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Trans-1,2-dichloroethene (HCIC=CCIH) has several structural and dynamic anomalies between its
low- and high-density liquid, previously found through neutron scattering experiments. To explain
the microscopic origin of the differences found in those experiments, a series of molecular dynam-
ics simulations were performed. The analysis of molecular short-range order shows that the number
of molecules in the first neighbor shell is 12 for the high-density liquid and 11 for the low-density
one. It also shows that the angular position of the center of mass of the first neighbor is roughly
the same although the molecular orientation is not. In both liquids the first neighbor and its refer-
ence molecule arrange mainly in two configurations, each being the most probable in one of the
liquids. First neighbors in the configuration that predominates in the high-density liquid tend to lo-
cate themselves closer to the reference molecule, an evidence that they are more strongly bonded.
This arrangement facilitates a better packing of the rest of molecules in the first neighbor shell so that
on average an additional molecule can be included, and is proposed to be the key in the explanation
of all the observed anomalies in the characteristics of both liquids. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.3697849]

Il. INTRODUCTION

Description of short-range order in molecular liquids
poses a highly challenging conundrum. The need to deter-
mine not only the correlation between the molecular centers
of mass but also the relative molecular orientations to pro-
vide a complete picture of the structure of the liquid makes
that, even when considering reasonably simple molecules, the
number of degrees of freedom quickly increases with respect
to mono- or polyatomic liquids. These orientational corre-
lations are usually strongly dependent on the distance for
the closest neighbors but have no correlation for the farther
ones.

The molecular arrangement has in turn a vast im-
pingement on the dynamics of a system.':? Thus, a de-
tailed and careful analysis of molecular short-range order
is essential to the proper understanding of any system.
Several different approaches are used to study molecular
short-range order, such as reverse Monte Carlo,>* empiri-
cal potential structure refinement,>°® and molecular dynamic
simulations.”-8

Trans-1,2-dichloroethene (TDCE) (HCIC=CCIH) is a
molecular liquid which manifests several anomalies in the be-
havior of its high-density liquid when compared with its low-
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density liquid. The molecular geometry of TDCE obtained
from an ab initio calculation in the gas phase can be seen in
the inset of Fig. 1, where calculated intramolecular angles and
distances are shown. First claims of an anomalous behavior in
liquid TDCE between 243 and 257 K were made based on a
small density singularity, and a local minimum of the spin-
lattice relaxation time (7)) measured by NMR, as well as a
T, discontinuity, which was assigned to the appearance of a
nematic-like molecular ordering where the molecules have no
rotational freedom.”!? A later measurement found a change
in the slope of the density but no discontinuity, although the
study did find a discontinuity in some dynamic magnitudes
as viscosity or as the slope of the rotational relaxation time
measured by Raman spectroscopy.

It was therefore concluded that dynamic planar structures
were likely to form.!! An infrared vibrational spectroscopy
study also accounted for a clear discontinuity in several bands,
attributed to the existence of a weak Cl-H hydrogen bond
which induces the formation of dimers with a dipolar mo-
ment giving rise to local ordering.'” These locally favored
structures increase the molecular cooperativity, and thus their
reduced mass, slowing down the molecular motion. Kawan-
ishi et al. had even suggested the existence of a liquid-liquid
transition,”!® but a recent optical Kerr-effect experiment

© 2012 American Institute of Physics
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FIG. 1. Differential cross section per atom obtained at the D20 diffrac-
tometer (points, with a translation of +0.4 b) and from molecular dynamics
(lines) for the low- (red) and high- (black) density liquid. The inset shows an
ab initio calculation of the molecular structure of TDCE in the gas phase.
Close reproduction of the features in the experimental differential cross sec-
tion per atom validates the results obtained from analysis of the simulation.

reported that, although it is not a simple liquid, there is no
sign of a first order transition in TDCE.!?

Some of the authors of the present work reported calori-
metric and nonlinear dielectric results (a maximum on c),
and a strong pre-transitional anomaly, respectively), and sug-
gested that multimolecular heterogeneities (fluctuations with
dielectric permittivity slightly different from the “isotropic”
surrounding) appear in the high-density TDCE liquid.'*

Structure and dynamics of TDCE molecules in the high-
and low-density liquids have been approached through neu-
tron scattering measurements and molecular dynamics simu-
lations in a previous work.!®> There, diffraction experiments
yielded structural changes in the molecular short-range order
domain, although no molecular clustering was observed. Ex-
periments on the dynamics showed that the low-density liquid
could be well described through a diffusion motion plus an
isotropic rotation, whereas in the high-density liquid a con-
fined motion due to cooperative molecular behavior had to be
added. Analysis of molecular dynamics simulations showed
that molecules are much more ordered in the high-density lig-
uid, and revealed the appearance of two minima in its velocity
autocorrelation function, which is characteristic of a backscat-
tering effect. Since the density increase is too small to ac-
count for such backscattering effect, this result supports that
the confined motion found in the high-density liquid can only
be accounted for through a change in the short-range order.

Although it was rather clear that the dynamic anoma-
lies found between the high- and low-density TDCE liquids
come down to a change in the molecular arrangement, the
precise nature of this structural difference was not analysed.
The aim of the present study is to focus on the microscopic
structure and elucidate the details behind these anomalies in
the high- and low-density TDCE liquids. Neutron diffraction
experiments of liquid TDCE performed in both density do-
mains, together with molecular dynamics simulations closely
reproducing the experiments, have allowed a thorough statis-
tical analysis of the simulation configurations, unraveling the
structural differences in the molecular short-range order of the
liquid at both densities.
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Il. EXPERIMENT AND SIMULATION DETAILS

Neutron diffraction experiments on the short-range or-
der of the low- and high-density TDCE liquid were carried
out with consistent results at the diffractometer dedicated to
glasses and liquids D4c (Ref. 16) and at the high-intensity
two-axes diffractometer D20,!” both at the Institute Laue-
Langevin (ILL, Grenoble, France). A 99.70% purity sam-
ple was purchased from Acros Organics (Geel, Belgium) and
deuterated to 99% for both experiments.

Details of the measurement performed at the D4c diffrac-
tometer and the obtained results have been published in
Ref. 15. At D20, an incident neutron wavelength of A
= 1.30 A was used together with a radially oscillating colli-
mator. In order to correct and normalize the data, an empty
sample holder and a vanadium rod were also measured.
Absorption and multiple scattering corrections and the nor-
malization of the data were performed using the program
CORRECT.!®

A series of molecular dynamics simulations of the low-
and high-density TDCE liquid were performed using the pro-
gram AMBER 8 (Refs. 19, 20) with a simulation box contain-
ing 3629 molecules and a time step of 1 fs for the integration
of the equations of motion. The inter- and intramolecular in-
teractions for the TDCE molecule were described using a gen-
eral AMBER force field.'”?° The simulations were carried out
for the temperature range 200-350 K in the NPT ensemble,
therefore allowing the box size to change, and the total time
of each simulation run was 40-50 ns.?!>? This simulation is
the same as that used in Ref. 15 for the preliminary analysis
of the short-range order in liquid TDCE.

The differential cross sections per atom obtained from the
simulations for the low- and high-density liquids are shown
in Fig. 1 together with the experimental ones, so they can be
compared. The structural differences between the low- and
high-density liquids in the short-range order domain, already
established in a previous work,! can be observed. As can also
be seen in this figure, agreement of the simulation with the
experimental data is extremely good and absolute intensities
are the same within the error. This close agreement provides a
solid ground for a detailed analysis of the simulation in search
of a microscopic explanation.

lll. ANGLE DEFINITIONS

To study the short-range order of molecules in the low-
and high-density TDCE liquids, two kinds of degrees of
freedom have been analysed separately: those regarding the
relative positions of the molecules and those regarding their
relative orientations.

All the angles used in the analysis of the relative positions
and orientations of the molecules obtained from the simula-
tion have been depicted in Fig. 2.

The angles describing the relative position of the center
of mass of a molecule with respect to the reference molecule,
Ocm and @cm, can be seen in Fig. 2(a). Ocy is the angle be-
tween the axis defined by the chlorine atoms of the reference
molecule and the vector that goes through the centers of mass
of both molecules. ¢cy is the angle between the plane that
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FIG. 2. (a) Angles 6cm and ¢cm describing the position of the center of
mass of one molecule with respect to the center of mass of the reference
molecule. (b) Angle o between the axes formed by the hydrogen atoms of
both molecules. (c) Angle B between the axes formed by the chlorine atoms
of both molecules. (d) Angle y between the axes formed by the hydrogen
atoms of a molecule and the chlorine atoms of the reference molecule.

contains the whole reference molecule and the plane that con-
tains the chlorine-chlorine axis of the reference molecule and
the center of mass of the other molecule. Ocy and ey will be
referred to as angular position of the centers of mass to stress
the fact that the relative distance between the molecular cen-
ters of mass is already fixed when the neighbors are analysed
individually.

The angles o, B, and y describing the relative orienta-
tion between both molecules have been depicted in Figs. 2(b)—
2(d), respectively. « is the angle between the axes defined by
the hydrogen atoms of each molecule, g is the angle between
the axes defined by the chlorine atoms of each molecule, and
y is the angle between the axis defined by the chlorine atoms
of the reference molecule and the axis defined by the hydro-
gen atoms of the other molecule.

Note that, strictly due to geometrical considerations,
an isotropic distribution of molecules around the reference
molecule will yield a higher probability of angle 6cy being
perpendicular rather than parallel. The same happens with an-
gles «, B, and y, although it does not happen with ¢cy. To
prevent misleading figures arising from this fact, probability
distributions have been plotted as a function of the angle or
the cosine of the angle to ensure they will appear as flat func-
tions for isotropic distributions.

IV. RESULTS AND DISCUSSION

A first step for the analysis of the relative positions of
the molecules in a liquid is to find out how many molecules
can be found within the first neighbor shell. Figure 3 shows
the pair-correlation function of the centers of mass of the
TDCE molecules calculated from the simulations for the low-
and high-density liquid, which is proportional to the probabil-
ity of finding a molecule at a certain distance of a reference
molecule. The first neighbor shell is defined as the molecules
comprised within the first peak of the pair-correlation func-
tion. Figure 3 also shows the molecular coordination num-
ber for the two liquids, calculated from the integration of the
pair-correlation function. Usually, since density decreases as
temperature increases within the same phase, the gcy mini-
mum that defines the first neighbor shell moves to higher val-
ues of r because the mean distance between the molecules
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FIG. 3. Pair-correlation function of the centers of mass of the molecules
(gcMm, black lines, scale on the left) and molecular coordination number
(MCN, red lines, scale on the right) for the low- and high-density liquids
(dashed and continuous lines, respectively) calculated from the simulation.
The first neighbor shell contains 11 molecules in the case of the low-density
liquid and 12 in the case of the high-density liquid.

is also increased. However, since the growth of the molecu-
lar coordination number with respect to the distance is also
slower due to a lower density, the corresponding number of
molecules in the first neighbor shell ends up being the same.
In the present case, contrary to what would be commonly ex-
pected, a different number of molecules was found within the
first neighbor shell for each liquid, 12 molecules in the case of
the high-density liquid compared with only 11 in the case of
the low-density one, an indication that the liquid is undergo-
ing a change in the molecular short-range order and not only
a density variation.

Another representation that can provide further insight
into the difference between the first neighbor shells of the two
liquids, because it takes into account the volume change of the
spherical shell as the distance increases, is the density within
the first neighbor shell as a function of the molecular coordi-
nation number (see Fig. 4). Using the molecular coordination
number instead of r as abscissa removes the expansion ef-
fects of increasing the temperature. In the high-density TDCE
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FIG. 4. Density within the first neighbor shell for the high- and low-density
TDCE liquids (black squares and red circles, respectively) as a function of
the molecular coordination number. A maximum is observed at the fifth and
fourth neighbor for the high- and low-density TDCE liquids, respectively,
which shows that there is a gap of one molecule in the structure patterns be-
tween both liquids and that the difference originates in the closest neighbors.
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FIG. 5. Probability of the angular position (Ocy and ¢cm) of the center of
mass of the first neighbor for the (a) high- and (b) low-density liquid (darker
shade means higher probability). As expected, the high-density liquid is more
structured, but there are no qualitative differences in the angular position of
the first neighbor between both liquids (around ¢y =~ 90° and ¢cm = 90°).

liquid the density increases up to the fifth neighbor and then
starts to decrease, while in the case of the low-density TDCE
liquid the same behavior is observed at the fourth neighbor.
This is a good indication that the structural differences be-
tween both liquids are originating at the very first molecules.

A detailed analysis of the angular position of the centers
of mass and relative orientation with respect to the reference
molecule was performed for all molecules in the first neigh-
bor shell. A strong agreement was found with the observation
that there is a gap of one molecule in the structure patterns
followed by both liquids, i.e., except for the first neighbor, the
position and orientation of neighbor molecules in both liquids
is qualitatively the same if every molecule in the low-density
liquid is compared to the next molecule in the high-density
liquid instead of comparing the same molecule in both liquids.
The interested reader can turn to the supplementary material
available online for more details on this result.”’

Because the changes happen on the very first neighbors
and the orientational correlations in molecular liquids are lost
as distance increases, in this work we have focused on the
analysis of just the single first neighbor, to which the follow-
ing molecules will have to accommodate.?* Figure 5 shows
the angular position (fcm and ¢cy) of the center of mass
of the first neighbor with respect to the reference molecule
(for more details and examples on bivariate analysis see
Refs. 25-28), where no qualitative difference has been ob-
served between both liquids, since their first neighbor is
equally located around 6cy & 90° and ¢cm =~ 90°. Figure 6

(a)

(b)

FIG. 6. Scheme of the two most likely configurations of the first neighbor
and the reference molecule: (a) parallel or P, and (b) crossed or C. To illustrate
the P configuration a molecular arrangement with « = 0°, g = 0°, and y
= 76.9° has been chosen, while in the case of the C configuration it has been
chosen with @ = 76.9°, B = 76.9°, and y = 0°. Both examples have the same
relative angular position (6cy = 90° and pcm = 90°).

J. Chem. Phys. 136, 124514 (2012)
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FIG. 7. Probability of the cosine of angle « of the first neighbor for the low-
and high-density liquid (red dots and black squares, respectively). Lines are
a guide to the eye. There is a difference in the relative orientation of the first
neighbor with respect to the reference molecule between both liquids.

shows two examples of molecular pairs in such angular po-
sition. Although the high-density liquid is much more struc-
tured, it was a feature already expected due to the smaller ef-
fects of thermal agitation, and cannot be viewed as a mean-
ingful difference in the structure.

Concerning the analysis of the relative orientation of the
first neighbor with respect to the reference molecule, the prob-
ability distribution of the angle « (angle between the hydro-
gen axes of both molecules) of the first neighbor is shown in
Fig. 7 for both liquids, where a discrepancy in the shape of the
high- and low-density liquid distributions evidences an orien-
tational contribution of the first neighbor to the differences
in the molecular short-range order. No qualitative differences
were observed when the same analyses were performed for
the orientational angles § and y.

Although the observed angular position of the center
of mass of the first neighbor with respect to the reference
molecule between both densities is almost the same, the rela-
tive orientation between the molecules is conspicuously diver-
gent, pointing out that this is where the key for the explanation
must be sought.

Figure 7 shows that there is a discrepancy in the molec-
ular orientation of the two liquids but it does not explain the
origin of the density anomaly.'®!! Thus, a detailed analysis of
the molecular orientations must be undertaken to understand
the reasons behind the different molecular arrangements.

To learn which are the preferred relative orientations of
the first neighbor and the reference molecule, a mapping
of the configuration space is depicted in Fig. 8. This fig-
ure shows the probability distribution of the orientation be-
tween the first neighbor and the reference molecule (an-
gles B and y) for the high- and low-density TDCE lig-
uids. As expected in a highly disordered system, there is
a continuum of possible configurations, although not all of
them are equally probable. The configuration space has been
divided into 16 regions of possible configurations, corre-
sponding to the grid drawn in this figure. In both liquids,
the same four regions (labeled P and C in Fig. 8) have a
higher probability than the rest but, for molecular symme-
try reasons, they account only for two possible configura-
tions of the reference molecule and its first neighbor. The
definition of each configuration includes all the molecular
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FIG. 8. Probability of combinations of 8 and y cosines of the first neigh-
bor for the (a) high- and (b) low-density liquids (darker shade means higher
probability). The continuum of configurations between the first neighbor and
the reference molecule have been grouped into 16 regions of possible config-
urations (grid), from which those labeled P and C are the most likely at both
temperatures.

arrangements between the first neighbor and the reference
molecule that contribute to the two equivalent regions in
Fig. 8. The combinations of ranges of cos 8 and cos y values
that define the regions of P and C configurations are shown in
Table I.

In Fig. 6, representative arrangements of molecular pairs
in the P and C configurations have been depicted to provide
a scheme of the relative orientation between the first neigh-
bor and the reference molecule. As can be seen in this fig-
ure, molecular pairs with parallel chlorine axes and paral-
lel hydrogen axes are denoted as P configuration (Fig. 6(a)),
while molecules with their chlorine axis parallel to the hy-
drogen axis of the reference molecule and vice versa (crossed
molecules) are denoted as C configuration (Fig. 6(b)).

Although qualitatively Figs. 8(a) and 8(b) appear to be
very similar, a quantitative analysis shows that for the low-
density liquid, configuration P represents a higher fraction of
first neighbors than configuration C. This situation is reversed
in the high-density liquid (see Table II). Hence, as the temper-
ature is changed, there is an inversion of the dominant popu-
lation in the liquid.

Could this difference of population in the configurations
of the first neighbor between the low- and high-density liquid
be the underlying cause of the observed anomalies between
both densities? To ascertain whether having the first neigh-
bor in different configurations can explain the observed short-
range order discrepancies of liquid TDCE (and its dynamic
properties), a separate analysis has been performed to each
configuration to compare their particularities.

As it has been previously explained, Fig. 5 shows the
most probable relative position of the molecular centers of
mass when the first neighbors in any of the configurations
are taken into account. To obtain more detailed information

TABLE I. Range of values used to define which molecular pairs are in P or
C configuration.

Configuration cos B cos y

P 0.5t0 1.0 0.0t0 0.5
P —1.0to —0.5 —0.5t0 0.0
C 0.0t0 0.5 0.5t0 1.0
C —0.5t0 0.0 —1.0to —0.5

J. Chem. Phys. 136, 124514 (2012)

TABLE II. Ratios of first neighbor molecules in P and C configurations
with respect to the total number of first neighbor molecules. A represents the
increment of the fraction of molecules in that configuration with respect to
the total number of molecules, as the temperature is decreased from 350 to
200 K.

Configuration 350 K 200 K A
P 0.19002 0.17494 —1.5%
C 0.17648 0.19880 +2.2%

from this magnitude, in Fig. 9 the probability density func-
tions of the same angles (6cy and ¢cm) have been evaluated
but only for first neighbors in configurations P and C, making
a distinction between both configurations. From Fig. 9, it is
inferred that first neighbors in P and C configuration tend to
locate themselves roughly around ¢y = 90° and gy =~ 90°
regardless of their configuration (the same position seen in
the analysis of all first neighbors in Fig. 5). Further analyses
of the remaining configurations showed that this is the pre-
ferred arrangement of all first neighbors and not only of those
in configurations P and C.

Nevertheless, the angular position distributions of the
first neighbors are not completely equivalent for both con-
figurations. In the high-density liquid (Figs. 9(a) and 9(b)),
where the difference between configurations is more easily
observed, Ocym and ¢y distributions for the C configuration
peak clearly at 90° while the P configuration displays a dou-
ble peak for the ¢y and a flat top for the ¢cpy distribution
that spans to a wider range of values. This means that molec-
ular pairs in C configuration sit comfortably in front of each
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FIG. 9. Contribution of configurations P (circles) and C (stars) to the proba-
bility of the center of mass position of the first neighbor molecule with respect
to the reference molecule. (a) and (b) show the cosine of ¢y and ¢cm, re-
spectively, for the high-density liquid. And (c) and (d) show the cosine of Ocm
and @cwm, respectively, for the low-density liquid. The center of mass of the
molecules in the C configuration tends to be exactly in front of the reference
molecule (Ocm and pcm = 90°) while the center of mass of the molecules in
the P configuration tends to be slightly on a side or is evenly distributed on
a higher range of angles around this value. For the high-density liquid, the
total contribution of the C configuration (area in this graph) is greater than
the contribution from the P configuration. This situation is reversed in the
low-density liquid.



124514-6 Rovira-Esteva et al.

[}

N T T

)

x

o i

Ko}

2

= A

®©

3

4 30 35 40 3.0 35 40 45
r(A) r(A)

FIG. 10. Contribution of configurations P (circles) and C (stars) to the prob-
ability of the center of mass distance of the first neighbor molecule with
respect to the reference molecule for the (a) high- and (b) low-density lig-
uid. Irrespective of temperature, the centers of mass of molecules in the
C configuration are on average closer to the reference molecule than in the
P configuration.

other while molecules in configuration P prefer to be slightly
displaced from that central position.

Probability distribution functions in Fig. 9 have been nor-
malized to the total number of molecules so that their area is
directly proportional to the number of molecules in that con-
figuration, to make the contribution to the total probability
of each configuration clear. Consequently, in this figure it is
easier than in Fig. 8 to appreciate, from the area of the dis-
tributions, that in the high-density liquid the contribution of
C configuration is higher than the P configuration, and that in
the low-density liquid it is lower.

In addition to the difference in angular position between
molecules in configurations C and P, the distance between
first neighbors in one or the other configuration also varies
significantly. Figure 10 shows the contribution to the proba-
bility that a first neighbor is at a certain distance from a refer-
ence molecule for each of the configurations for the high- and
low-density liquids. As can be seen in this figure, the centers
of mass of molecules in the C configuration are on average
closer than in the P configuration, showing that molecules in
C configuration are more tightly bonded than those in P con-
figuration.

Abundance of a configuration with a stronger bond be-
tween molecules means that on average they are closer to
each other, and a more ordered arrangement of the molecules
makes it even easier to pack them tighter and to fit in the first
neighbor shell the additional molecule that we have observed
in the high-density liquid.

The fact that there is a favored local structure is in agree-
ment with the previous works.’~1%13

V. CONCLUSIONS

We have unraveled the structural causes behind the den-
sity and spin-relaxation time singularities, and the viscosity
and slope of the rotational relaxation time discontinuities in
the TDCE liquid by means of a detailed analysis of the molec-
ular short-range order.

Except for the first neighbor, the position and orientation
of neighbor molecules in both liquids have been found to be
qualitatively the same if an offset of one molecule is taken
into account. The first neighbor shell in the low-density TDCE
liquid contains 11 molecules. An additional molecule is con-
tained in the first neighbor shell of the high-density liquid,
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adding up to 12 molecules. According to the density distri-
bution analysis, the difference in the molecular arrangement
must originate in the closest four to five molecules of the first
neighbor shell.

The angular position of the center of mass of the first
neighbor is almost identical for both liquids, molecules gather
around Ocy & 90° and gcom & 90°. But a strong difference is
observed in the distribution of «, the angle between the hydro-
gen axes, regarding the relative orientation of the molecular
pairs.

Further analysis of the relative molecular orientation of
the first neighbor and the reference molecule reveals that two
of the configurations that have been defined are more prob-
able than the rest (parallel, P, and crossed, C). While the P
configuration prevails in the low-density liquid, the C config-
uration prevails in the high-density one. There is an inversion
of the configuration populations when the low-density TDCE
liquid turns into the high-density one and vice versa.

The first neighbors in C configuration have a tendency to
locate themselves closer to the reference molecule and exactly
at the angular position Ocy = 90° and ey = 90° displaying
strong bonding. In contrast, the first neighbors in P configu-
ration tend to be further apart and with their centers of mass
slightly displaced from that angular position.

Hydrogen bonding between the chlorine atoms of one
molecule and the hydrogen atoms of the other explains why
molecular pairs in C configuration can bond more tightly than
those in P configuration.

A larger proportion of first neighbors in C configuration,
that can sit exactly in front of the reference molecule in an or-
derly manner and much closer, facilitates a better packing, so
that an additional molecule fits in the first coordination shell
of the high-density TDCE liquid, as it has been observed. This
can also explain the density anomaly between the high- and
low-density TDCE liquids.

More structured molecular pairs given by a stronger
bonding of the first neighbors in C configuration is likely to
be also the key to the explanation of the dynamical anomalies
reported in previous studies.”"'% 13
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