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Abstract. A neutron diffraction study of liquid tetrachloroethylene (TCE) is presented. 
Analysis of the large-momentum-transfer part of the structure factor has enabled the refined 
intramolecular parameters to be found, and the departures from planarity on a quantitative 
basis to be discussed. The liquid short-range structure is discussed in terms of the site- 
site Ornstein-Zernike ( S S O Z )  integral equation which provides a way of decomposing the 
measured pair correlation function into its partial pair correlations. 

1. Introduction 

The way in which contributions such as molecular shape, polarisability and electrostatic 
multipolar interactions determine the structure and thermodynamics of real fluids 
remains a controversial topic [l]. 

Although, in principle, the liquid structure factors derived from radiation scattering 
experiments should be able to identify model interparticle potentials and, therefore, 
shed some light on this question, their sensitivity (needed to reveal details of fine 
structure) is very often diminished due to the complicated structure of the scattering 
(molecular) unit which dominates the diffraction pattern for momentum transfers 
greater than 3-4 A-1. 

For dipolar fluids, contradictory results have been found. The apparent minimal 
contribution of electrostatic forces found in the case of acetonitrile [2] is being countered 
by recent findings on liquid sulphur dioxide [3] where the observed details of the g ( r )  
intermolecular pair correlation function can only be taken into account by introduction 
of unphysical energy parameters in the potential or by the use of additional terms which 
enhance the anisotropy of the intermolecular interaction. 

In the case of liquids composed of non-dipolar molecules, the same trends have been 
reported. Here, the lack of importance of octupolar interactions in highly symmetric 
molecules like benzene [4] or carbon tetrachloride [ 5 ] ,  is countered by the case of liquid 
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halogens [6] or even nitrogen [7], where substantial anisotropic contributions to the 
structure factor have been found. 

In order to gain some insight into the origin of the short-range molecular correlations 
in the liquid phase, we have performed a study on liquid tetrachloroethylene (TCE), by 
means of neutron diffraction and integral equation approaches. The choice of this 
particular liquid was motivated by two reasons: on the one hand, it has a lower point 
group symmetry (vh) than the previously studied compounds of this level of complexity 
(D6h or Td), and on the other hand, most of the scattering, intermolecular pattern is 
dominated by chlorine-chlorine correlations, thus making the study of short-range 
correlations more feasible. Because of the relative low weight of the carbon-carbon 
correlations, most of the contributions associated with the pair correlation function of 
the molecular centres are of small importance to the diffraction pattern. As a matter of 
fact, the final pair correlation function will be a mixture of the three components 

g(r )  = 0.066gcc(r) + 0.383gC-~,(r)  + 0.551gclcl(r) 

where the scarce importance of the gcc(r)  function can be seen. 

2. Experimental procedure and corrections 

The static single-differential cross section was measured on the D4B diffractometer at 
one of the hot lines of the high flux reactor of the Institut Laue-Langevin, Grenoble, 
France, using an incident wavelength of 0.4989 +- 0.0005 A (calibrated with a nickel 
powder standard). A thin-walled vanadium container (0.470 cm ID, 0.51 cm OD) was 
filled with the sample and the experiment was performed by recording the count distri- 
bution in the 1.65"-140" angular range at room temperature. The absorption (self- 
attenuation) corrections were evaluated by means of the usual Paalman-Pings formalism 
[8]. The attenuation coefficients evaluated by this formula were found to be A,,,, = 
0.740, A,,,, = 0.838 and Ac,c = 0.994, where the subscripts s, sc and c stand for sample, 
sample and container, and container, respectively. 

Data normalisation was achieved using a vanadium rod standard following the usual 
procedure [9]. 

The correction for multiple-scattering was calculated by means of a Monte Carlo 
code [lo] which yields an angular average of multiply scattered neutrons of 11.6%. The 
contribution corresponding to multiply scattered neutrons was subtracted afterwards 
using standard procedures [9]. 

In order to evaluate the relative importance of the inelastic component to the 
observed, total cross section, several preliminary calculations were performed. The first 
step consisted in the computation of bounds to the value of the mass of the recoiling 
particle. The low-energy bound was obtained by means of computation of the Sachs- 
Teller tensors [ l l ]  for every nucleus. For such a purpose, the individual molecular 
geometry by gas-phase electron diffraction (ED) was taken [12]. The effective masses 
(Meff) computed from the trace of the inverse-mass tensor, were found to be 
M:ff = 150.88 amu for each carbon nuclei and MF:f = 77.13 amu for each chlorine. On 
the other hand, the free-particle limit, computed from the atomic weights and total cross 
sections of the nuclei was 34.26 amu. 



The structure of liquid TCE 8597 

It was found that the slight fall-off of the cross section at large angles could be easily 
accounted for in terms of a simplified generalised Placzek expression [13] of the type 

where b, and (T, stand for nuclear scattering lengths and incoherent cross section, respect- 
ively, and the term containing the inelasticity contribution was found to be 

P(Q,  L o )  = 1 + CQ2 = 1 + (ad/Meff)(A0/47t)~ (3) 

where a d  represents a detector constant (ad = 3.27 for the present measurement) and 
Meff was taken as a free parameter whose value was obtained by means of a parametric 
fit. A value of Meff = 77 amu, adequately represented the fall-off. 

The highest vibrational frequency of this molecule corresponds to an A,, mode [ 141 
which combines C-C and C-Cl bond stretches with a bond-angle deformation. Such 
excitation occurs at 1571 cm-' which is far below the incident neutron energy ( E ,  = 
2663 cm-'). Although such radiation can excite the internal molecular modes the fact 
that the principal moments of inertia are large enough ( I  = 669,375,294 amu A') allows 
us to assume that such excitations are uncorrelated with the rotational motions. This 
experimental condition correspond to regime I1 considered by Egelstaff [ 151 where the 
analysis of the high-angle portion of the differential cross section may be carried out 
using simplified formulas. 

As a check on the normalisation applied to the data, the quantity S(0) (i.e. the 
measured, normalised structure factor extrapolated a zero-angle) was computed, from 
which an isothermal compressibilityx, = 7.56 X lo-'' m2 N-' wasobtained. The result- 
ing corrected cross section is shown in figure 1. 

3. Data analysis 

The structure factor for a molecular fluid is given by 

where the bi denote coherent scattering amplitudes and the angular brackets stand for 
a thermal average. The structure factor can be decomposed into a contribution due to 
scattering from single molecules f , ( Q )  and a function D,(Q) which comprises all the 
intermolecular information. 

In our case the f , ( Q )  contains six different terms and the D,(Q) function is a 
transform of the g ( r )  given by equation (I) ,  so that 

and 

where jo(x) = (sin x ) / ( x ) ,  and x i  represents the mean-square atomic displacement. 
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Figure 1 .  The measured neutron single-differ- 
entia1 cross section, after correction for absorp- 
tion and multiple scattering. 

Figure 2. Intramolecular distance probability 
functions P(R) .  The upper trace corresponds to 
the Fourier-Bessel transform of the molecular 
form factor i(Q). The lower curve represents the 
ME inversion of the high-Q portion of the mol- 
ecular structure factor, multiplied by 0.5. 

The oscillatory part at high-Q obtained after subtraction of the self-scattering terms 
fromfl(Q) may be written as 

The Fourier-Bessel transform of this reduced intensity function will give the intra- 
molecular distances probability distribution 

so that all the structural correlations can be decomposed as a sum of intramolecular 
d,(r) and d l ( r ) ,  or liquid structure parts: 

where d ( r )  is the transform of the full intensity function (containing the intermolecular 
contributions D,( Q)). 

The separation of the intra- and intermolecular contributions can only be safely 
applied if they are well separated in real (direct) space. To check the extent of overlap 
between both contributions an inversion of the high-Q portion of the structure factor 
was performed by means of a maximum entropy (ME) treatment described elsewhere 
[16]. The resulting ME map is shown in figure 2. As can be seen upon inspection of the 
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Figure 3. ( a )  The optimal molecular form factor fit (upper curve) to the measured QS(Q) 
reduced intensity function (lower trace). ( b )  The derived intermolecular structure factor 
obtained by subtraction of thef , (Q) from the reduced intensity function. 

figure, the six intramolecular components, are well resolved and the corresponding 
internuclear distances are given in table 1. A brief comparison with the gas-phase (ED) 
data reveals that the possible contributions of inelasticity effects to the interference 
contribution have to be small, thus justifying the simplified approach herein described. 

In order to get a set of refined values for the intramolecular parameters, a fit of a 
f l ( Q )  function to the high-Q portion of S(Q) was performed. 

All the observed features were adequately taken into account using the sum of six 
contributions given by equation (6). The intramolecular distance probability density 
curve is given in figure 2 and compared to the ME counterpart. The fitted form-factor 
f , (Q) is shown in figure 3(a) and the D,(Q) intermolecular function in figure 3(b). 

The numerical data corresponding to d ,  distances and ‘effective’ mean-square ampli- 
tudes of vibration are given in table 1. 

As can be seen from table 1 both sets of distances agree within the experimental error 
with the one derived from the gas-phase study. However, small but significant differences 
between the distances corresponding to the ME set and those from ED or parametric 
f l (Q) fits to S(Q) are found. 

It should be recalled that the internuclear distances coming from this experiment 
correspond to thermal average values taken over a set of vibrational states. It should be 
taken into account that the molecule is substantially excited at room temperature. A 
rough measure of the degree of thermal excitation is given by the quantityg, = coth(ho,/ 
2kBT)  where CO,, is the vibrational angular frequency and kB is the Boltzmann constant. 
For values of g ,  > 1.0 substantial thermal excitation takes place and, therefore, terms 
corresponding to higher order vibrational states will contribute to the cross section. A 
quick estimate of these effects can be made computing the values of the quantities 
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where Meffis a ratio between atomic masses, and will be identified with the Sachs-Teller 
masses since they constitute an upper limit for the effective mass for first-order scattering. 

As an indication values of the dimensionless quantities Vg, are given in the last 
column of table 1. As can be seen, all modes corresponding to internuclear distances 
different from the C-C bond length can contribute to the observed cross section at large 
scattering angles. Such a fact can explain the slightly short C-CI bond distance obtained 
from the decomposition of the ME map. 

On the other hand the long C1 . . . C1 distances computed from the local geometry 
defined by the C-C, C-CI bond lengths and CI-C-Cl bond angle are about 0.04 A larger 
than those computed assuming a planar molecule. Those kind of discrepancies can be 
explained taking into account the existence of three vibrational out-of-plane modes of 
symmetries B,,, B l u  and AI, corresponding to symmetric and antisymmetric out-of- 
plane motions and torsional oscillations about the C-C bond, respectively. 

Since no complete (including anharmonic constants) force field for this molecule is 
available, a rigorous derivation of the atomic Cartesian displacements for all atoms 
cannot be performed. However, an empirical estimate of the magnitude of this dis- 
placement may be obtained from either Taylor series expansion of the distances through 
the quadratic terms of the displacements or from procedures which follow the work of 
James [17] half a century ago. In particular, the short-distance part of the total inter- 
ference function d,(r) (with 0 s r s 5 ) ,  can be separated from the total transform on 
the following grounds: 

(i) assume that all distances pertaining to atoms separated by one or two bonds give 
rise in the transform to a sum of gaussians, one for every pair of atoms with equilibrium 

n 
t(r) = -E bib, exp 

2 r + j  
(9) 

positions d,d, and mean-square amplitudes of vibration y = -;(x,,)~. 
taken to be [12] 

t ‘ ( r )  = (3tC/4A)(ph1/2/212)1’2/(1 - E,)-’/‘ exp[-4(r - /2)/(4h + I)] /q1/1/2 

(ii) for the distances between atoms separated by three bonds, their transform was 

where l2 is the equilibrium distance (maximum for atoms located in the trans position), 
Z114 are Bessel functions of fractional order 

where K is the force constant of the (simplified) potential hindering internal rotation 
and l1 is the equilibrium distance for the pair of atoms in cis-position. The remaining 
symbols are 

q 1  = [I,h(l - 48) - r(h + p)/(4h + 1)1/2[h(4h + 1) - 4(h + /3)’]’/’ 

1 - El = h(4h + 1) - 4(h + p)’/h(4h + 1) (12) 
A = [(4h + 1)/4]1’2 



8602 M Aluarez er a1 

l 6  1 2  t 

4 8 12 

R 181 
Figure 4. The total pair correlation function d ( r )  
computedusing (14). The derived number density 
p,, = 5.9 x mol AA,  
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Figure 5. The intermolecular pair correlation 
function g(r )  obtained by inversion of the struc- 
ture factor D,(Q). 

where 2h = l / (xi)  and x,, is the mean-square displacement of the pair i-j. The total 
molecular distance probability distribution can then be decomposed into a sum of 
Gaussians, t ( r )  and a sum of distorted gaussian functions r'(r). Equation (10) thus 
provides a way to estimate the strength of the hindering potential 

V ,  = K q 2  (13) 

which, although only valid for small displacements, will enable us to assess the effect of 
out-of-plane vibrations on the interatomic distances. 

4. Liquid structure 

As a first step in the analysis of the static, intermolecular pair correlation function g ( r ) ,  
the differential function 

d , ( r )  = 4nrp[g(r)  - 11 - - /"""'"" QD,(Q) sin(Qr) d r  
J L  J o  

was evaluated by means of a standard quadrature procedure, and the resulting function 
is shown in figure 4. As can be readily seen from the figure the short-range structure of 
d ( r )  shows a first sharp peak located at -3.8 A and a complex, broad structure, centred 
at -7.5 A. Contrary to most usual liquids, there are no noticeable oscillations after 
about 10 A. 

The intermolecular structure factor derived by subtraction of the molecular part 

is shown in figure 3(b). 
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The relevant g(r ) ,  intermolecular pair correlation function computed using a pre- 
viously described scheme [15] is shown in figure 5 .  

5. ssoz integral equation predictions 

5.1. The ssoz integral equation 

The site-site radial distribution function gap(r) = hUp(r)  - 1 can be defined by solution 
of an Orstein-Zernike (oz)-like equation [18] written in matrix form as 

h = w €3 c C3 w + pw C3 c C3 h (16) 

which we will refer to as the site-site Ornstein-Zernike (ssoz) equation [lg].  Here, C3 
means convolution, h and c are the site pair labelled matrices of the total and direct site- 
site correlation functions, w is the corresponding matrix of intramolecular site-site 
correlation functions, and p is the molecular number density. The intramolecular pair 
distribution function is obtained by 

where the distance between site a and /3 within the same molecule is a constant lap. 
Other approximations needed for applying this theoretical scheme make it unnecessary 
to consider better descriptions for the ensemble average of these intramolecular cor- 
relations. The main approximation is based on the definition of a closure relation for 
c,@(r), similar to the one used in the oz equation. Several heuristic closures, coming 
from the Percus-Yevick and hypernetted chain (HNC) [20], have been widely applied. 

According to the HNC closure we can define in terms of the site-site correlation 
functions the following relation 

c,p(r> = exp[-Pu,(r) + Y n p ( 4 1  - Y a p W  - 1 (18) 

where yWp(r) = hap(r) - cap(r),  and /3 = l / k B T .  Some criticisms have been made about 
such extension [21],  but the short-range structural information (i.e. a few diameters of 
atomic separation) agree in a quantitative way with simulation results. The ssoz integral 
equation is thus an adequate tool for obtaining a first description on the atomic arrange- 
ment in the liquid regime. Usually it is implemented with fast numerical algorithms, like 
the Gillan's method [22].  

5.2. Intermolecular force models 

The neutron diffraction patterns can be used in an inductive scheme to understand the 
intermolecular forces that are present between molecules in the liquid regime. For 
matching such information the intermolecular interactions are usually modelled by site- 
site pair interactions [2] .  For small non-associated molecules like halogens [6] or sulphur 
dioxide [3] the neutron diffraction data have been used for discriminating some of 
the models proposed, although several of them can account for the thermodynamic 
properties of these liquids. When the number of atomic species increase in the molecular 
unit, the present-day accuracy of the neutron experiments can only give us coarse 
information on the intermolecular forces [5] .  After data analysis we obtain an average 
description of the atom-atom radial distributions, each one showing a different length 
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Table 2. Model potential parameters and coherent neutron scattering lengths (in fermis, i.e. 
m).  

- 
9.5192 Ab 120 3.40 

BC 147 3.36 -0.1 

39 
51 

a In units of the charge on  an electron 
Taken from [24]. 

' Taken from [23]. 

scale which makes it difficult to decompose the experimental information into the 
respective partials. According to this, for TCE we have used a flexible site-site Lennard- 
Jones (LJ) equation plus point charge interactions given as shown below, 

and defined with a small number of parameters. The parameters E and a denote the well 
depth and the diameter, respectively, of the corresponding LJ potential, and the q are 
the partial charges fixed on each site. The charges were obtained according to the 
electrostatic charge distribution computed using a semi-empirical molecular orbital 
calculation, which gives a long-range quadrupolar moment of OXx = -0.42, e,, = -0.41 
and e,, = 0.83, given in units of eA-2 .  The LJ parameters were chosen according to the 
standard parameters for this atomic species that exists in the literature [23,24]. The 
numerical values of the potential parameters are given in table 2. Model A was con- 
sidered first since it was used for theoretical studies of liquid Cl4C [22,5]. The comparison 
of both sets of radial distribution functions will show the influence of different intra- 
molecular atomic arrangements on the liquid structure. The geometric parameters, 
bond lengths distances and angles, are fixed to the average values obtained in the 
previous data analysis of the intramolecular contributions to the structure factor. 

6. Results and discussion 

6.1. Intramolecular structure 

The intramolecular parameters of TCE obtained from ME analysis and from molecular 
form-factor fits to the high-Q portion of the structure factor are given in table 1. The 
quantities listed as Xij  correspond to RMS amplitudes of vibration projected on the lines 
connecting pairs of atoms at equilibrium. Most of the values found for the intramolecular 
distances agree quite well with gas-phase ED data [12]. The most noticeable feature was 
the large vibrational amplitude of the da,.,,-, distance (0.15 A2), Such a fact, previously 
found in ED experiments has been discussed in terms of departures from coplanarity 
arising from a twist on the C-C angle (about 1.5') or a bend locating the carbon atoms 
above and below the plane containing the four chlorines [ 141. As pointed out in previous 
sections there exist three low-frequency out-of-plane modes which should be substan- 
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Figure6. Intermolecular structure factors D,(Q). 
The full curve shows the experimental results. The 
broken curve gives the result obtained from the 
solution of the ssoz integral equation. 
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Figure 7. The ssoz intermolecular structure factor 
D,(Q) for TCE obtained using different pair cor- 
relation models. ( a )  The effect of electrostatic 
forces on the liquid structure. The broken curve 
represents results for model B and the chain curve 
gives the results corresponding to the uncharged 
model. (b)  The effect of short-range forces on the 
liquid structure factor. The chain curve represents 
results for model B (uncharged) and the full curve 
gives the results computed using model A .  

tially excited at room temperature. The value found for the force constant Kof equation 
(13) was4.3 X J rad-2. Usingsuchavalue andemployingaclassical approximation, 
the Xcl,, , cl displacement corresponding to the lowest-lying, out-of-plane frequency 
(hw, = 13 meV), can be computed from 

XCI . . .  Cl = W @ . / K )  coth(hw,/2kJ)I 
giving an estimated value of Xc,,,,cl = 0.10 A. Such a value would correspond to an 
oscillation about the central bond of about lo", or an out-of-plane displacement of less 
than 5", or a combination of both types of motion. 

6.2. Liquid structure 

The intermolecular structure factor can be written as 

D,(Q> = 4bfacc(Q) + 16bcibcacci(Q) + 16@i&~(Q) 
with partial structure factors defined by 
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Figure 8. The ssoz intermolecular partial struc- Figure 9. The ssoz predicted partial pair cor- 
ture factors aep(Q) of TCE computed using model relation functions g n p ( y )  computed using model A 
B. Full, broken and chain curves correspond to (broken curves) compared with the results 
the functions ~ c c ~ Q ) ,  a d Q )  and ~CICI(Q) obtained for liquid CCI4 (full curves). 
respectively. 

and the numerical values for the coefficients given in equation (1). The agreement 
between the theoretical predictions from model B and the experimental structure factor 
is shown in figure 6. For low Q-values the theory is unable to predict the correct 
compressibility limit, since it gives values for D,(O) that are too large. Such difficulties 
in predicting the long-range liquid structure are a well known characteristic of the 
approximation used here [21]. 

The influence of the electrostatic interactions upon the function D,(Q) is illustrated 
in figure 7. As can be seen, such an effect has to be small and in the present measurement 
it becomes comparable with the experimental uncertainty. Such an effect manifests itself 
in a change in the intensity of the first peak for the uncharged models. Model B gives a 
better overall agreement than model A. As an illustration of the behaviour of the three 
partial functions, figure 8 shows the partial structure factors computed for model A.  
Both correlations involving chlorine show an oscillatory behaviour with a small phase 
shift between them which gives rise to low-amplitude oscillations in the resulting D,(Q). 

For the purposes of comparison, it is instructive to see how the rather different 
atomic arrangements corresponding to molecules formed by the same species, C1,C 
and Cl4C2 influence the liquid structure. In the first case, carbon tetrachloride, the 
tetrahedral arrangement allows more contacts between chlorine atoms than the ones in 
TCE. As a consequence of the planar structure of this molecule the partialgclc(r) function 
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does not show any significant structure beyond the first peak, a fact which is countered 
by liquid Cl4C [5].  

The results presented in this work provide some estimation about the requirement 
in signal-to-noise ratios necessary to derive relevant information for the liquid structure 
of systems consisting of molecular species of complexity beyond diatomics (6). The subtle 
changes in intensity produced by the electrostatic interactions imply that a statistical 
counting precision near the limit of present day sources (about 1%) would be required 
to perform an evaluation of the role of such intermolecular forces. 
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