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Abstract. A new method of analysing the experimental atom-atom pair distribution functions
g.a(r), based on the corresponding state principle, is presented. The method is first tested on
nitrogen and chlorine liquids via computer simulations by exploiting intermolecular potentials
that reproduce the experimental data satisfactorily. It is then applied to liquid fiuarine to explain
the large discrepancies we found when experimental and simulated ga.(r) were compared.
Different models involving various degrees of microscopic orientational correlation are built up;
among them, only one implying no appreciable orientational order agrees with the experimental
data for fluorine. This model also fits liquid nitrogen well and fails in the case of liquid chlorine;
consequently, the microscopic structure of liquid fluorine must be very different from that of
other liquid halogens. ‘However, some discrepancies between model and experimental gq,(*) of
fluaring around 5 A and spurious oscillations below 2 A indicate that significant experimentat
uncertainties could affect the experimental data. The results of other models, which imply
different degrees of orentational order, reported here can provide a useful guide for interpreting
new experimental data.

1. Introduction

The structure factor S(Q) and the related atom-atom radial distribution function gu.(r)
obtained from neutron diffraction experiments have produced a significant contribution to
the knowledge of liquid structure. The interest in diatomic liquids is due to the presence
of orientational correlation between molecules, which influences diffraction measurements.
To extract information about correlation is, however, a difficult task since all the quantities
measurable by the neutron diffraction technique are averaged over the orientations of the
molecules. So, recourse to a theoretical model or to computer simufations is necessary. In
recent years, computer simulations exploiting sophisticated intermolecular potentials have
produced significant improvements in the agreement between simulated and experimental
pair correlation functions. Particular attention has been devoted to the liquid halogens,
chlorine, bromine and iodine, for which anisotropic site potentials have been developed
and several simulations [1,2] and experimental works [3,4] have been performed. In
general, effective pair potentials fit the global shape of the atom—atom pair distribution
function g,,(r): serious problems arise only when one needs to extract information about
the microscopic structure.

Liguid F; is an exception. Indeed, for this liquid, only one experimental measurement
{51 is available, only a two-centre Lennard-Jones potential model [6] has been proposed
and no direct comparison between them exists. No effort has been made to build up a good
potential for the liquid phase, other potential models having been developed for the solid
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Table 1. Triple (7, Vi) and reduced (7 = T/ Ty, V* = V/V} values of temperature and
molar volume for the various liquids. The values of the bond length [ are those used in the
potential models {secticn 2 of the main text); oy, and @, are the atomic site and mean ‘exctuded
volume’ diameters, respectively.

T Vir I Oag 73

() (m®x10% T Ve A (7 VIV
Ar 333 0.282 1.44 122 —_ — 3.405
Na 666 0321 144 LI5S 1098 320 355
|3 53.5 0.222 1.44 1.10 1.427 2.70 3.14
Cl; [72.2 0.407 145 1.13 1.994 3.20 3.85

phase [7] and in order to describe molecular dissociation and chemical reactivity in the fluid
phase [8]. Furthermore, an attempt to extract information on the microscopic local order
from the available experimental structure factor S{Q) has failed [9].

We have devoted recent works to the study of the orientational order in diatomic liquids
[10-13]. By developing the idea that the angular space of a pair & = (w;, w2) could
be divided into a few disjoint classes of molecular orientations ¢, W}, called microscopic
configurations, it has been shown that it is possible to compare pair distribution functions
of different liquids as well as to gain a reliable description of the microscopic structure.
The method is particularly useful in analysing the experimental go,(r) of liquid F», which is
uncertain because of some experimental difficulties [14] discussed in detail in subsection 2.2,
and appears to be in contrast with molecular dynamics (MD) simulation [6], at least initially
for qualitative comparison. Since the direct comparison will show that the discrepancies are
very strong, the main goal of the work is to recognize to what extent the experimental data
are consistent with some models of diatomic liquids. For this purpose, the centre, g..(r),
and atom, ga.(r), distribution functions of liquid F; are derived from those of Clz, N2 and
Ar liquids by exploiting a new method of analysis. The paper is organized as follows: in
section 2, experimental and simulation data are directly compared and the influence of the
experimental uncertainties on the structure factor ${Q) is critically discussed; in section 3,
the way of comparing pair correlation functions of different liquids is illustrated. Liquids
Ar, N3, F3 and Cl; in nearly the same corresponding state are considered and some models
of g.,(r) for Ny and Cl, are compared to MD results. These models are applied to liquid
F> and a general discussion on the consistency between models and experimental data is
reported in section 4; the summary of section 5 concludes the work.

2. Available experimental data and MD simulations

2.1. MD simulations

The MD technique has been used to simulate liquid Ar, N3, Cl; and F;. The potential
models used have been the Lennard-Jones model for Ar with parameters taken from the
second virial coefficient [15], the two-centre Lennard-JTones plus quadrupole model for N3
[16], the anisotropic site model A2 for Cls [1] and the two-centre Lennard-Jones model
for F, [6]. The output configurations have been produced following the standard procedure
described in [10]. All the liquids have been simulated by following the dynamics of 500
particles. The temperatures T and the molar volumes V of the thermodynamic states
investigated are reported in table 1. The values correspond to thermodynamic points on the
coexistence curve at the same reduced valves 7% = T/ Ty, V* = V/V,, Tir and ¥ being
the triple-point values.
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2.2. Experimental data and MD results for liquid Fy

The only available diffraction measurement on liquid F; was performed at the
thermodynamic state 7 — 77 K and V = 0.2433 x 10~* m? [5]. The experimental
structure factor S(Q) and the related atom—atom pair distribution function ga,(r} are shown
in figare 1(a) and (b), respectively. In [14], the quality of the experimental data has
been judged insufficient to allow definitive conclusions about the presence of orientational
correlation. The reasons are

(i} the use of a Monel alloy cell, imposed by the high degree of corrosivity of the liquid
F., has produced sharp Bragg peaks in the 2.5-4.0 A~ range and caused some problems
in subtracting the empty cell contribution and

(ii) the experiment was performed in a limited range of scattering angle so the maximum
value of momentum transfer, ', was about 8 AL
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Figure 1. (a) Expenmental f 3y and simulated (---0 o ) total structure factors S{2), first-
neighbour (D (Q) . —} and next-neighboor (D;,;l (@), (----) structure factors and form
factor f1{Q) (= = =) of liquid fluorine. (b) Experimental (—) and simulated (- - - -) atom-atom
radial distribution functions of liquid Fa.

The uncertainty (i} could seriously affect g,.(r) via truncation errors and invalidate
any investigation of the orientational correlations performed in r space. It is therefore
worth clarifying the @ range in which orientational correlations fall. This can be done
by computer simulation, assuming that orientational correlations do not extend beyond the
first coordination shell, i.e. beyond the first minimum of the centre—centre pair distribution
function. This is valid in liguid Cl; [11] and the same rule can be reasonably extended to
liguid F.

The experimental and simulated S(Q) and g, (r) are compared in figure 1{a) and
(b), respectively. The discrepancies are very strong and mainly concern the atom-—atom
distribution of first-neighbouring molecules. The structure factor S{(J) can be written as
the sum of the first- (f) and next- (n) neighbour contributions and of the mtramolecular form
factor f;(Q), i.e.

S(Q) = £1(Q) + D™(Q) + DO(Q) 1
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where
1 . 1 .
(@) = 7 3 [expfiQ - (g = 736))) = 511 +sin(@D/ Q1) 2
o, B

P(Q) = 8p f " arr2g®(r) sin(Qr)/ O @)
0

D™(Q) = 8rp f ” drr*[g(r) — 1] sin(Qr)/ Qr. @
0

Here o and 8 are indices of atomic sites in a molecule, 71, and 714 are the centre—atom
separation vectors, { is the bond length and p is the atomic density.

B(r) and g{V(r) have been obtained from molecules whose centres of mass fall in
the first and next coordination shell, respectively. The functions D®(0Q), PP (@) and
FH(Q) are shown in figure 1(2). As is seen, for Q > 8 A only f1(@) gives significant
contributions so the effects of the truncation on the orientational correlations in transforming
the experimental S{¢) can be neglected. In the region 4 A1 < 0 < 8 A1, only
D®(Q) and f1(Q) contribute, DV(Q) significantly modulating the 7£(Q) signal. This
indicates that the differences between simulation and experiment are not ascribable only to
the experimental data corrections since the experimental spurious peaks, mentioned in (i),
fall below 4 A~!. Therefore the MD simulation using the two-centre Lennard-Jones potential
for liquid Fs cannot be used to derive information on orientational correlations. To this end
we will use a recently proposed method in the following [12].

3. Theoretical models

3.1. The complete set of orientation and the corresponding state principle

In this work the term configuration I' is used to indicate a class of geometries of the isolated
dimer. A configuration is chosen by progressively increasing the angular limits that define
the geometry of a given oriented pair and verifying that the partial contribution to g.. () and
21,(r) * r* does not change significantly in shape and in r position. Using this criterion, it
has been shown [13] that the total configuration space 2 = (w|, w») of linear molecules can
be divided into at least five disjoint classes of configurations given by X(8, = 90° =+ 30°,
G2 = 90° £ 40°, ¢ = 90° £ 30°); T(9 = 90° £ 40°, B, = 0° £ 50°, 0° < ¢ £ 360°);
LP(@ = 150£30° 6; =30° £ 30°, 0° < ¢ £360°); | (61 = 75° £ 15°, B, = 70° £ 20°,
—-60° < ¢ € 60°), V(8 = 75° £ 15°, ¢, = 110° &+ 20°, —60° < ¢ < 60°), where the polar
and the azimuthal angles 6, 62 and ¢ = ¢z — ¢ refer to the intermolecular vector. In this
way we can write

gry=Y_ g"(. (5)
r

In figure 2 the total atom—atom and centre—centre radial distribution functions and the partial
contributions g"(r) for Na, F, and Cly liquid are shown. As one can see, the differences
between ge.(r) or gau(r) of various liquids are due to differences in intensity and r position
of the g"(r). To compare the gec(r) of different liquids, it is therefore necessary to compare
the g"'(r) between them. Recently, 2 method based on the corresponding state principle has
been proposed [12]. It exploits two scale constants, ¢. and o', which represent the diameters



Maodels of orientational correlations in fluids

487

T T T T T T
N2 (a) F
2.0 L 4
1.5
1.5 |
1.0 |
1.0 |
0.5 |
0.5 L
< E
o o™ L
F
2.0
1.5
1.5
1.0 |
1.0
6.5
0.5 |
1
2
T
150
1.0
0.5
E
o
c1, )
150
1.0[
Figure 2. Simulated radial distribution functions for atoms,
£adr) and gL (), (@), (), (e)), and for centres, gec(r) and
. 250y ((bY, (@), (D). The curves represent total (——, upper
———————————— curvel, T(—), LP (==, X (-, [ (—-—)and V
| 1 ¢ ) contributions. Of the full lines representing the T and

-2 4 68 B 10 TR, configurations. the lowest one always refers to the V.

of the mean spherical volume excluded by a molecule and that of the mean volume excluded
by a molecule involved in a configuration I', respectively. The distribution function

g™y =Y QTGL(r") ' (6)
r
where

GL(r = (1/Q")g" ") (7
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rr=r/ fr—s ) /o ®
= - f f f dé; d6; dg sin &y sin &, cos ¢ )]
st =cl ~0, (10)

obeys a corresponding state principle: to a good approximation, it is a universal curve for
liquids of linear molecules in corresponding state and reproduces the reduced distribution
function of liquid Ar g(r*), where r* = rfoa,. The value of o, is obtained from

1/3

o, = oar(Vie/ Vi) (11)

whcrc Vi is the triple molar volume. In table 1, the values of ¢, are reported The shifts
sT, and consequently o, are determined by imposing that the parts of G.,(r) beyond the
first coordination shell are as far as p0531blc coincident. In figure 3 the functions G (7)
of N», F; and Cly, obtained from the gcc(r) of figure 2(b}, (d) and (f) respectively, via (7)
and (10), are shown; the values of o, determined by the applied shifts s7, are reported
in table 2. It is worth noting that ¢" can be easily estimated a prieri without using MD
data in the following way. A diatomic molecule is modelled by two fused hard spheres of
diameter 0., whose centres are separated by the molecular bond length I (dumbbell model).
The volume of this molecule is equivalent to that of a sphere whose diameter is given by
[17]

O = Taa{1 + 31 /000 — 3(1/5)’). (12)

By putting oy, equal to the mean spherical excluded volume o, the atomic diameter oy can
be evaluated from (12). The results are reported in table 1. Then, from the dumbbell model,
one calculates the mean centre distance of two molecules with two atoms in contact, as the
polar angles vary in each configuration. The values of obtained in this way are reported
in table 2. As seen they are in good agreement with the values of ¢,

Table 2. Values of the fraction of the solid zngle o ((9) of the main text), of the average
centre of mass distances of molecules in contact actvally used, oF, and those computed from
the dumbbell model, o .

X T LP I v
(2F = 0.1309) F =0.3572) (@F =0.2500) (Qf =0.1309) Qf =0.1309

TR A TR R TR fh Td R TR o R

Ny 335 335 3.66 3.60 386 386 | 330....340....340, ..340
Fz 287 2.87 332 330 0370 . 372 2.83 2.81 290, 299
Cl, 354 3.50 4.16 4.05 4.75 4.70 346 , 355 3.74 3.64

3.2. The relation between centre—centre and atom—atom distribution functions

For homonuclear diatomic liquids, the intermolecular structure factors of atoms and centres
are given by

Dp(Q) = %(exxa(iQ 712 Z(iQ - (ria - Tz,s))) (13)
a,f

Deo(0) = {exp(iQ - 712)) (14)
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Figure 3. (2) Distribution functions GL (r) obtained from the simulated gL () of figure 2. For
each fluid the curves represent T { B LP (===, X (---rr Y (— - —rand V (- ). Of the
two full lines, the lowest one represents the V configuration, (b) Distribution functlons g Ja(r"‘)
for Ar(——). No (— ==}, Fo (===yand Cly {---- .- ).

where yg, 712 and 71, are the atom—atom, centre—centre and centre—-atom separation vectors
respectively in a pair of molecules labelled 1 and 2.

The free rotation model (model I) [18] assumes the statistical independence of molecu]ar
positions and orientations. In this case one has

Da(0) = fau(Q) * Des(Q) | _ (15)

where
FulQ) = (Zexp iQ - r10) exp(iQ - m)) [sin(Q1/2)/(QU/DF*  (16)

and the atom—atom radial distribution function can be obtained from
i)
gu(r) =1+ 87p fo 0 Q% £u(0Q) De(0) sin(0r)/ Or. amn

This model implies that the molecules are spherically distributed around a central one
so that the. centre structure factor D, (@) is that of a reference system whose properties
are described by a spherically symmetric potential. For fluids of diatomic molecules the
properties of liquid Ar in the corresponding state are usually exploited [14].

When the short-range repulsive forces are strongly anisotropic, the use of a spherical
reference potential is expected to fail. (17) can be corrected along this line by choosing
D(©) of a non-spherical reference potential, by using, for example, MD results. An
alternative route, which avoids the use of MD, is described in section 4. This way of
correcting (17} will be denoted as the ‘quasifree’ rotation model or model T1.
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Further insight into the relation between centre—centre and atom-—atom distribution
functions can be obtained by introducing the configurations. Details of the centre-atom
relationships obtained for the configurations in @ space and in r space are reported in [11]
and [13], respectively. The results of interest here can be summarized as follows. By
imposing the conservation of the number of interacting sites contained in a spherical shell
of radius r and thickness dr, one obtains the following site-site distribution function in the
intermolecular reference frame [13]:

Agap(rap, o), w’z)r;&dr‘,ﬁ =drp2 f ar'aglr’, o), w’z)r'ZS(r’ ~ Top — tog) (18)

where Ag(r, wi, wy) is the contribution of the orientations wy £ Aw, .+ Aw to the angular
radial distribution function, 8 is the Dirac delta function, and the parameter dyg(r, wi, wh)
can be calculated from the dimer geometry as

dap(r, wi, wh) =12 — rap = [T1al = 742 — Tio + T2gl. (i%
The total Agy(r. w;, wh) obtained from (18) is given by

drz

1
Agan(r, wh, wh) = ZZ / drg(r’, w, wi)r 28(r — rup = dug). (20

of drﬂfﬁ

By averaging over a configuration I one has
d?' 12 402
gul) =7 Z 8ec7ap) (rap + dig) @21)

where g (r) = {(g(r, w}, wi))r and gl (r4p) is the centre—centre distribution function shifted
from the position 75 to the position rus = riz+deg. (21) gives very good results for a smali
set of geometries centred around the orientations wj, wj [13]. When the angular limits of
a configuration T’ grow, some assumptions are necessary since several site—site distances
reg could correspond to a given centre—centre distance ri2. Here two approximations are
considered.

(i) For a given r2, r4g can assume all the possible values as the polar angular vary in
the configuration. The intensity of gec(r12) is then distributed over the range spanned by ryg
with a law derivable from a freely rotating dumbbell. Details of this method are reported in
the appendix. This model, referred to as model I, is similar to a ‘quasifree’ rotation model
(model IT} in which the reference potential is not spherically symmeitric, being determined by
the molecular shape. Short-range repulsive anisotropic forces determine different r positions
of each gl (r) but no preferred orientation exists in a given configuration I'. With respect
to model IT, however, a significant improvement has been obtained since specific operations
are used to obtain each gl (r) from each gr.(r). By contrast, (15) implies, in the r space,
a convolution with the same function for every g{c(r).

(ii) The correspondence r2, ryg i one to one and, for every ry, rug and dypg are chosen
as the mean values they assume as the polar angles vary in the configuration. Simple ways
of computing such mean values are reported in the appendix. This model, hereafter referred
to as model IV, implies the presence of preferred orientations, so one can expect that it
holds for highly correlated fluids.
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4. Results and discussion

Our purpose is to understand whether the experimental data agree with one of the models of
gaa(r) described in section 3. Since N, and Cl; give rise, respectively, to weakly and strongly
correlated liquids whose experimental g.:(r) are well reproduced by MD simulations, it is
worth first applying the models to these liquids. In this way one can establish the model
capability of representing more or less correlated liquids.

1.5

1.0

gl

1.5¢

2 a [ 8 ] T4 5 8 r (&

Figure 4. A comparison between simulated (——) and model g,(r). In (a) and (b} the results
ofmodet I (------ ) and model II {(~ — -} are shown; in {¢) and (d} those of models Il (- — )
and IV (---- - } are shown,

The results of applying models I and II are shown in figure 4(a) and (b} for N, and
- Cly, respectively. Both the models fail completely in the case of Cl; while they work fairly
well for N». The correction obtained by putting the real g..(r) (model II) in place of the
Ar-like one has a very small effect. The disagreement between the model and real g.,(r) of
Cl; is due to the double-peak structure, which is not reproduced at all by the models. The
factor fo,(Q) in (17) cancels the different r positions of each gi (r) visible in figure 2(b),
(d) and (f). When a specific operator is applied to each gL(r) (models III and IV) the
agreement is greatly improved, as figure 4(c) and (d) show. For N, and Cl;, the properties
of the non-spherical reference potential are simulated by dumbbells with hard atomic cores
of 3.20 A and 3.25 A, respectively. Such values correspond to the r positions in which the
real g,,(r) start to be significantly different from zero. As is seen, model I gives a very
good description in the case of N, but fails for Cl,. By contrast, model IV is fair for Cly
but shows some discrepancies in reproducing the shape of the first g,,(r) peak of N;. In
conclusion, models IIT and IV are particularly suitable for describing weakly and strongly
correlated systems, respectively.
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It is now possible to investigate the presence of orientational correlations in liquid F.
For this purpose, the application of the models IIT and IV is sufficient. We will proceed as
follows. (i) Centre—centre distribution functions are built up from the corresponding state
principle. In this way, the differences in populations of configurations predicted by different
anisotropic reference potentials are considered. (ii) The models III and IV are applied to
each g..(r) obtained in this way.

From (6), one obtains

8eolr) = Z QUG [(r*0e) + 5] (22)
F

where o, and sT are those of F, while G (r*) are taken from the reference fluid. The
values of o, and ¢ for liquid F, are reported in tables 1 and 2. The liquids of Ar, N
and Cl; are used as reference liquids and the different populations of each configuration are
accounted for by the ch(r*). For liquid Ar, the functions G"cc(r*) coincide with ge(r*),
where r* = r/os.. The three g..(r) resulting from (22) are shown in figure 5. As is seen,
the main differences are in the first-peak height, the uniform distribution of Ar giving the
broadest and lowest first peak.

The three atom-atom distribution functions obtained from each g..(r) are compared
with the experimental data in figure 6(a) in the case of model II and in figure 6(b) in the
case of model IV. In applying model III the atomic hard cores have been chosen equal
to 2.0 A as suggested by the experimental g..(r). As is seen, all the g, (r) reproduce
the right r positions of the two peaks at 3.2 and 4.0 A. Model IV (figure 6(b)) yields a
2.a(r) sharper than the experimental ones independent of the reference liquid we use for
deriving the centre distribution functions. This means that the different populations of the
configurations can explain small rearrangements in height of the two peaks but cannot give
the broadening required by the experimental data. The predictions of model III (figure 6(a))
are in quite good agreement with the experiments; the best agreement arises from the centre—
centre distribution function predicted by lquid Ar, that is, by a uniform distribution of the
intensity of the configurations. In conclusion, the available experimental data on liquid Fs
are consistent with a model in which no preferred orientation exists. This fluid appears more
similar to liquid N than to the other liquid halogens. This similarity is also confirmed by the
solid phase: both crystalline Ny and F» transform to a plastic cubic phase (8 phase) before
melting in which molecules are nearly freely rotating [7]. On the other hand, some details
of the experimental data suggest caution before drawing definitive conclusions. There are
oscillations of the experimental g,(r) before 2.0 A, which are probably due to noise. Their
influence on the double structure of the first peak could be relevant. Indeed, around the
first minimum at 5.0 A, the experimental g.,(r) show a small bump followed by successive
oscillations. If the behaviour of each partial contribution gfa(r) is considered (figure 7), one
can see that the third smoothed peak of the LP configurations falls effectively around 5.0 A,
but there are no other structures capable of explaining the oscillations of the experimental
data. Therefore, a noise signal probably affects the experimental data over all the r range
and makes the conclusions suggested here uncertain. Moreover, the potentials developed
for the solid phase [7] and those describing molecular dissociation in fluid [8] give a gz, ()
more similar to the MD results of [6] than to the experimental data. The differences between
the predictions of the models investigated here are not limited to small details, as in the
case of N» (figure 4(a) and (c)), but involve large differences in broadening and rising of
the first two peaks (figure 6(a) and (b)); a new experimental measurement could definitively
clarify the degree of microscopic orientational order present in liquid Fs.
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Figure 5. g..(r) of F2 obtained from Mp (——) and from Ar (— - —), N2 (- ) and Cla

GRS ) via (22) of the main text.

5. Summary

The method of analysis applied here is based on the existence of a universal curve
representing the g..(r) of liquids in corresponding state. Such a curve is well reproduced
by the g(r*) of liquid Ar, which can therefore be exploited as a reference liquid where no
orientational correlation is present. To compare or derive the g..(v) of different liquids one
needs to know two basic parameters, the mean spherical excluded volume diameter o, and
the bond length [. Both are derivable from literature, . only requiring the application
of the corresponding state principle (11). Further, it is shown that only a finite and
small number of disjoint classes of orientations determines the main features of the pair
distribution functions; it is then possible to derive the diameters o of the volume excluded
by a molecule for each configuration I'. This yields a reliable estimate of the shifts s7,
which are the main effect produced by the anisotropic potential. The other effects concern
the shape and population of the gl.(r), which are due to the details of the intermolecular
potentials, such as the competition between non-spherical shape forces and electrostatic
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(a)
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Figure 6. A comparison between experimental (——) and model g, () of liguid Fa: (a) results
of moedel III obtained from Ar (- -« ), Nz (——) and Cl; (- — =) via {22) of the main text; (b}
as in {a) but for model IV,

quadrupolar forces discussed 'in [18]. Therefore, no exact a priori prediction is possible.
However, we can estimate the trend of the centre distribution function when each gl.(r)
evolves from the uniform distribution of Ar to that of orientationally correlated liquids. In
the case of liquid F», the better knowledge of the N; and Cl, liquids has been exploited. No
is a slightly anisotropic molecule where the ‘free rotation’ approximation works well and
a simple 2LIQ potential is sufficient for modelling the real liquid [16]. By contrast in Cl,
the short-range forces are strongly anisotropic and a more sophisticated pair potential with
anisotropic interacting sites is required [1]. Figure 5 shows how the differences between
the populations of gl; (r) can affect the total gec{r) of liquid Fa. As is seen, the bond length
of F is not sufficient to evidence separate contributions of each gf(r).

The same comparison can be performed between g..(r) where the contributions of
the different configurations are better separated in their r positions and the experimental
information is accessible. Two possible ways of deriving atom-atom from centre—centre
distribution functions, which work well in the case of Ny and Cl; liquids, are exploited
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gir)

1.0 . L

Figure 7. A comparisen between gy, (r) of liquid Fa: experimental (——) (top) and from model
LIl (- — -) obtained using Ar data. The partial gfa(r) obtained from model III are also reported:
T—=),LP{=-), X (------ ) Il (— - —) and V {(—} contributions, Of the lower two full
lines, the lowest one represents the V configuration.

and the results are shown in figure 6(a) and (b}. The differences between the model
predictions are significant. The available experimental data are consistent only with a
‘quasifree’ rotation model. The differences in populations between configurations play a
minor role, the less correlated cases of N2 and Ar giving, however, the better results. So, the
liquid F; appears to be more similar in its microscopic stnicture to the N» liguid than to the
other liquid halogens. This conclusion should be however confirmed by other experimental
data, since those available are probably affected by noise signals.

Appendix
The vector distance between the sites « and 8, belonging to molecules 1 and 2 respectively,
is given by

Top = T12 — Tl + 728 (AD

where 71, and roy are vectors pointing from the centre to the site and 75 is the centre
of mass distance. If the z axis of the reference system coincides with the polar axis, the
components of 7y are

Xag = —(! /2)(—- sin &) cos ¢ + sin &, co-s qbz)
Vg = (1/2)(= sin 6, sin $; + sin 6, sing,) (A2)
Zap = (1/2)(—cos ) +cos 62} + 12



496 A De Santis et al

where the polar angles # and ¢ specify the molecular orientation ¢« and ! is the bond
length. To obtain the shift df;, one needs to average rus. since the components (A2)
are not independent variables. A simple analytical solution can be obtained using the

approximation ({vegf) = ./ (rZ;). One has
dyy = \Jdsh =i ’ (A3)

and by putting ¢ = ¢, — ¢, equations (A2) yield

12 ZZ
1= -4—(sin2 @, cos® ¢ + sin’ 6, cos” ¢ — 2sin 6; sin 8, cos ¢} + Z(cos2 8) + cos® 8y)

— Ira(—cos 6; +cos 63} +r (Ad)

50 that the average

(rZy). = ( f f f rZ;sin 6; sin 6, d6; d6; d¢) / ( f f f sin 8y sin 6, d6; dé, d¢) (AS5)
r r

becomes analytically solvable from elementary integration formulas [19].

Alternatively, equation (A4) can also be used to compute the mean value of rug for
fixed centre distances ry2 as the polar angles run over the configuration I'. The mean values
have been obtained by weighting every r,g with the relative frequency of its cccurrence
Jup. Both methods lead to fair agreement between model and MD ggﬁ(r) for angular limits
of £5°.

When the angular limits grow, for every value of rj; one should take proper account of
the spread of values assumed by ru as the polar angles run over the selected configuration
I". In model IV this effect is neglected, thus obtaining model distribution functions slightly
sharper than the MD ones (figure 4(c), (d)). In model 1V, the frequency distribution f,s has
been used to compute the spread in r,g by assuming that no preferred orientation exists as
the polar angles run over a given configuration I'. Equality between the number of centres
contained in the elementary spherical volume of radius r and thickness dr and the number
of sites distributed over the interval r,, r, is obtained from

(2]
dNT = gl (ryr?dr =d4 f drr? fag(r) (A6)

T

where dA is a normalization factor. The elementary site—site distribution function is
r r r r P 2T
Agup(r) = fop(dA = fp(r)dN / j; drr® fus(r) 0:9))]

and the integration over all the centre distances gives the desired site-site distribution
functions gurﬂ(r). The sum over the configurations I" produces the total atom-atom
distribution functions shown in figure 4(a) and (b). The electronic overlap effects are
taken into account by neglecting the contributions to ggﬂ(r) due to sites whose distance
rog is lower than the atomic hard cores which are 3.1, 2.0 and 2.7 A for Np, F; and Cly,
respectively. Such values nearly correspond to the r positions at which the experimental or
MD gua(r) start to be different from zero.
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