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ABSTRACT. Local intermolecular structure and dynamics of the polar molecular liquids
chloroform and bromoform are studied by molecular dynamics simulation. Structural distribution
functions, including 1- and 2-D pair correlations and dipole contour plots allow direct
comparison and show agreement with recent analyses of diffraction experiments. Studies of the
haloforms’ reorientational dynamics and longevity of structural features resulting from
intermolecular interaction extends previous work toward deeper understanding of the factors
controlling these features. Analyses of ensemble average structures and dynamical properties
isolate mass, electrostatics, and steric packing as driving forces or contributing factors for the

observed ordering and dynamics.



1. Introduction

Hard-sphere, atomic, and molecular liquids composed of small molecules with high symmetry
are particularly attractive systems of study since their intra- and intermolecular geometries and
ordering suggest a limited set of degrees of freedom and the potential for straightforward
conceptualization and visualization."® Deepening and clarifying the understanding of well-
known, high-symmetry neat molecular liquids serves as a building block toward insights into the
structure of more complex molecular species and multi-component liquid systems. Additionally,
both the insights and analysis techniques validated by the investigation of neat liquids are readily
extendable to the study a molecular liquid’s organization around a solute and at interfaces
between the molecular liquid and an adjacent, dissimilar phase. Diffraction experiments,
computer simulations, and data analysis techniques applied to the study of neat molecular liquids
continue to evolve and reveal new, increasingly detailed insights that both confirm and challenge

earlier work.” "

Early insight into the ordering and structure of molecular liquids by van der Waals forces was
summarized by Chandler,'*"” “the harsh repulsive forces (which are nearly hard core
interactions) dominate the liquid structure. Stated in other words, the shape of molecules
determines the intermolecular correlations.” This central theme, that steric effects and local
packing are far more important than attractive forces and dipole-dipole interactions, was then
pursued quantitively in development of the Weeks-Chandler-Anderson (WCA) potential'*>°
which, to some approximation, treats the attractive component of the Lennard-Jones potential as
a small perturbation. This description of molecular liquids’ structure has obvious limitations

when the attractive forces are large and quickly vary (as a function of particle separation) as in

the case of hydrogen bonding in water or coulombic interactions of molten salts. A less obvious



limitation is the occasional propensity for attractive forces to produce structural effects that do
not compete with the strong repulsive forces, which may be the case in molecular liquids that

possess nontrivial dipoles.

The haloform molecules, most notably chloroform (CHCl,) and bromoform (CHBr;)
exemplify the above description. Both molecules belong to the C,, symmetry group, with nearly-
tetrahedral geometries and possess well-defined molecular dipole vectors that are readily
approximated by the C-H vector. Theoretical and computational approaches toward describing
the local structure and orientation of haloforms have often focused on the importance of forces
outside the ‘harsh repulsive’ class since these molecules serve as a clear, accessible example of
molecular liquids whose characteristic intermolecular ordering and dynamics should inhabit the
space between hard sphere and hydrogen bonded liquids like water. Early computational work
represented haloform molecules as a single-site Lennard-Jones liquid and produced radial
distribution functions (RDF) that agreed with scattering data reasonably well.*' With increasing
computational resources, all-atom molecular dynamics simulations came within reach and the
accuracy of predicted local molecular structure increased by accounting for the molecules’
deviations from spherical symmetry. Polarizable models provided further accuracy at the cost of
additional computational expense and allowed for more precise simulation of chloroform’s
behavior in solvent/solute and interfacial systems.””** We refer the reader to a recent review by
Pusztai and co-workers for a more complete discussion of computational and theoretical
approaches.” The local intermolecular ordering of these haloforms has been investigated in
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several studies over the last few decades™ = and has recently received additional attention with

the detailed neutron diffraction-empirical potential structure refinement (ND-EPSR) studies

performed by Salzmann and co-workers.”””!



Salzmann and co-workers hypothesize that the local intermolecular order of haloform
molecules may influence and impart some of the interesting and sought-after solvation
properties. Their neutron diffraction study of chloroform presents a detailed but concise
summary of intermolecular ordering and dipole-dipole orientational correlation by
implementation of spatial distribution functions (SDF) and orientational contour plots. Most of
the analysis agrees with and confirms earlier studies with one major difference: At low
intermolecular distances parallel dipole alignments are by far the most dominant structure.” This
is in contrast to earlier diffraction studies reporting that the dominant short-range structural
feature is antiparallel, where fully chlorinated faces of two tetrahedral molecules approach each
other.”* Additionally, Salzmann and co-workers introduce the definition of a ‘polar stack,’
reminiscent of the ‘Apollo configuration,” where neighboring CHCl; molecules have parallel and
colinear dipoles with one molecule’s hydrogen atom positioned in the hollow formed by the
neighbor molecule’s three chlorine atoms.”””* Our molecular dynamics simulations of liquid
chloroform agreed with the reported population and population distribution of these polar stacks
but also suggested that these structures are a result of steric packing, not electrostatic
interactions.” Salzmann and co-workers recently followed their CHCI, work with a similarly
detailed ND-EPSR analysis of liquid CHBTr;, that builds upon earlier scattering-reverse Monte
Carlo studies™” by elucidating detailed angle-dependent pair correlations (SDFs) and dipole-
dipole orientational correlations.”' These two experimental studies suggest structural similarity
but a greater tendency for antiparallel alignment in CHBr; than in CHCl;, a phenomena the
authors attribute to stronger halogen bonding or weak but persistent long-range orientational

correlations. These recent findings revisit the second, less obvious type of exception from the



van der Waals picture of molecular liquids: That weaker interactions may produce structural

effects that do not compete with the short-range strong repulsive/steric interactions.'’

In light of these recent findings, we extended our molecular dynamics simulations of
chloroform to study liquid bromoform with new data analysis techniques that will allow us to
directly compare our simulation results to these recent diffraction experiments and add dynamic
insight. Additionally, we use a well-known force field to model the haloforms whose piecewise
form allows us to systematically disable contributions to the interaction potential to isolate

contributions to the local structure and ordering in the liquid haloforms.
2. Simulation details

Neat bromoform and chloroform liquids are simulated by 794 molecules in truncated octahedron
boxes, whose enclosing cubes have an edge length of 61.32 A for bromoform and 59.69 A for
chloroform, reproducing the experimentally known densities of these liquids at 298K. The
truncated octahedron box, shown in Figure 1a, tessellates 3-dimensional space and its boundaries
more closely approximate the radial geometries of most interaction potentials than a cubic box.
Selection of the truncated octahedron geometry therefore results in simulations with the same
characteristic size as simulations performed in the corresponding enclosing cubic box with a
factor of 2 fewer particles, resulting in a significant reduction in computational expense and
precisely the same results and statistics for spherically symmetrical calculations. Figure 1b is a
representative simulation snapshot of the CHBr; system. Each molecule is represented by 5-site,
fully flexible, fixed-charge models where the intermolecular interaction potential is the pairwise

sum of Lennard-Jones and Coulombic terms
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where r is the distance between atom centers i and j. We use the OPLS-AA force field* with
partial charges generated by the 1.14*CM1A-LBCC approach™’ to represent each haloform
molecule. A full listing of the inter- and intramolecular potential energy parameters is shown in
Tables 1 and 2. This force field differs from our previous study of chloroform® and this change
was mostly motivated by the need for consistent parameterization between the two haloform
species. Classical molecular dynamics simulations and subsequent analyses were performed
using in-house code, which implements the velocity Verlet algorithm. Ten independent starting
configurations were generated by randomly placing haloform molecules into the simulation
boxes and relaxing each simulation box for over 1 ns before initiating production runs. Spatial
distribution functions, dipole orientation contour plots, and all other data presented in this work
were calculated on-the-fly and represent an ensemble average of 10° configurations collected

during 10 ns of simulation time.

Figure 1. (a) Wireframe depiction of truncated octahedral periodic boundaries and (b)
corresponding molecular dynamics simulation snapshot of liquid bromoform that implements

this geometric boundary.

Table 1. Intermolecular Potential Parameters Used in the CHX; Models



Atom | o (A) | € (kcal/mol) q (e)

Comr | 3.50 0.066 0.1063
Br 347 0.047 -0.099
Hy., | 250 0.030 0.1907
Com | 3.50 0.066 0.3792
Cl 3.40 0.300 -0.1873
Hep | 250 0.030 0.1827

Table 2. Stretch and Bend Equilibrium Values and Force Constants

Equilib. value Force const. (x kcal/mol)

el =1.945 A ke, =490.0 A

rel=1.090 A key =680.0 A

HBrCBr_ 111.7° kp,cs = 156.0 rad”

659, =107.6° | kycy=102.0 rad”

rfd=1781 A keey=490.0 A

rea=1.090 A ke =680.0 A”

Ocice, = 111.7° keicer =156.0 rad”

HEIZICH = 107 .60 kClCH = 1020 rad'z

3. Results and discussion

3.1 Overview of local structure: Spatial distribution functions

Figure 2 shows selected radial distribution functions (RDFs) for the neat chloroform and
bromoform liquids. Bromoform is represented by orange curves and chloroform by green curves.

RDFs are calculated as



Ian() = (T, 8(r = 1) 2
where r; is the distance between atom centers A and B, § is the Kronecker delta, . is a
normalization factor proportional to the number of particles in a spherical shell with radius r at
bulk density p,” and the ensemble average is collected over all N molecules and all possible
reference atoms. In practice the RDF is calculated as nested spherical shells centered at equally
spaced r with finite width dr. This width defines the resolution of the RDF. Since the two
haloforms share C,, symmetry, steric character (one hydrogen and three halogens), and an
overall nearly-tetrahedral geometry, similarity between their corresponding RDFs is expected.
These RDFs agree well with neutron diffraction data and previous simulations that employ a
polarizable model force field.”>”**' Figure 2a shows the RDFs of the central carbon atoms, in
which each haloform shows local ordering extending to three solvation shells, with peaks at
approximately 5, 10, and 15 A. Due to bromoform’s larger size the bromoform curve is shifted
slightly toward larger values than chloroform with the first peaks at 5.3 and 5.5 A. Aside from
this shift and a slight broadening of the bromoform peaks, the two g (r) curves are very similar.
Figures 2b and 2c¢ show the carbon-hydrogen and carbon-halogen RDFs for the haloforms. The
first C-H solvation shell appears as a doublet in both liquids, with bromoform’s first peak
slightly smaller than the corresponding feature in the chloroform g (7). Similar to 2a, the
bromoform curve is shifted toward larger r by about 0.3 A. The peaks indicating a more
complex local ordering of C-H than the C-C curves in Figure 2a. Similarly Figure 2¢c shows a
more complex structure, a broad first solvation peak followed by a smaller shoulder. While not
definitive, the curves in Figure 2 suggest that important features of the local ordering may not be

captured by conventional RDFs, whose description is limited to being radially symmetrical.
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Figure 2. Radial distribution functions for neat liquid bromoform (orange) and chloroform

(green).

To remove this limitation, we add an angular component to Equation 2 and define a spatial
distribution function (SDF) as
Ian(r,0) = (T 6(r — 1) 6(6 — 6)) 3)
where 6 is the angle formed by two vectors that originate at the reference molecule’s central
carbon atom and point toward the reference molecule’s hydrogen and the atom center of interest
in the neighboring molecule. The normalization factor 7, is the number of particles in the ring
defined by r and 0 at bulk density p. Analogous to the RDF, each pixel in the SDF represents a

section of the spherical shell of width dr, centered at radius 7, spanning an angular range d6 and



centered about 6. Figure 3a shows a schematic that defines the variables r and 8 and Figure 3b
illustrates the relationship between the SDFs and RDFs as defined in this work, where the RDF
is a projection of the SDF from the r- and 8-axes onto the r-axis. In the case of g. ., the SDF
reveals that the first density peak represents an inhomogeneous, non-spherical region of high
density that collapses into a single peak when projected onto one dimension. This first peak in

the RDF is mostly populated by a high-density region centered at approximately 8 = 180° and the

tail of this peak is a separate region at 8 = 30°.

Figure 3. (a) Cartoon schematic illustrating the variables r and 6 pertaining to g ~(r, 0). (b) The
spatial distribution function g.(r, 8) is presented with its one-dimensional projection onto g..

o(r). The radius of the g ~(r, 8) contour corresponds to the x-axis of the RDF.

Figure 4 shows chloroform and bromoform SDFs side-by-side to facilitate direct comparison.
A ball-and-stick model of a representative haloform molecule is overlaid in the approximate

position of the reference molecule in these calculations, which extend to a maximum radius of 10

10



A. The two central bands of high g(r, 8) value in the SDFs correspond to the first solvation shells
of the RDFs in Figures 2b and 2c, where the more central band represents the case where the
neighboring atom center of interest is positioned closest to the reference atom. The outer or
second sub-shell band accounts for molecules where the SDF atom center is positioned away
from the reference atom. The overall similarity of the haloform SDFs, despite chlorine atoms
being 0.088 e more negative than bromoform’s bromine atoms, is an indication that local
ordering is a strong function of packing effects. Both pairs of SDFs show very good overall

agreement with the recent ND-EPSR results of Salzmann and co-workers™ "'

and our analysis of
the SDFs in Figure 4 will detail the differences observed.

Figure 4a shows carbon-hydrogen SDFs for the chloroform and bromoform liquids and
corresponds to the RDFs in Figure 2b. Although the RDFs appear quite similar, aside from a
slight shift due to bromoform’s larger size, the SDFs reveal more differences between the
halogens’ local intermolecular ordering. The most notable of these differences is the position of
nearest neighbor hydrogens around the halogen sites, 90° < 8 < 180°. In chloroform, this first
band of g (7, ) is at a maximum between 100° and 165°. Bromoform shows a similar band but
its density is more localized and centered around 6 = 180°, indicating the greater likelihood of a
neighboring hydrogen atom to be located in the hollow formed by the three bromine atoms. This
difference in local ordering is particularly noteworthy because the chlorine atom centers carry
more negative partial charges than the bromine atom centers. Although steric packing is the
primary driver of intermolecular ordering in the haloforms, the low density region around the
reference hydrogen is a result of electrostatic repulsion, confirmed in our earlier simulation

work™ and presented in greater detail by Figures S1 and S2 in the Supporting information, which

juxtapose these SDFs with analogous haloform simulations performed with all partial charges set
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to zero. The ordering of the second g (7, ) subshells is much more similar, with high density
regions centered at approximately 30° and 180°, these bands combining to form the larger second
peak of the first solvation shell doublets in Figure 2b.

Figure 4b shows carbon-halogen SDFs for the chloroform and bromoform liquids. To a first
approximation the two SDFs look identical and share high-density regions in the first and second
solvation shells that correspond to the hollows formed by the triangular faces of the tetrahedral
haloforms centered at approximately 25° (H-X-X) and 180° (X-X-X). The longer C-X bonds and
larger halogen van der Walls radius in bromoform shift the first and second solvation shells
further from the central atom and result in more distortion of the band representing the first
solvation shell away from circular shape. These differences appear subtle in the juxtaposed SDFs
but are more clear in the RDFs in Figure 2c, particularly the broadened and shifted second peak

of bromoform.

geu(rf)  (a) gex () (b)
) 0

chloroform chloroform

Figure 4. Comparison of chloroform and bromoform spatial distribution functions obtained by
molecular dynamics simulations. Images consider (a) carbon-hydrogen (g (7, 8)) and (b)

carbon-halogen (g «(r, 0)) ordering of the two haloforms.

As complementary analysis and to enable more direct comparison of these simulations with

recent ND-EPSR work,*”" we consider the relative orientation of the halogens’ dipole vectors as

12



a function of their position. Figure 5 shows dipole orientation contour plots for the two haloform
liquids. Each semicircular or circular contour in Figure 5a-b summarizes the orientation of the
local neighbors’ dipole vector when located at a specified angle 6 relative to the central reference
molecule i. Values of 0°,45°,90°, 135°, and 180° were selected to survey 6 for bromoform and
chloroform. Figure 5c is a cartoon schematic that defines r;; as the distance between haloforms i
and j, the angle 6, and the angle a formed by the diploe vectors ji; and ji;. Figure 5d shows 4
intermolecular configurations that correspond to the positions in the contour plots in Figure Sa
labeled (1)-(4) to assist in the interpretation of these contour plots.

The dipole orientation contour plots in Figure 5 are in good general agreement with those
recently reported by Salzmann and co-workers.” ' The contour plots are similar for both
haloforms, with one or more preferred orientations for each value of 6 that may be explained in
steric or electrostatic terms. In all orientations and in both liquids these MD simulations show an
orientational preference for the neighboring dipole moment vector to be parallel to the vector 77;,
also in agreement with the recent series of ND-EPSR studies. These MD simulations also show
preference for @ = 235° in the 8 = 90° contours and at @ = 300° and a = 350° for 6 = 135°. These
preferred orientations are enhanced by electrostatic interaction, the attraction of the neighboring
hydrogen to the halogen atoms and repulsion of the halogens by the reference molecule’s
halogens. Analogous to our deconstruction of the SDFs, we confirm that electrostatics induce
this ordering by again comparing with simulations where the partial charge of each atom center
in the simulation is set to zero. Figure S3 in the Supporting Information shows a set of dipole
orientation contour plots calculated for both haloform liquids with the electrostatic contribution
to the potential removed. These ‘q = 0’ simulations also reveal that electrostatic interactions are

important in the 6 = 45° case, where orientational preference is shown at a = 255° in the zero
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charge simulations but not in the corresponding contours shown in Figure 5a-b. Previous related
simulation work has emphasized sterics over electrostatics as the dominant factor in the overall

local ordering of these haloforms;”~

this example shows cases where electrostatics impact local
intermolecular orientation. We reemphasize that this work uses a fixed-charge force field that
may overemphasize the locality of electrostatic effects and include the g = 0 simulations so these
two sets of MD simulations may serve as endpoints representing fixed and diffuse electrostatics
in these polar liquids and refer the reader to Section S1 of the Supporting Information for further
discussion.

The cases of @ =0° and 0 = 180° are of particular interest since they provide a deeper
investigation into the “chain-like” arrangements™ of these two molecular liquids. This chain-like
arrangement has been of interest for decades, beginning with suggestions of an ‘Apollo
configuration’ in liquid chloroform, described as nearest-neighbor chloroform molecules having
parallel, collinear dipoles with the hydrogen atom being located in the “hollow formed by three
chlorine atoms.””” The Apollo configuration was dismissed as a minor contribution to haloform
structure,”* but recent experiments and simulations have continued investigating this
arrangement by considering chains of head-to-tail dipoles, “polar stacks,” where the H-C---H
angle is 180+30°, as opposed to parallel, collinear dipoles in the Apollo description.” Both
simulations do show a preference for an Apollo-like structure in the 6 = 0° case, with
chloroform’s ordering being more diffuse. However, we note that the population of haloform
pairs with the 6 = 0° configuration is very small compared other 6 positions, as shown earlier in
Figure 3b. These 6 = 0° contours lack evidence of head-to-head arrangement, shown as

configuration (2) in Figure 5d. This is the largest deviation from recent ND-EPSR analyses, and

we note that these recent interpretations have been inconsistent in regard to this aspect of
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haloform ordering, with reports of nearest neighbor head-to-head orientation being more
prevalent in chloroform but negligible in bromoform® and the reverse case, with more head-to-
head orientation in bromoform.*"'

Differences between chloroform and bromoform are apparent in the electrostatically-induced
ordering at @ = 90°, a = 255° where chloroform shows a noticeably stronger preference for this
configuration due to Coulombic attraction between the neighboring H and reference Cl atoms. In
contrast, the orientation of neighboring chloroform at 6 = 0° centered around a = 0° is more
diffuse in chloroform than in bromoform, suggesting that the ordering in this position,

corresponding to configuration (1), is a stronger function of sterics than electrostatics, also

supported by the g = 0 simulations shown in Figure S3.
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Figure 5. Dipole orientation contour plots for (a) bromoform and (b) chloroform show the
orientation of neighboring dipoles (dipole-dipole angle «) as a function of center-of-mass

separation and spatial position relative to the reference molecule’s dipole vector (angle 8). Panel
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(c) is a cartoon schematic that defines the variables r, 8, and a. Panel (d) shows the relative

orientation of i-j pairs that correspond to the (1) — (4) labels in panel (a).

3.2 Orientational dynamics and structural lifetimes

We next consider the dynamics of the haloform liquids and define the dipole orientational

correlation function, C (1), as

Colt) = ot )
where f1(7) is a unit vector parallel to haloform’s dipole moment vector at time T and the
ensemble averages are collected for every haloform molecule and for all possible time origins.
Figure 6a shows C,(f) decay curves, plotted for both neat liquids and for the corresponding g =0
simulations. The inset cartoon illustrates the dipole moment vectors j at times 0 and z.
Bromoform reorientational dynamics are considerably slower than chloroform with single
exponential decay constants of 10.33 and 5.46 ps respectively. Decay constants for all four C,(#)
curves are collected in Table 3. Corresponding zero-charge simulations showed faster dynamics
than their charged counterparts due to dielectric friction effects in the latter.* One would expect
slower dynamics in chloroform due to its bigger charges but bromoform and chloroform differ
significantly in mass, which also influences the reorientational dynamics. In Figure 6b we
remove mass effects by considering I In(C(¢)), where I is the moment of inertia of the molecule.
This modification deconvolutes charge separation and mass, revealing the expected trend with
chloroform showing slower dynamics than bromoform. Additionally, as a self-consistency
check, we note that the two zero-charge simulations have similar dynamics due to their similar

geometries as expected. This multi-step deconstruction of haloform reorientational dynamics

reveals an important and interesting feature of the molecular liquids. The haloform models’
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partial charges differ by a significant amount. Despite these differences, the haloforms exhibit
very similar intermolecular local ordering and structure but the greater charge separation in the

chloroform model slows its orientational dynamics relative to bromoform.
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0.8 ) -
y bromoform
~ 06 :_\\ J qg=0
o [\
© 04 |
-\
02 |
00 :\H\lwu\ll‘ﬁ 2
0 5 10 15 20 25 30 35 40 45 50
t(ps)
0
“— AN (b)
< - N .
2 100 | §§ chloroform
Sl SN
~ - X bromoform
= i Y
) i heY
200 g=0 Yy
= - N
~ B (/:) \\\
_300_\\\\lwwwwlwwwwl\\\\\\\l\\ll\\l\
0 5 10 15 20 25 30
1(ps)

Figure 6. (a) Dipole orientational time correlation functions C,(f) for bromoform (orange) and
chloroform (green). The inset cartoon defines the dipole angle ¢. (b) C() modified by the

respective moment of inertia / to remove mass effects on molecular reorientation.

Table 3. Dipole orientational time constants 7 for the haloforms and corresponding ¢ = 0

simulations.

system T (ps)
CFM 546
CFM,q =0 3.16
BFM 10.33
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BFM, ¢ =0 774

In Figure 7 we revisit the concept of the “polar stack™ as defined by Salzmann and co-
workers,” where neighboring haloform molecules are defined to participate in a polar stack
structure if their C-H distance is between 2.0 and 4.2 A and have an H-C---H angle between 150°
and 210°. The population of molecules participating in these stacks is summarized in Figure 7a,
where n = 2 indicates 2 molecules in a stack, n = 3 is a stack of 3, etc. and n = 1 represents
molecules that do not participate in a stack. We emphasize that the polar stacks are not the major
structural feature in haloform liquids (most molecules do not participate in a ‘stack’) and we do
not suggest that these structures dictate any macroscopic properties or behavior. Quantification
of this ordering is employed as a metric to directly compare our MD simulations with ND-EPSR
results for liquid chloroform™ and they agree well. The number of bromoform molecules
participating in polar stacks may be overestimated by our simulations. Polar stacking was not
quantified in the more recent ND-EPSR studies of bromoform, but Salzmann and co-workers
state that bromoform shows evidence of polar stacking and the structures may be present in
lower populations than chloroform due to more antiparallel dipole alignment detected in
bromoform.” Our simulations suggest that the ordering which results in these polar stacks is
driven by steric packing since the zero charge simulations show only slightly smaller stack
populations (i.e. n = 2) and the two haloforms, with different charge separations but similar
geometries, report nearly identical polar stacking population distributions. These results refute
the earlier, intuitive suggestion that this ordering be driven by electrostatics.”

We also consider the lifetime of the polar stacks, a convenient metric to further investigate the

local dynamics of the haloform liquids. To quantify these lifetimes, we scan the MD trajectory
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on-the-fly for haloform molecules that fit the geometrical definition of polar stacking and track
these polar stacks as the simulations progress. For each stack, we define the variable A(7) to be 1
if the stack is present at a given timestep 7 and O if it does not fit the geometrical criteria. With
this dynamic population information we calculate lifetime correlation functions for the polar

stacks as

Gi(6) = G 5)
where the ensemble average is collected for all detected polar stacks and all possible time
origins. Figure 7b shows these correlation functions, C(¢), for the two haloform systems and
their zero charge analogs. Two Ci(?) curves are shown for each system, separated into two
categories that represent all stacks n = 2 and larger stacks n = 3, indicated by the arrows in Figure
7b. The stack lifetimes agree with the reorientational dynamics in Figure 6a, with bromoform
stacks being longer lived than chloroform for both the large and small population samples. This
result is expected when considering the reorientational dynamics but the C(?) of the zero charge

systems is less intuitive and suggests that the breakup of the polar stacks is a dynamic event not

related to electrostatics.
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Figure 7. (a) ‘Polar stacking’ populations and (b) stack lifetime correlation functions, C,(¢), for
chloroform (green) and bromoform (orange). Lifetime correlations are separated to describe
short (n = 2) and long (n = 3) polar stacks. Dashed curves represent the corresponding C,(t) for g

= (0 simulations.

4. Conclusions

Using structural and dynamical analysis on two structurally similar liquids we are able to gain
important insight into the factors that produce observed ordering in the two polar liquids, in good
agreement with recent ND-EPSR results. Spatial distribution functions reveal that the first peaks
in the radial distribution functions are composed of several localized high-density regions that

correspond to steric packing of the nearly-tetrahedral molecular liquids, electrostatics having a
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significantly smaller effect on the local structure. Dipole orientational contour plots show a
strong preference for neighboring molecules’ dipoles to be parallel to the vector connecting the
centers of mass and pointing away from the reference molecule. Electrostatic interactions,
stronger in chloroform than bromoform, result in other preferred dipole-dipole orientations.
These contour plots also reveal the presence of tail-tail ordering, with colinear and antiparallel
dipoles, in agreement with earlier diffraction experiments. The populations of ‘polar stacks,’
chains of haloforms arranged head-to-tail, are remarkably similar, suggesting that these
structures result from steric packing effects and that bromoform ‘polar stacks’ are longer lived.
Reorientational dynamics of liquid bromoform are slower than chloroform, despite chloroform’s
larger charge separation. The larger mass of bromoform has a greater effect on reorientational

dynamics than corresponding dielectric friction effects.
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