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. '!he absence of Coulomb forces in the hard 

s:phere 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. 

Yet the Debye-Hu.ckel chaxge cloud has no 'structure 1 in terms of 

peaks in' the radial. distribution function, equation s.a. 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 ui th concentration 

is dominated by the Coulomb forces. A full three component simulation, 

whiCh included electrostatic forces between the ions,has yet to 

be perfo:tmed. The success or failure of such a. simulation vrould 

confixm or disprove the ideas proposed here. 

On the same argument, the absence of a;ny structure in the 

distribution of chlorine ions in sodium chloride solutions, might suggest 

that the hydrated water oolecules are not bound tightly to that ion, 

although the neut~_-_evidenoe requires that they are strongly 

orientated towc:..rds it when approaching closely. The lack of stru.cture 

could equally be an effect of the packing of non-spherical hydrated ions. 



_-

CHAI'rER 6 

CONCLUSIOH 

In the previous Chapter, we have seen how the hard-sphere 

simulation is a useful reference system 1.-d.th which to judge the 

real. solution. The tightness of the bind.ing between an ion and 

its hydration molecules will be repreSented 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 

repulsions present, will show a significant peak, due to the 

atomic packing... Hence, the tru.e extent of binding is determined 

by comparison with the hard sphere situation. Neutron data 

cannot at present supply info~tion about the ion-oxygen partial 

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 s;here water 

molecules (diameter 2.8 i, number density 0.0299 / i_3), sodium 

ions (diameter 1.90 i, number density 0.00318 I ~3 ), and chlorine 

ions (diameter 3.6 i, number density 0.00318 I i3), at the saoe 

concentration. 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 r:otentia.l is much 

'softer' than a hard sphere potential. Hence the hydration of 

water molecules around the chlorine ion is confirmed to be an 

orientation effect, , but the role of binding be·t-v1een the ion and 

its hydration sphere. is at present u.~clear • 

. Samoilov (11 'f..), by considering the activation energy 
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needed to rel:lace a \'later molecule in the hydration s:phere, argues 

+ + - - -that, for ions like K , Cs , Cl , :Br , I , the rate of exchange 

of water molecules around the ions is greater t~ the rate for 

those around a water molecule in :pure vTater, i.e. the ion 

actually 'lubricates' the motion of the water molecules. The 

present data agrees with this interpretation, although there 

is zrunoked orientation or· the \-Ta.ter: molecules near the ion. 

As no model has been developed., so ra:r, for the nickel 

hydration sphere, it is not possible to make the same comparison, 

&J.though the height and sba.rinless of the features in figs 4.18 

to 4.20 strongly suggest that bjnding does occur. 

Ther~ are no previous eXI>erimental data on the distribution 

o£ chlorine ions in the solution, and all the simula tions have 

been ca....-ried out at concentrations belo\·1 2.0 molal, these 

invariably ignore the finite size of the solvent particles. 

However, Stell and Sun (ll $") quote some Monte Carlo results, 

for a. series of solutions u:p to 1.968 mol!:£ , for a two-

component system of charged ha:rd spheres, and La.ntelme and Friedman 

(ll') performed a simulation of a 1.0 molar solution, by treating 

the motion of the charged particles as :Brollllian motion in a 

viscous medium. lleither of the s~-ru.lations sho\-lS 1 structure 1 i.n 

the distributions, but it is unfair to compare them. with the 

chlorine partial at 5.32 molal, wbich,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 sodiuc 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 solution, since we no\<1 kno1t1 that the ion-solvent 

potenti~ is not -'ha'rd', the increasing role of the solvent 
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in structuring the ions is clearly demonstrated by these curves. 

Hence the result in fig 4. Cf , \vhere there appeared an increase 

in structure with dilution,could be interpreted as ouch an effect. 
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56. 
AP.PniDIX 1 

We define the Hamil ton:i.an for the unperturbed system as HQ' and 

for the neutron interaction we then add the Hamiltonian of the particle 

to ·be scattered and the interaction potentia.l:-

H = lb + $ + 2::Vj<£- !!:i) ••• A1.1 
2m ~. 

where !!.1 is the :position o/ the j th nucleus, and the sum is taken over 

all the scattering centres. Vj (!:- !!.1) is the scattering :potential.. 

:Born app:rox:ima. tion tells us the partial di.ff-

erential cross-section:-

= ~ (ijf-)i~l)d!: e:z:p(iS.!:) ,L-vj(£- ~)jyf~(Er-Ei-w) 
J . - ••• A1.2 

where i a.nd f represent the ini tiaJ. and final states, and E is the 

energy of the system. TheE-function expresses con'S-er:va.tion of energy. 

If' we let R = r -B., then the inte-, can be written as - - --a 6•~ 

lfd!. vj (ID exp(iS. (! + !!.1)) = 4vj CID exp(i,9..~) ••• A.1., 

V. (9J is the Fourier COIIllX>nent of V. (!) • 
J J 

The cross-section must be averaged over all initial and final 

states. The average over the initial states simply is a themal 

average. The dis~ibution of final states is governed by the un:per-

turbed Hamiltonian acting on the final states. 

First we note the Fourier expansion of a ~-function: 

~(Er - E1 - w) = 2~ sdt e:z:p(i( Er - Ei - w)t) 

In the Eeisenberg representation 

exp(-i Hat)\ i) = exp(-i E1 t)\ i) 

and <f I exp(i Hot) = c:( f \ exp(i Eft) 

••• A1.4 

••• A1.5 

•••. .A1.6 

.-..., 
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Furthermore we note the following operation on a .ftmction of the 

system, !: 

exp(i Hat) r(o) exp(~i EQt) = r(t). 

Fina.lly, to make use o! these results, we replace the tem within the 

modulus sign squared by the expression 

.(if 2_"v;(9) exp(-ii-1\i)l tX r!Ivk(ID exp(ig..~)ji), .;. A1-.a 

where v;~ = S d!l. vj(ID exp(-iS..!!) ~ .-•• A1.9. 

Note that v:~, V. (g) are inde:pendent o£ o:pera.tions or the Hamiltonian 
J J 

ami time. Combining all the previous equations, we o bta.in 

d
2
o- ~ m :\2 1 f ·· · ( )'""' \ :Tfn\ In' 

d.Q...dw = ~21T' 21T dt.~xp -i~ L L vj\3/vk\:11 * 
. - j k 

* exp(-i_i.~(O))ex:p(iS.~(t)). 
Here the thexmal. average has been assumed. 

• •• -. A1·~.10 



A:PPENDIX 2 

In equation 1. 26 we have the sum: 

2Ibj~exp(i~~- ~)) 
j kpj 

Setting R = :a - R ., this is rewritten: 
-111 ~ ~ 

22:: bjbm{~(i,i.~) - ~ ~)) 
j m 

The sum over j is perfo:rmed immediately 

)>j =I Naba 
j a 

58· 

••• A2.1 

••• j2.2 

·~ •• A2.3 

Fo~. th_e sum ~er . o, .. l~t. /Jab(~) _re:presen~- the · densi.ty of 

~icl~S-· 'b_' _ with an _'a' . particle at the origin. 

f~bw =I~<=:-~) 
m 

so ~fabW exp(i,9..~ ~ = ~· exp(i,9..~). 

Also note that 1 ~ ~) = 1_ ~ rexp(i,9..~ ~ 
k b y 

The sum over m:·.no1tLbecomes 

, ~ ~ ~(fabW - ~) exp(iS,.!:) ~ 
Using the partial distribu.tions of equation 1.18, we write 

A)f. w 
gabW = ca.b ' 

n~ 

and Al~-1 finally becomes 

N:n IIoacb b'a.bb(gabW - 1) exp(i,9..!:) ~ • 
a b r 

••• A2.4 

••• A2.5 

•• -. A.:2.6 

••• A.2.7 

•· •• A2.8 

••• A~.9 
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m100TEING BY FOURIER ANALYSIS 

The standard method of smoothing noisy data by Fourier 

analysis is to set up a Fourier series through the data. The 

higher frequency baDmonics are then deleted since they correspond, 

principally, to the noise in the data, and •smoothed• data regener-

~ted from a reduced number of harmonics. Such a procedure applied 

to a structure function is open to an im~ortant criticism. 

For the Fourier analysis, vre take n data points, and set 

up a second set so that the combined set is an E.'V1!a function, i.e • 

= !or ••• A3.1 

then on Fc?urier a.na.lysis the sine coefficients disappear, and the 

data ~ expressed as a series of cosine coefficients: 
2n-1 1r "k 

. I(Qj) = 2 ~ cos(-7") ••• A3.2 
k=O 

where 2n-1 

!I_ = I(Q.) cos(lT jk) 
J n 

••• A3.3 

k=O 

The Fourier transform of I( Q) is in general defined by 

G(r) = T 1 
. ~ I(q) sin(Q;r) dQ. , ••• Al.4 

l nar ! where n is the total number density of atoms. 
- a 

For a finite number of discrete data ;oints,the definition,A .4~ 

can be rewritten as !l,l\-l ; 

G(rm) = ).,r~ri.rm l\fj I(~) sin(Q.jrm) ... A3.5 

· · 3:o 
where A Q. is the step in Q.-space betvTeen data points, so that 

Qj = j.~Q. Q.NAX is the maximum value of Q, so that n = QJ:~/4 Q., 

mlr 
and rm = QJ.JAX• This form of representation is used because the 

fas t-Fouxier transform algorithm of Cooley and 1I'ukey ( ll7) \-Tas employed 

to evaluate equations A3.3 and A'3. 5. 
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Fbr the ~ransfor.m A3.5 we need the sine coefficients, 

so the function ~- I(Q.) is made ODD, i.e. Q.I(Q.) = - C~ . I(~ .) 
J J J J ~-J ~n-J 

for n<j<2n. Combining A3.2 and ~.5, af"ter reordering the terms, gives 

2n-1 

'\: A Q. z:-. Q.jcos(Q.jrk) sin(Q.jrm) • 
j=O ••• A3.6 

T.he bracketed term represents the Fburier analysis of the function 

+ve for k-Hil EVm 
-ve for k-m ODD ·· • • • A3 • 7a 

~= for m= k, ••• 

assuming n>) k-tm. 'I!he cases for when k=O and n ~k-Hn are also 

straightforward to deti ve. It is clear that values of ~' for 

m 1: k , are large in the region k~ m. Thus if \te delete coefficients 

~ for k greater than a value k.' , say, then lve similarly deleting 

most_ of the illrorma.tion about G(rm) for rn?rk 1 • 

The :point is demonstra. ted in fig. A3. 1 , where the Fourier 

coeff"icients (curve (c)),from the structure factor of a disordered 

F.c.c. lattice ( see chapter 5), are compared \-ti th the radial distr­

ibution function (curve (a) ) derived from the same structure 

factor : the two curves bear considerable resemblance to one 

another. Curve (b) shows the radial distribution function after 

terminating the Fourier coefficients at 3 i. Although this last 

curve may exaggerate the effect, it is clear that sim~ly delet~ 

coefficients is not a satisfactory way of obtaining a radial 

distribution. 

Curve (d) sho,-rs the Fourier coefficients obtained from 

the first order difference r
35 

- I
37 

, (fig. 3 -9b), after inter-
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polating the raw data to a step of 0.015 i-1 • 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 i. The 

curve appears flat beyond a i, but there is no justification for 

assuming this, especially as the long range interaction, the Cl - Cl 

:partial distribution,contributes only 5 % to the total. 

In the absence of a more satisfactory method, the problem 

was overcome in the present "rork by smoothing the coefficients using 

a. simple averaging procedure, i.e. the value of coefficien~ an was 

1 replaced by 7(
4 

a 1 + 2a + a. 1 ) • The amount of averaging '\VS.S 
n- n n+ 

kept to a minimum and restricted to regions where the Fburier 

coefficients displayed no or only slowly varying structure. 

The Fburier analysis technique also enables us to correct 

a.ny 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 

6 (Q)aotua.l = A 0 ( 1 - bQ.2) •· •• A3.8 

where jj 0is the ideal, elastic value, and b is a constant. 

Fourier coefficients of /J.(Q) are, for k..(p, 

= ••• A3·9 

Hence the coefficients rise s~~ly for small k• B,y subtracting a 

aurve of the form A~.9 from the coefficients at small values of 

k, the Flaczek correction to the se1f terms can be completely 

eliminated. In practice, the effect occurs only within the first 

5 coefficients of the first order differences. 
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APFamrx !I: 
ZERO Lll'IIT CALCITLA.TI011S 

Bee by ( f I,) has derived expressions for the zero lirli ts 

to the partial structure factors in an aqueous solution consisting 

of Nb solute molecules dissolved in Na solvent molecules, in a 

volume V, in terms of the fluctuations Ana, ANb. These fluctuations 

are in tur.n related to the isothermal compressibility, ~ and 

the derivative of the osmotic pressure ! with respect to 

molecular-fraction, c = N ~N • 
.· a. b 

Tabulated data usually give the practical osmotic 

coefficient, ~ , which represents the deviation of the osmotic 

pressure from its ideal (van1 t Hof£) value, as a function of 

molal! ty, m. The osmotic :pressure is then given by (Ho binson 

and Stokes (.1&) ) 
vN0~T ~~ 

P = m (J 
1000 Va_ 

where N
0 

is Avogadro's number, v is the number of ions which 

the solute dissociates into, !~11 is the molecular mass of the solvent, 

and v is the average of the partial molar volume of the sol vent, 
a 

on either side of the membrane. In practice this number does not 

change significantly, and so it is treated sic?lY as the partial 

molar volume of the solvent. 

m 

and so 
dP 

= 

dO = 

In te:rms o£ molality 

_L 1QQQ. 2!!. -
1-c M1 ' de -

gl 
m dm ). 

There is a sli2,"ht confusion al..out dimensions in :Bee by's 

:paper. fue :partial molar volumes are defined as 



V. = 
~ 

implying that N. refers tc. the nUI.ilber of gram molecules of sub­
~ 

stance i, ,.Jhereas the relations for the zero lir:li. ts a:p:9ly to the 

fluctuations in the number of molecules. For the present we shal.l 

keep the latter notation, so the partial molar volume becomes 

~V 
vi = No(~1)P,l~' 

and everywhere ~ Beeby 1s paper we replace v. by vi. 
J. -. No 

With this notation the fluctuations are 
2 

/AN 2) N c N vb· 
<......t>' a = V ( k-oT(1-o) H + - ) 

_<.__Na.-./- ~ (1-o) V N~v p1 

41\2> 
<~/ 

= 

4N~Nb/ 

<~> 

+ ) 

= ~ ( ~T (1-o) H 

Osmotic coefficient data ·uere taken fro1D G:rowther.- :md 

Dunlo:p (llO) for sodium chloride, and from Robinson and Stokes (26) 

for nickel chloride. Strictly these values apply to light water 

solutions, but the conversion to D2 0 does not affect the values very 

appreciably, Robinsbn (l~l). 
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APPENDIX s-

Hy<L-ration or ions .in aqueous. solutions - ion-water distances and 

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

one value of either 1=a.rameter is given, this indicates the uncertainty 

o£ the particular experiment. 

Ion Re£. Solute Ion-Water( Oxygen) EYdration Number !1olality 
Distance 

i (gm moles per 

1000g ~0 ) 

Li+ 47 Li2so
4 

2.08 4 2. .. 22 

49 Li:BF 
4 2.14 6 10.40 

61 1ii 2.6 5·53 

3.4 0.43 

62 LiCl 2.25 4± 1 18.50 

1.95 4Z1 6.90 

63 LiCl 2.1 

71 Li:Br 2.16 4,6 6.60 

2.25 4,6 2.22 

Na+ 47 Na2S04 2.38 4 2~22 

47a Na.BF4 2.4 6 9.05 

2.65 

K+ 42 KOH 2.9 4,6 2.02 

5.51 

47 K2so
4 

2.8 4 o.ss 
61 KI 2.9 1. 7 6.61 

3.2 0.51 

ea+ 52 CsCl 3.15 2.9,6.2 2.5 

2.8,4.2 s.o 
2.0,3.0 10.0 

CsBr 3.15 5.1,6.0 2.5 

1.9,3.0 5.0 
Csi 3.15 2.3,2.7 2.5 

nH+ 
4 

49 lffi413F4 3.00 4.5 2.78 

58 1m F 
4 

2.88 4.4 15.56 

:NH
4
Cl 2.80( 4.4 6.51 

I 

NH4Br 2.82 4.4 7·31 

NH4I 2.91 4.4 6.78 



APPl!liDIX 5" ( cont 1 d) 
6;. 

Ion Ref. &>lute Ion-via ter (Oxygen) Hydration Number Nolality 
Distance 

rv·· * .g 48 HgCl 2 2.0 6 2.22 

53 MgC12 6 1.39 

6 2.22 

6 3.15 
60 I•jgC12 2.1 8.1 "5.65 

2.1 1·9 4.27 
68 lt1gC12 2.1 6 5.72 

2.78 
!a1g(N0

3
)2 2.1 6 4.75 

2.13 

Mg:Br2 2.1 6 5.72 
2.52 

ea++ 53 caC12 6 2.22 

1.38 

60 CaC12 2.4 a.o 5.22 
8.2 3.26 

72 Ca.Br2 2.44 6 2.14 

2.40 6 1.26 

73 CaC12 2.42 6 4.52 

2.41 6 2.08 

2.42 6 1.00 

sr++ 60 SrC12 2.61 3.2,8 2.57 

:sa.++ 60 Ba.C12 2.9 9.6 1.54 

eo++ 53 CoC12 6 3.83 
2.22 

1.39 

54 CoC12 2.1 6 3.75 

Ni++ 48 NiCl2 2.1 6 2.22 

53 NiCl2 6 3.15 
2.22 

1.39 

eu++ 53 CuC12 4? 2 Cl ions 4.51 

4 
also coord- 2 22 inated • 

6 1.39 
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AFPENDIX ~ (cant' d) 

Ion Itef. Solute Ion-Water( Oxygen) Hydration Humber i~jolality 

Distance 

Cui+ 65 CuC12 1.93 eu3cl6(E2o) 6 clusters 5.10 
(cont'd) eu5cl10(H2o) 12clusters 3.55 

66 CuS04 2.1,2.3 4,6 0.74 
0.45 

Zn* 46 ZnC12 2.05 1 (3 Cl atoms are coord- 27.5 
inated at the same 8.5 distance.) 

s.o 
50 Zn:Br2 2.1? 2 ( 2 :Br a. toms are coord- 17.7 

inated at the same 8.9 distance.) 
4.4 

64 ZnC12/BCl 2.05,2.15 2 3•5 
Cd++ s; Cd.Cl2 1,2 (2 or 3 Cl atoms 2.22 

coordinated as well) 1.39 

Al+++ 68 AlC13 1.9 6 3.38 
1.63 

Al:Br3 6? 2.42 

In-H+ 68 InC13 2.35 6 6.9 
2.9 

Cr+H- 67 CrC13 1.90 6 0.25 

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

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

part of a cation complex. 

OH- 42 KOH 2.9 1,6 4.48 
2.01 

43 KOH 2.9 6 17.50 

Cl- 42 KCl 3.16 5.4,7.2 5.51 

43 LiCl 3.24 8,9 6.86 

48 NgCl 2 3.35 6 2.22 
HiC12 3.35 6 2.22 

52 LiCl 3.2:..) 6. 5, 7. 3 10.0 
3.20 5.4,8.7 5.0 
3.15 6.2,11.0 2.5 

54 CoC12 3.1 3.75 



APPEliDIX s- (con t' d) 67. 

Ion Ref. Solute Ion-·v:a ter (Oxygen) Hydration Number Holality 
:Distance 

Cl- 58 llli4Cl 3.2 6 - may include 6.51 
(cont'd) Jm -f. 

4 
J.ons 

60 MgC12 3.2 8.2 5.65 
6.9 4.27 

Ca.Cl2 3.2 1·9 5.22 
8.o 3.26" 

62 LiCl 3.19 6!1 18.5 
3.10 6!1 6.9 

63 LiCl ;-;25 6.2,9 .• 1 8.62 

7.1,10.2 3.99 
8.o 2.27 

10 HCl 3.13 4 13.9-o.sa 

13 Ca.Cl2 3.15 6 4.52 
3.14 6 2.69 

3.14 6 1.00 

Br- 52 Li:Br 3.43 7.2,8.9 10.p 

3.37 6.6,8.3 s.o 
3.40 6.7,7.2 2.5 

58 NH4Er 3.36 6 - may. include NH; 1.3 
~OilS 

63 Li:Br 3.40 7.4,9.5 4.26 

71 Li:Br· 3.29 6 6.60 
2.22 

72 Ca:Br
2 6 2.14 

1.26 

I- 52 Lii 3.76 6.1,8.9 10.0 

3.65 6.?,8.0 5.0 
3.69 8.8,9.4 2.5 

58 NH4I + 3.64..:.0.04 6 6.77 
61 KI 3.7 9.6 6.61 

4.2 0.51 
Lii 3.7 9.6 5.56 

4.2 0.43 



APPENDIX b 
68. 

~dration numbers and ion-water distances derived from Holecular 

Dynamics and Nonte Carlo calculations on ion-;_.;ater clusters. 

Ion Ref. i"Iethod 

82 - 85 HD 

86 

87 

88 

90 

84~85 

86 
89 

86 

88 

90 

89 

83 

83 
86 

87 
88 

89 
90 

MC 
f.1C 

.HC 

lviD 

MC 
MD 

MC 

MC 
MC 

rm 
MC 
MC 

hC 

!'ID 

MC 

Cl- 82 - 85 MD 

86 

88 

90 

89 

84 

89 

MC 

NC 

l-1C 

Ion - 0 Distance 
~ 

2.08 

1.75 
2 

2 

2.3-2.4 
2.3 
2.7-2.8 

2.9 
2.8 

2.22 

2.7-2.8 

2.2,2.3 

2.7 
2.3 
2.5-2.6 

2.67 

3.4,3.5 
3.5 
3.3 

2.9 

3.02 

3.8 

Hydration number 

+ 5.7- o.2 

4 

4,5,6 
5 

6.6 (2.2 molal) 

7.3 (0.55 molal) 

5,6 
5 
5,7 

5 

5 

1.~ 0.7 ( anion:F-) 
a.2! o.8 ( anion:Cl-) 

+ 6.3- 0.1 

4,6 
3,4 

5.5 
6~5 

7.4! 0.4 (anion: Li~ 
+ ' +) 6.7 - 0.3 tanion: Na 

. + 
7.9 z 0.3 (anion: Cs ) 

6,7 
6 

5 
+ 7.1 - 0.1 

5 



AFFENDD\ 7 TABLES 

TABLE ;.1 Experimental Conditions for Sodium Chloride Solutions. 

a) Isotopic Composition (Chlorine Isotopes) and Scattering Lengths 

Sample At. 76 3501 At. % 37 Cl Coherent ScatterL11g 

( -12 ) Length 10 cm _ 

natural 

0.81 

'35' 1.17 

'31' 0.35 

b) Solution Co~sition and Scattering Cross-sections. 

* !'blality- Density Atomic Scattering cross-section per atom 
gm moles per €!JI1/cc Fraction ba.:t'ns 

1000 gm D20 Na~ 'N' '35' '31' 

5.32 1.30 0.0331 4.09 4.31 3.82 

2.99 1.22 0.0192 4.03 4.11 3.82 

1.49 1.16 0.0097 3.91 3-91 ;.a; 

*measured in the course of the experiments. ·The likely er.ror is ! 0.01 €!]!1/cc. 

c) Hydrogen Contents. 

Holality Hydrogen content, expressed as the wt % of ~0 in 

pure D2o which had the same absorption as the solution. 

l~atu:r:al 'N' '35' '31' 

o.a o.s o.s 

0.5 0.2 0.2 

0.3 0.4 

TABLE 3.2 Limits on Partial Structure Factors and Radial Distributions. 

Nolality Partial Structure Factors Partial Radial Listributions 
X 

0-2i-1 
y X y 
av2i-1 + 0-1.85~ 1.82~+ 0-1.~5i a~1.85~+ 

!-lax Min Ma.x !1in Nax Nin Eax Em l·lax .l"lin Hax r,un !-Ja.X J:•.a.n 

5.32 30 -30 1 -3 1 -3 -1 -1 3 -3 -1 -1 2 -1 

2.99 40 -40 1 -4 1 -1 -1 -1 3 -3 -1 -1 2 -1 

1.49 10 -70 1 -3 o.s -o.a -1 -1 3 -3 -1 -1 2 -1 
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TABLE 4.1 Hydration Numbers of Chlorine Ion in NaCl Solutions. 

Holality (i) (il) (iii) 
All Deuterium .Eii,ual numbers of All D2o molecules 

atoms deuterium and oxygen 
atoms 

5.4 2.9 1.9 
6.6 . 3.5 2.4 

6.4 3.3 2.2 

TABLE 4.2 Parameters for hydration sphere models drawn in figs. 

4.t to 4.7. 

Molality Model A.- Cl- 0 g t/J No w 

(i) ( 0) c-·o) (i) 
5.32 3.15 90 15 5·5 0.26 

2.99 3.15 90 15 6.0 0.24 

Nodel B 1st Hydration Sphere 2nd Hydration Sphere 

Cl- 0 g rj No Cl- 0 Q ~ No w 

(i) ( 0) ( 0) (i). ( 0) ( 0) (i) 

5.32 2.7 80 52 2 3.7 80 52 1.5 0.18 

2.99 2.6 80 52 ·2.5 3.7 80 52 1.5 0.18 

1.49 2.5 60 -48 3 3.8 90 -60 4.5 0.16 



rl'ABLill 4 • 3 Optimum Parameters of the Hydration Sphere Hodels. 

1st HYdration Sphere 2nd HYdration Sphere. 
holality Cl - 0 No Q ~ Cl - 0 No Q ~ r.m.s. r.m.s. 

deviation deviation (i) ( 0) ( 0) (i) ( 0) ( 0) per point per point 
for Y(r) for Y(Q) 

MoQ.elA. 

5.32 + + 8oZ3 .12!2. 3.2- 0.02 5.~.1 - - - - 0.173 0.178 

2899 3.2± o.os + 9o!1o 1o!5 6.0.:.0.2 - - - - o.:;o3 0.353 

1.49 + 6.o:to.2 ao!1o s±s 4.0 to.1 5.9Zo.2 2~15 -aoZ25 3.2S.:0.05 0.279 0.419 

Hodel B. 

5.32 + + 82:!4 46!2 + 1,~.2 9oi4o 52 !a 2.68-0.04 2.1.:.0.1 3.7-0.1 o.154 0.121 

2.99 + 2.65-=-0.03 + 2.2-0.2 8~10 52!'4 + 3. s-;.0.1 1.6!o.2 5s±25 4s!25 0.228 0.270 .. 

1.49 2.6 !o.1 + 3.0.:.0.2 ss!2o -4o±1 o + 3.S.:.0.1 + + 4.5-={>.2 70-20 -6o!1o 0.234 0.445 

The errors shown indicate aJ;proximately the ra:nge over uhich the mean square deviation varies 

within 10 % of the minimum value. 

\'1 

(i) 

0.26 

0.24 

0.26 

0.18 

0.18 

0.1·6 

-..J 
~ 

• 
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TABLE 4.4 Composition of liickel Chloride Aqueous' Solutions. 

Nolality Density l1ick.el Scattering cross-section per atom 
gm/cc Atomic 

Fraction Natural 

4.41 1.53 0.027 

3.02 1.41 0.019 

1.43 1.25 0.009 

Scattering Lengths: 

Ni (J:.latural) 1.03 x 1o-12cm 

( -12 Ni 1 62 1 ) -0.79 X 10 cm 

Ni ('zero') -12 0.04 x 10 cm 

4.61 

4.43 

4.33 

(barns) 
162 1 'zero' 

4.39 4.36 

4.29 4.26 

4.29 4.26 

~4.5 Hydration Numbers of Nickel Ion in Nickel Chloride 

Solutions (assuming the double peak in figs. 4.18- 4.20 consists 

solely of n2o molecules) • 

~~laJ.ity HYdration Number 

+ s.a - o.1 
+ 6.0 - 0.2 
+ 6.1 - 0.4 
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Parameters for Hona tomic Liquids. 

1 Liquid 1 Crystal Near-neighbour Number ~nsi ty \:.Jidth /Reference 
Stl."Uctu:r:e Distance (i) (:per i ) constant! No. 

Expt. l·!odel Elcpt. I-1odel 
(j_-) 

Ar F.c.c. 3.71 3.88 0.0212. 0.0237 0.4 101 

Na :s.c.c. 3.7 3.83 0.0244 0.0253 0~42 102 

Zn H.C.P. 2.75 2.68 0.0622 0.0708 o.6 103 

Fe . :s.a.e. 2.54 2.61 0.0756 0.0796 0.5039 104 

Sn Tetragon. 3.18 3.07 0.0355 0.0371 0.42 103 

TA:BLE 5.2 

Parameters for MOlten Sodium Chloride 

Partial Near-neighbour Number ~si ty Width 
Distance (i) (per i ) Constant 

Expt. Model(a) Model(b)- Ex.pt. l·7odel(a) l>bdel(b) (i-1) 

Cl-Cl 4.1 3.89 4.38 o.s 
Na-Na. 4.1 3.82 4.35 0.0311 0.0467 0.033 0.55 

Na.-Cl 2.6 2.75 3.08 0.525 

TABLE 5.-3 

Mol ten Sodium Chloride - Comparison of Peak Positions 

Partial Fro duct Qd 
0 

First :peak/minimum Second peak/rrinimum 

Expt. I (a)lt!odel (b) Expt • (a) l1odel{b) 
.... ____ .... 

Cl-Cl 7.17 I 7.78 7.80 13.94 13.69 13.88 
; 

Na.-Cl 4.55 l 5.09 5.17 10.32 10.31 10.41 
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TABLE 5.4 · I>a.rameters for liq_uid.s ,.d th :Hickel Arsenide-type Structures 

·Liquid Structure I:J.etal-metal ncar-jTotal no. \iidth constants (~-l) 

neighbour density of Eetal- Eetalloid- 1Hetalloid-

distance ( i ) model metal metal metalloid 
l:T Expt. Eo del (per i_3) l 

I 

NiTe Ni.As 2.5 2.58 0.055 0.7 I 0.7 0.7 

I NiTe3 NiAs - 2.64 0.055 0.4 0.4 0.7 

I CuTe NiAs 2.78 2.61 0.055 0.55 0.45 0.5 I' 

~Te Fe2As 2.63 2.58 0.031 o.6 0.5 0.5 

TABLE 5 .. 5 Hydration Numbers and F.ree Water Nolecule Concentration 

for·Three Co~onent Hard Sphere del 

l-1olali ty D2 0 no. Ni no. . Cl Rema.i.ning free D
2 
0 

density density hydration eyd:ra ted no. densi ~J. 

(per i 3) (per i3) number. diameter. (per i3) 
(i) 

4.27 0.02926 0.00274 2.3 4.3 
3.71 0.02976 0.00239 3.2 4.45 

;.os 0.03026 0.00197 4-7 4.75 
1.87 0.03147 0.00123 6.0 5.0 0.00933 

0.81 0.03237 0.00053 6.0 5.0 0.02283 

0.31 0.03183 o.ooo2o 6.0 5.0 0.02923 

o.o6 0.03289 0.00004 6.0 s.o 0.03217 

Hydrated nickel diameter = 5.6 ~' ~~ter molecule diameter = 6.0 ~ 

Nickel hydration number = 6.0 
TABLE 6.1 Hard S:phere Eodel of Sodium Chloride Solutions 

lblality D
2
o no. :Na no. Cl Remaining free D2o 

density density Hydration Hydrated no. density 

(per i3) (per i3) Number diameter (per i 3) 

5.32 0.02988 0.00318 4.5 4.77 
2.99 0.03109 0.00186 s.o 4.86 0.01265 
1.49 0.03203 0.00095 7-5 5.31 0.02019 

Na hydration number = 5.0, Na hydrated diameter = 4.15 i.. 
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1) 5. 32 r.:.olal So d i ')I.1 vh.l o::-::-ici.e . 

-... 
i 0 -1 
(._ .. i. / 

l l, I ' 55 ' '37' 

o.oc coo • 291 g 8 .28636 • 27 8 3 3 
.t0 C1 C0 • 2 '362 3 .29181 .28486 
.zc ,JJO • 3 0 0 i+ 7 .29726 .2g144 
• 3G tJ G 0 • 3 0 46 4 .30477 .300~9 
.40000 .3og11 .3C838 .• 30685 
.00 000 • 312 3 4 .31335 • 312 58 .scooo • 316 ·5 0 • 31A .36 • 3184 5 
.7C OOQ • 3192 8 • 32233 • 32546 
• F l: :J [ 0 • 3 2 6 .3 3 .33029 .33115 .guoco .33/59 • .34134 • 34 413 

1.0iJ iJLIJ .3;812 .35351 • 35 6 76 
1.1CJC!J .362~1 .3S772 .37170 
1.2o e Jo • 3c257 .3&83g • 3S 0 4 2 
1.30000 .40625 .41508 .41415 
1.40J00 .43'3.39 .45147 • 44 4 '3 7 
1.50000 • 4 ·'3481 .50056 .48745 
1, StJOGO .55028 .57113 .54841 
1.7GJOG .64325 .66960 .63691 
1.~cooo • 7618 3 .79G13 .75112 
1.90000 • 90 36 7 ,g4347 .88515 
2.GCGOO 1.02785 1.07737 1.01077 
?.1COOO 1.0913~ 1.14171 1.06877 
2.2QQQO 1.07025 1.12007 1.04733 
2.3JOO'J • 98472 1.03302 • 966 88 
2 • .:.. [. 0 0 0 .e.r~1o4 .9234-0 ' 86 2 7 4 
2. :3 C J G C .791 49 .83068 .77428 
2. ~0CO Q .72 .313 ,7S223 .70638 
2.7(l Q0 0 .67637 .?1507 '6 ~ 8 8 8 
2. "C QGQ .64337 .6 ~215 .62391 
?.. ·0C ·~GO .617 '37 .654 31 .59675 
3, (lG OuO • ?'35 (.) ~ • 632 .32 .57174 
.3. 1 j u G 0 .:37770 . G1124 .5 52>)0 
3.20JCtJ . 56045 .39774 .53917 
3.30000 .5 58 .:: 6 .58852 ,53C66 
"3.~0 000 ,5:) 843 .59089 .52814 
3.50000 .56243 .59396 .52951 
3.SG:Ju0 • 56 76 3 .59994 .53u6.S 
3.70000 .573o7 .60813 .53913 
.3. 6GO OO .57823 .61300 .C::£.260 
3.9COOO • 57 84 6 .61522 • 54 6 7 9 
4 . •J0 Gu G .58017 .61531 .54725 
14 .1C JJQ • 57 87 2 .61096 .541-30 
4,2C·~GO .sog48 .6 .J49 9 .53977 
!4, 'iCQOQ • 561t 4 .593 4-0 .532 .30 
~ . 4 0-JOO • 53 24 1 .58 .)18 .32421 
4 • s c ·J c 0 .5 4271 .57003 .51511 
4.6L· iJGO .5.31 ~ 8 . 55 715 .3 07 74 
4 .7 CJGC· .?2322 .5S056 .4j91j6 
~ • . i3C.jGQ . 5 14 ~ 2 • 54 017 .4939g 
4, 'JOJOO .51126 .53549 .4311)6 
5 • 0 0 'J 0 0 .51029 .53234 .48897 
5.1GODO .50726 .53329 .45858 
5.2GJGO .50644 .53485 .48811 
5 • .30000 .51310 .53818 .48933 
s • 4 0 !] 0 0 • 51 9~· 3 .54381 .4.5937 
s.soooo .524~8 .55025 ,4g680 
5 ,(, GOCO .S28 1)6 .56053 .50293 
5./CJOG .53611 .56730 .51006 
5 . ec~ u00 • ::43'35 .57428 .51453 
5 , ·? 0 0 G 0 .54f:97 .58038 .5178 .'3 
6 • J c .J ( 0 .5 5598 .58G95 .52463 
(; ,1C JC'C .5 5'319 .5g316 .52701 
0 . 2 c ,) 0 0 .5 63S1 .59604 .52984 
6 . 3CJGC • 56 4 3 5 .5'31Lt6 .53182 
o.4C GG C • 56 43 8 .59997 .534-32 
6. :; C.JGO .566t.,.9 .59644 .53729 
6. 60000 .56622 .59764 '53 6 75 
b .? GOOO .56Lt75 .59758 .53521 
s • . :Jooo .56223 .59107 .53343 
S . 9CJOO .56393 .5t3713 . 53473 
7 • CC ,J 0 G • 564 :"18 .58604 .53526 
7.1GOOO .56324 .58884 .53353 
7.2(;000 • 56226 .59002 .53529 
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7. ~0 JOO • 56285 .59062 .538S9 
7, L..(I0u 0 • 5G 50 8 .59097 .54335 
7,5CJOO .56834 .59657 .54236 
7.6Gll00 .56837 .60006 • 54 3 4 5 
7.7CQGO .56748 .60184 .• 5Lt438 
7,8C·JOO .57202 .60201 .54364 
7.90000 ,57429 .60162 .54592 
e.ooooa .57529 .60123 • 54 8 71 
8.1COOG • 57524 .6~120 .55051 
8.2GOGO .57594 .60360 .54947 
8.300GO .57610 .60373 .54665 
8.4CDOO .574'11 .6C142 • 54 2 85 
f3.50000 .56773 ,:;gs26 .54247 
8.6(;000 • 56 34 5 .5<3391 .53860 
e.?OOOJ .56 00 3 .58826 .53332 
8.80000 .55613 .580 ·32 .52787 
8. 9JOOO • 54 E6 7 .57798 .52170 
9.0GOOO .54266 .57336 .51603 
9.10000 .53689 .56670 .51057 
9.20000 • 52 77 6 .55751 • 50 4 46 
g, .30000 • 5190 2 .54866 .49492 
9.~0000 • 5116 g .54038 .48511 
g,SOJOO .50511 .53281 .47539 
9.6GOOD .49527 .52643 .46807 
9.70000 .48900 .51708 .46046 
g, ~GOOD .4 902 1 • 50 776 • 45 2 8 9 
g. <? c :) 0 Q • 46 86 9 .49914 • 44 52 3 

10.0G GGO .4 6 1 .~ 1 .4'3020 .43710 
l0 .1 G:JGO .4 5 742 .4 3333 • 42 8 60 
1 0 . 22000 • 44 6 j6 .47557 .419 ·32 
l •J , 3LlC:Gij .437 62 . 46818. • 411 g 6 
10 . 40tJOO • 4303e. . 4G59 7 .40789 
10.5G OGO ,42730 .45865 .40188 
10.60000 .421 69 • 44 951 .33341 
10.70000 .'+14 90 .44116 • 33640 
10.80QGO .41089 .43574 .38381 
1o.ocooa .40514 .43221 .37748 
11.00000 .40142 .42936 • 37 4 '36 
1~.10000 .39790 .42407 .37150 
11.2COOO .39411 .41801 • . 366 75 
11 • . 3c nc o .390 6 3 .41460 • 36 2 0 5 
11.40000 • 3 8 63 5 .41402 • 35 8 0 4 
11.':JOOO .38394 .40810 .35· 772 
t1.oGu o o .3 8110 .4 0 758 .35544 
11.7u OG O .37927 ,4 0603 • 352 -3 6 
l1.8 JDOC .37911 ,40517 • 3 5 1 .31 
1 1.<?0 0G O .377 8 5 .4 0 344 .3L..7-30 
12.0\:0LJ O .37717 .40148 .34939 
12.1( 1)00 .374S 6 .40023 .34692 
12.20000 .37516 .3g792 .34798 
12.30000 • 37 4 3 5 .39934 • 34 64 9 
12.40000 .372FJ7 .40257 • 34 2 3 5 
12.50JOO .37471 .4 00 59 .34473 
12. 60JOO • 37454 .40038 • 34 5 35 
t2.700GO • 3712 6 .39642 .34428 
12. 80000 .371S9 .3g8oO .34-363 
12.90000 • 37246 .3 98e o .34.327 
13. 000[·0 .374~9 .3'3752 .3!,-476 
13.1GuQG • 37376 .39915 .34546 
13.2 0000 • 37239 .40016 .345 36 
13 • . 30-JGO .37308 .39722 .34599 
13.4C OCO • 37 32 4 • 39 7 G 3 .34488 
l3. S'~· OC O .372 ·.; o .4 0 104 • 3 4 5 1+ 8 
13. t-GCO O .372 67 .39586 .34551 
13.7 GGOO • 3 6 55 7 .39731 .344 88 
13. 60000 • 37 0 g 7 .39713 .344 :]8 
13. 90000 • 37 2 3 6 .39652 .342.3 5 
14.0GOGQ .3 691 2 .3 9916 .34107 
14.1 000 0 .370 J 5 .39427 .3 4051 
14.20000 .365 3 7 .393 64 .34 018 
14.3GO OO .36574 •. 39 44 3 .3 3935 
14.4 00G O • 36 2 4 4 .39193 .33828 
14.S:G OGO , 36 1 E 4 • 38 914 .334]1 
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o.ooooo • 2 8 941 .26396 • 34 613 
.1QOOO • 29 3 '=39 .26887 • 34 2 ~ 1 
.20000 .2.9d58 .27379 .33948 
. 3GfJOO • 30 4 5 5 .27969 • . 32242 
• l,. 0 tJ 0 0 .31113 .28209 .3154g 
.50000 .31627 .25761 -.30751 
.~OQOO • 31920 .2~964 .30501 
.70000 .32561 .29722 .31877 
,A(l)QO • 32G42 .30418 .32129 ,qoooo • 3.3577 .31460 .32688 

1. 00 0GO • 3 5 27 6 .32~31 • 33569 
1.10001) .36~CJ4 .34299 .34904 
1.2(:000 • 38 7) 3 .3(,505 • 37 2 0 8 
1.3 0000 .421 5 5 • 39'•63 .40008 
1.4uOGO .462 0 1 .43233 .43492 
1.50000 .52200 .4'3715 .49367 
1. SGJOO .60 .36 3 .582b2 .57317 
1.70000 • 712G 9 .69139 .67800 
1. 800 00 .84163 .81Y80 .80377 
1,gQQGO ,g8207 .96553 ,q3595 
~.00800 1.08529 1.07212 1. 0 .1560 
2.10000 1.12375 1.10~27 1.06851 
2.20000 1.07064 1.05948 1.02229 
2.~G~JOO • 98595 .97160 .94160 
2.40000 .89368 .87459 ,8U.3&0 
2.5(1000 .80678 .79820 • 76324 
2.(0800 • 7 4166 .735 11 .70309 
2.70000 .704 .37 .694&3 .66031 
2 . c COCJ .67 51)3 . 6S:756 .621<?6 
2 . g 0 !) 0 0 . 64225 . 63143 . 5951 0 
3.0COOO • 61 3 ') 6 . 539 •j7 . 56740 
3 , 1GOCO .5 <.]034 . '33057 . • 54 5 g 7 
3 . 20000 . 03325 . 5724 1 .536 91 
3.30000 . 5?618 . 56612 ,52g2o 
3.4uoon . 5 75 ~ 7 . 5 70 1] 3 .53405 
3.50000 .581 87 .56g69 .53505 
3 . ooorc .59479 .57919 • 5 .37 38 
.3.70000 .59753 .58709 .54551 
3.80000 .600 06 .59485 .55043 
.3.gQQGQ .60234 .59307 .54955 
u , QQOOO .59715 ,5g340 .55276 
4 .1. CGC• O .60003 .58 89 ·13 .55154 
4 .2 0000 .5'3246 .58307 ,S4534 
4 . 3COGO .582 07 . 56 g63 .53210 
4.40:300 .57423 .5:i562 .52912 
4.50 J OC .563 ~4 .5 462 7 .51701 
4 . GOJGO .55 07o . 53fl 75 . S030 6 
4 . 700(1 0 . 54132 .52~22 • 50 4 76 
~ . A OOCG . 5~313 .51 d3 3 • 492 '-+9 
4 . ~000:J • 526 5 0 .513~4 .48813 
5.00CJ0!) .526 08 .50912 .48941 
:_), 10 0 G 0 .52407 • 5 ·Jt315 • 49 0 0 8 
5 .20000 .52610 . • 5126 8 .48702 
:~.30000 .53359 .51486 .48978 
3.400GO • 53 49 3 .51876 ,£.9233 
5.50000 .541 8 0 .52~55 .49349 
5.60000 • 5u oh o • 5 ,) F) 1 3 .50582 
5 .70000 • 55 37 5 .54412 .50605 
5. 5 0000 • 5 !J4S4 .552 J 8 .51453 
S . 9COUQ .'36774 • 5::3 59 9 .51936 
b . IJOJGO .572 '?4 .5~oo8 .52459 
6 . 10000 • 5 7 55 0 • S G 444 .52838 
6 . 2 c ·) (: c . 575£.5 .56575 .52917 
6 , 3C 1J00 . 5 79 SO .55520 .51813 
;) • 4 c !J 0 0 . 5~4G5 .5 630 6 .S2621 
0 • ~-. ( Q 0 0 • : g ? l r 0 .57 6 72 .5 4042 
6 , fiL)l)QO .5 13199 .57748 .5 4 162 
6 .7 0JOO .58 467 • 575 '32 .53875 
6 . 8 C· JCJO .5 87 17 .57417 .536 ;2 
6 . <?GOOO . 5.3335 .57371 .53913 
7. 0(,000 • 5 85 <~ 3 .57305 • 5£. 0 :j 1 
7.1GOOQ . 5~843 .57250 .54273 
7.2(1 000 .5 R962 .57214 .5 4 5'34 
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7. '3 0 0 0 0 .58531 • 57 44 7 .34427 
7.~0000 .58676 .57857 .54532 
? ·.so:JOO .59179 .58411 .54972 
7.SOJO(' .59046 .58454 .55263 
7.7GOOO .5'36 0 5 • 58 55 7 .5?730 
7.8COOC .601f3 .58731 . .56060 
7.guooo .60136 ,sg12? .559u1 
8.000GIJ .60345 • 5 '3 241 • 55 8 21 
S.10000 ,G0101 .5)143 .55975 
!3.20000 • 59 70 7 .55908 .5E:2J38 
1.30000 .59 -~36 .5'3022 .55756 
A,4(•00f) .59491 .5 .9749 • 55 449 
-3 ,500CO .59155 .584G4 .55201 
~.60000 • 5 - ~ 17 8 • 58 lt4 0 .54902 
.'i,700GO • S.'341J6 .57636 .54255 
~. 80000 .57943 .56712 .53477 
9.9COOO .57476 .55913 .52766 
g, 00000 • 56 24 9 .55729 .52642 
q,10000 • 55 7 0 7 .55090 .52007 
J. 20000 .55067 .54363 .51218 
'3. 30 QQ(l .54148 .53631 • 50 35 3 
g,40000 .52758 .52974 ,4 '3488 
~.S- 0000 .52469 .52176 . • 48513 
'·3. 6 0 0 0 0 • 52 07 2 .51339 .47558 
g,7000G .51264 .50430 .46648 
'3.POOGO .49940 ,u9282 .45778 g,goooo .49028 .48332 • 44 g 0 8 

10.00000 • 4 ·34 15 ,u7570 • 41+ 2 2 4 
10.10000 .473•j4 .46933 • 4364 ·3 
1 1), 2(1JGC .46812 .4b30 .g • 4 2 g '3 3 
1 ') . 3(1000 .4sg25· .45316 ,u20 S5 
~ IJ ,t..C IJOO .45112 .44314 .41129 
1o.sou oo • 44 2 '33 . 4.3619 .40362 
1Q.6000C .434 1)8 .433G2 • 3 '3 8 41 
11).70000 • 4 2 •) rJ 5 .42595 • 3 l) 3 54 
1Q.5GJOO .42076 .41978 .39058 
1 o. go o o o . ·4165 7 .41461 .38536 
11.0GOOO .414 .)2 .4 Q9gg • 37 8 .3 3 
11.10000 .410~9 .40533 • 37 2 0 4 
11.20000 • u 0 54 9 .40043 • . 370S1 
11.30000 • 4 0 34 7 .40012 .3667J 
11.40000 .40339 .39878 • 3641 g 
11.5GOOO .40113 .39671 • .36 24 9 
11.SOOOO .39498 .3g491 .3G044 
11.70000 .3:1825 .39.3Y7 .33758 
11.~0 0 00 • 3(3318 .3g333 .3~8]~ 
11.<?0000 .3'1360 .39121 .3:3560 
i~.OOuOO • 3 ·3 on 5 .3 889 3 • 3S4J6 
1 2. 10 ;j 0 0 .33726 .38321 .35121 
12.20000 • 3 ·~on5 • 37 861 .34f327 
12.30000 .38675 .38233 • 34 85 7 
12.40000 .3S624 • 38 60 5 .34871 
12.50000 • 39 G 3 0 .37873 .34851 
12.60000 .38802 .38396 .347SO 
12.70000 .3 ·'3682 • 38.'324 .35072 
12.80000 .38461 .38646 .35136 
12.90000 .334:j8 .38210 • 35138 
13.00000 • 38 'i-34 .3S164 .35139 
13.1ClJOO .39012 • 3 -~56 9 .3~361 
13.20JOO .337~2 .~&723 .35879 
13.3CJOO .3~9::;6 .38434 .35744 
1 .3,4GOOO • 334S4 • 38 72') .35558 
13,50GQO .38710 • 38 ~~2 • 35 2 0 7 
13.00000 • 38833 ,3353S .357 -53 
13.7(. CJOC .3 g1d 1 • 33 229 .35578 
13. goo oo .389~3 .38371 .35373 
13.CJGJOC .38659 .38140 • 351 -33 
~4.0(i0 00 .38817 .33608 • 34 5 91 
14.1.0000 .3'3008 .38114 • 34 6 79 
14.2GOOCl .3 653 2 .38219 . ~50S9 
14.3(000 • 3 i3172 .37M60 .34713 
14,401]00 .37817 .37683 .34714 
14,50000 .37396 ,37394 .34639 
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1 4 . POO OO ,37174 .36901 .33393 
14 , '::1 0 0 0 0 • . ) 6 9S7 .36750 .33221 
1 5 . 0CO GO .3G455 .35966 • 33098 
1 5 .1 0G OO .358 t 0 • 35933 . • 32534 
15.2 0\J OO • 35572 • 35558 • 3215 5 
1 :5 . 30000 • 35335 .3505Lt .31873 
15.4 JQ OO .3~939 • 34 8j2 .31646 
1 S. 50'J C r .34677 .34056 .31335 
15. ~0J O O .3 4 2 1 9 .3372Lt • 30 915 
1 5 ,7 COC O .3"3963 • 33 110 .301'30 
15 , 8COC O .33304 • 331 8 5 .29824 
15 . gooo o .33119 • 33236 .296gg 
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0, 8GOOO .26314 .2S489 • 2Gt) 30 
.100(10 .264 5 1 .25769 .26655 
.200GO .26567 .2F:049 .26620 
, ~GQCO • 2S3 ·C) 7 .25985 .26151 
.48000 .26700 .25990 .26393 .se:ooo • 26 7 0 8 .26391 .26565 
,60QOO • 27 33 7 .27002 • 27 2 34 
.70000 • 2 764 g .27926 .27692 
• ~. (• 00 Cl .28403 • 2 7 94 5 .26179 
. ·~ oooo .29376 .28711 .29319 

1.CO OGO • 30 42 4 ·.3(1071 .303:39 
1.10 000 • 31924 .31656 .31946 
1.2 CO C· C' .34618 .33763 .34029 
1. ·-~ 0 0t) O .37227 • 37564 .37049 
1,t.. OQGG .425 0 9 .42570 ,41746 
1. ~ 0 :J G 0 .4 sg~ s ,41407 .4 B153 
1. 600 00 .secs s .58889 .57044 
1.70 ·JGO .69564 .70S01 .65573 
1, P,OJGQ .820 8 1 .82879 .81235 
1.goooo .92642 • <:?4 0 16 .91373 
2.00000 • 96 gg 1 .96236 .965<37 
2.10000 .95305 .96354 .94219 
2.20000 .8d788 .90059 ~8:11)18 
2. 30000 .81245 .82188 • 80 225 z.u.oooo .73906 .74640 .73138 
2.50000 • 68 511 .6 94 88 .67334 
2.6(;000 .64361 .64316 .63535 
2. 7 00CO .607 66 .G 09 70 .59585 
z.;:G•JOC .57595 .57557 • 565 66 
2.10000 .54 8~1 . :;5 595 • 53g .3.3 
3 , CQCGQ .52 4S1 . 531 17 • 511 '3 2 
3 .1 0000 . 504 ·50 .51 81 6 .497 5 9 
~ . 20000 .5 0590 .512 8 7 ,£.. '3 114 
3.30000 .?01 3 5 .51750 .49 256 
3. u. 0 IJ G G .5114 8 .51 8 36 • 497 32 
3 . 5 G :) C· C .514 32 .52303 , 5()6L+ 4 
.3 , SGOGG .5 2 124 .53033 • 51 0 ') 8 
3 .7 00QO .~2433 .53537 .513 '-33 
),-".QUOD .s2 ag s .53949 .51735 
~ . 9QJ[!Q .?30 3 (r .5 3 787 .51637 
4 . G0000 .521;5 .51491 .51277 
4 .1 0000 .522 ':34 • 5 .3032 .510]9 
4.200GO .51110 .S2029 .49923 
4. 30000 .5015 0 .51070 .46724 
4.40~ 00 .4<3220 .49668 .47835 
~ . 50000 .411 03 3 .4g044 .47110 
4 . 60JOO • 46 g ~ 6 .4 80 29 .4 5 404 
4.7J J GO .46475 .46 8D 3 .43654 
u. , AOOG Q .454 ~ 7 .46 8 74 .450:]7 4, gooco .45 43 0 .46Cu1 • 44 4 3 6 
5 . 0G:JOO • 45 41 g ,46099 • 444 56 
5.10000 • 43 62 8 .46202 .44647 
5 ·.zo ooc .4:)7 .18 .46432 .45349 
3,30000 .46201 .47403 .4?291 
5.40000 .468 74 .47834 .45890 s.:oooo .47342 .48566 .46E43 
s.socrc .47553 .48631 • 464 7 a 
5.7GuCO .4 8 224 .4 ·3760 .47773 
0 , JOJGO .49222 .5 0 034 ,478gs 
S , SGuuiJ .432 54 .5 06 25 .4 3 202 
G.OOO OO .4 ·)644 • 5 Q 421 .488 G7 
6 . 1 !) 0 0 0 .43736 .5 G64 7 .49196 
r.) t 2 l) IJ 0 0 .49 0 30 .51202 .49192 
0 • . )0000 .5 0 743 .51434 .4 C36Q 2 
6 . 400GO . 50d35 .51675 ,4 <)<32 7 
G. S J•.J 0 0 .5 G5G 4 . 5 1355 .4 9 477 
b . SGOG O . 507~3 .51800 .5J220 
6 ,7 QOCO .50 65 7 .51757 .50008 
f:: . P. CO OO .5 o3g3 .~148g • 4 ') g 0 0 s . guoco • 50 951 .51777 .50339 
7 , ':1CUOO .51334 .52~81 • 50 2 4 7 
7 .1 0000 . 51682 .51917 . 5C59 7 
7.2 0000 .513 0 9 .52326 • 50 8S 5 
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7. 3:] J 0 0 .5181J<j .52337 .50610 
?,wOOCO .51644 152819 .S0812 
7.:30 000 .51870 .52735 .51218 
7.r-coeo • 52 36 Q 1:53153 151932 
7.70000 .52878 • 53 57~ .52061 
7,P.JOOO .52659 153365 .52214 
?~qoooo 152561 .53464 .51564 
~- . 0 0 I] 0 0 .52770 153232 .s2og3 
•Je10DOO 15244~ 153417 .51542 
~.20QUO .52102 .52973 .51165 
8130000 .518Q8 152712 • 51630 
.1314[:000 151342 .524(,9 1510U.6 
13.~L000 .510g3 • S 1 G6 9 .50278 
6 .60000 • 50 1 .) 0 .51558 .~g542 
B. 7C· GOO .4'3728 15!633 .4(_j164 
A,P.C OOO • 4 'J 21 8 .50500 .48312 
8.90000 .48517 .49844 .47266 g.ooooo 1476 Cj 8 .45269 .46754 
9.10000 .46728 .47714 .462~2 
g, 20000 .4b210 .46554 .45983 
g • . 30000 .450136 .46061 • 44 617 
g,wOOOO .44503 .45757 .43537 
g , 50 000 .44112 .45291 • 43060 
g, h GO OO .42824 .44 .368 .42116 
':3.70 0 0 0 • 42 36 7 .43299 .41611 
9. ·SO 'jQQ 141456 .42975 14~6)3 
9. 00000 .40746 • 424 ·33 .39835 

1 0. 1(' ~00 .4 0 26 9 ,414g3 .3g196 
1 fJ .1 8GOO .3j4 9 ~ .4 J gG1 I 3 ~ 5 .J 2 
1 0. 2J10 0 .3 8 5 ~ 3 .3YS72 • . 37 '3 10 
1 •J .~ ·~ .J LO .3 8 366 .37983 • 372S4 
1!J . 4~0GO .37Su9 . 30 551 .3 6559 
1 t) • s ~ 'J (t 0 .3 6 568 • 37 ?Ge .3~851 
1o . :) c~~ oo .36015 • . 37123 .3:5292 
1. 0 • 71] i; 0 0 .35 6 72 .36421 • --~=136 
!.0.~(' 0 00 .35173 .3GI)g2 • 341G3 
10.?C :J OO .34590 •. 35912 • 3 .3656 
11. 00 :J GO • 3 5 24 7 .35808 • 34 4 29 
11.1 0 JOO • 34040 .35159 .33604 
11.2 0 000 • 34 2 0 3 .34)34 • 33296 
11 • . 3(' 000 · ~3~367 .34770 .32743 
11. uD OGO .33461 .3474-3 .32933 
11.50 000 .33012 .34283 • .32367 
11. c o ooo .33754 .34036 .32511 
11.7C OOO • -32 g4 7 .34373 .32476 
11, [~C GOO • 3 .32 W. t .33g3Q • 32503 
1 1, '·JC\JC G .3 3158 .34021 .32428 
1 2. 0 0 1) G 0 .328 38 • 33657 .31745 
j 2 ,1 08 00 • 3 .1175 • 3 3 861 • 32 4 27 
1 2. ? 0 ·J ( 0 • 33 4'l5 .34104 • 32209 
12.3 GJ UO • 33005 • 33 3 62 .32057 
12,W.OCOO • 33 38 7 • 33 618 .31734 
~2•SO J OO .32354 • 33 797 .32142 
12,SOOQC' .332S2 .33795 .31887 
l2.7COGO ~32A12 • 3 .3556 .31743 
12. RCOOO .32d11 • 3.3 6L.t 7 .31g43 
i2.90 CO O • 32 44 6 , 337S8 .321 ']8 
1.3.0 GO OO .33674 .34035 .32790 
1 ),iO .JGO • 3 3 0 :; 5 .3!f604 • 322 !+3 
1 3. 2( 000 • 32 7 ~ 7 .34071 • 3 24 4 0 
!.3.~J OOO .33iu3 .34330 • 3 21 s 3 
1"5.4 (: ~ 0 0 .33375 .33964 .32536 
~ 3 . '5 C· DC IJ • 32925 133g-37 • 32065 
1) , (lCOlJO • .3 3 4 f_) 2 .34203 .32G19 
1).7 _GO O .33 GC 8 .34187 • 122:79 
13. 0C OGO .32739 .34Qg5 .32337 
1. 3. <?00 00 • 33249 .34033 .32038 
14. nODOO .33204 .34025 .31gj8 
14.1 GQ GO • 3 2 918 .3387g .12184 
14. 2GOC O .32537 • 33194 .32351 
14.' 0JO O • 3 2 3? 3 .33478 • 31277 
1 4.4 CO GO ,32og7 .33414 • 31316 
1 4 . 5000 0 I 316 S 3 .33036 .312S3 



15,UCLP, 22, 

3; cont'd 

(t<::1 ) 
14.6CtJGO 
14,7QiJOO 
14. r3CJOOO 
14, ·=j C 0 G 0 
15.00000 
15.1GOGO 
15,2CIJOJ 
15,3GOOO 
15.40000 

0. 2 ~ 2 KL N S. 

• 3 2 32 8 
.31503 
• 314 1) 3 
.30849 
.31163 
.3o6g2 
.305-13 
• 2 g ·3 0 7 
• 299-+4 

'35' 

.3275S 

.32291 
• j2434 
.32u15 
.31716 
.3141+9 
• 312 7 5 
• 3117 6 
• 312 64 

' 37 ' 

. ,31087 

.31332 
• 30208 
.30672 
• .30289 
.30157 
.zg715 
• 29636 
.26910 



64. 
4) 4. 41 I:ilolc.l nickel c.1lo~ide 

~. o~~?o 
.~.Tat 1 62' f 0 t 

• 25479 .27116 .274')2 
, 1C 0 C 0 .26677 .277'+3 .2~173 
, 2L u ~ L1 • 27 87 5 .29369 .28944 
,.3C~ OOG .29 .307 , 2 9 3G 2 .29694 
.4GuCO .301":36 • 30 0 7 6 .30498 
. SCJGO • 31234 • 3 0 441 .31116 
• 60 0 ( J .32426 .3Cl877 .31769 
.7JuGO .3~.+238 • 3124 A ,32586 
.8~UC:G ,36154 • 3192 3 .33045 
.9C· :JLO • 377 39 • 33 0 55 .33495 

l,OGOCO .38372 .34825 • 34 6 7 8 
l.l~OCO • 3 81 3b .36274 .35557 
1,2~.:CJO CJ .336)9 • 37 88 0 .36863 
1,3JOCJ .39766 • 39 946 .39084 
1.4 QJ[~ .42519 .43566 .42055 
1,Sj(;Q O .45723 ,4.76'+7 .45810 
1. fJ~JCO .508'j0 .52980 • 51340 
1.7 t.~ OGJ • 57 ':312 .61854 .59722 
le-'3G 1J00 • G 5 'J ·;, 4 • 73 98 g .71089 
1. (: (: j [ 0 .81522 .9u0£8 .86002 
2,fjL0 00 • 96493 1.071334 1.024)8 
2. 1l: J i,; ~ 1.08637 1.22687 1.157~2 
2.2 (;Q([t 1.13560 1.27717 1.20477 
2.3CiJCj 1.ogog7 1.22173 1.150>S8 
2,uCOCG • 9322E: 1. 0 86 'j2 1.03179 
2. soooo • 8 8 55 3 • 94 3 7 8 .9 0 435 
2.r,~ouc .79'320 • 81145 .79205 
2./~jGu .73679 .7C599 .70819 
2.5GuJO .706S4 • 6 3 45 7 • 65 4 lJ 2 z, gJ ')CC· .6 8238 ,5 8408 .61450 
3.oc~=c .67730 .55294 .6 0 352 
~.1LJCG .673 ,..,3 ,:; £tC96 .5~051 
3 ,2QJ(C • 65 ss 1 • 5368 g .58078 
3 .3~JOC .6455~ . 53455 .577 06 
3.40JGO .63147 . 543(:8 .570 C3 
3,5 ... uCO t 617L 7 • 55 8 7 2 .57728 
3 . 6CJCO • 6 0 8~J 1 .572G5 .57671 
3.7GOGO .6u9'-J7 • 5 "365 7 .59169 
3.80000 .60720 • 61 30 g .59775 
3.guucc .608~3 .62445 .606~5 
4· 00 000 .61229 .63499 .f>1501 
4.1£:Juo .621~5 .63~97 .61700 
~- .2 00CO .61 S3 7 .63258 .61728 
4.3CJCO • 60 gy 8 • 62 213 • 60 410 
4.4('J(l(l .61045 .61Q86 .59884 
4,S~,;J:JC • 5 '3 5£.3 .S9662 • 58 95 8 
4.6COQG .se55·7 .58095 .57062 
4.7COJO .57733 " • 56 66 9 • 55836 
4.eCJOu .56776 .S5791 • 54 9 86 
4, Y~.,; "J 0 C .56153 • 54 7 3 2 .54135 
S. OCuOO .55932 .54060 .53879 
~.1GOOO .56445 ,54.220 .54083 
5,2JO~O .56415 • 541 g 1 .54209 
5.3:JC.O • 56~! 2 • 541+5 6 • 54 54 7 
s.4.:uco ,57391 .55227 .55278 
5,5\JuOO .580E3 • = 5 98 8 .• 56069 
5,6u~GO .58537 .56252 .56165 
5.7GQCO .::go?s .57365 • 5695 7 
5.ROJC0 .58'3 05 • 57 84 0 • 57 338 
s,g(CJGO .597'33 .5 8 751 • 5 83 94 
6.0COCO .60015 .s6g'38 .58167 
6 ,1l'JU 0 .538~5 .58830 .58581 
6.2(1)[.[: • 6 J 1 €: 7 .:-9638 .58619 
6,3C;U(0 • 6 0 3<:. 1 .59730 .59022 
6.4C3C: • 60 6~ 8 .59906 • 59556 
s.5cJc~ c • o12r-,z ,6 Ci 097 • sgs3a 
6,SJLlOu .61734 .60.326 .59897 
6 , 7l JCC .61 876 .6G607 .60634 
6 . se a c o .61 5t-16 • 6 0 961 .60102 
s.sGuoo • 62163 .6(897 .-59571 
?, Q(jQC .627 47 . • 60468 .59802 
7.1 : OGj .63098 .59935 .60438 
7.20JOO .63284 .60005 .59868 



4) cont'd 85. 

G. Nc:tt ' 62 ' . '0' 

LA-') 
7.3COGO .63254 .59848 .602~0 
7.41JOCu .62845 .59708 .59808 
7.500(;(: • 62 37 g • 5 g 64 7 .59328 
7.60000 • 6 2 32 8 .59711 .60134 
7.70800 • 6 2 82 6 .60393 .60013 
7.8COGO .62243 .59805 .59891 
7,g0000 .619Q6 .59631 .59914 
6, OCOOG .62246 .60646 • 60 171 
b.1Q(JCC • 6194 3 .f1105 .6C693 
5.20000 .61741 .61683 .6ocg3 
8.3~0L G • 61641 .61459 .60173 
to • ~· (; .J [ (: • 615 7 9 .61160 .60447 
8, 5C Cl(' L' .614S4 .F-1483 • 60 2 81 
ts.6~o;,c .61128 • b 1 3 94 .60321 
3.7JOC O .60742 .61143 .59693 
e.a:u(O • 6 0 0 ,.:,4 .E.C?G8 .58958 
fj,ijL• OLC .59094 ,S9462 .58223 
9.0CGGt! • ~ 7 95 7 .:6187 • 57 4 26 
9.1CIOOJ .57634 .57417 .5&259 
s.20 a t o • 57 71 3 .5£3to .55767 
9.3000 0 .57224 .5~597 .55359 
9.4ooo c .56504 ,5u827 .54829 
3 ,SJOf.JO .55922 .f3 .334 .54017 
9.6~0 0 8 • 55573 .52664 .52851 
9.7 CJQ G0 .54926 • 5163 4 .52411 
9 .8 ~ 0G O .54271 .s u5G4 .51619 
~ .'3 G J~ O .5296 G .493~0 • 50 766 

1 0 . 0~COC .52139 • 4 8 418 .49843 
1 0.1 [01:0 • 52 G :~ 3 • 4 7 30 5 .48e91 
1 'J ,2 1JCJ~[i .513 :J O .478:)9 .48060 
10 . 3J o - ~J .50 0 4~ .4 68 11 .47229 
1 0 .4 · .. 000 .4'3011 ,47093 .4c2 9 9 
1J , 5CGL· C· • 4 7 9':3 6 .4b192 .45940 
1 0 . GC :JI:J C: • 46 '3S4 .45682 • 451 :)6 
10,7 CO L O .459g7 .45193 • '+4 3 6 2 
1 G. ~~ J C 0 .ttS529 • 44 65 9 .44048 
1 0 .9 ~Q C G .456(6 • 4485 7 .43826 
11.0C OGQ • 44 3u 0 .43933 .43045 
11.1~ G G O .44448 .43588 .43649 
11.2C!OCG .44539 .43603 .42731 
11,3GJ OO .44098 • 43 7 3 2 • 42 8 75 
1 1.40JG C .43536 .43800 .42101 
11 .5 COLJ • 4 3 71 7 .43S85 .41780 
11, S0uGLJ .43SFj6 ,431J2F> .42371 
11, 7C;J OO .43539 .42414 • 42431 
11, 8~CL l' .440 C9 .42128 • 41617 
11. 9 ~ 0 G C• .435:5 • 42118 • 415 75 
12. u~JC O • 44114 .419~) 4 .41887 
12.1:GCJ .43699 .41535 .4172lf 
12.2GOGO • 44 361 .41547 .42347 
1 2. 3( 0 (t 0 .44273 .42527 .42323 
12.40 oc C: • 44 231 .42272 .42300 
12,S 0 U[I 0 • 4 .3 96 7 .42133 .41970 
12.6~000 .44212 .41400 • 42 0 95 
12.7( j( C .441g1 .41495 .41783 
12.6CO GO • 4 3t44 .41046 .40993 
1 2. 9( 0 0 0 .43612 .41077 .41404 
13. CCQGO .£+3336 • 4 c 97 ~ .414'3& 
13.1L J G ·~· .43537 • 41 3 8 7 .41822 
13.2CJ CO .444(5 .41309 .41743 
1 3. 3: 0 0 c .43413 .41725 .42035 
1 3. ~ D 0 0 J .Lt43~5 .41459 • 41 910 
13,S L' OGO .432 5 9 .41611 • 41153 
13.6 C JC C • 43651 • 41 54 7 .41738 
13.7 ~JGC· .437 l 7 .41862 .41133 
1 3 .8 00 00 .43671 • 412 8 8 .41141 
1 3. 90 0 0 0 .432<?9 .411(' 0 • 41S57 
14, 0 ~ IJ G 0 • 4 2 3G 5 .41218 .41322 
14.1Q G(0 .42648 .41182 .40943 
14.220L 0 .424 9 2 .41030 .40472 
14.3J00l} • 42 33 5 .4Q876 .41001 
1 4.4 0 0GO .421 7 8 .40726 .40717 
14.300 [ '] .42021 .40574 • 40 364 



4) cont'd c6. 

(j-i) .!. ;2. t 1 621 I 0 I 

14.6C~CC• • 418 r:") 4 .4~423 .40011 
14,7COCC .417 0 7 .40271 .39659 
14, 80 0 G 0 .415?0 .40119 ,3g3Q6 
14.9.2JCC .406~0 , 39 2 G 1 • 3 ·34 7 2 
1S.OCOGO .41151 .39144 .38774 
1S,1CQCO • 40 575 • 35'30 7 .38628 
15.2LCG(l .40G03 .3'3951 .38278 
15,3QOCO .39700 • 38 261 .38067 
15.4i.:OGfJ • . 3'3846 ,37627 .37806 
15,St:· JlJ .39.653 • 3 77 84 .37424 
1?.6uouo .39!i35 .3756e. .37025 
1~) . 70 uo 0 • 3 8 7 86 • 37 20 ~ .36636 
13.0C: OCt• .3.:35~7 .3SH49 • 36 24 7 
15.'?~.- 'j(:J • 382<:8 • 3 () 4 g c .· 35858 
1o,0(1 0l.: Q ,38039 , 3S130 .35469 
16.1~Clu 0 .37730 .35771 .35079 
1 6, 2 0 (I 0 (J .37541 .3:3411 .34691) 
16.3uo~o ,3711C • 35 42 2 .34815 
16.4C JCiC • 36 '335 • 35 0 ~ 0 .34894 

-- - -- ----- - -· - -



5) 
87. 

3.02 nolal nick2l c,1loride. 

~') Nat '62' ' 0 ' 
C.CJL· JCC • 26 0 2 8 .24892 .27108 

• 1( Q 0 0 • 2ca::g .2::J528 • 275d0 
• 2C 0 0 0 .276FJ9 .26164 • 28052 
.3uu('o • 26133 .27416 .23057 
.40CJOG • 29048 • 2'1712 .23881 
.50000 .30033 .25391 .29368 
.bGCIOO .31726 • 2 r~ 26 5 .29566 
.7~JGO . • 33 29 0 • 2916 5 .30806 
.80uGC .342<14 • 3~204 .31G11 
• )i.. J(!) .34199 .3u924 .31210 

1.0CJ(:(; .3l.t453 • 32 48 7 .32471 
1.1DQGO .34746 • 3.3 '314 • 33 7 76 
1.2CJCQ .36227 .36170 • 35 32 3 
1.3LGCC .3o46G , 31345C .37820 
1,4GOQ O .411:15 • 42 444 .41574 
1.5CJ(O .464'3E, .47116 .46152 
1,60000 .S3450 • 54614 .5347~ 
1.7CJOGG • b 16 c. n • 6-3856 .526Q3 
1.RuOCO .736')9 • 77 39 5 .75158 
1.90iJ(:0 .669LJ4 .93158 .83860 
2.oe:uco 1.00464 1.013704 1.04-6g4 
2,1(0( C 1.08242 1.19705 1.13864 
2.2C QGC 1. o a 6c 8 1.20f308 1.14789 
2,3GOC!O 1.02278 1.13082 1.07427 
2. ~~ 9 [; 0 • 925 2 5 1.01016 .<:?6763 
~t:>I.. G ;,; (l • 83156 • 88635 • 85 411 

·2 . b~ CJL 0 .751"34 • 77 62 7 • ·7 58 6 5 
2.7CIJC G .700'39 .68437 .688~2 
2, ~ C :J G l) • 66 s:.. 8 • 6177 g .61231 
2.90Q[C) • 64 6 ;;.1 .573~1 .6G140 
~.OC 'JLu .G37~4 ·=·4735 .53038 
3.1J C: 0 .63CS2 • 532(J4 .56710 
3.2~ CJGC .62134 .52712 • :F,; 233 
3.3CuCQ .60762 .52920 .559?7 
3,4 C'OG0 .59456 .54163 • 561 37 
3,S•JOGC' .5ago7 .55049 • 56371 
3. 6C jC0 .58674 .56926 .57277 
3.lOOGO .58464 .58279 • 575'31 
3.noooo .58450 .59739 .53369 
3,9COCG .58817 .60675 .59593 
4.0uCCC .59026 .61000 .59412 
4.!ooar .59196 .60725 • 595 7 3 
L,.. 20 0 G 0 • 58 94 6 .60482 • 58 36 2 
4.3 Q'J (( .578 ? 4 .59416 .58354 
4.400LC • 56 <=j(, (> .57709 .57006 4.::aoco .56552 .56818 .56029 . 
"+.6COC~ • 55?~2 .~5463 • 54833 
4.7L· OC0 .548~4 .54G36 .53978 
4.6CJCC .53511 .52767 .52640 
~. g._; 0 c u .53628 .5?016 .52463 
3,1JQCO C .53177 .S17Q7 • 51882 
5.1~JC-0 .53532 .5!.584 .s2cg4 
3.2CCGO .540 8 8 .52273 .52659 
5.3GOCQ .53629 .52821 .52633 
5,40UGQ .54098 .53111 • 52 984 
S.SuJGO • 54 55 g • ? 3 961 .53922 
5. 6 L j ( ~I .557':1 .54388 • 54 4 0 0 
3.7Cj(0 .5633c .55019 • 54832 
5.8(.J(0 ,56S12 .55420 .55361 
5, 9C u C C· .5631')0 .5S206 • 55 925 
o.o~occ , 56 75 G .S669C • 56 351 
6. 10 ;J c 0 .~69uC• .57671 • 556G8 
G.2i.JjGJ • 7505 .57567 .55566 
6.3C C!CO e577LQ .575~4 • 57 35 9 
~.4CCICO .583~1 • 57 93 5 • 57 696 
6.5lQ(tQ .58133 .58763 .58242 
G.6l'IJCO • 5~912 .5~506 .58648 
6,70fJGO • 58815 .58275 .58003 
6.~cooo ,5g439 .58443 .58366 
6.9COCG • 59 97 1 . • 58 32 6 .58441 
?,Ol.JG'J .60577 .58235 .58402 
1.10 0(0 .599 1) 1 .58941 ,58726 
7.zuocu .60676 .58285 .53786 



5) cont'd 83. 

I, i::"c..t 1 62 1 'O' (J~i) 

7.3COC0 .606G3 .S83C1 .58870 
7.4COCQ .60846 ,58149 .58587 
7.?CJCQ .6~099 .57919 .57873 
7. ~l· c (l c .6Q1g;. .58535 .59012 
7.7GOGO .&ot.t :~2 .58393 ,5gc11 
7. eJuL-0 • 59860 .580L.6 .58799 
1. '=3 ~ C! l c .E.J4 .36 .57689 .58118 
>j, fJl:OCO • 60 8 Q 7 .~8905 .58192 
e,1C8L'C .60411 .S3100 .55266 
o.2l:JCC • 5907(• .59035 • 59544 
6.3G'Jl!G .533~6 .59556 .58815 
8, 4~ J L C· .594.'}2 .59858 • 585'3Lt 
5.~COC.C' .~57b6 .59917 • 58 3 36 a. (' ~.o oJ c o .:>!3424 .59339 .sg152 
8.7~ G CC .5~119 .58824 • 57 9 37 
6.~~0[') • 57 3! 3 .58640 .57&34 
8,90uuo ,S63j4 .56965 .56834 
g, OG tJL Cl .5?73g .SE:6e1 .55288 
~.1~1)(,0 .557C4 .55173 .55174 
~.2GGCG • 54 7 56 .54132 • 54 2 6 8 
9,3l0[L .553::jlt .53066 .53072 
9.~COO Q • 5 .3 0;; 1 , 5? .3 G 0 .52010 
9.50000 .529~3 .5 r B26 • 51849 
y,6Lccn .52635 .~(t 408 .5C793 
q,7CCGO .518?8 ,49415 .4g443 
~.8oue:o .50871 ,485G3 • Lt e 96 3 g,gcooo .50014 .47329 ,48298 

1 j, r; G G 0 (; .437 S6 .46917 .47333 
1 0 ' 1 c iJ C," i; .4d519 .46044 • 464 56 
1 0 . 2 c J u 1) .Lt?535 ,45282 • 45 48 6 
10. 3t.: · Jo , 46 3 ~L .445'39 • 4£+94 7 
11J.4~J 'O .45330 ,43123 • 44 3 3 7 
1CJ,5C· JLt] • 44 ag6 .43205 .43633 
1j,6[jLJtJ .43d90 .42807 .42668 
10.7 G•JQO .43517 • 41 944 .42438 
10. ~GiJCO .Lt2971 · .'-+1680 .41908 
10.3CJOC .421-95 .4-0966 .41960 
11.0CJCO .42029 .40883 .41488 
11.1[ 000 .42021 • 40 898 .40642 
1.1.2CGC O , 412 G 4 • 3 g 90 9 • 40 145 
11. 3L JC '] .tt(J689 , 4C 32 7 .40523 
11. 4L lj L I! • 4 0 6 '~) 5 .4G374 .39918 
11.5Ql) (J[ .Lt03Y1 .39875 • 39865 
11.f:C. l}CL; • 3 '360 6 ,3ges1 • 3 9910 
11.700CJO .40455 .39080 • 39490 
11.808C· C .40434 • 39 53 7 • 39 225 
11.9~GC O .~0Lt03 • 39134 ,391go 
12.CCOCQ .L:-05"33 • 3 8 73 6 .39377 
12.1JOOO .40916 .39594 • 3 95 g 8 
12.2CJC~ .40075 .39024 .38817 
12.3~ot:r~ .4u9e9 .38810 • 39396 
12.4CJGG • 4 0 9f 8 • 38 8 7 8 • 39623 
12.~G000 .40710 ,39563 • 3 966 7 
12,6COGO .40444 .3e4S7 .386'32 
12.7CCJOC ,L.12u9 ,39087 .~9002 
12.8(000 .LtQ635 .3&461 .38791 
12.gcoGo .40310 • 381360 .38685 
13.DulJLO .Lt13C6 .~573R .39105 
13.1(0[~ .4 0 322 • 3 ~ 96 5 • 38699 
13.2'"~cc .4u6S2 .3&793 .38806 
13,3GtJCO • 4 0 218 .38710 • 38785 
13.400C0 .40612 .388 -51 • 3 92 86 
13.Sl.JOGO • 3 g 7S 7 .38263 • 38815 
1.3.6(']( 0 • 4 0 0 :.• 6 .36829 .39091 
13. 71.:. JGO .40'3 5 1 .38717 .3g386 
13.8GQGO .400[9 .38551 .38998 
13.90000 • 40 24 7 .38710 • 3 8 3 8"3 
14, ocue:~ .398 0 $3 .38527 • 3895lt 
14.1r:uuG • 39 54 9 ,3834lt .3867Lt 
14.2CuOG ,39289 .38162 .38394 
1.:.,3C QOO .39030 • 3 7 97 g • 3811Lt 
14.4COGC .38771 .37796 • 37 8 35 
14.50JOO • 38 511 • 3 7614 .37555 



s·9. 

h,} 
./I cont 1 d 

,·) 2!~t ' 62 1 ' O' . ., 

CA-') 
14.600GO • 38 25 2 .37431 • 37275 
1Lt.7G•)OJ • 37 <3 9 3 .37248 • 36 ggs 
14. 6;)(J(;0 .37734 • 36 991 • 36 715 
1 4. 9l 0 c 0 • 37816 • 37 310 .36371 
15. 'J~. uc. 0 • 3 7 84 0 • 36068 .355'34 
1S:,1G GO O .36990 • 35 83 5 .35883 
15.20000 • 36 94 6 • 35 192 .35663 
15,"3 L J ~C .3Gi+93 .35.353 .35383 
15. ~~0 u r:' . • 3 6 114 • 3L+776 .34862 
1S,5 0GG[ .36171 , 34 G4 0 • 34574 
1 :,; , f: u G G C .3S7 ~ C • 34454 • 33610 
1 ~ , 7 ~ u L (· .355 33 • 3 3 gg 1 .33429 
1?, 6CO CJ ( • 3 3 3~ 6 • 33 5 2 g • 33 24 7 
1 5 . ~CLJLL .351 ° 8 • 33 066 ,.330 6 6 
16. 0CUC C .3 Si OC• 1 • 3 2 6 Q 4 .328~5 
1 ·j • 1 j : j lJ lj • 34 i:i0 4 .32141 .327 0 3 
16 , 2~UL ( • 34 6 Q 7 • 31679 .32522 
1 b , 3~ G L; C: • 3 3 32 6 • 3160 5 .31949 
1 6 ,4DGOO • 32778 • 31562 .31781 



>O. 
6) 1.45 nolal ~c~€ 1 c~uoricle. 

r·, ·-at 1 621 ' 0 ' 
~~') 

o.o9aoo .29576 • 27 2 6 5 • 29333 
.1l:CJCO .29820 • 27 649 .29536 
, 2C 0 C 0 .30063 .28034 .29739 
, 3L: J G 0 .29594 .28579 .29370 
• 4~ 0 0 Q • 3 0 g~ 4 .29082 • 29 8 35 
.5C' u00 .31846 .296()4 .30412 
.E-CuGO .32453 , 3C 11 o .30592 
.70l:G!J • 32 39 5 .30191 • 31021 
.el!OCC! • 3 2·t.t'J 8 .310G8 .31101 • gco~o .32409 .31793 .31505 

l.OCCJ~::' .33Lt17 • 3 3 3u 2 • 32879 
1.1LJ([ .34222 • 3495 g • 34 2'34 
1,2(JL tl .36Ltf36 • 37159 .36071 
1,:3CJCJ .332~4 ,407?1 .40249 
1.4:0lC .4412,i3 .44Lt45 • 4413 5 
1.5GJlu • 50 1:: 3 .51165 .'503GB 
1.~~C;G~ • 5 g 0 ~~ 3 • ~ g 77 3 .'3931S8 
1.7L! OCS • b ,~ 0 s 4 • 7 '] 997 .70220 
1,.QOOOO .82or)2 • 54 7 8 9 .83578 
1. <:h. 0 c t} • 94 64 9 .9~003 • 96 3 21 
2, 0 2 u L' !J 1.02355 1.07580 1.05255 
2.1GuGO 1.05118 1.10544 1.07320 
2.2cuoo 1.0(1573 1.06592 1.03606 
2.3:uC L' .936 !: 5 • 98 819 .961~4 
2,4 [- 000 ,6SG:-S .89882 .8 7 447 
2 t 3 (l U L' ·") .77q21 • 8148 9 .79078 
2. b c ·: ( c .71G.34 • 731313 .728~0 
2,7iJOO CJ .~7266 .67729 .67804 
2, ·SC· OLC .639(13 .62517 .62856 
2, Y2JCC .6~817 .5821G .58522 
3,Gw JCC· .?95 ~ 5 .s ~- 6se .57025 
~.1ooc u ,5 t'6S6 .54436 .55875 
3.2l.J:.. C .57'3 .37 .54059 .53191 
3.31)\JCC .574~2 .54240 .55501 
3.4COCO .S71 G& .54906 • 55 66 7 
3.~(j[)C' .570 ~ 2 .~6107 .56201 
3,cGJG O .575 C!8 .372S'+ .57252 
3,7GJGG .57331 .S8319 .57251 
3.'H]0 0 (! .57579 .58712 .57811 
3. 9[. 0 0 c .57766 .59149 .58320 
4,00000 • 57 842 • 59 32 4 .58080 
4.1G GuC .57600 .58365 .57595 
4.2:JGC • 56 65 6 ,57o24 .56323 
4.3 C:O C,CJ .56420 .572'+9 .56685 
4.4u80G .5'+959 .55788 .55187 
4.5-· 0 L- C • 5 41 (' 5 .54910 .54051 
4,6QlJCC .5349[: ,S3884 • 53 0 25 
Lf, ? G CH 0 • 5242 7 .52525 • 52458 
4.8 08~1! .516~9 .51772 • 513 85 
4e g~ IJ\J c .51276 .51497 • 50 8 36 
5. 0 c i) 0 L1 • 5132 4 • 50606 .50370 
S,1QJ GC! .5J980 • 5 Q 8& g .50201 
5.2GOuO .51222 .51235 • 50 327 
5.3000(1 , 5206 -S .s2ooe. .50618 
5.4::o::.r· .51888 .51822 .51938 
5,5CJCC .526S9 .52956 .52414 
3,6(000 .53525 .53438 , S29~5 
3.7CQOO .54130 .54157 .53629 
5.6COu C .54278 , 5391 ·S • 54172 
5.? ~ -JOC • 3u 81 9 .55201 • 54 54 8 
6,GJOLr .34363 .55395 .54760 
6.10 CJ jC .55544 .ss1a~;. .53713 
6.2JJ00 .54913 ,55q31 .53464 
6 • 3 l :.; CJ L1 • 555 "=3 3 .56278 .54741 
tJe4LJ 0Q .55997 .56124 • 55420 
o,SLOGO • 5 oC ~6 .56213 .57008 
6. 6G .QO 0 .S6300 • 56 94 9 .56219 
6.7~0LJ(l ,560 S9 .56660 .56268 
6. 5ClOCJO .5o5 G2 .56498 .56882 
6.90000 .56698 .57102 .56262 
7.0uO OQ .57245 • ~6 98 2 • 56~53 
7.1~0 0(' .57050 .56853 • 56818 
7, 2C QGO .57641 .56'393 • 57 117 
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b) cont 1 ci. 

l~\.1) L2-t ' ~2 ' '0' 
7,3•.; 00C • 37845 .572G3 .57207 
7,t. Q(j(j(' .57741 .57059 .57213 
7,5(100(1 • 5 ,g6'}9 ,5711g .57758 
7,6[· 080 • 58 26 0 • ~ 7 34 6 .57625 
7,70JCO • 58 34 6 .58055 ,57506 
7.8GUOO ,579~1 .57824 .57927 
7 • -30 0 (J 0 • 57 7S 0 .57319 ,56156 
~.ououo ,53S J 2 ,5d229 • 53066 
:j,lC•O OG .56421 .5$j258 • 57 97 7 
~.20000 • ~ 7 94 7 .55593 .57934 
6.3000 0 .~8027 .58375 .5733'3 
3.40000 .57342 .57375 .57611 
8. 5uOc O .S>71 ~ 1 .57240 .57357 
d,6GGQO .56935 .~7785 .5&070 
8,7QG (: C .5S)841 .56458 .559 89 
8, 6G OUO .541330 .5·6026 • 53 70 6 
<3.9 ~~co • 54377 • 54 97 8 • 54 7 0 5 
g,Q jO L C • 54 34 7 .53922 .53658 
3.10U CL! . 5 24 -J 8 .5345C .525~3 
9.2COGC , 51 7S4 • S 27 0 B .S200b 
g,J j C0 C .515~· 0 .s ~:· 949 .5u731 
'3.4 ~ ~u G , ; G 9'= 6 .5 0 460 .50056 
Y.5 00L• f. . 5 02 9 0 .49665 .49753 
9, 60Q CC • 4 g gz 5 • 4 ~ 86 8 • 48 75 6 
9,7j UGO • 4 <3 5 .:, 1 .47299 • 47 6 8 3 g. ec:JL.: • 4 :125 c .47242 .470 04 
g ,9 GC:~o.l .47 ·J7 8 ,LL () 175 .466~8 

1 0. 0[: 0(; 0 ,463 ~ 8 , 4 S C 2 6 • 4S 910 
1 Q. 10 0 ~ c IL+5~ 5 5 • 44 3 7 s .44436 
1 IJ ,2(UC. t:· • 4i+94 0 .43573 • 44 0 0 7 
1 C.3C· OLO .4~34 0 I 43195 .428 5 9 
10 . 4~0GO .424 39 .424Lt3 .42541 
1 0 . 3 ~ CJCG • 4 2 73 8 .41780 • 41 g 3 8 
10,6CO OO .41e31 .41371 . • 413 71 
1 0 .7Jl!L O .41247 .41200 .40c42 
1 0 ,8JOCC .40'+6 6 .40318 ,3gggs 
10.900G(l .40005 • 3 '3 97 2 .39904 
11.0:JOG O .39467 .39873 .39:46 
11. 1 w o G c· .3 8 9 0 9 .39479 .38332 
11. 20 J (. c .3S425 .38489 .38271+ 
11.3GOG C • 38328 • 38 313 • 3844 7 
11. :. oco 2 .3 3 5 ~ 1 .38797 .37931 
11.5Cl OGO • 3 ~ 57 0 • 38356 • 37 8 32 
11.6 QO GJ • 37 9? 4 • 36245 • 37 4 86 
11.1: ocr; • 3 7 64 g ,373C2 • 37 2 6 0 
11. 8C CO CJ • 3 7 8~ 1 • 3776'+ .37748 
11.9CDC O .37716 • 37 66 5 ,37006 
12. oc ... ouc ,3757 C .37537 • 36 9 36 
12.1C OGO .37765 .37287 .37557 
12.2C OuO .37633 • 37-214 • 37 2 32 
12 • . 30 u GC • 3 7 65 5 .37025 1 .37226 
12.4L 0GC 137864 .37226 .3o7~6 
12.3 CC ~ Q .3~0~8 .37311 .371')7 
12,6 CJ LC ,37749 • 36'36 2 • 36 8 7 6 
12.7C OCO • 3 7 67 5 • 3715 4 • 36 54 6 
12.8C uG O • 37562 .367L,3 .36898 
12.9C~ G O .376 2 3 I 36 7: 8 • 3F)655 
13.0 CC ~ C • 37429 .37120 .36566 
13.1(;1] 0 0 • 3840 4 .37123 .36349 
13.2QCJL: O .37613 • 3 7 35 4 • 37 0 55 
13.300GJ ,372 go .37548 • 36 5 31 
13,4 J~C~ .37671 .37258 .36912 
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r11. n. 1977 

AffiTRlCT 

experimental evidence for the structure of aqueous solutions is 

revieT...re.d. A neutron diffraction experiment is described, which 

employs isotopic substitution, from "t.·rbich information concerning 

the hydration of ions in solution, and their distribution, ca...?J. 

be obta.i.ned. ;P.ae results for sodium chloride solutions, \fi th 

chlorine isotopes, at concentrations of 5.32, 2.99, and 1.49 

molal, and the accompanying data analysis are presented in detail, 

''~hilst data from nickel chloride solutions, \vi th nickel isoto:pes, 

are presented in outline. 

Both chlorine and nickel ions are strongly hydrated, but 

for the chlorL"'"le ion the binding TSJay be \reak: the hydration a:p:pears 

as marked orientation of water molecules toHards the ion. 'tli th 

the accepted orientation of water molecules around the chlorine 

ion, the optimum coordi-~ation number for a model of the hydration 

sphere is 5.5.:!: 0.1 at 5.32 molal, increasing to 6 .. 0! 0.2 at louer 

concentrations -at 1.49 molal a second hydration s;hcre is 

suggested by the data. The nickel hydration sPhere is more 
....!.. 

tightly bound, "ri th a hydration number of 5.e.:. 0.1 vrhich remains 

essentially constant Hi th ciilution. 

The ionic distributions a::-e discussed in terms of lattice 

and hard-sphere Bodels. The chlorine distribution in sodit~ chloride 

is ap~arently structureless, whilst the distribution of nickel 

ions in nickel chloride has a Lmch more ordered chGJ:acter, but 

the oodsls zive only a qualitative rerresentation of the nickel 

structure fttnction. 


