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Abstract

We examine the interplay between organization and dynamics in bulk liquid acetonitrile. Using
angularly resolved radial distribution functions, g(r,d), derived from molecular simulations, we
identify a complex microscopic structure in which most liquid molecules are associated with one
or more neighboring molecules in an antiparallel, “octupole-paired” configuration and/or an offset,
head-to-tail configuration. A detailed analysis of these structural motifs reveals that the offset
head-to-tail dimers are the most prevalent. A time-dependent pairing analysis corroborates this
picture of robust molecular associations favoring head-to-tail dimers, which last longer than
antiparallel dimers. This organization, which is associated with pairing times (~ps) longer than the
typical rotational and translational time constants, cannot be explained on the basis of the Coulomb
interactions in the dimer, and so must arise from collective effects that are neither strong nor
specific. Finally, using both neutron-scattering techniques and molecular simulations, we study
dynamics in liquid acetonitrile over time scales ranging from subpicosecond (the vibrational
density of states) to picosecond (rotational/translational motions and the generalized density of

states) to tens of picoseconds (self-diffusivity in the Fickian regime).



1. Introduction

Acetonitrile (methyl cyanide) is an aprotic organic molecule with a large, permanent dipole
moment of 3.92 D [1]. The amphiphilic character of this molecule makes liquid acetonitrile (ACN)
a good solvent for many dipolar and non-dipolar solutes. Accordingly, both neat ACN and its
binary mixtures with water are commonly used as the solvent medium for reactions and separations
[2,3]. ACN has also served, for several decades, as an important model system for the study of
molecular liquids, due to the combination of its large dipole moment and its nonassociated
character [4-45]. Despite the fact that ACN is a simple, small molecule that is aprotic, the liquid
nevertheless exhibits unexpectedly complex behavior. Perhaps the most notable feature of this
liquid is its short-range structure and strong orientational correlations [4-10]. The most commonly
cited feature of this structure is the propensity for the cyano groups of neighboring molecules to
align antiparallel to one another [4-7,46,59]. This behavior is often attributed to dipole-dipole
interactions, although integral equation calculations [11-13] and molecular dynamics simulations
[23] can reproduce the structure factors of this liquid without taking into account explicit attractive

interactions, suggesting that the molecular shape plays a major role in this organization.

Many theoretical [11,13-19], molecular simulation [20-36], and experimental [4-10,37-45] studies
have explored the intermolecular organization and dynamics of ACN. Despite many decades of
investigation, there are important outstanding questions regarding the properties of the bulk liquid,
particularly with regard to the details of its orientational ordering and the relationship of this
ordering to dynamics and solvation. For example, it is not yet well understood how the
organization about a molecule in the liquid state depends on intermolecular distance. Previous
molecular simulations using three- and six-site models for ACN revealed oscillations in an
orientational correlation function extending out to at least 10 A from a central molecule, but these
works focused solely on the relative orientation as a function of the distance from this molecule
[23,33-35]. A more recent study applied a reverse Monte Carlo approach to X-ray and neutron

diffraction data to explore the joint orientational and positional ordering in ACN [30].

The organization and dynamics of neat ACN at interfaces [47-49], in mesoporous media [50-55],
and mixed with bulk [56-65] and interfacial [66-70] water are examples of topics of considerable



current interest that require a more detailed understanding of the microscopic properties of neat
acetonitrile. These are some of the outstanding problems that have been a driving force in the
active development, characterization, and comparison of force fields for liquid ACN [31-36,71-
82]. With these issues in mind, we report the results of molecular simulations and neutron-
scattering experiments on bulk ACN. We employ a widely-used and reliable force field [76] to
undertake an in-depth characterization of this liquid’s structure and dynamics. We also benchmark
our results against experimental data from the literature and from our own inelastic and quasielastic

neutron scattering studies.

In Section 2, we describe the technical details of the molecular simulations and neutron-scattering
experiments. In Section 3, we present angularly resolved radial distribution functions, g(r,6),
which provide deeper insight into the organization of the liquid than is possible using conventional
radial distribution functions. These two-dimensional distribution functions allow us to elucidate
the details of the molecular associations among nearest-neighbor ACN molecules, which we divide
into antiparallel and head-to-tail configurations. We then explore the connections between
structure and dynamics by determining typical pairing times between acetonitrile molecules using
the formalism of mean-first passages. We investigate additional dynamical properties of ACN,
including different vibrational densities of states, which we discuss in light of our experimental
results obtained via quasielastic and inelastic neutron scattering (self and collective diffusivity and
generalized density of states). In Section 4, we give concluding remarks and directions for future

work.



2. Computational and Experimental Methods

2.1. Molecular Simulation

2.1.1. Model

Liquid ACN was simulated using the flexible, 6-site, all-atom model developed by Nikitin and
Lyubartsev [76], which has been shown to reproduce the density, the heat of evaporation, and the
site-site radial distribution functions of this liquid accurately. The model also reproduces well the
experimental values for the self-diffusion coefficient and the dielectric constant of the liquid. An
ACN molecule, with the atom labels and partial charges used in this work, is shown in Fig. 1A.

The non-bonded interactions are described via a pair potential given by

o2 (o\° 1 4iqj
Evon-bondea = ZiZjii{4£ij [(T—lj) - (T—lj) + F&JTJ-] : (1)

This potential consists of 12-6 Lennard-Jones and Coulombic terms, where i and j are on different
molecules, &; and o;; are the Lennard-Jones parameters for the potential-well depth and
characteristic site radius, respectively, r;; is the separation distance between sites i and j, & is the
permittivity of vacuum, and g; and q; are the charges on sites i and j, respectively. For atoms on
the same molecule, the only non-bonded interactions considered are the 1,4 interactions. The 1,4

electrostatic interactions are scaled by a factor 0.83, and the 1,4 Lennard-Jones interactions are

scaled by a factor 0.5. The energy Enonded OF the intramolecular terms is
Ebonded = Zbonds Kr(r - TO)Z + Zangles KG (0 - 90)2’ (2)

where K, is the harmonic bond coefficient, r is the bond distance, ry, is the equilibrium bond
distance, Ky is the harmonic angle coefficient, and 6y, is the equilibrium value of angle 6. The CT-
YC-YN 6, is 180°, the HC-CT-YC 6, is 110°, and the HC-CT-HC 6, is 109.5°. The total energy
of the system is the sum of the bonded and non-bonded energies. Long-range Coulombic
interactions were included using Ewald summation with a precision of 10°. The cut-off distances
for the Lennard-Jones interactions and the real-space part of the Ewald sum were both set to 14 A.

Fig. 1B shows a representative configuration from a simulation of the bulk liquid.



A

HC 0.4917

YC YN
HC VW -0.5126
C

-0.5503

HC
0.1904

Fig. 1 (A) An acetonitrile molecule, showing the label and partial charge for each atom type. (B)
Representative molecular configuration at T = 298 K for bulk liquid acetonitrile; the red frame

indicates the molecular simulation box used in the calculations.

2.1.2. Molecular Dynamics Simulations

Molecular dynamics simulations were performed with LAMMPS [83] using the interaction
potentials in Egs. (1) and (2). The equations of motion were integrated with a time step of 1 fs. All
of the initial configurations were built using PACKMOL [84], and the simulations were preceded
by an energy minimization with an energy tolerance of 10®. The simulations for the bulk liquid
used a 36 A x 36 A x 36 A box with periodic boundary conditions. A simulation was performed
to measure the density of the bulk liquid by equilibrating in the isothermal/isobaric (NPT)
ensemble at 298 K and 1 bar for 200 ps using a Nosé-Hoover thermostat and barostat [85] with 30
fs and 1000 fs relaxation constants, respectively. Using the equilibrated systems, the simulation
was then run in the NPT ensemble up to 2 ns. All other simulations were equilibrated in the NVT
ensemble at 298 K for 200 ps using a Nosé-Hoover thermostat with a 30 fs relaxation constant.
Using the equilibrated systems, the simulations were then run in the NVE ensemble up to 2 ns for
the bulk liquid. Configurations were analyzed every 1 ps over the entire trajectory to calculate each
angular heat map. For the calculation of the mean-squared displacements and mean first passage

times, configurations were analyzed every 5 fs out to approximately 50 ps.

2.2. Neutron-Scattering Experiments

ACN (Honeywell Chromasolv™, HPLC-grade, > 99.9%) and ACN with deuterium/hydrogen
substitution (Sigma Aldrich, > 99.8 atom %D) were used in the experiments. Neutron-scattering
measurements were performed at I1SIS (UK) on the LET time-of-flight spectrometer. Based on the
repetition-rate multiplication, energies of 1.78, 2.83, 5.18, 12.39, and 60.11 meV were selected



from the incoming beam. Scattered neutrons were monitored on detector banks covering the
angular range from 5° to 135°. Because all incident energies gave consistent data, we present here
only data recorded with Ei = 2.83 meV, which best cover the energy and q ranges of interest,
enabling a resolution of 70 peV for the elastic line. Data were reduced using standard routines
included in Mantid [86], and fitting was performed in the Large-Array Manipulation Program
(LAMP) [87].

2.2.1. Inelastic Neutron Scattering

Scattering involving energy transfers larger than ~1 meV that arises from a periodic excitation is
considered to be inelastic. Scattering in such a process is not limited by any selection rules, and
multiphonon processes occur. The double differential cross section of neutron scattering can be
written as [88]

a’ k inc () - lg.ei()1”
(dﬂdaw)inc fZKagan Tieage ML, |qe(])| [(n(w;) + Dé(w —w)], (3)

where ki and ks are the wave vectors of the incident and scattered neutrons, Q is the scattering solid
angle, w is the angular frequency, ¢ is the momentum transfer, W(q) is the Debye-Waller factor,
n(w) is the Bose occupation factor, m the mass of the scattering atom, é;(j) is the atom’s
displacement in vibrational mode i, and a;,,.(x) is the neutron incoherent scattering cross section
of the atoms of type k. For an isotropic and incoherent sample, one can simplify Eq. (3) to obtain
[88]

dZ_O' qu Tinc(K) o —2W (@) gj(w)
(dﬂda))l’nc k 3 ZK 8TTMy Z]E{]K}e ] w (n(w) + 1) ’ (4)

where ;. (x) is the neutron incoherent scattering cross section, and g;(w) is the density of states

of atom j of type k for all the modes i

gj(@) = Yilé(NI*6(w — w;) . (5)



Summing Eq. (4) over all atoms j and type x, we obtain

d?c \  _kr 2N —2w(q) 6@
(d!)dw)inc - k; q 3ne w (n(w) + 1) ) (6)

where G (w) is the generalized density of states (GDOS) given by
G(@) = X, 2220 g, (), ™

and g,.(w) is the partial density of states for all of the atoms N of a given chemical species k. The
quantity g, (w) is experimentally accessible using inelastic neutron scattering. In the case of ACN,
the experimentally-derived GDOS is dominated by the hydrogen contribution. When H is replaced
by D (ACN-ds), one must invoke the so-called “incoherent approximation” [89] to derive G (w).
The use of this approximation necessitates averaging the coherent cross section over a large
domain of momentum transfer, which is assured in our experiments by the use of a detector bank

covering a large range of scattering angles.

2.2.2. Quasielastic Neutron Scattering

Quasielastic neutron scattering (QENS) refers to the symmetric broadening of the elastic line by
the scattering of neutrons from diffusive excitations, such as rotational and translational dynamics.
The QENS signal, from which S(qg,w) is extracted, can be sliced at constant q and described in a

first approximation by a sum of Lorentzian functions

S(q’ (U) = e_ZW(q){ZiAi (Q) X Li(qr (1.))} ® R(q' (1)) + b(Q) ) (8)

where the Li(g,w) are the Lorentzian contribution to the QENS signal, the Ai(q) are the
corresponding amplitudes, R(q,w) is the resolution function of the instrument, and b(q) is the flat
background. The widths and amplitudes of the Lorentzians as a function of g enable the

determination of the rotational or translational nature of the dynamics.



We further refined the model using a sum of two terms describing molecular rotations convolved

with the translational dynamics, so that we obtain

S(q,0) = exp (— L) 1(@)p8 (@) + S(q, @)1 ® S1(q, w)x +5(q, )7 ® S5(q, )], (9)

where (u?) is the mean-squared displacement and 1(q)g; is the remaining elastic peak arising from
the sample holder. This latter feature was fitted with an elastic peak by multiplication with the
delta function 6 (w). The first and second rotational contributions correspond to the spinning and

tumbling of the molecule. The translational contribution can be written as [90]

1 Ir

S(q, (‘))T = -

T w2+0F '

(10)

where I'; is the half-width at half maximum of the translational Lorentzian function, and is defined

as

I, = 21 (11)

" 1+tDrq? '

where Dy is the self-diffusion constant and 7 is the residence time. We assume isotropic rotational

contributions such that the rotational contribution can be written as [90]

S(4, @)r = Ao(@)0(w) + 5721 4i(0) ; iz (12)

with
Ai(q) = (2i + 1)j?(qR) (13)

and
I =i(i+1)Dg, (14)

where R is the radius of rotation. Dy is the isotropic rotational diffusion constant, which is related

to the characteristic rotational time by w = 1/(2Dr).



3. Results and Discussion

3.1. Structure

To compare the structure of the simulated liquid with experimental measurements, the total static
structure factor S(q) was calculated for three different ACN isotopologues, CHsCN, CD3sC™N,
and CD3CN. The total structure factor is proportional to the differential scattering cross-section
that is measured in diffraction experiments. For a polyatomic system such as ACN, the total
structure factor is essentially a weighted sum of the partial structure factors [91]. The partial

structure factors S,z(q) for N,,, molecules consisting of atoms « and g were calculated

according to [92]

Sap(@) = (7= pgpLs) (15)
where pg and pf q are the Fourier components of the microscopic density,
pi = Ly e 0T (16)
and
pf. = Z?’:ﬁleiq'rﬁ.i , (17)

for the numbers N, and Ny of atoms in the system with position vectors r,; and 75 ; for the ith

atom of type « and p, respectively, and q is the magnitude of the scattering wave vector. The

brackets in Eq. (15) denote an ensemble average. To obtain the total structure factor, the partial
structure factors were multiplied by the corresponding neutron coherent scattering lengths b, Eﬁ

of each component according to

Y6 p=1PabpSap(@)
e, (18)

a=1"a

where the choice of denominator normalizes the function to 1 at large g.

S(q) =

The simulated structure factors for the three isotopologues are plotted in Fig. 2, and the
corresponding experimental static structure factors for CD3sC*®N and CDsCN are shown for
comparison. There is excellent agreement between the simulated and experimental static structure
factors for these liquids. Note that we could not find any experimental results for CH3CN in the
literature, presumably because the strong incoherent background from the hydrogen atoms masks
most of the signal. A sharp diffraction peak in the vicinity of g = 1.5 to 2 A is present in all cases,
and is indicative of short-range order. However, it is difficult to interpret the structure factors

10



qualitatively beyond this observation. It is more informative to study pair correlations in real space

via partial radial distribution functions.

6 =
CD,C"N
5 -
ik 14
i CD,C"N
D 3 -
2 -
CH,CN
1 -
O L L L} L} L}

o 3 6 9 12 15 18

q (A7)
Fig. 2 Static structure factor S(q) for bulk ACN at 298 K as obtained from molecular simulations
(black) and neutron-diffraction experiments [8,9] (red), where q is the magnitude of the scattering
wave vector. The three sets of data are for different isotopologues, with deuterium/hydrogen and/or
14N/N isotopic substitutions. The S(q) for the three different isotopologues are offset vertically

for clarity.

The center-of-mass radial distribution function and partial radial distribution functions are shown
in Fig. S1. In previous works, the partial radial distribution functions for ACN have been
interpreted as being quite sensitive to the dipole-dipole interactions [13,23,33]. In contrast, the
structure factors have been shown to be reproducible without taking attractive interactions into
account explicitly [11,13,23], which led to the conclusion [12,13,33] that structure factors are not
particularly sensitive to details of the intermolecular effects of electrostatic attractions. The subset
of partial radial distribution functions shown in Fig. S1 that have been reported previously are
essentially the same as in prior work using this force field [76], and all of the partial radial

11



distribution functions are similar to those reported for extensively-studied three- [33,34,73] and

six-site [72,74] models and reverse Monte Carlo simulations [30].

To gain deeper insight into the orientational ordering of liquid ACN, we calculated angularly
resolved radial distribution functions, g(r,6). These functions are calculated by integrating in

spherical coordinates over both r and &
N(r,0)

g(r,0) = , (19)

h (p)an}?' r2dr feelsinede

where (p) is the average density of the liquid. This formula is sometimes known in the literature
as a cone correction [93], because the volume defined by a solid angle depends on the angle 6.
Angularly resolved radial distribution functions give the probability that two ACN molecules with
selected sites separated by a distance r make an angle 6. Here, @is calculated from the dot product
between unit vectors on different molecules, as determined using the CT-Y N vector in the direction
of YN on each molecule. In polyatomic liquids, g(r,6) can be considerably more informative than
a traditional radial distribution function [61,94,95]. In Fig. 3, we show g(r,6) for the molecular
center of mass, along with the corresponding g(r). The center-of-mass g(r, &) shows that there are
two distinct populations contributing to g(r) at short distances. The first peak in g(r) arises from
antiparallel pairs of molecules with a center-of-mass separation on the order of 3.7 A
(configuration 1 in Fig. 3). We note that these molecules are not dipole paired in the traditional
sense in which this term is used for acetonitrile, in which the cyano groups of the two molecules
interact with one another [4]. Rather, the molecules align as to allow for favorable interactions
among all of the complementary partial charges on the atoms (see Fig. 1). For the sake of clarity,
we will therefore refer to this motif as octupole pairing, although as we will see below, electrostatic
interactions between the two molecules are not the primary driving force for this pairing. Similar
dimer structures have been observed for liquid molecules with few near neighbors in simulations
using a different force field [32] and in gas-phase dimers based on quantum-chemical calculations
[96]. The second peak arises from a population of head-to-tail pairs with a broad distribution of
angles centered around ~90° (configuration 2 in Fig. 3). Note that the area under this second peak
is much larger than that under the first peak. The center-of-mass separation in the latter pairs

decreases with increasing 6.

12



0 (degrees)
0 45 90 135 180

Teomcom (A)

00 10 20
g(r)

1 2
@ |
2 P 'Zg el
% ¢
Fig. 3 The center-of-mass g(r,8) and g(r) for acetonitrile, along with representative configurations

from the indicated regions.

As a further test of the reliability of the microscopic structure predicted by this force field, in Fig.
S2 we compare our calculated distance-dependent, normalized angular probability distribution
gcr-ct(r,cosd) with that from the reverse Monte Carlo work of Pothoczki and Pusztai [30]. As
shown in Fig. S2, our molecular simulation results are in good agreement with the reverse Monte
Carlo results [30], which were obtained using the OPLS-AA [97] force field as a constraint. It is
interesting to note that these two distinct numerical approaches lead to similar microscopic
organization, despite being based on different hypotheses. Molecular dynamics relies purely on a
force field, whereas reverse Monte Carlo consists of an error minimization between the
experimental and simulated radial distribution functions. In particular, even though the reverse
Monte Carlo calculations in [30] are further constrained by the use of the OPLS-AA force field,
this force field differs from the one used in our molecular dynamics simulations, and so cannot be
the source of the similarities. Reconstruction of a fully three-dimensional picture of a material
from knowledge of lower-order correlation functions is a well-known inverse problem [98], and

from this perspective it can be understood that one-dimensional structural functions, which give

13



pair information, under-constrain the problem of liquid structure. It is therefore not obvious that
the microscopic organization in the two models should be the same, but the agreement between
them gives us confidence in the ability of this force field to reveal structural and dynamic details

in this liquid.

In Fig. 4, we show the angularly resolved radial distribution functions involving the physical
centers of the methyl (Me) and cyano (CN) groups, i.e., gme-me(r, 6), gme-cn(r,8), and gen-en(r, ).
The corresponding g(r) is presented in each case for comparison. Our choice of these two
functional groups was inspired by investigations into nanostructural organization in ionic liquids
[99], and by molecular simulations [60,62] of acetonitrile/water mixtures that showed evidence of
microheterogeneities when examining differences in the partial radial distribution function
between the methyl group and the central carbon of ACN at different concentrations. These
angularly resolved radial distribution functions provide a wealth of new information about the

organization of this liquid.

The Me-Me partial radial distribution is broad and relatively featureless, suggesting that the methyl
groups do not have a preference for specific directional interactions. However,
gme-me(r,6) (Fig. 4) has regions of parallel (configuration 3), head-to-tail (configuration 4), and
antiparallel (configuration 5) dimers. The first peak in g(r) arises from a number of contributions.
First, there is a region consisting of parallel dimers (configuration 3). There is also lobe in the

distribution at a distance of approximately 5 A arising from from offset, head-to-tail molecules

14



(configuration 4). The final major contribution is from roughly antiparallel, octupole-paired

molecules (configuration 5).

0 (degrees) 0 (degrees) 0 (degrees)
45 £y 135 180 135

90 135 180

3

00 10 20
g(n

& &

Fig. 4 Radial distribution functions and angularly resolved radial distribution functions for
acetonitrile with respect to the methyl-methyl distance, the methyl-cyano distance, and the cyano-
cyano distance for different molecules, with the angle &defined as described in the text, along with

representative configurations from the indicated regions.

The pronounced first peak in gme-cn(r) is qualitatively similar to the first peak in gct-yn(r) (Fig.
1A), which has been interpreted previously in simulations of both three- [33] and six-site [35]
models of ACN to reflect the head-to-tail alignment of neighboring dipoles. The gme-cn(r,8) in Fig.
4 instead reveals the presence of structures in which the nitrogen atom associates with a methyl
group in an offset head-to-tail fashion, with angles ranging from small acute angles (configuration
6) to large acute angles (configuration 7) to octupole pairs (configuration 8). Even the pairs at
small acute angles are dominated by offset, rather than true, head-to tail structures. Surprisingly,
this is the most structured of the angularly-resolved radial distribution functions in Fig. 4, which

suggests that bulk liquid acetonitrile does not feature polar and nonpolar nanodomains.

Based on previous work, gen-cn(r) is expected to reflect dipole pairing of cyano groups [33].
However, the first feature of gen-en(r) exhibits two peaks. The corresponding angularly resolved
radial distribution function (Fig. 4) demonstrates that these peaks correspond to two different types

of local structures. The peak at shorter separations corresponds to antiparallel, octupole-paired

15



dimers (configuration 9), in which the nitrogen atom of one molecule is associated with a hydrogen
atom of another molecule. Here, and in the other angularly resolved radial distribution functions,
we find no evidence for a significant population of cyano dipole-paired dimers. The other dominant
structural motif in liquid acetonitrile, head-to-tail dimers, is observed in all of the angularly
resolved radial distribution functions shown here. In gen-cn(r,6) in Fig. 4, the broad peak centered
at~5.3 A arises from dimers in which one cyano group associates with a methyl group in an offset,

head-to-tail fashion (configuration 10 and configuration 11).

To analyze the population of head-to-tail dimers, we isolated molecular pairs based on gme-cn (r,6).
We investigated several sets of reasonable criteria for dimers based on r and €. All of the sets
tested gave qualitatively similar results, revealing a population of neighboring head-to-tail dimers,
with many molecules forming dimers with more than one neighbor. In Fig. S3A we show a
comparison of the populations of dimers for the different sets of criteria. Here we use the criteria
35 A <rvecn 4.2 Aand 0° < 9< 90°. We isolated molecular pairs meeting these criteria and
calculated the angle « formed by the unit vector along the principal molecular axis of a molecule
1 with the unit vector between the methyl group of a molecule 1 and the cyano group of a molecule
2, as indicated schematically in Fig. 5. We used this information to assess whether head-to-tail
pairing predominantly involves end-on or offset associations. Fig. 5 shows the probability that two
acetonitrile molecules that meet the above criteria are separated by a distance r and make an angle
a. Note that we have normalized the data to P(r), the probability of the molecules in the pair having
a center-of-mass separation of r for each r. The probability P'(¢) of the molecules in the pair
having an angle « is also shown. For end-on dimers, we would expect the latter distribution to be
peaked at a relatively small value of a, with the center-of-mass separation decreasing with
increasing o.. The fact that the peak occurs at an angle of ~97° indicates, however, that offset head-
to-tail dimers dominate this population. This picture is confirmed by the representative pair

configuration shown (configuration 12). The appearance of molecular pairs at angles greater than

16



90° (configurations 12 and 13) is a clear sign that offset pairing is dominant. An end-on

configuration is also shown (configuration 14) for comparison.
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Fig. 5 Analysis of head-to-tail dimers, with the angle « defined by the unit vector along the

()
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principal molecular axis of a molecule 1 with the unit vector between the methyl group of the
molecule 1 and the cyano group of a molecule 2. The directions of the unit vectors are illustrated

schematically in the figure. The probabilities P(r) and P'(«) are defined as described in the text.

Together, these results point to the existence of two distinct pair populations in liquid acetonitrile:
antiparallel, octupole-paired molecules, and offset, head-to-tail molecules. It is interesting to
explore whether these same motifs are prominent in the common crystalline phases of acetonitrile.
We therefore determined the angularly resolved radial distribution functions for the « and g
crystalline polymorphs of acetonitrile, based on crystallographic data [100]. The g(r, ) for the Me-

CN and CN-CN interactions for both phases are shown in Fig. 6. For the high-temperature «
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polymorph, gme-cn(r, 6) reveals the presence of a substantial population of perpendicular, end-on,
head-to-tail dimers (configuration 15) and parallel, offset dimers (configuration 16) that are not
common in the liquid. There are also dimers that are arranged in an octupole-paired fashion
(configuration 17) that correspond strongly with the liquid structure. The corresponding gme-
cn(r, 0 for the g polymorph features perpendicular, offset, head-to-tail dimers (configuration 18)
that have a strong presence in the liquid. However, the highest peak in this angularly-resolved
radial distribution function is for parallel head-to-tail dimers that do not feature prominently in the
liquid (configuration 19), in addition to roughly perpendicular, offset, head-to-tail dimers

(configuration 20), again as found in the liquid.

The plot of gen-en(r, 6) for the a polymorph in Fig. 6 reveals populations of octupole-paired dimers
(configuration 21), and perpendicular, offset, head-to-tail dimers (configuration 22), as in the bulk
liquid. There are also offset parallel dimers (configuration 23) that are not present in the bulk
liquid. In the g polymorph, the largest peak arises from offset parallel dimers (configuration 24)
that do not have a strong presence in the liquid. There is a peak corresponding to roughly
perpendicular head-to-tail dimers (configurations 25) that is important in the liquid, in addition to
another strong peak corresponding to offset parallel dimers (configuration 26). The angularly
resolved radial distribution functions for the center-of-mass and Me-Me separations tell a similar
story (Fig. S4). We can conclude that the offset parallel dimers that are seen in the crystalline phase
are driven by packing constraints, whereas the offset, head-to-tail and octupole-paired dimers

present in all three phases are energetically favorable.
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Fig. 6 Radial distribution functions and angularly resolved radial distribution functions for
crystalline acetonitrile with respect to the methyl-cyano distance for the o polymorph (top left)
and the g polymorph (top right) as well as with respect to the cyano-cyano distance for the «

polymorph (bottom left) and for the g polymorph (bottom right).

To examine the forces behind octupole pairing of our model in more detail, we calculated the gas-
phase multipole moments through the octupole moment (Table 1). For our calculations, the
reference frame was centered about the molecular center of mass, with the z axis pointing toward
the methyl group. Although some of the tensor elements for the higher moments of ACN are non-
negligible, the value for the octupole moment is considerably less than the calculated values for
fluoroacetylene [105,106], which we use as a benchmark molecule due to its linear geometry and
the alternating signs of its charges. The small magnitude of the octupole moment suggests that

electrostatic forces are not the driving force for the pairing that we observe. It is important to note,
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however, that the contribution of different non-vanishing multipole moments to the properties of
molecular liquids is not yet well understood [107], and the octupole moment of ACN has been
shown to be important for the solvation of ions [18] and to contribute to the dielectric constant
[108].

Table 1 Multipole moments for acetonitrile and comparison to other molecules.

Moment ACN (literature or this work)  Comparison
1, (D) 3.922, 4.02 1.855° (H,0)
0,, (DA) -1.8¢, -2.28¢ -2.55¢, -2.50 -8.69" (CsHe)
Q,,, (DA2) 547 16.99, 20.2" (HC,F)

O, (DA2)  1.84

acf Experiment (Refs. [1], [101], [102], and [103], respectively). ¢¢" Computation (Refs. [104], [16], [105],
and [106], respectively).

To delve further into the driving force for the pairing in liquid acetonitrile, we calculated the
average Coulomb energy per pair based on r and & for the centers of mass, for Me and CN, and
for CN and CN. The resultant plots are shown in Fig. S5, and indicate that pairs with CN dipole
pairing (i.e, with r less than ~3.3 A and € near 180°) have the most favorable Coulombic
interactions, although the Me-CN interactions that correspond to octupole-paired molecules are
nearly as strong. However, it is clear from Fig. 4 that the population of dipole-paired molecules is
small, and the plots in Fig. S5 do not account for the prevalence of pairs at specific r and 6. We
therefore multiplied each distribution by the corresponding g(r,#). The resultant plots are shown
in Fig. 7, and emphasize regions in which there is a high probability of having pairs, and where
the pair Coulombic energy has a large magnitude. The contribution of dipole-paired molecules to
the CN-CN plot is vanishingly small, and all three plots are consistent with octupole-paired

molecules making the greatest contribution to the average pair Coulomb energy.

Earlier works that stressed the importance of dipole-dipole interactions on the structure of liquid
ACN were not able to reproduce real-space representations of the structure when the charges were
turned off [13,23,33]. However, given that all Coulomb interactions between pairs that we have
found are considerably smaller than the thermal energy, electrostatic forces cannot be the major

driving force in determining the preferred pair structures. It is clear from our results as well that
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pairwise electrostatic interactions are not primarily responsible for the preference of octupole-
paired dimers over dipole-paired dimers. This preference must instead be a result of collective
effects, such as packing constraints. Our results are therefore consistent with the work of Hsu and
Chandler, who attributed the organization in acetonitrile largely to the molecular shape, rather than
to electrostatic interactions [11].
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Fig. 7 Pair Coulomb energies weighted by g(r,8) and radial distribution functions for acetonitrile
with respect to the center-of-mass distance, methyl-cyano distance, and cyano-cyano distance. Pair

Coulomb energies were calculated in kcal/mol, and the bin size is 0.1 A in r and 5° in 6.

To analyze the pairing in the liquid in more detail, we created a 2D histogram of the number of
paired antiparallel and head-to-tail molecules (Fig. 8), with the pairing for antiparallel molecules
defined, based on gen-cn(r, ), by the criteria 3.1 A < ren-en < 4.6 A and 135° < < 180° (for a
comparison of different criteria, see Fig. S3B). The 1D probabilities P(n) for either antiparallel or
head-to-tail dimers are given alongside the 2D histogram. It is clear from Fig. 8 that molecules are

not necessarily paired only to a single neighbor, and that molecules participating in head-to-tail
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pairs are rarely paired only to one neighbor. It is noteworthy that fewer than 2% of molecules are

unpaired at any given time. The lifetimes of pairs are discussed below in Sec. 3.2.1.

[

# of AP neighbor
O = N W N

01 2 3 4567 8
# of HT neighbors

Fig. 8 Probability that an acetonitrile molecule is associated with antiparallel (AP) or head-to-tail
(HT) neighbors, as defined in the text.

3.2. Dynamics and Vibrational Properties

3.2.1. Molecular Dynamics

Fig. 9 shows the mean-squared displacement (MSD) as a function of time for each atomic site, as
determined from the molecular dynamics trajectory. As expected, in the long-time limit, all of the
atomic MSDs overlap, because rotations and individual motions become negligible compared to
the typical center-of-mass displacements. In this long-time limit, the self-diffusivity can be
obtained from atomic MSDs using the Einstein equation, Ds ~ Ar?/6t [92]. From the MSDs, we
calculated a value of 3.79x10° cm?/s for the self-diffusion coefficient (Table 2). This self-
diffusivity is somewhat lower than the experimental value, in agreement with previous results for
this force field [76]. Additional useful dynamic information can be inferred from the short-time
behavior of the atomic MSDs in Fig. 9. The hydrogen atoms, which are light, are in a
superdiffusive, ballistic regime at short times, due to the spinning of the molecule about its long
axis (methyl rotation). Because spinning constrains the hydrogen atoms to move in circles, the
hydrogen-atom MSD only appears ballistic on sufficiently short time scales. The fact that the
hydrogen atoms are farther from the molecular center of mass than are any other atoms means that
tumbling rotation makes this MSD larger than any of the other atomic MSDs until such time as

the Fickian limit is reached. Conversely, the central carbon (YC) is close to the center of mass,
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which means that its MSD is the least affected by tumbling, and is slightly smaller than the values

for the other atomic sites until the Fickian limit is reached.

10° 102 107 100 10" 102
Time (ps)
Fig. 9 Mean-squared displacement as a function of time for each atomic site. The dashed line
indicates the Fickian limit, in which the MSD is given by 6Dt.

Table 2 Self-diffusivity for acetonitrile and acetonitrile-ds, along with a comparison to values from

the literature.

Property Simulation (this work)  Experiment (literature or this work)
Self-diffusivity (105 cm?/s) 3.792 4.12° 4.2° 4,39 4.31°8, 4.347, 43790 4.7 5.0, 4.24
Self-diffusivity, ACN-d3 (10°cm?s)  3.64% 4.04), 4.14', 3.94

2 Calculated via mean-squared displacement. ® Determined in Ref. [109] from conductivity measurements.
¢ Determined in Ref. [44] from quasielastic neutron scattering measurements. %¢ Determined, respectively,
in Refs. [110] and [111] from NMR spin echo measurements. f Determined in Ref. [112] via an open-ended
capillary method. 9' Determined, respectively, in Refs. [113], [114], [45], [6], [115], and [113] from NMR
spin-echo measurements.

The simulated vibrational density of states g(w) was calculated for each atom, and for the center

of mass, using
g(w) = iRe[FT(C(r))] , (20)
where C(t) = (v(0)-v(r)) is the velocity autocorrelation function. These velocity

autocorrelation functions are plotted in Fig. S6. For the calculation of the simulated vibrational
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density of states, only the first half of the velocity autocorrelation function was used, and the
autocorrelation function was padded with zeros out to ~65 ps. A Savitzky-Golay filter was used to
smooth the data. The GDOS was obtained by weighting the vibrational densities of states for each
atomic site according to Eq. (7), using the neutron incoherent scattering cross sections. The low-
frequency GDOS is shown in Fig. 10A. This region of the spectrum corresponds to intermolecular
modes. The partial densities of states for each site and for the center of mass are shown in Fig.
10B. In the case of the center-of-mass vibrational density of states, the low-frequency region
reflects the influence of molecular tumbling, and thus can be regarded, in a sense, as a single-
molecule analog to the low-frequency Raman spectrum. In Fig. 10A, we also show the density of
states as obtained from inelastic neutron scattering; these data are discussed in detail below in
Section 3.2.2. In the simulated data, modes due to the intramolecular part of the force field appear
at higher frequencies, as shown in Fig. 10B. Table 3 lists the modes and their assignments. We
also performed a normal-mode analysis along the molecular axis, using previously reported force

constants [76] and a unified methyl group.

Table 3 Type of intramolecular mode and corresponding experimental frequency. The

approximate frequencies of the modes in the model are also given.

Mode Experiment? (cm™?)  Simulation (cm™) Degeneracy
CCN bend 379 631 2
CC stretch 917 832 1
CHsrock 1040 956 2
CH bend 1372 1318 1
CH bend 1440 1388 2
CN stretch 2253 1722 1
CH stretch 2943 2921 1
CH stretch 3003 3036 2

*Ref. [42].
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Fig. 10 (A) Low-frequency region of the simulated generalized density of states for ACN, along
with an overlay of the experimental, height-normalized inelastic neutron spectra for ACN and
ACN-ds. (B) Full spectra of the simulated vibrational density of states for ACN calculated with
respect to the molecule center of mass (COM, top spectrum) and for each atomic site on the

molecule. The densities of states are offset vertically for clarity.

We investigated the pairing lifetime for both the antiparallel and head-to-tail configurations, as
defined in Section 3.1.1. We employed the formalism of Impey et al. [116], in which the mean
first passage time [117] is used to calculate ¥ (t)dt, the probability that a molecule that is paired
at time t = 0 remains paired at a time t [118,119]. As proposed by Impey et al. [116], we introduce
a tolerance time, 7, over which two molecules are allowed to be unpaired. In other words, if the
molecules unpair for a time shorter than 7 but are paired both before and after, then these
molecules are still considered as having remained paired. ¥(t,7*) dt is the probability that a
molecule remains continuously paired to any molecule at a time t after being paired at a time t =
0. As discussed by Laage and Hynes [120], transition-state theory is a more robust tool for
determining pairing times, as the approach used here is 7 -dependent. The 7 approach is, however,
sufficient to investigate the phenomena in which we are interested, particularly because our
neutron-scattering experiments have a time resolution of ~1 ps. Thus, 7 = 1 ps is ideal for

comparison of our simulations with our experimental data.
Fig. 11 shows ¥ (t,t*) for both antiparallel and head-to-tail configurations for different 7. It is

clear that the typical antiparallel pairing time is shorter than the head-to-tail pairing time. This

observation is consistent with the histogram in Fig. 8, which indicates that the population of head-
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to-tail pairs is larger than that of antiparallel pairs. A molecule in a head-to-tail pair has a longer
pairing lifetime because it has many nearest neighbors with which it may pair in this configuration.
As 7 increases, we find that the majority of molecules that participate in head-to-tail pairs remain
paired almost continuously. In contrast, for molecules participating in antiparallel pairs, even when

the value of 7" is large, the pair lifetime is considerably shorter than that for head-to-tail pairs.

10°
— *=0ps
— =0.5ps
‘_A 100 o
‘0
=
—~ 107" -
=
B 102 -
103
102 10" 100

t (ps)
Fig. 11 Mean first passage times for molecules in pairs, calculated following the methodology of
Impey et al [116]. The solid lines correspond to antiparallel pairs and the dashed lines correspond
to head-to-tail pairs. The curves are color-coded by the tolerance time 7; note that results are only

shown for head-to-tail pairs out to 7 =1 ps.

3.2.2. Neutron scattering

Neutron-scattering data for ACN and ACN-dz provide complementary information, due to the
different neutron-scattering cross sections of hydrogen and deuterium. In particular, because of the
large incoherent cross section of hydrogen, the spectrum of ACN is dominated by information on

the individual dynamics of hydrogen, i.e., the methyl group.
Neutron GDOS. The generalized densities of states extracted from neutron scattering

measurements are shown in Fig. 12A. The most striking feature is the intensity and width of the

low-frequency region, extending up to 500 cm™. We assign this feature in the experimental neutron
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density of states to the intense scattering from the methyl group, which arises from librational
motion and is broadened by multiphonon contributions, and is ultimately convolved with the
translational dynamics. For the deuterated sample, the intensity between 150 and 300 cm™ also
suffers from imperfect subtraction of the empty cell in this region (DOS of aluminum, see Fig.
S7). The small bump at 390 cm™ in the ACN-ds spectrum corresponds to the IR- and Raman-active

CCN bending mode [42], which does not have a strong intensity in inelastic neutron scattering.

QENS. The quasielastic signal gives insight into diffusional dynamics. Simulated dynamical
structure factors S(g, w) were obtained by Fourier transforms of the intermediate coherent
scattering functions F,,,(q,t) [121]. As shown in Fig. 12, the spectra at different g values are well
reproduced by our simulations. Our first analysis of the experimental data was based on a model
composed of two Lorentzian contributions, without making any specific hypothesis regarding the
diffusive dynamics. The widths of the two contributions for ACN and ACN-dz are shown in Fig.
13. Fig. 13A shows a clear translational contribution, with the width depending linearly on ¢?,
whereas Fig. 13B shows broad contributions with a mixed localized and translational character.
Both types of dynamics in ACN-ds are slowed down at momentum values approaching the
maximum of the structure factor, which is a typical effect observed in coherent neutron scatterers
that is described as de Gennes narrowing [122]. A more refined model was therefore proposed
based on two isotropic rotational contributions, convolved by the same translational dynamics, and
modeled by a jump-diffusion behavior. We constrained the rotational radii to 1.03 and 1.9 A,
corresponding, respectively, to the spinning and tumbling of the molecule. The de Gennes
narrowing was taken into account by constraining Dt of the deuterated compound to follow the
modulation of the structure factor, according to the relation

_ Dqu 1
T 1+tDrq2 S(q)

(21)

T

Using this framework, we were able to extract the translational and rotational diffusion
coefficients, residence times zes, and spinning and tumbling times zpin and @umoling, respectively
(Table 4). The spinning mode has a short characteristic time (~0.2-0.3 ps), which is in agreement
with previous QENS [44] and NMR [123] studies. The tumbling mode has a longer characteristic
time (1.6-2 ps), which also is in agreement with previous spectroscopic work [44]. We also fitted

the simulated S(q,w) with the same model. Constraining the translational diffusion coefficient to
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3.79 x 105 cm?/s, as extracted from the MSDs, and the rotational radii as 1.03 A and 1.9 A from
the experimental data, we find rotational constants of 1.79 + 0.07 and 0.26 + 0.02 ps* for the
tumbling and spinning motions, respectively, which is in excellent agreement with the values

extracted from the experimental spectra.
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Fig. 12 S(q,w) as a function of energy transfer » for ACN obtained from (A) molecular dynamics
simulations and (B) quasielastic neutron scattering. The legends indicate the different values of q
that were used. The quasielastic neutron scattering experiments were performed with an incident

energy Ei = 2.83 meV.
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Table 4. Translational diffusion coefficients D, rotational diffusion coefficients for tumbling

Drot tumbling @nd spinning Drotspin, @long with residence times zes, and spinning and tumbling times

7spin @Nd zwmbling, respectively, for both acetonitrile and acetonitrile-ds.

Species Dt (10'5 cmZ/s) Drot,tumbling (pS'l) Drot,spin (pS'l) Tres (PS) zumbling (PS)  Zpin (PS)
ACN 424 +0.3 0.26 £0.03 1.77+£0.1 042+01 194%+0.02 0.29%+0.02
ACN-d3 3.94+04 0.3£0.03 191+£0.15 042+01 166%x0.01 0.26%0.02
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Fig. 13 (A) The QENS data from Fig. 12B were analyzed with a sum of two Lorentzian
contributions whose full-widths at half maximum (FWHMSs) are shown on panels (A) and (B). (A)
FWHM of the translational contribution, with the values for Ds(ACN) and Ds(ACN-dz) as in Table
2. The data for ACN-d3 exhibit de Gennes narrowing at g ~ 1.6 A1, which is at the maximum of
the structure factor S(q) (also shown for comparison). The fit is to the data for ACN. (B) The larger
contribution is characteristic of a fast transition fitted with a jump-diffusion model, and is assigned

to the coupling between translation and the rotation of the methyl groups.
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4. Discussion and Conclusions

We have presented a detailed investigation of the structure and dynamics of bulk liquid ACN based
on a combination of molecular simulation and neutron-scattering experiments. Our structural
results obtained using molecular simulations reveal a complex organization in which molecules
tend to form oriented dimers with their neighbors. Such marked pairing, which leads to
characteristic pairing times that extend beyond the typical rotational and translational times, results
from collective interactions. Although the classic picture of pairing in ACN involves the
antiparallel organization of neighboring cyano groups via dipole pairing, we find that the
antiparallel organization is best described in Coulombic terms as octupole pairing, although the
driving interaction for such pairing is collective rather than electrostatic. Furthermore, head-to-tail
pairing is an even more prevalent and robust motif. However, as discussed above, this head-to-tail
pairing does not predominantly involve end-on interactions. Rather, the nitrogen atom of one
molecule has a propensity to interact with the hydrogen atoms on the side of the methyl group of

another molecule.

These results suggest that the microscopic organization of ACN is determined by a complex
interplay among different structural motifs. ACN dimers in vacuum and in helium droplets are
known to take on an antiparallel structure [124]. Free trimers are believed to be “liquid-like,”
whereas in helium droplets the preferred trimer structure consists of a dimer with an associated
monomer [124]. The free tetramer has a structure composed of two perpendicular dimers (Sa
symmetry), whereas in a helium droplet the molecules form a ring with alternating dipole pairing
(D24 symmetry) [124]. In contrast, the common crystalline phases of acetonitrile are characterized
by head-to-tail interactions, as opposed to antiparallel interactions [100], as shown above. As in
our simulations, the head-to-tail interactions are predominantly offset, rather than end-on. The
strong contrast between the crystal structure and the cluster structure may reflect packing
constraints, e.g., the inability to create a stable, 3D, space-filling structure whose main motif is
octupole pairing. A liquid is three-dimensional, but does not fill space in a regular pattern. From
this perspective, it is perhaps not surprising that our simulations indicate that the liquid has
elements of both the cluster and crystalline structure. We do observe a significant population of

dipole-paired dimers and trimers, but head-to-tail structures are considerably more prevalent.
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Our pairing analysis of the antiparallel and head-to-tail motifs found in the bulk liquid shows that
nearly all of the molecules are paired at any given time, and most molecules are paired to more
than one neighbor. Additionally, the antiparallel pairing lifetime, as defined using the formalism
of mean first passage time while allowing for a short escape time in pairing, is shorter than the
head-to-tail pairing lifetime. This finding, which is not unique to a particular choice of initial
conditions, is consistent with the fact there are more head-to-tail paired molecules than antiparallel
paired molecules. Our results can be understood based on the idea that head-to-tail dimers, unlike
antiparallel dimers, do not experience any strong directional forces. The prominence of head-to-
tail dimers is presumably an entropic effect, which further suggests that this feature is not unique

to the force field used here.

Our findings highlight the ability of angularly-resolved radial distribution functions to provide a
wealth of information about the organization of bulk liquid acetonitrile. Although this
methodology has been used previously to study microheterogeneities in simulations of ACN/water
mixtures [61], the angularly-resolved radial distribution functions in that work were not calculated
with respect to the functional groups of ACN; as demonstrated here, doing so yields important new
insights. In studies of liquid ACN at silica interfaces, applying the pairing analysis may also be
helpful in teasing out details of the lipid-bilayer-like organization that forms in such systems [49].
In particular, using angularly-resolved radial distribution functions and pairing analysis to study
the population of tail-to-tail dimers at the silica interface is expected to reveal key details about
the ACN bilayer.
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