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8 A B S T R A C T9

10

A flexible and polarizable force field to describe acetonitrile in its three states of matter has11

been developed on the basis of an ab initio potential energy surface at the MP2 level. The12

acetonitrile molecule is represented by a sophisticated twelve-site model: the six nuclei plus13

six mobile charges. Three thousands structures have been employed for the fitting including14

monomers, dimers and trimers. Gas phase behavior has been tested by analyzing aggregates15

from dimers to 27-mer which give accurate reproducibility of the experimental and quantum-16

mechanical results. Classical MD simulations have been performed for the liquid and its17

crystalline 𝛼− and 𝛽−forms. An analysis of liquid in a wide range of structural, dynamic,18

energetics and spectroscopic properties has been performed, as well as neutron diffraction data.19

Comparison with experimental information is satisfactory. Due to the first principles nature and20

the polarizable character of this force field properties of the three states of matter are properly21

reproduced.22

23

1. Introduction24

Acetonitrile (ACN) is one of the most used polar aprotic solvents, more precisely a dipolar non-hydrogen bonded25

solvent.[1] ACN combines a high relative permittivity, low viscosity, differential solvation behavior against cations26

and anions, and an amphiphillic character provided by the presence of the methyl group and a strong dipolar charge27

distribution of the molecule. The concurrence of all these features makes this solvent extremely versatile in manifold28

technological areas such as chemical and pharmaceutical industries,[2, 3], electrochemistry and organic and inorganic29

synthesis.[1, 4] Even more, ACN plays a double role as solvent and reactant in solution as well as in the acetonitrilation30

of gaseous aggregates.[5, 6]31

A thorough understanding of the physicochemical properties of liquid ACN and its solutions needs their structural32

characterization, not only to explain the observed behavior but also to envisage the study of more complex chemical33

systems, and the extension to new applications in gas phase[6] and solid state. An excellent review of Pothoczki et al.[7],34

appeared in 2015, compiles the experimental and theoretical efforts to deal with liquid ACN. The set of experimental35

x-ray and neutron diffraction studies[8–12] has been complemented in Table 1 with several theoretical methods to get36

insight into the structural interpretation at the atomistic level.[13–25]37

The number of particles needed to describe the condensed medium, the performance of the available DFT38

methods, as well as the long simulation times required to estimate certain properties limit the use of ab initio MD39

simulations.[26, 27] Then, most of the statistical simulations are classical and the treatment of the condensed phase40

relies on the force fields describing the interactions among particles. Different strategies have been adopted to provide41

good-behaving interaction potentials, considering on one hand, the flexibility or rigidity of the ACN molecule and42

on the other the polarizable character of the molecule. Likewise, the data used to build the force field could be43

from experimental or first principles origin. In the first case, the potential parameters are fitted to reproduce as44

well as possible some selected experimental properties. In the second case, the fitting is based on the reproduction45

of quantum mechanical results of the ACN monomer and, in general, the dimer interaction in a large number of46

attractive and repulsive arrangements. Table 1 collects the force fields available in the literature with indication of47

their main features and computed properties. Most of them are able to supply good descriptions of a set of ACN liquid48
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Simulation of acetonitrile in liquid, gas and solid phases

properties whose range of applicability is determined by both, the type of model defined and the set of data used for1

the fitting. In a recent and clarifying study, Kowsari et al.[13] have performed a systematic evaluation of the ACN2

force fields which use a six-site model and molecular flexibility.[14, 15, 17, 20] They compared on the same foot the3

performance of these potentials on a set of thermodynamic and transport properties of liquid ACN. These authors point4

out the difficulty of satisfying simultaneously very accurate description of thermodynamic and transport properties.5

Thus, the Grabuleda et al.’s potential[20] and that of Nikitin et al.[17] supply good description of the density of the6

vaporization enthalpy, but they provide less accurate values of the self-diffusion coefficient. Contrarily, Orhan[15]7

builds a force field where the transport properties, the dielectric relaxation and vibrational spectra of bulk ACN were8

well reproduced along a wide temperature range. However, Kowsari et al.[13] show that the density and the vaporization9

enthalpy are underestimated by Orhan’s potential. Koverga et al.[14] adopt an intermediate strategy to develop their10

force field since they fit parameters to reproduce simultaneously thermodynamic and transport properties. They get a11

good potential which is able to predict properly density, vaporization enthalpy and diffusion coefficient compared to12

the rest of available simulated data. Nevertheless, overall the dynamic properties show a lower accuracy relative to13

thermodynamic estimates.[14] On the basis of this analysis, Kowsari et al.[13] performed a refinement process tuning14

some of the Lennard-Jones parameters of the potentials to fit the available experimental data. The refined potential is15

able to reproduce both thermodynamic and dynamic properties of liquid ACN pretty well.16

It must be noted, that there is no purely first-principles interaction potential including polarizability and flexibility17

on a fully atomic representation of the ACN molecule. In this work we do build such a force field type, in addition18

of including many-body corrections. To this end we have developed a twelve-site model.The aim is to check the19

performance of this purely first-principles force field, not only in liquid state but also in gas phase clusters and solid20

state crystals. Since no experimental information is used for the force field building, the inclusion of enough many-21

body contributions should allow a proper description of all the aggregation states involving ACN molecules. The gas22

phase was studied on ACN clusters of different sizes and the solid state in two well-characterized crystal forms, 𝛼 and23

𝛽.[28–30]24

Table 1: Computer simulation studies of ACN based on classical interac-
tion potentials.

Author[Ref.] Potential Nature
Geometry Charge Distrib. Potential Fitted

to(𝑎)
Properties(𝑎)

Kowsari [13] Flexible Non-Polarizable Exp. data of 𝜌,
𝑉 m, Δ𝐻vap, ,
C.E.D. and D

𝜌, 𝑉 m, Δ𝐻vap, C.E.D., D,
RDF, CDF

Koverga [14] Flexible Non-Polarizable CPMD, QM,
Exp. data

RDF, CDF, Nearest
neighbors analysis,
Dielectric properties,
H-bond interactions

Orhan [15] Flexible Non-Polarizable Exp. data RDF, Liquid vibration spec-
tra at different T, 𝜂s, 𝐷,𝜏1,
𝜏2, Dielectric properties

Alberti [16] Rigid Non-polarizable Atom
polarizabilities

Econfig as a function of T
(CH3CN)n, n=2-4
𝐷 and 𝜌 as a function of T
RDF, Ion-ACN solutions

Nikitin [17] Flexible Non Polarizable Exp. data of 𝜌,
Δ𝐻vap

RDF, 𝜌 of ACN-water solu-
tions,
Dielectric properties, 𝐷

Gee [18] Flexible Non-polarizable Exp. data
Δ𝐻vap, 𝜌, CP, 𝜀, 𝐷, 𝜂, 𝜏1,
𝜏2,RDF
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Author[Ref.]/Pot.
Name

Potential Nature
Geometry Charge Distrib. Fitted to Properties

Sum [31] Rigid Non-Polarizable
& Polarizable

Scaled ab initio
2nd. Virial Co-
efficient

Δ𝐻vap,
Gas-Liquid Coexistence:
Tc, 𝜌cRDF

Guardia [19] Rigid Non-Polarizable ab initio calcu-
lations of dimer 𝜌, 𝑉m,ΔHvap, 𝜅, Cp RDF, X-

ray structure factor, 𝐷, 𝜏1,
𝜏2 Dielectric properties
(Gk, y, 𝜀0, 𝜀o-𝜀∞, gk, 𝜏𝜑,𝜏D,
𝜏D/𝜏 )

Grabuleda [20] Flexible Non-polarizable Exp. data 𝜌, 𝜅, Δ𝐻vap 𝜇, RDF
Cabaleiro-Lago
[21]

Rigid Polarizable ab initio IMPT
data
HF/MP2/
6-31G**

Dimer energy, geometry and
frequencies
Trimer and tetramer energy
and geometry
𝑈 , RDF, Dipole moment
distribution, Dipole-Dipole
angle distribution

Siebers [22] Flexible Non-Polarizable Exp. data Minimum energy structures
of ACN clusters from n = 2
to n = 13
Frequency shifts of the CC
stretch and the CH3 wag
modes

Jorgensen [23] Rigid Non-Polarizable Exp. Data
𝜌, 𝑉M, 𝑈 , ΔHvap, 𝜅, Cp,
RDF,
Energy distribution
functions, RDF, Dipole
correlation

Edwards [24] Rigid Non-Polarizable Six site model Dielectric Properties
Center of mass G(r)
Orientational correlation
functions
Dipole correlation functions

Böhm [25] Rigid Non-Polarizable Exp. data 𝑈 , 𝜅, Cp,RDF, 𝐷,𝜏2 Neu-
tron and X-Ray Scattering

(𝑎) 𝜌 = density; 𝑉m= molar volume; C.E.D.= Cohesive energy density;1

CDF=Combined distribution function; 𝜂= shear viscosity; 𝐷= self-diffusion coefficient;2

𝜏i= i𝑡ℎ-order reorientational time; 𝐶p=heat capacity at constant pressure; 𝜅= isothermal compressibility.3

2. Methods4

2.1. Potential Development5

In this work we build a force field for acetonitrile whose functional form is based on the Mobile Charge Densities6

in Harmonic Oscillators (MCDHO) model [32, 33]. This allows for the inclusion of intramolecular flexibility, non-7

additivity and polarizability. The molecular polarizability is accounted by a set of negative mobile charge densities8

with radial exponential decay associated to each positively charged nuclei. The interaction between both charges is9
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Figure 1: Molecular model used to define the acetonitrile molecule.

described by means of a harmonic oscillator. The remaining charge-charge interactions in the system consider the1

charges as points. A mobile charge has been associated to each ACN nucleus, thus we build a twelve-site model formed2

by the sum of six nuclei plus six mobile charges. Figure 1 displays a scheme of the ACN molecular model.3

The specific expression for the water - water interaction in the MCDHO model was given in eqs. (4-6) of Ref.[32].4

The molecular complexity of acetonitrile requires a more general formulation that we detail at this point. A previous5

force field, developed for liquid methanol [34], uses a model definition similar to that here presented. However, in that6

case hard core cutoff radii for the interactions were included in the potential limiting its use to Monte Carlo simulations.7

For the ACN we developed a potential with a good behavior of the energy gradients, allowing for its use in Molecular8

Dynamics simulations.9

The total energy is the sum of an intramolecular and an intermolecular energy. In the following equations10

𝑟𝑖𝑗 = |𝐫𝑖 − 𝐫𝑗| is the distance between the corresponding centers, either fixed positive nuclei 𝑍 or mobile negative11

charges 𝑞, where 𝑖 and 𝑗 subscripts correspond to sites 𝑖 and 𝑗.12

The analytical expression to compute the intramolecular energy is the sum of the following contributions:13

𝑈intra =
∑

𝑖∈𝑆

∑

𝑗>𝑖

[

𝑈 (𝑍𝑖, 𝑍𝑗) + 𝑈 (𝑞𝑖, 𝑞𝑗)
]

+
∑

𝑖∈𝑆

∑

𝑗≠𝑖
𝑈 (𝑞𝑖, 𝑍𝑗) +

∑

𝑖∈𝑆

1
2
𝑘𝑖𝑟

2
𝑖𝑖 (1)

+
∑

bonds
𝑈𝑏(𝑖, 𝑗) +

∑

angles
𝑈𝜃(𝑖, 𝑗, 𝑘)

where the first two terms correspond to the electrostatic interactions among nuclei and mobile charges, the third term14

corresponds to the harmonic energy of the mobile charge at a distance 𝑟𝑖𝑖 from its nucleus, and the other two terms15

correspond to the bond energy and the bond angle energy. The summation 𝑖 ∈ 𝑆 runs over atomic centers of the16

molecule. These terms do have the following functional forms:17

1. The electrostatic interaction between nuclei:18

𝑈 (𝑍𝑖, 𝑍𝑗) =
𝑍𝑖𝑍𝑗

𝑟𝑖𝑗
(2)

2. The interaction between mobile charges with decay lengths 𝜆𝑖 and 𝜆𝑗 attached to bonded atoms. In this case a19

two-center integral should be used; however, an approximate expression that gives good accuracy at all relevant20

distances was found[32, 33]:21

𝑈 (𝑞𝑖, 𝑞𝑗) =
𝑞𝑖𝑞𝑗
𝑟𝑖𝑗

⎡

⎢

⎢

⎣

1 −
⎛

⎜

⎜

⎝

𝜆𝑖𝜆𝑗 +
(

𝜆𝑖 + 𝜆𝑗
)2

(

𝜆𝑖 + 𝜆𝑗
)3

𝑟𝑖𝑗 + 1
⎞

⎟

⎟

⎠

exp
⎛

⎜

⎜

⎝

−2
𝜆𝑖𝜆𝑗 +

(

𝜆𝑖 + 𝜆𝑗
)2

(

𝜆𝑖 + 𝜆𝑗
)3

𝑟𝑖𝑗
⎞

⎟

⎟

⎠

⎤

⎥

⎥

⎦

(3)

mobile charge densities are considered as point charges when interacting with mobile charge densities of non-22

bonded atoms23

𝑈 (𝑞𝑖, 𝑞𝑗) =
𝑞𝑖𝑞𝑗
𝑟𝑖𝑗

(4)
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3. The electrostatic interaction between mobile charge densities 𝑞𝑖 and an atomic center charge 𝑍𝑗 to which its own1

atom is bonded, where 𝜆𝑖 is the intramolecular decay length of the charge density:2

𝑈 (𝑞𝑖, 𝑍𝑗) =
𝑞𝑖𝑍𝑗

𝑟𝑖𝑗

[

1 −
(𝑟𝑖𝑗
𝜆𝑖

+ 1
)

exp
(

−
2𝑟𝑖𝑗
𝜆𝑖

)]

(5)

The mobile charge densities are considered as point charges when interacting with a non-bonded atomic center.3

In these cases the electrostatic interaction is given by:4

𝑈 (𝑞𝑖, 𝑍𝑗) =
𝑞𝑖𝑍𝑗

𝑟𝑖𝑗
(6)

4. A Morse potential between each pair of bonded atoms, with depth 𝐷𝑖𝑗 , inverse decay length 𝛾𝑖𝑗 and equilibrium5

parameter 𝑟𝑒𝑞𝑖𝑗 :6

𝑈𝑏(𝑖, 𝑗) = 𝐷𝑖𝑗

{

exp
[

−2𝛾𝑖𝑗
(

𝑟𝑖𝑗 − 𝑟𝑒𝑞𝑖𝑗
)]

− exp
[

−𝛾𝑖𝑗
(

𝑟𝑖𝑗 − 𝑟𝑒𝑞𝑖𝑗
)]}

(7)

5. A quadratic term for each bond angle 𝜃𝑖𝑗𝑘, with parameter 𝑘𝜃 and the equilibrium value 𝜃0𝑖𝑗𝑘:7

𝑈𝜃(𝑖, 𝑗, 𝑘) =
𝑘𝜃
2
(𝜃𝑖𝑗𝑘 − 𝜃0𝑖𝑗𝑘)

2 (8)

The intermolecular energy is composed of the following terms:8

𝑈inter =
𝑁
∑

𝑆=1

( 𝑆−1
∑

𝑇=1

{

∑

𝑖∈𝑆

∑

𝑗∈𝑇

[

𝑈inter(𝑍𝑖, 𝑍𝑗)

+ 𝑈inter(𝑞𝑖, 𝑍𝑗) + 𝑈inter(𝑞𝑗 , 𝑍𝑖) + 𝑈inter(𝑞𝑖, 𝑞𝑗)
] })

(9)

where summations 𝑖 ∈ 𝑆 and 𝑗 ∈ 𝑇 refer to entire molecules and the expression of each term is:9

1. The electrostatic interactions between atomic centers plus exponential terms with parameters 𝐴𝑖𝑗 , 𝐵𝑖𝑗 , 𝑎𝑖𝑗 and10

𝑏𝑖𝑗 ;11

𝑈inter(𝑍𝑖, 𝑍𝑗) = 𝐴𝑖𝑗𝑒𝑥𝑝(−𝑎𝑖𝑗𝑟𝑖𝑗) + 𝐵𝑖𝑗𝑒𝑥𝑝(−𝑏𝑖𝑗𝑟𝑖𝑗) +
𝑍𝑖𝑍𝑗

𝑟𝑖𝑗
(10)

2. The electrostatic interaction between mobile charges 𝑞𝑖 considered as point charges and charges 𝑍𝑗 :12

𝑈inter(𝑞𝑖, 𝑍𝑗) =
𝑞𝑖𝑍𝑗

𝑟𝑖𝑗
(11)

3. The electrostatic interaction between mobile charges,13

𝑈inter(𝑞𝑖, 𝑞𝑗) =
𝑞𝑖𝑞𝑗
𝑟𝑖𝑗

, (12)
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Therefore, the energy of a cluster with 𝑁 molecules is given by,1

𝑈total = 𝑈inter +
𝑁
∑

𝑆=1
𝑈intra(𝑆), (13)

The interaction energy, 𝑈int, for a cluster of N molecules requires the subtraction of the intramolecular energies of2

the isolated molecules, 𝑈0
intra, that corresponds to the 𝑈intra value in eq. (1) for an ACN molecule at its optimized3

geometry.4

𝑈int = 𝑈total −
𝑁
∑

𝑆=1
𝑈0

intra(𝑆) = 𝑈total −𝑁𝑈0
intra, (14)

thus, taking into consideration the energetic cost of polarizing and deforming each molecule in the cluster or condensed5

phases.6

Due to the large number of parameters to be fitted in this potential and the different nature of the interactions,7

the set of ACN structures chosen to be fitted from the ab initio potential energy surfaces were chosen in an iterative8

manner. Likewise, the different set of parameters were included sequentially in the fitting process as well. That is,9

initial structures were taken from a regular scan of the ACN molecule hyper-surface with respect to their different10

internal degrees of freedom. An initial potential parameterization was fitted for the intramolecular part of the potential,11

𝑈intra. This potential was used to generate a set of new structures derived from numerical simulations at standard12

temperature. These new structures were then computed at the ab initio level and added to the set of structures employed13

to fit the potential. This procedure is repeated until convergence is achieved. A scheme of this iterative process was14

sketched in a previous work where a Cf(III)-H2O potential was built.[35]. Once a fitting of the intramolecular potential15

was achieved, ACN dimers were included in the energy surface, scanning intermolecular distances and orientations.16

Then, the same iterative procedure was used for the intermolecular part adding dimer interactions energies and non-17

additivities computed from trimers. Hence, the final surfaces to be fitted consisted of: (a) the three components of18

the dipole moment of the optimal monomer and the dipole moment modulus of all distorted ACN monomers. (b)19

1117 monomer structures where the deformation energy, relative to the optimal monomer, was considered for fitting,20

(c) 1980 dimer structures where the interaction energy was fitted, (d) 61 trimer structures where the three-body non21

additive contributions were fitted.22

The quality of the fitting is shown in Figure 2 where the total interaction energy, 𝑈int in eq. (14), computed23

by the force field for the employed set of 3158 structures is compared with the corresponding ab initio values. The24

standard deviation of this comparison is 0.29 kcal/mol. Due to the fitting procedure four different standard deviation25

can be evaluated: that of the monomer deformation energies, 0.25 kcal/mol, that of the dimer interaction energies, 0.2826

kcal/mol, that of the many-body interactions associated to the trimers, 0.04 kcal/mol, and that of the dipole moment27

evaluation of monomers, 0.11 D. The potential parameters are presented in Table S1 of Supplementary Material (SM).28

Molecular orbital calculations were done with the Gaussian09 program [36]. The computational level chosen29

was MP2/6-311++G(3df,3pd). Interaction energies were corrected of basis set superposition errors by using the30

counterpoise method.31

Table 2 collects the geometrical parameters corresponding to an ACN molecule and its most stable dimer32

obtained by the quantum-mechanical calculation, the developed potential, results obtained by other authors and33

experimental data. Both the degree of reproducibility of the basic molecular properties and intermolecular interactions34

are satisfactory. Table S2 of SM collects the comparison of the frequencies of the main vibrational normal modes of35

the ACN molecule obtained by the force field with those derived from the QM level used for the fitting and with the36

experimental ones. More demanding tests to assess the good performance of the developed potential, when a large37

number of ACN molecules are interacting, are presented in the Results Section.38

2.2. Molecular Dynamics Simulation Details39

Molecular dynamics (MD) simulations were run using a modified version of DL_POLY_CLASSIC [45] which40

allows the use of the MCDHO force field. An integration time step of 0.05 fs was used to account properly for the41

high frequencies associated to the dynamics of the mobile charges. The Ewald Summation was used to calculate the42
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Figure 2: Comparison between the interaction energies, 𝑈int predicted by the force field developed and the ab initio ones
for the set of structures employed for the fit.

Table 2
Basic properties of ACN molecule and its dimer.

Property QM Potential Literature𝑎 Exptal.𝑏

monomer

𝑅C-C (Å) 1.458 1.457 1.441-1.464 1.458
𝑅C-N (Å) 1.168 1.170 1.159-1.181 1.157
𝑅C-H (Å) 1.087 1.087 1.093-1.109 1.104
ΘCCH (◦) 109.0 109.0 109.0-110.5 109.5
𝜇 (D) 4.3 4.0 3.98-4.12 3.9

dimer
𝑅 (CN...CN) (Å) 3.291 3.369 3.096-3.502
𝑅 (N...H) (Å) 2.468 2.563 2.450-2.601
Θ (N-C...CN) (Å) 134.9 134.3 132.9-139.3
𝑈int (kcal/mol) -6.21 -6.22 (-3.08)-(-9.85) -5.0
𝑎Refs. [16, 37–39] 𝑏Refs. [40–44]

electrostatic interactions. The van der Waals interactions were truncated at a cutoff radius of 14 Å. The Nosé-Hoover1

thermostat to attain the average target temperature was applied with a characteristic time of 0.5 ps. The Nosé-Hoover2

barostat with a characteristic time of 1.0 ps was applied to keep the average pressure at 1 atm. 500 ACN molecules were3

explicitly considered in the simulation box for the liquid ACN simulation at 298 K. The system was minimized and an4

NPT run of 0.5 ns to equilibrate the simulation box was performed. 1 ns production simulation was used for further5

analysis and extraction of physicochemical properties. Additionally, a similar NVT MD simulation at the experimental6

density at 298 K was also performed to compare with the NPT results. The translational self-diffusion coefficient, 𝐷0,7

for ACN in the MD simulation was computed using the Einstein formula[46] and corrected for finite box-size effects8

with the Yeh and Hummer’formula [47]:9

𝐷corr
ACN = 𝐷0

ACN +
𝑘𝐵𝑇 𝜉
6𝜋𝜂𝐿

(15)
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Figure 3: Comparison of QM (black dots) and potential-derived (red line) dissociation curves (kcal/mol) of the ACN
minimal energy dimer. At short distances the two curves collapse to the head to tail antiparallel arrangement.

where 𝜂 is the ACN viscosity, 𝐿 the box length, and 𝜉 the self-term for a cubic box (2.8373 at room temperature).1

The correction term depends on the viscosity. Usually the experimental value for the liquid at the target temperature is2

used. However, in this case for the sake of consistency and as a double check of our potential, we have computed the3

shear-viscosity using the Green-Kubo approach. The shear-viscosity is computed by integrating over time the pressure4

tensor autocorrelation function as given by the following equation5

𝜂 = 𝑉
𝑘𝐵𝑇 ∫

∞

0
< 𝑃𝛼𝛽(𝑡)𝑃𝛼𝛽(0) > 𝑑𝑡 (16)

where 𝑃𝛼𝛽 is the 𝛼𝛽 element of the pressure tensor, V is the volume system and T the working temperature. The angle6

brackets inside the integral denote that it is computed the average of the ensemble.[48] We have followed the time7

decomposition method proposed by Maginn and col.[49] to evaluate the integral.8

Uncertainties of all simulated properties are given as standard error.9

3. Results and Discussion10

3.1. Potential assessment: clusters in gas phase11

The first test of the new potential was the computation of the interaction energy associated to the dissociation curves12

between two molecules arranged according to the two lowest energy orientations, i.e. the linear and antiparallel head13

to tail orientations. Figure 3 displays the curves predicted by the potential (red lines) and those obtained at the QM14

level (black dots). The 𝑅 value used in the abscissas axis corresponds to the CN-CN distance, which is roughly the15

molecular center of mass separation. Each curve has been computed fixing the 𝑅(CN-CN) and allowing the relaxation16
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Figure 4: Comparison of the lowest energy structures of ACN clusters predicted by the force field (blue) and by the QM
computations (red). The interaction energies in kcal/mol given by the ACN developed potential and the QM computations
(value in parenthesis) are presented.

of the rest of geometrical parameters in both QM and classical cases. The agreement between both models is noticeable,1

in particular bearing in mind that they have been generated by the independent geometry optimization of each method,2

supporting the quality of the fit. Examining the curves it can be seen that at long distances, greater than 10 Å, there is not3

significant interaction energy. At an intermediate distance range, 5-9 Å, a distorted head to tail orientation favouring an4

incipient methyl hydrogen-nitrogen intermolecular bond is the most favored structure. At the distance range enclosing5

the minimum, 3-4 Å, an antiparallel orientation occurs, whereas at shorter distances an out of the plane orientation6

appears.7

The second test on the developed potential concerns the preferred structures for small ACN clusters and their8

comparison with the corresponding QM results. This is presented in Figure 4, where the lowest energy (ACN)n (n=2-9

4) clusters are displayed. It is observed that QM (red) and force field (blue) predicted structures overimpose. The QM10

interaction energy is also very well reproduced by the classical force field. The largest difference corresponds to the11

head to tail trimer with a relative error is of ∼ 5%. It should be noted that the head to tail dimer is not a minimum for the12

force field, although its interaction energy is quite close to the QM one. In fact, we have examined the QM barrier for13

the conversion of the head to tail to the antiparallel structure, and it is only 0.1 kcal/mol. This highlights the difficulty14

for capturing this isomer. Even in this case the interaction energy is well reproduced and from an statistical point of15

view, this conformation does not appear to be significant.16

Another illustrative test of the developed force field is the comparison of the predicted interaction energies with17

those of Remya and Suresh[39] on a wide set of ACN clusters. This set includes multiple aggregates, going from dimers18
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Figure 5: Comparison of the interaction energy (kcal/mol) of (ACN)n clusters (n=2-27) predicted by the potential-derived
in this work and those computed quantum-mechanically in ref.[39].

Figure 6: Crystal structures of ACN, 𝛼-form (left) and 𝛽-form (rigth)

to hexadecamers and even 27-mer computed at the M06L/6-311++G(d,p) DFT level. Figure 5 shows the comparison1

of the interaction energies given by our force field and those at the QM level given by Remya and Suresh[39]. Table2

S2 in SM collects the numerical value for the different clusters using the original labelling given by the authors. The3

agreement is quite satisfactory along the wide range of clusters examined dealing with a range of interaction energies4

between -2.63 kcal/mol and -211.72 kcal/mol. This good agreement in a set of aggregates that were not included in the5

fitting surface, but for the optimal dimers and trimer set, gives us strong confidence in the performance of the classical6

potential for gas phase studies.7

3.2. Solid Phase8

227 K is the ACN melting point, below this temperature two crystalline forms have been characterized, the 𝛼- and9

the 𝛽-form with a phase transition occurring at 216.9 K. The 𝛼-form is the structure stable at temperatures below the10

phase transition temperature, whereas the 𝛽-form is present in the short range between the melting point and phase11

transition temperatures.[28–30] Figure 6 displays the two structures, the 𝛼-form has a monoclinic cell and a 𝑃21∕𝑐12

space group, whereas the 𝛽-form is orthorhombic in a 𝐶𝑚𝑐21 space group.[30] We generated, from the corresponding13

unit cells, fragments of the 𝛼- and 𝛽-forms including a total of 256 and 512 ACN molecules respectively. The first14

test of our potential was the geometrical relaxation of both forms. Both kept their structural properties, and yield an15
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Figure 7: Main radial distribution functions of liquid ACN.

interaction energy per molecule of -11.42 and -11.08 kcal/mol for the 𝛼- and 𝛽-form, respectively. This agrees with the1

experimental evidence of the relative higher stability of the 𝛼-form with respect to the 𝛽-form.[28–30] A second test2

of the developed force field has been to carry out MD simulations of both solid ACN forms. From the previous relaxed3

structures, 100 ps were run for equilibration at 200 K and 500 ps were run for analysis. Both forms kept their structures4

and symmetry properties at 200 K, a temperature close to the melting point, giving confidence on the ability of the5

classical model to reproduce the solid phase. Of course, at this temperature the 𝛽-form is expected to be unfavoured,6

and the phase transition should occur. However such a process did not occur in the simulation time frame. In anycase,7

what it is important is the preservation of the solid structures. The average interaction energy per molecule derived8

from MD simulations are -7.73 and -7.60 kcal/mol for the 𝛼- and 𝛽-form, respectively. The relative energy difference,9

0.13 kcal/mol, is very close to the experimental phase transition value of 0.21 kcal/mol.[50] The average structure of10

the ACN molecule in the two forms is similar within the distribution uncertainty and agrees well with the experimental11

values determined by Enjalbert and Galy in their X-ray study,[30]: 𝑅(C-H)= 1.09 ± 0.02 Å [1.02 Å (𝛼) and 1.08 Å12

(𝛽)]; 𝑅(C-C)= 1.46 ± 0.02 Å [1.45 Å (𝛼) and 1.44 Å (𝛽)]; 𝑅(C-N)= 1.17 ± 0.01 Å [1.14 Å (𝛼) and 1.15 Å (𝛽)].13

3.3. Liquid Phase14

Figure 7 shows the most illustrative interatomic pair correlation functions (left axis) together with their15

coordination numbers (right axis). The most structured RDF is that involving the methyl carbon and nitrogen (black16

line) presenting a well defined peak at ∼ 3.4 Å. This corresponds roughly to a head to tail arrangement, with a17

predominant orientation towards one of methyl hydrogen as observed in the N-H RDF (blue line), that presents two18

peaks, the first centered at ∼ 2.7 Å and the second at ∼ 4.1 Å. The corresponding coordination number roughly19

integrates to the 3 hydrogen atoms of the methyl group after these two peaks. This suggests an arrangement where20

one ACN molecule coordinates with its nitrogen atom to a hydrogen atom of another tilted ACN molecule, i.e. a21

weak hydrogen bond interaction already pointed out by other authors.[14, 16, 26, 38, 39] The nitrile carbon (CN) is the22

nucleus closer to the molecular center of mass, shifted only 0.27 Å. The CN-CN RDF (red line) may then be considered23

as representative of the mean separation among molecules in the liquid state, having a maximum at 4.9 Å, although a24

shoulder at shortest distance, ∼ 3.6 Å that integrates to 0.5, collects the small fraction of antiparallel dimers present25

in the liquid. RDFs provided by other authors[12, 14, 16, 18, 23, 24] in the literature are similar to those in Figure 7,26

except for the CN-CN one, or its equivalent center of mass-center of mass. For this RDF we obtain a wide peak with a27

maximum at 5.0 Å and a previous hump at 3.5 Å, this morphology is absent in other works where a wide unsplit peak28
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Figure 8: Types of dimer arrangements: (a) Parallel, (b) Antiparallel, (c) T1-shaped, (d) T2-shaped, (e) Head-head, (f)
Head-tail, (g) Tail-tail, (h) Cross, (i) H-bond

is present,[13, 16, 18–20, 23, 24] on the contrary, Cabaleiro-Lago et al.[21], Koverga et al.[14], Pothoczki et al.[12]1

find a more convoluted peak but with similar morphology.2

A second type of interesting structural information in the case of ACN, due to its cylindrical shape, is the analysis3

of the relative orientational correlation as a function of the intermolecular distance. The easiest way to quantify the4

different types of dimer arrangements is based on the angles formed between the two molecular axis (dipole vectors)5

and the angle connecting the line joining the center of mass of the two molecules and one of the molecular axis. For our6

analysis we have adopted the definition given by Pothoczki et al.[12, 51]. Figure 8 displays the different orientations.7

We have included another orientation corresponding to a weak hydrogen bond formed by C-H...N (arrangement (i)).8

The geometrical criterium to consider one structure of this type is 𝑅(H...N) in the interval 2.0-2.5 Å and the angle9

formed by the C-H and N-CN bonds in the interval -15 - +15◦. Figure 9 shows a histogram of the average numbers of10

dimers of a given type found among the ACN molecules which are inside the first solvation shell, i.e. molecules whose11

CN are separated less than 6.25 Å(see CN-CN RDF in Figure 7) It is observed that the cross and antiparallel types are12

those with the highest occurrence, T1-shaped and H-bonds being the secondmore common types of arrangements. At13

first sight, this distribution could seem far apart from the results of other authors[12–14] but we must point out that we14

are dealing with the relative distribution inside the wholde first solvation shell. The global picture rather suggests that15

there is no a real dominant orientation inside this first shell.16

Figure 10 displays the normalized distribution of the different dimer arrangements as a function of the CN-CN17

distance, i.e. roughly the separation of the center of mass of the two molecules. It must be mentioned that the plotted18

functions for each dimer corresponds to the visible wide of its function, i.e., at 3.4 Å the distribution for the antiparallel19

arrangement is 0.1 and the value for the cross type is roughly 0.1. Curves are accumulative. In the interval 3.3-3.8 Å20

the antiparallel orientation is dominant, as reported by previous studies.[12–14] Going to longer distances the other21

dimer types appear with low frequency. The most noticeable result of this long-range region is the non-negligeable22

contribution of the H-bond type, particularly in the 5.0-5.5 Å region. This supports the analysis performed by Kowsari23

et al.[13] on the evidence of a weak hydrogen bond (N...H-C) formation what was also suggested by Koverga et al.[14].24
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Figure 9: Histogram of the different types of dimers present in the first solvation shell.

Figure 10: Normalized appearance frequency of the different arrangemengts as a function of the CN-CN distance.

,

Table 3 collects a set of properties computed from the ACN liquid MD simulation at 298 K; energetics, structural1

and dynamical properties of the ensemble have been analyzed. For the sake of comparison, experimental values and2

theoretical results given by other authors have been included in the Table. It is worth pointing out the good behavior3

of the developed potential when dealing with a wide range of physicochemical properties in liquid state. Thus, a4

magnitude reflecting the energetics of the system as the vaporization enthalpy is predicted within the experimental5

range, as it is also found for a mechanical property such as the isothermal compressibility which was computed as6

described by Guàrdia et al.[19] Dynamical properties such as the translational diffusion coefficient, reorientational7

times corresponding to the dipole moment axis or viscosity are quite close to the observed experimental range. It must8

be stressed that box-size correction of diffusion coefficient has employed the computed value of viscosity. Thus, the9

good behavior of 𝐷 represents a double-check on the consistency of the estimated values derived from our simulation.10

Only three previous simulations have estimated the average dipole moment in the liquid.[20, 21, 58] Our estimation11

being the most accurate value from a simulation up to the present.12

An additional test is the computation of neutron diffraction data of ACN liquid for its isotopic sustitution CD3C14N.13

A set of 1000 evenly-spaced snapshots of our MD simulation were introduced as structural information in the ISAACS14

code[63] for computing the neutron diffraction data. It has been checked that the use of a larger number of snapshots15

does not change the results. Figure 11 plots the experimental data recorded by Bertagnolli et al.[8] at 293 K, and later16

used by Pothoczki and Pusztai[12] in their combined study of all-atom simulations and diffraction measurements. Two17

simulations of the neutron diffraction data of liquid ACN have been performed considering either the structures of the18

NPT MD simulation, that corresponds to a density value of 0.793 g/cm3 and that of the NVT MD simulation whose19

density is the experimental value at 298 K, 0.777 g/cm3. The agreement among the different curves is really good and20

allows us to conclude that the 5 K difference between experimental and simulated neutron data is not significant, neither21
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Table 3
Basic properties of liquid ACN at 298 K.

Property𝑜 MD simulation Literature Exptal.
Δ𝐻vap (kJ mol−1) -33.0 (-30.7)-(-34.2)𝑎 (-32.9)-(-34.5)𝑏

𝜌 (kg m−3) 793 718-776𝑐 776-778𝑑

𝜅 (GPa−1) 1.07 1.18-1.62𝑒 1.07-1.13𝑓

𝜇 (D) 4.67 4.01-4.88𝑔 4.5ℎ

𝐷·109 (m2 s−1) 3.81 3.02-4.93𝑖 4.04-5.10𝑗

𝜏1 (ps) 3.9 3.28-3.68𝑘

𝜏2 (ps) 1.3 1.02𝑙

𝜂 (cP) 0.43 0.29-0.64𝑚 0.34𝑛

𝑎Refs.[14, 15, 17, 20, 52, 53] 𝑏Refs.[54, 55] 𝑐Refs.[14, 15, 17, 20, 27, 52, 53]
𝑑Refs.[13, 55, 56] 𝑒Refs.[52] 𝑓Refs.[57] 𝑔Refs.[20, 21, 58] ℎRefs.[59]

𝑖Refs.[14, 15, 17, 20, 52, 53] 𝑗 compilation in Ref.[13] 𝑘Refs.[60, 61] 𝑚Ref.[18, 19, 23, 24]
𝑛Ref.[62]

𝑜vaporization enthalpy, Δ𝐻vap; density, 𝜌; isothermal compressibility, 𝜅;
dipole moment, 𝜇; diffusion coefficient, 𝐷;

1st. and 2nd. dipole moment axis reorientational times, 𝜏1 and 𝜏2; 𝜂, viscosity.

Figure 11: Neutron diffraction data for liquid ACN at 293K: experiment (black dots) taken from ref. [8], simulated data
from NPT MD simulation(red line) and from NVT MD simulation with the experimental density (blue line)

the slight density change between the NPT and NVT simulated functions. It is worthy to comment that Pothoczki and1

Pusztai[12] using the six-site OPLS force field of Jorgenssen and col.[64] computed the X-ray and neutron diffraction2

data of ACN obtaining an excellent agreement with the experimental data.3

Since the developed force field uses a flexible and polarizable molecular model for ACN, a final analysis has been4

the inspection of how the average dipole moment of ACN molecules, < 𝜇 >, changes for the different phases. This5

evolution is presented in Figure 12 where the mean dipole moment for the set of gas phase clusters previously examined6

in Figure 5 is plotted as a function of the number of molecules forming the aggregate. The vertical bars correspond to7

the dispersion of the individual dipole moments present in the clusters considered. It should be noted that the < 𝜇 >8

increases with the cluster converging to a value close to that of the liquid MD simulation. This is not the case for the9

27-mer cluster that presents an average dipole moment value larger than the mean liquid value. This is due to the fact10
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Figure 12: Evolution of the average dipole moment (D) of ACN molecule with the cluster size, indigo dot corresponds to
a (ACN)27 cluster with the structure corresponding to the ACN crystal arrangement. Vertical bars indicates the range of
dipole values of molecules in a given cluster. Horizontal dashed lines indicates the mean value of dipole moment in liquid
at 300K (red) and in the 𝛼 (blue) and 𝛽 crystals (green).

that the structure of this cluster is a fragment of the 𝛼-form crystal structure, where dipole alignment is predominant1

(see Figure 6). This fact is confirmed by the computed mean value of the crystal 𝛼-form (blue line) which is larger than2

that of the liquid and the 27-mer cluster. Finally the structural arrangement of the 𝛽-form leads to a higher average3

dipole moment. Apart from an intrinsic good description of the charge distribution provided by the force field for the4

isolated molecule yielding 4.0 D vs. an experimental value of 3.96 D,[42] the molecular polarization of our model is5

able to reproduce environmental effects progressively more complex by including many-body and temperature effects.6

4. Concluding remarks7

This study has shown the validity of a new flexible and polarizable force field to deal with the three states of8

matter of acetonitrile based on first principles calculations exclusively. It has been shown that the MCDHO strategy9

is versatile enough to grasp the polarizable character of acetonitrile under different environments, going from small10

molecular aggregates to either liquid at room temperature or two crystaline forms. Hence this study highlights the11

importance of a good description of both, the electronic polarization and the intramolecular flexibility together with12

the explicit inclusion of many-body contributions. This permits the proper reproduction of the molecular and bulk13

behavior at different phases. It is also shown that a proper molecular description of the acetonitrile can be reached14

without including experimental information in the force field building, although a sophisticated formalism was needed15

to develop it.16

The consistency of the potential supports two conclusions. Contrary to the case of the ubiquous solvent, water,17

quantum-mechanical ingredients incorporated through the MP2 method with a large even-tempered basis sets is enough18

to describe both the molecular and the condensed phase behavior of acetonitrile. The second conclusion is that many-19

body effects can be incorporated by explicit molecular polarizability and a limited number of acetonitrile molecules20

in the clusters considered in the ab initio potential surfaces used for the fitting.21

The structural analysis of liquid ACN reveals that its structure extends to the first solvation shell where a dominant22

pair-orientation does not exits, antiparallel, cross, H-bond and T1-shaped being the more frequent arrangements as a23

function of the intermolecular distance.24
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The classical nature of the potential will allow the exploration of highly-demanding computational properties of1

acetonitrile liquid, as dielectric and rheological properties, because of the large number of molecules to be considered2

or the need of long simulation times are affordable. The high-level ab initio nature of the information employed to3

characterize the ACN molecule and its interactions wich other molecules under many different arrangements allows a4

refined and unbiassed molecular answer in different environments.5

The combination of the two previous feature potential leads to the conclusion that this potential gives an even-6

tempered description of ACN-containing systems where a compromise between condensed phase factors and molecular7

properties simultaneously contribute to the physicochemical porperties of the system. Then future efforts will be8

addressed to find out the limits of the force field by computing significant bulk-depending mechanical, dynamical,9

electric, magnetic , rheological and spectroscopic properties of acetonitrile under a wide range of temperature and10

pressure. In addition, this potential could be applied in multicomponent systems in different agreggation states: gas,11

solutions, confined media, interphases and solid and crystalline systems.12
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