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and Molecular Fluid Models of 
Liquid UO, 
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Department of Physics, The Blackett Laboratory. Imperial College, London S W7 2BZ 

(Received May 2, 1977) 

Though present evidence favours an ionic model of liquid UO,, it seems of interest to compare 
and contrast structural predictions of such a model with those of a molecular fluid model. 

Therefore, in this paper, we present partial structure factors on the basis of the reference 
interaction site model for liquid UO, just above its melting temperature. In this treatment, the 
“molecules” consist of rigid (linear) clusters of hard spheres. 

In the absence of experimental information on the structure of liquid UO,, comparison is 
made with the earlier work of Bhuiyan cr a(, for the mean spherical approximation (MSA) to the 
ionic model. Considerable resemblance with the MSA results appropriate to zero coupling 
constant is found. 

1 INTRODUCTION 

The properties of liquid UO, are of considerable interest in connection with 
testing and safety aspects of nuclear reactors. But little is known, so far, 
about the structure of this liquid. Therefore, in a previous paper by Bhuiyan 
et a/.’ we have studied the partial structure factors of an ionic model of liquid 
UO,, based primarily on a mixture of U4+ and O--,  though the variation 
of structure with degree of ionicity was also explored. 

The model underlying the above work was that of charged hard spheres. 
Unfortunately, the exact solution of even such a simple model is currently 
not possible except by computer experiments and we therefore employed 
the mean spherical approximation (MSA) to the ionic model. This leaves 
uncertainties, because the theory is valid for intermediate coupling constants, 
whereas in UO, with a fully ionic model the coupling constant is rather large. 

In view of this, we thought it of interest to compare and contrast the partial 
structure factors obtained by the above route with the opposite model 
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which takes liquid UO, as a molecular fluid. We want to make it  clear from 
the outset that the weight of evidence is in favour of the ionic model of UO,. 
However, the evidence is for the solid, and since cases are known (e.g. 
AICI,)’ for which ionic materials in the solid state show negligible ionic 
conductivity in the liquid, this is not decisive. Regarding the evidence for 
the ionicity of solid UO, we may cite:, 

i) the fact that the cohesive energy is correctly given by the Born-Mayer 
model with ionic charges Z, = 4, Z, = 2.4 

ii) the phonon dispersion curves are well described in terms of a shell 
model with an ionic charge of the same magnitude as in (i) above.5 

The unresolved problem of the structure of liquid UO, seemed to us of 
sufficient practical importance to examine what common features, if any, 
might exist between two such different models as ionic and molecular. 

2 STRUCTURE IN MOLECULAR FLUID MODEL 

As in the ionic case, so in the molecular fluid model it is necessary to either 
employ approximate theories, or go to full computer simulation. It is the 
former approach we choose to adopt in the present work. Over the last few 
years, the so-called reference interaction site model (RISM) theory for 
molecular liquids proposed by Andersen and Chandler‘ has been widely 
used to study the equilibrium structural and thermodynamic properties 
of such systems. For example, Lowden and have studied liquid 
N,, CCI,, CS,, CSe, and C6H6, while Hsu et aL9 report results for N,, 0, 
and Br,. These authors show that with an appropriate choice of diameters 
for the hard spheres, the predictions of the RISM theory are in good agree- 
ment with neutron diffraction experiments, as well as with computer simula- 
tion of these liquids. 

None of the above liquids is ionic whereas we remarked above that the 
ionicity of solid U 0 2  would point towards an ionic model of the liquid. 
However, recently Powles’” and Gillan” have studied the structure of liquid 
CuCl by treating it as a molecular fluid. In particular, Gillan has reported 
results from the RISM theory, and has thereby obtained fair agreement with 
the partial structure factors as measured by Page and Mika’’ for liquid CuCI. 

It appears, therefore, that in spite of the fact that in the liquid state CuCl 
has observable ionic character, as demonstrated by nuclear magnetic 
resonance’, and by high ionic conductivity, comparable to that of the molten 
alkali halides, a useful structural description seems still to  be afforded by a 
molecular fluid picture. Therefore we shall present results below for the RISM 
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for liquid U 0 2  and compare them with our earlier structural predictions 
from an ionic model.' 

3 REFERENCE INTERACTION SITE MODEL 

The physical assumptions made, and the mathematical formalism employed, 
in the RISM have been summarized in several places by ' Therefore 
we restrict ourselves below to a statement of the basic equations underlying 
the model, and we shall then concentrate on presenting the numerical results 
for the model when applied to molten U 0 2 .  

Working with total correlation functions h,&r) related to the site-site 
radial distribution functions g,,(r) by 

ha&r) = gab(') - 1 (3.1) 

it is then important to the approach to introduce a site-site direct correlation 
function cap(r) through the Ornstein-Zernike like matrix equation : 

As usual, 6(q) denotes the Fourier transform of h(r) etc., p is the mean 
molecular number density while GUp(q)  is the Fourier transform of the intra- 
molecular correlation function 

- rT)6(r - rf) (3.3) 

In Eq. (3.3), (. . . .) denotes an ensemble average while rf is the position of 
the ath interaction site in the ith molecule. 

Assuming the molecules to be rigid,we have explicitly,with lab = lc - $1, 
sin ql,, 

D ()=-.  
d,, (3.4) 

Equation (3.2), together with the relations 

g,&) = 0 r < a,@ (3.5a) 

ca&r) = 0 r > cap (3.5b) 
where cab denotes the hard sphere diameter for the interaction between site 
a on one molecule and p on another, are the equations defining the RISM. 
Naturally Eq. (3.5a) is an exact consequence of a hard-sphere interaction, 
whereas approximations are involved in writing Eq. (3.5b). 

Thus the problem the RISM presents is the solution of the coupled non- 
linear integral equations (3.2) and (3.5) for g,,(r) and cup(r). 
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3.1 Partial structure factors 

The liquid partial structure factors, our particular concern in this work, 
are defined by 

(3.6) 

where N is the total number of particles in the liquid. If the sites rf and rf 
coincide with the nuclei, these are precisely the quantities determined by 
neutron scattering experiments." 

It is straightforward from the above equations of the RISM to express 
(3.6) as 

S,&) = Eup(4) + P ~ . p ( s ) 9  (3.7) 
G and h' being given by (3.4) and (3.2). 

3.2 Numerical solution 

For parameters appropriate to the two cases discussed below, the RISM 
Eqs. (3.2) and (3.4) were solved by making use of the computer program14 
and an independent verification of the solutions was carried out using 
programs which treated the problem as one in non-linear optimization 
theory. The radial distribution functions gua(r) were obtained by the Fourier 
inversion of Eq. (3.2). 

4 MODEL OF UO, MOLECULE 

We are not aware of direct experimental data on the geometry and bond 
lengths of the U 0 2  "molecule" in the liquid state. We therefore assume at 
the outset that based on the crystalline s t r ~ c t u r e , ' ~  each uranium atom 
associated with its two nearest neighbour oxygen atoms forms a linear 
U 0 2  molecule, the identity of which is preserved in the liquid. Consequently, 
the "bond-length" used in the calculation is just the crystalline U - 0  distance. 

Two sets o l  calculations were carried out: 

i) with the Pauling diameters for uranium and oxygen and 
ii) with the hard sphere diameters that reproduced the experimentally 

In both cases (i) and (ii) the hard sphere diameters were assumed to be 

(4-1) 

observed compressibility,16 in the ionic model of Ref. 1. 

additive 

a.4 = $ ( o u  f 0 s )  
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The constants employed in (i) and (ii) are collected in the Table. 

!. 

- 2. 

TABLE I 

Parameters used in two cases studied 

5 10 15 20 25 

Y W C r , l  

(i) (ii) 

U-0 bond length 2.37 2.31 
OU 1.94 1.63 
00 2.80 2.36 
P 0.0195 0.0194 

N.B. Lengths are in A. and densities in A - 

5 RESULTS 

The partial structure factors S,,(q) and the pair correlation functions giJ(r) 
are shown in Figures I to 4. Figures 1 and 2 correspond to case (i), the 
others to case (ii). The variable q has been expressed in terms of the dimen- 
sionless quantity y = qao, while in r space we have also measured distances 
in units of go. 

The most striking feature of the partial structure factors SiJCy) is the 
presence of the troughs on the long wavelength side of the first peak in Si,(y). 
Such troughs are not found in the corresponding structure factors given by 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
5
8
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



2% L. 9. BHUIYAN. P. J .  GROUT. AND N. H. MARCH 

. _ _ -  L . .  ' I  I I s \  .' - -  

I 

1 2 3 
04 

r/ uo 

FIGURE 2 Radial distribution functions for model i .  

the M S A  to an ionic model.' It should be noted though that in this work 
on CuCl using the RISM, Gillan" observed such a trough in Scucu. 

Comparing the partial structure factors in more detail with those corre- 
sponding to the partially ionic case reported in (l), the following features 
are observed : 

i) the amplitudes and phases of S, , (y)  are different; the height of the first 
peak in S ,  is nearly the same, but the S,, peak is lower in the molecular 
fluid picture than in the M S A  to the ionic model. 

ii) the shoulder observed in the S ,  in the MSA is absent in the RISM, 
and, in the MSA, for large y the oscillations are less pronounced. 

iii) apart from the trough at  y - 7, S,, is relatively structureless. 
iv) in the cross-correlation function S,,(y), although the positions of the 

first minimum and maximum are the same in both models. their widths are 
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FIGURE 4 Radial distribution function for model i i .  
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not and in general the results differ beyond y 2 10, both in phase and 
amplitude. 

v) the depth of the first minimum in Suo is smaller in the RISM than in the 
MSA and the width of the trough is large. 

The points (iii) and (v) suggest that the correlations for U-U and U - 0  
in the MSA to the ionic model extending well into r-space are much weaker 
in the molecular fluid picture; we might say that the 0 atoms are effectively 
“shielding” the U-atom in the RISM. This point of view is consistent with 
the fact that the oscillations in giJ(r) are much more damped than in the MSA 
to the ionic model. 

Another feature which supports the above discussion is the similarity 
between the molecular fluid picture and the structure of neutral hard sphere 
results for liquid UO,. Thus, in both SiJCy) and giJ(r) the peak positions and 
the phases are the same although in the RISM the oscillations in gi j ( r )  
are somewhat more damped; the contact values of giJ(r) are also lowered. 

However, a major difference occurs between the molecular fluid results 
and the neutral hard sphere case in the long wavelength limit. Thus, for 
neutral hard spheres, Suu(q = 0) is -1 while Suo(0) < 0, only S,(O) 
being very small and positive. But in the RISM, the SiJ(0) are all positive and 
tend to values - 10- ’. 

In our case (ii), we chose for the diameters of oxygen and uranium the 
values which reproduced the experimental compressibility in the MSA;’ 
it is noteworthy that in the RISM we regain the correct long wavelength 
behaviour of SiJ(y). Also in case (ii), the oscillations in SiJ(y) are more heavily 
damped than in case (i), while the troughs in Siib) are broadened out. 

In both sets of calculations, cusps, i.e. discontinuities in slopes are observed 
in giJ(r); these appear to be a general feature in the RISM, due to hard-core 
interactions among the molecules. 

6 CONCLUSION 

One obvious conclusion from the present work on the molecular fluid model 
of UO, is that the considerable short-range order given by the MSA to the 
ionic model of molten UO, (Ref. 1) is no longer present. Indeed, one very 
characteristic feature of an ionic model is the charge neutrality condition, 
which relates the phases in the oscillations of the three partial structure 
factors. 

In contrast, the “shielding” of the U atom by the 0 atoms is done in the 
RISM, it would seem, too effectively. Similarities between the molecular fluid 
results for SiJ(y) and giJ(r) with those from neutral hard sphere theory support 
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this point of view. The presence of troughs in Si,(y) is not, as far as we can see, 
easily discussed in simple physical terms. 

From the previous work on the RISM7-9 it has been shown that by varying 
the size of the atoms it is possible to bring theory and either experiment 
or computer simulation into agreement. The absence of such information 
for liquid U 0 2  precludes such a procedure, with the consequence that, in all 
likelihood, the present structural calculations can at best be semiquantitative. 

It is important to re-emphasize that, while modelling the structure has 
been the prime interest of our present program, we are well aware that the 
weight of evidence is in favour of an ionic picture of liquid UO,. A difficult 
point in any simulation of structure by a molecular fluid model must there- 
fore be that made immediately above; i.e. the choice of sizes of the 0 and U 
“atoms.” There is considerable uncertainty on the “best” way to make this 
choice on a priori grounds in a molecular fluid model; and yet comparison 
of cases (i) and (ii) of the present paper shows that the structure is very 
appreciably influenced by the choice of sizes. 

Nonetheless, the results of Ref. ( I ) ,  in conjunction with those presented 
here, ought to be useful in interpreting structural properties of liquid UO, 
when eventually neutron diffraction data and/or computer simulation results 
become available. 
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