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Structure Model for Liquid Carbon Tetrachloride
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The X-ray scattering intensity for the visualized structure model of a liquid is formulated. It is ascertained
that by the bcc model for liquid carbon tetrachloride the experimental intensity has been simulated well.

The structures of gases and crystals have been stud-
ied extensively by diffraction methods. For liquids,
however, the structure analysis is rather difficult. The
fundamental difficulty is that there is no idealized
abstraction of the liquid state such as an ideal gas or a
perfect crystal. In the gaseous state, the interaction
between molecules can be neglected in many cases and
only one molecule is taken into consideration for the
structure analysis. Crystals are characterized by the
regularity in their configuration. So, we know the
crystal structure only by studying the arrangement of
molecules or atoms within a unit cell. However, in the
liquid state which is a condensed phase and has no
such regularity in the arrangement of molecules in
crystals, it is difficult to obtain the information about
the molecular arrangement immediately from experi-
mental diffraction intensities or from radial distribu-
tion functions.

One approach to overcome the difficulty is to con-
struct a model in which we visualize a structure of
liquids,!? and to calculate the diffraction intensity
for the structure model, which is to be tested against
the experimental intensity. In constructing a model
we may describe the structure of the liquid as follows.
We assume a certain nearest-neighbor configuration
around a central molecule and repeat this structural
unit by some specified rule. According to this model
the average molecular positions, as viewed from the
location of a given central molecule, conform to a cer-
tain lattice structure. Unlike the crystalline case, how-
ever, repetition of the structure unit is imperfect and
therefore is accompanied by rapid loss of position-
al correlation as the distance between the central mole-
cule and surrounding ones increases. This loss of cor-
relation may be embodied in the model in the form of
mean-square amplitudes of distribution of the separa-
tion between atoms which increase rapidly with the
distance. At least beyond a few molecular radii away
from any starting point, the structure can be regard-
ed as a continuum. This relative distribution must
obviously be independent of the choice of the central
molecule. Such a structure model for liquids may be
called the “local lattice structure model.” Some investi-
gators have denied such crystalline-like model for the
liquids,® but there are in fact some examples in which
diffraction intensities are explained by the “local lat-
tice structure model.” Moreover, such a lattice model
may be useful in serving to keep away from the inher-
ent difficulty of statistical theories of liquids, because
such local structure of the liquid reflects directly the

strong molecular interactions, which are essential to
the properties of the liquid.

The analysis of the diffraction intensity for liquids
by constructing a structure model has been made by
several authors.4=® However, there has been some
confusion in formulating the scattering intensities
from structure models. So, we feel it necessary to re-
produce the correct formulation of the scattering in-
tensity for the visualized structure model of liquids
originally put forward by Narten and Levy.2.9

In a preceding paper we reported improved X-ray
diffraction data of liquid carbon tetrachloride.? So,
we determine a structure model for liquid carbon
tetrachloride on the basis of the correct formulation of
the scattering intensity. Among the various models
which have so far been suggested for the structure of
liquid carbon tetrachloride,—® the bcc model is con-
firmed to be the one that gives the best agreement
between theory and experiment.

Scattering Intensity from Liquids2-¥

In the following, we consider X-ray scattering in-
tensity from a liquid sample. The region denoted by
C in Fig. 1 shows the effective volume radiated by X-
rays. The total coherent intensity scattered from this
region which contains N molecules is given by®

11=21.v§‘f‘_fj_812_sri_jexp (_ [:f s2>, (1)
T4 745 2

where f; is the atomic scattering factor of the i-th atom

and s is the scattering parameter defined by 4msin8/

A, A: wavelength, 260: scattering angle. The notation

l;j i1s the root mean-square amplitude due to the dis-

Fig. 1. Schematic model of a liquid. The region A
shows a molecule or one stoichiometric unit of the
liquid. The molecule “feels” the “structure’” around
itself up to the distance R.. This structure region is
denoted by B. The region C shows the effective
volume irradiated by X-rays, and the region (C-B) is
viewed as continuous from A.
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tribution averaged over both time and space around
the mean interatomic distance ry. The summation is
over all atoms in the volume C. Here, we can define
by I the scattering intensity per molecule or one stoi-
chiometric unit in the liquid. Namely,

I=1IIN
_ sin sy __I}_j .
- ch(}: icAftfj 57y P ( 2’ ) ’ @

where the summation is now over the stoichiometric
unit A (Fig. 1) for 7 and over all atoms in the sample for
1. The region A shows a central molecule or a unit as is
mentioned in the introductory section. It is noted that
any molecule or any stoichiometric unit in the liquid
except for surface molecules is eligible to be this central
unit.

In Eq. 2, however, it is hardly possible to perform the
summation for j for the assumed liquid structure. For
such a model of the liquid structure to be tractable,
Narten and Levy terminated the series of terms of j at
a distance R. from a central molecule, and assumed a
continuous distribution beyond this distance.2:¥ The
sphere with the radius R. is shown by the region B.
Namely, a molecule or one stoichiometric unit (region
A) “feels” the “‘structure” around itself up to the dis-
tance R. and the region beyond R. is regarded as a
continuum in the distribution of the molecules. So,
the scattering intensity per molecule in a liquid is
given by

I=1y+ 1, @)

where I4 is the contribution from the interference of
a central molecule and those in the region of discrete
structure B around it, given by

sin s7;; i
ﬁf:j*&’fu exXp (—752 . (4)

The summation for j is over all atoms in the region B.
The contribution from the interference of a molecule
and the continuous region is given by

Id=2 E

jcBicA

® sin sr
1= 5 | xS, (5)
iCA R. sr

where po 1s the bulk number density of molecules of
the liquid and the mean scattering amplitude of the
molecule <F> is given by

Fy=f (6)
iCA
On integration of Eq. 5 we obtain!?
B sR, cos (sR,) —sin (sR,) _de
1, -—igfzt(F Y4mp, 3 exp ( 2 52)
B 3{sR, cos (sR) —sin (sR)} ( K )
= FYn -5
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A “temperature factor’”’ lcis included in Eq. 7 in order to
connect the continuous region to the discrete region as
smoothly as possible. The notation rn is the number of
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molecules included in region B. Using Eqgs. 4 and 7,
we can calculate the scattering intensity for any struc-
ture model of the liquid.

Sometimes there was confusion in making the sum-
mation for Eq. 4 in previous papers on the simula-
tion study of the liquid structure. In some papers,
the summation is taken over all the atoms in the region
B, namely for 7 and j. The intensity thus calculated
will not be the intensity of the liquid but that of a
cluster floating in a continuous medium. For exam-
ple, Narten and Levy described the theory correctly in
deriving the scattering intensity for the model struc-
ture of water.2:4 In the meantime, however, they gavea
different expression for the scattering intensities for
liquid carbon tetrachloride® and liquid benzene,? as if
they had calculated the intensities of their “clusters.”
For the case of the simulation studies for liquid car-
bon tetrachloride, Reichelt et al.? and Nishikawa and
Murata® took the summation over all the atoms in the
discrete structure. Recently Arakawa et al. criticized!?
the correct summation of Narten and Levy.2:9

There is also some other confusion about the formu-
lation of the scattering intensity mentioned in this
section. Powles stated that the contribution from
the continuous region diverged,!® namely, the integra-
tion given by Eq. 5 in the present paper diverged. So
he asserted that the “local lattice structure model’”” was
inadequate for the description of the liquid structure.
However, the integration of Eq. 5 coverges!? as given
by Eq. 7 excluding the term of exp (—[%s2/2). Powles
also remarked that the term of exp (—12s%2/2) was in-
troduced in order to circumvent the divergence of the
integration.’® However, this explanation is not cor-
rect. The problem in the ““local lattice structure model”
is the discontinuity between the discrete region and
the continuous region. The introduction of the term
exp (—I2s2/2) in Eq.7 is only to smear this dis-
continuity.

The Structure Models for Liquid Carbon
Tetrachloride

Many diffraction experiments for liquid carbon
tetrachloride have been carried out.6-8.15-19 How-
ever, the visualized structure models were proposed by
Narten and Levy,® by Egelstaff et al.,'® by Reichelt et
al.,” and by Nishikawa and Murata.® Also, Lowden
and Chandler proposed a model for liquid carbon
tetrachloride on the basis of their RISM (reference
interaction site model) calculation,2? although it is
not the result of diffraction experiments. These models
have been summarized briefly in Ref. 21.

For these models, namely, the Pa3 model,® the
monoclinic model? and the bcc model,® the respective
scattering intensities were calculated, though all the
calculations were imperfect as noted in the previous
section. However, the imperfection did not cause any
serious defect, because the calculated intensities were
those for respective clusters and they are different from
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the correct intensities of the liquid in the weight for
each atomic distance. Although some errors may have
been contained in the intensities or the estimated root
mean square amplitudes, the main features, especial-
ly the phases for the intensity curve, are reproduced.
These three models are different from each other in
three-dimensional packing, but the one dimensional
scattering intensity curves happen to be similar to each
other.

One cause of the difficulty in the structure analysis of
liquids is that there is no general method to determine
the structure of the liquid uniquely from the scattering
intensity. Even if we are lucky enough to obtain a
model whose calculated intensity agrees well with the
experimental one, there is no assurance that the model
is correct. Especially for molecular liquids, we must
determine the molecular orientation and the inter-
molecular distances from a halo-pattern.

In the case of carbon tetrachloride, there exist plastic
crystal phases. The plastic crystal can be regarded as
an intermediate state between the ordered crystal and
the liquid. The result of the structure analysis of the
plastic crystal of carbon tetrachloride gives a help-
ful suggestion for the structure of the liquid carbon
tetrachloride, as was mentioned in a previous pa-
per.2 In the structure analysis of the plastic phase Ia
of carbon tetrachloride, the following result has been
obtained.2? Namely, the intermolecular distance be-
tween carbon tetrachloride molecules is 5.90A and
the orientational correlation of neighboring mole-
cules is explained by the head-tail head-tail packing.

Simulation of the Weighted Structure Function
by the bcc Model

As is mentioned above, the most probable packing
for the molecules of liquid carbon tetrachloride is the
head-tail head-tail packing. By the repetition of this
head-tail head-tail packing with eclipsed form for the
off-axis chlorine atoms, we obtain a bcc lattice. Accord-
ingly, we calculate here the scattering intensity from
the bcc model and compare it with the experimental
one.?

We examine how many molecules are suitable to be
arranged around a central molecule with the nearest
neighbor distance R of 5.9A.22 For the values of the
intramolecular distances r¢-c and rq-c and their root
mean square amplitudes lc.c and lg.q, the results
obtained by gas electron diffraction? are used. They
are almost the same as the recent result for the liquid
by neutron scattering experiments.24

Using Eqs. 4 and 7, we calculated the total coherent
intensity and derived the weighted structure function
si(s),

si(s) = s = 57
= s(l- 5f1+1) (8)
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for the bec lattice where eight molecules are arranged as
the first nearest neighbors around one molecule (n=9)
and the distribution of molecules is assumed to be
continuous beyond the distance R.. The critical radius
R. is determined by the relationship

= 3R, ©)

where po is the bulk number density of carbon tetra-
chloride molecules in the liquid phase. The mean
square amplitudes are determined according to the
“structural diffusion” model?

i}, = Dr,,. (10)

The calculated structure function reproduces main
peaks and valleys of the experimental si(s) curve, but
their heights and depths can not be simulated even if the
value D in Eq. 10 is changed. So, we repeat the same
procedure one after another with the increase of the
number 7n contained in Bregion (Fig. 1). At the number
of n=51 (up to the fourth nearest neighbors around
the central molecule), the experimental curve is simu-
lated satisfactorily and further increase of n no longer
changes the feature of the calculated curve.

Next, we investigate the root mean square amplitude
lj in detail. Untl now, we use the Prins relation (Eq.
10) for estimating the value of l; in relation to its
interatomic distance r;. A value 0.0716 for D is suitable.
This means that the root mean square variation of the
distance between the nearest neighbor molecules is
about 0.65A, which is about 11% of the equilibrium
separation of the two molecules (5.9A). However, by
only one value for D, the third peak of si(s) curve at
s~3.2 A-1 shifts to about 3 A-1, so we use two constants
for the relation of Eq. 10. Namely,

D, = 0.0716 for the 1-st nearest neighbor molecules.

D, = 0.1224 for the 2-nd, 3-rd, and 4-th nearest
neighbor molecules.

The result is shown in Fig. 2 by the solid curve with
the experimental si(s) curve® denoted by circles. The
region from s=0 to 6A-1 is shown, because the si(s)
curve in the region of s larger than 6A-! is approxi-
mately represented by a free carbon tetrachloride
molecule and is hardly affected by intermolecular in-
terference.

By theoretical investigations on the quasi-crystalline
model for liquids, Medvedev et al.29 and Baer?® pro-
posed a further modified “structural diffusion” relation

By = D(ryy—1o) (11)

in place of the equation given by Eq. 10. Using this
relation, we carried out the least-squares analysis for
the parameters R, D, 7o, R, and L, with the number n
fixed at 51. The result is shown in Table 1. The si(s)
curve calculated by using these parameters is in slight-
ly poorer agreement with the experimental one in the
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Fig. 2. The weighted structure functions si(s) for
liquid carbon tetrachloride. The solid curve is the
calculated one for the bcc model with two D co-
efficients. The circles are experimental values.?

eee exp,
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Fig. 3. The weighted structure functions si(s) for
liquid carbon tetrachloride. The solid curve is the
calculated one for the bce model with the relation of
the root mean square amplitudes given by Eq. 11.

)

TaBLE 1. THE REFINED PARAMETERS FOR THE BCCG MODEL?
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R./A 12.41 (3)

R/A 5.90 (2)
I/A 1.76 (76)

D/A 0.158 (23)
ro/A 2.46 (74)

a) The values in the parenthesis are standard devia-
tions.

peak height of the first and second peak as is shown in
Fig. 3, than the case of the calculated si(s) curve using
the two Dy and D; coefficients. The result in Table 1
shows that the parameters for the distances converge
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very well, but not for the mean square amplitudes. This
may indicate that the theoretical expression for the loss
of positional correlation of the molecules from the
equilibrium position in the liquid is not satisfactory.
In the least squares analysis, R. is changed as a fitting
parameter, and its value has converged exactly to the
value obtained by Eq. 9.

Discussion

In Fig. 2, the circles are the experimental inten-
sities which are obtained by the improved and revised
analysis of the energy-dispersive X-ray diffractometry.?
This experimental result is in good agreement with
Narten’s result obtained by the angle-dispersive meth-
0d.1? In the previous work, one of the present authors
(K. N.) reported that there were fine structures in the
diffraction pattern of liquid carbon teterachloride,®
but it has been proved that they are not fine structures
from the liquid but are the parasitic scattering from
Myler windows of the sample holder.

As is shown in Fig. 2, the calculated intensity for
the bcc model is in good agreement with the experi-
mental one except for the depth of the valley at s=1.7
A-1 and the intensity ranging from 0 to 1.2A-1. The
disagreement in the intensity at s=1.7 A-1 has not been
explained. We could not simulate the depth of the
valley by changing the value of D without disturbing
the balance of the other peaks and valleys in the inten-
sity curve.

The discrepancy of the intensity ranging from 0 to
1.2 A-1 between the calculated and experimental inten-
sities is explained by the unreasonable connection of
the discrete structure region (B in Fig. 1) and the con-
tinuum region. In order to connect the two regions
as smoothly as possible, we introduce the “‘tempera-
ture factor” intentionally in Eq. 7 in the form of exp-
(—(2s2/2), but there is is no physical reason for this ex-
pression. In other words, I is not the root mean square
amplitude of the radius R..

In the case of liquid carbon tetrachloride, the success
in modeling the structure by the “local lattice structure
model” may be due to the long range correlation of the
liquid; that is, the discrete region is comparably large,
so the ghost peaks in the scattering curve caused by an
unreasonable connection appear at small s-values and
are easily distinguishable from the relevant peaks of the
liquid.

The method of structure simulation of the scatter-
ing intensity mentioned above can be called “‘real space
expansion,” where we calculate the scattering intensity
by summing up the contributions from each atomic
distance in the liquid described by a real space. It is
concluded that for the simulation method of the “real
space expansion’ the convergence is very poor in the
small s-region of the intensity curve. To achieve a
much better convergence of the simulation for the
scattering intensity at the small s-region, a different
formulation called “reciprocal space expansion” seems
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to be promising.z?

In order to express the structural diffusion of the
liquid, we tried two methods, namely, one introducing
two D coefficients for Eq. 10 and the other using the
relation described by Eq. 11. The former leads to a more
satisfactory simulation. However, it has been report-
ed that the latter expression is more suitable to describe
the temperature factor of monoatomic liquid than
the expression of Eq. 10.25:28 In the case of a mole-
cular liquid such as carbon tetrachloride, the shape of
the molecules itself seems to play an important role.
Especially for liquid carbon tetrachloride, the gear-like
packing of tetrahedral molecules may be important in
determining the structure. We have therefore derived a
more sophisticated formulation for the mean square
amplitudes for liquid carbon tetrachloride, taking into
account the shape of the molecules; the result is re-
ported in a succeeding paper.2®

In conclusion the bcc model for liquid carbon
tetrachloride explains well the scattering intensity. Of
course, the bcc model may not be the only one model
representing the experimental intensity. However, few
other arrangements seem to be left for the structure
model, because almost all the fundamental packings
acceptable for tetrahedral molecules were checked in
the structure study of the plastic crystal phase.2V The
head-tail head-tail packing shows that the octopole
interaction is important in determining the struc-
ture of the liquid. The head-tail head-tail packing is
highly stabilized for the molecules with an octopole
moment.29
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