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Computer simulations of liquid acetonitrile at normal room conditions are reported. Both static
and dynamic properties are analysed. Special attention is paid to the dielectric properties. A
three-site interaction potential has been derived from ab initio calculations on the gas phase
dimer and a comparison with different three-site interaction potentials available in the literature
is presented. The suitability of three-site models to reproduce the properties of the real liquid is
discussed by comparing computer simulation results with experimental data.

Keywords: Liquid acetonitrile; Three-site models; Structure; Dynamics; Dielectric properties

1. INTRODUCTION

Acetonitrile is a dipolar liquid with a simple molecular structure and high
symmetry which is often used as an aprotic solvent in organic and
electroorganic chemistry. Most of the computer simulation studies so far
reported for acetonitrile and acetonitrile solutions are based on the as-
sumption of rigid molecular models that do not consider explicitly the
hydrogen atoms of the methyl group. With this assumption, the computing
time is significantly reduced and longer simulations of larger systems can be
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carried out. In the last few years, three-site interaction potentials have been
used to study solvation dynamics in acetonitrile [1, 2] and the conformation
of biomolecules in acetonitrile solutions [3].

The potential proposed by Edwards et al. [4] and the OPLS potential of
Jorgensen and Briggs 5] are the three-site interaction potentials most widely
used for acetonitrile. The potential of Edwards et al. [4] is an empirical
potential with the partial charges chosen simply to reproduce the dipole and
quadrupole moments corresponding to the six-site model of Béhm and
co-workers [6] and consequently the thermodynamic results were not
optimized. The OPLS potential was obtained from ab initio calculations on
the acetonitrile—water dimer. Although it reproduces reasonably well the
structure and thermodynamic properties of liquid acetonitrile [5, 7], it gives
a dielectric constant which is significantly smaller than the experimental
one, as it has been recently shown [8]. In this paper we derive a three-
site interaction potential from ab initio calculations on the acetonitrile—
acetonitrile dimer. We perform computer simulations using the ab initio,
the OPLS and the Edwards et al., potentials. Such simulations are
carried out in order to test the adequacy of three-site models to reproduce
the properties of the real liquid. Both static and dynamic properties are
analysed. Since this work is part of a project concerned with the study of
ionic association in liquid acetonitrile, we pay special attention to the
dielectric properties. The study of dielectric properties of liquids by
computer simulation is still a major challenge, due to the extremely long
trajectories required in order to obtain adequate statistical accuracy for
collective properties such us the static dielectric constant g4 and the Debye
relaxation time 7p.

The organization of this paper is as follows: In Section 2, we describe the
interaction potential models and the details of the simulations. In Section 3
we discuss the thermodynamic properties of the liquid. The structure and
single particle dynamics are discussed in Sections 4 and 5, respectively.
Section 6 is devoted to the analysis of dielectric properties. Finally, some
concluding remarks are presented in Section 7.

2. INTERACTION POTENTIALS AND COMPUTER
SIMULATION DETAILS

The acetonitrile monomer was represented by three interaction sites: the
methyl group Me centered on carbon, and the carbon C and nitrogen N
atoms. We adopted the same bond lengths as Jorgensen and Briggs {5}, i.e.,
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rvec = 1.458 A and ren=1.157A. The interaction energy between two
molecules a and b was represented by

AiAi GG qig
Uab(rij')zzz,: r_l_zj— r§j+_r—-j_] (1)
R j {

i

where r; is the distance between site i of molecule a and site j of molecule
b. The coefficients of the short range part can be expressed in terms of
Lennard-Jones parameters, A? = d¢;0)? and C? = 4¢,0%, and g, is the charge
assigned to site 7.

To determine the interaction potential parameters, ab initio calculations
were performed for the acetonitrile —acetonitrile dimer. The partial charges
q; were determined by fitting the ab initio calculations to quantum
mechanical molecular electrostatic potentials [9]. The experimental gas
phase dipole moment (3.91 D [10]) was introduced as a constraint in the fits.
Electrostatic potentials and charges were evaluated by using the MOPETE/
MOPFIT programs [11]. In all cases, the 6—31G™ basis set was used and
the wave functions were determined with the GAUSSIAN-94 package [12].
Lennard-Jones parameters were determined by fitting classical and quantum
interaction energies for different configurations of the dimer. The OPLS
parameters were initially assumed. Five different orientations were con-
sidered and for each orientation ten separations were analysed, ranging
from 2A to 10A. Interaction energies and geometries were determined at
the HF/6-31G" level using GAUSSIAN-94. In the last stage of the
parameterization process, the HF-optimized Lennard-Jones parameters
were still refined by fitting Monte Carlo estimates to the experimental liquid
density. The final parameters and partial charges are listed in Table L.

To determine the thermodynamic properties of the ab initio model we
performed a Monte Carlo simulation in the isothermal-isobaric NPT
ensemble. The number of molecules was N =268 and the usual periodic

TABLE 1 Parameters of the interaction potentials and molecular dipole moments

Model Site elkJmol ! clA qle u/D

Ab initio Me 0.7824 3.775 0.206 3.96
C 0.544 3.650 0.247
N 0.6276 3.200 —0.453

OPLS [5] Me 0.866 3.775 0.15 3.44
C 0.628 3.650 0.28
N 0.711 3.200 —-043

Edwards et al. [4] Me 1.586 36 0.269 4.12
C 0416 34 0.129
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boundary conditions were assumed. The pressure was fixed at 1 atm and the
temperature at 298 K. We used a molecular based spherical cut-off at 10A.
The equilibration period consisted of 2 x 10° configurations and the pro-
duction period of 3 x 10° configurations.

Three MD simulations were carried out, using the ab initio, the OPLS and
the Edwards et al., models, respectively. The corresponding interaction
potential parameters and molecular dipole moments are collected in Table I.
In the case of the interaction potential of Edwards et al., the intramolecular
distances are ryec = 1.46A and ren= 1.17A, and the Lorentz-Berthelot
combining rules were assumed [13]. In the case of the MD runs we
considered a system made up of N=216 molecules at the experimental
density (see Tab. I). The temperature was kept at T=298 K by using the
integration algorithm proposed by Berendsen et al. [14]. Bond lengths were
kept fixed during the simulations by using the SHAKE method [15]. To
handle with the long-range coulombic interactions we used the Ewald
summation technique with conducting boundary conditions [16]. We em-
ployed a timestep of 0.01 ps. Each run consisted of an initial equilibration
period of 50 ps and a production period of 1000 ps.

3. THERMODYNAMICS

The thermodynamic properties resulting from the Monte Carlo simulation
with the ab initio model are compared in Table II with the results reported
by Jorgensen and Briggs for the OPLS potential [S] and with experimental
data. The calculated density d clearly improves that resulting from the OPLS
model although it is still too low and correspondingly the volume per
molecule V is a little high.

The heat of vaporization AH,,, was calculated as

AH,,p = —U +RT — (H° — H) (2)

TABLE II Thermodynamic properties

Ab initio model OPLS model ® Exptl
d/kim"3 770 £ 1 765+ 2 77742 [17)
VA3 88.4 + 0.1 89.1 £0.2 87.7£2[17]
— U/kJ mol ™ 32.63 £ 0.04 31.240.1 31.0 £ 0.2 [18)
AHY, /KT mol™! 35.14 £ 0.08 33.6 £ 0.1 33.5+0.2[18]
10'5/Pa~! 75+ 8 64+6 81.7(19]
Cpfd mol™' K™ 92+6 81+3 91.6 [20]

®From Ref. [5].
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where U is the intermolecular energy of the liquid and H®°— H is the enthalpy
difference between the real and ideal was. At 298K, it is H'—H=
0.5+ 0.2kJ mol~ ' [18]. As can be seen in Table II, both — U and AH,,,, are
slightly higher than the experimental values. These thermodynamic proper-
ties are very well reproduced by the OPLS model. On the other hand, the
intermolecular energy reported for the potential of Edwards ef al., — U=
34.2kJmol ~ ! [4], is in worse agreement with experiments than that obtained
with the ab initio model.

The isothermal compressibility x and the intermolecular contribution to
the heat capacity AC, were computed from the fluctuation formulas

=)’
SAR G)

2\ 2
Acpz%l— 4

In order to be compared with the experimental C,, the computed AC,
value needs to be augmented by the unimolecular contribution which
may be approximated as C, for the ideal gas less R and amounts to
43.97 mol~ ! K ! [20]. Although the convergence is slower and the statisti-
cal uncertainty is greater than for the other thermodynamic properties (see
Tab. II), the improvement with respect to the OPLS results is evident and
in the particular case of C, the experimental value is almost reproduced.

4. STRUCTURE

The site—site radial distribution functions g;(r) computed from the MD
simulations are presented in Figure 1. All the models exhibit the same
structural features which are consistent with the results obtained by Bohm
et al. [6] using a six-site model. In general, the ab initio potential results are
very close to those obtained with the OPLS model and they show some
minor discrepancies with respect to the g;(r) resulting from the model of
Edwards et al. Our findings are in very good agreement with previous
computer simulation results using the OPLS [S, 7] and the Edwards et al.,
models [21], respectively.

In order to test the adequacy of the interaction potentials to account for
the structure of the real liquid, comparison is made with experimental
structure factors. Since we are using molecular models that do not consider
explicitly the hydrogen atoms of the methyl group, X-ray results are more
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FIGURE 1 Site—site radial distribution functions. —— ab initio model, - - - - OPLS model,

— — — — Edwards et al., model.
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appropriate than neutron-diffraction data. The intermolecular structure
factor obtained from X-ray scattering by Radnai and co-workers [7, 22] was
reported in terms of the function

KH(K) =k D> xixifi(kf (k) (Ay (k) — )M(k) (5)

where x; is the atomic fraction of the atom or atomic group i and f; (k) is the
related coherent scattering factor [7,22]. The scattering factors were taken
from Ref. [23] in the case of the Me group, and from Ref. [24] in the case of

3 T T T T T
~~
x
S’
I
X
\\/\/'V Me-Me
\\/\/\N Me-C
| Me-N
/\— cc
YA N-N
] 1 L 1 1
0 2 4 6 8 10 12
-1
k/A
FIGURE 2 Intermolecular structure resulting from X-ray measurements (x * x) compared
with MD results (—— ab initio model, - - - - OPLS model, — - ~ — Edwards er a/., model).

The partial contributions to kH (k) obtained by computer simulation with the ab initio model
are also represented (the origin of these curves is vertically displaced).
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the N and C atoms. The partial structure functions A;(k) are the Fourier
transforms of the site —site radial distribution functions g;(r),

drp [

Ay =1+=F |

r(gy(r) — D)sin(kr)dr (6)
where p is the molecular number density and M (k) is a modification
function which has the form

1

M(k) = ————exp(— k> 7
(k) S o) p(-Bk%) (7
and 8=0.01A? is a damping factor. The kH (k) functions resulting from
MD for the different interaction potentials are almost identical, as can be
seen in Figure 2. Only some small differences in the height of the first peak at
1.8A " are appreciated. In the case of the ab initio model, the six partial
contributions to kH (k) are also shown in Figure 2. Although all the partials
contribute to the first peak of kH (k), the more important contributions are
those involving the Me group. The secondary peaks shown at 3.6A ! and
5.6A ! are mainly determined for the partials involving the N atom. The
MD simulations reproduce fairly well the position and height of the first
peak of the kH (k) function obtained from X-ray scattering. Although the
positions of the secondary peaks are also reproduced, in this case the
agreement is less satisfactory. Nevertheless, one should note that the re-

solution of X-ray experiments is lower at high k values.

5. DYNAMICS

The normalized velocity autocorrelation functions C,(¢) corresponding to
the Me group, the C atom and the N atom were determined from the MD
simulations. Figure 3 shows the C,(¢) functions obtained for the ab initio
model. The results do not differ appreciably from those resulting with the
other interaction potentials. The C,(r) functions show the oscillatory shape
characteristic of dense liquids. The oscillations are less pronounced for the
central C atom. The corresponding power spectra S,(w) were obtained as
the Fourier transforms, i.e.,

So(w) = /000 Cy(f)coswedt. (8)

For the C and N atoms we observe peaks centered at 30 cm ! and at
45cm !, respectively. In the case of the Me group, S, (w) exhibits a broader
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FIGURE 3 Atomic velocity autocorrelation functions and power spectra for the ab initio
model. - - - - Me group, —— C atom,— — - — N atom.

peak and the central position is not so well defined. These low frequency
peaks are characteristic of dense liquids and they are due to translational
vibrations of the molecules inside the cage formed by their neighbours.
The molecular self-diffusion coefficient D was determined from the long
time slope of the centre of mass mean square displacement iy (2). The
r,(¢) functions for the different models are shown in Figure 4 and the D
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FIGURE 4 Centre of mass mean square displacement in units of A% —— ab initio model,
- - --OPLS model, - — — ~ Edwards et al., model.

values are given in Table III. For the ab initio and the OPLS models we
obtain a very similar result while the model of Edwards et al., exhibits a
slightly higher mobility. All the models give D values which are lower than
the experimental data resulting either from NMR [25] or from quasielastic
neutron diffraction scattering [26].

Reorientational motions in liquids are usually studied through a set of
time dependent correlation functions C{¢) defined as

Ci(1) = (Pi(#(r) - #(0))) ©)

where P, refers to the / th Legendre polynomial and # is a unitary vector that
characterizes the orientation of the molecule. Reorientational correlation
times are then calculated by assuming an exponential decay of C(¢) at long
times, i.e.,

Ci(t) = exp(—t/m). (10)

TABLE III Self-diffusion coefficients and molecular reorientational times

Ab initio model OPLS model Edwards et al., model Expil
D10~ "m’s 2.6 2.7 3.1 4.04 [25], 4.2 [26]
T1/ps 38 3.55 39 3.28 [28], 3.68 [29]

T2/PS 1.60 1.45 1.55 1.02 [25]
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We considered the unit vector in the direction of the molecular axis and
we calculated the reorientational correlation functions for /=1 and /=2
which describe the tumbling motion of the acetonitrile molecule [27]. The
C(¥) functions obtained for the different interaction potentials are shown in
Figure 5 and the 7, values are given in Table III. Although we do not find
any difference in the short time reorientational motion, at intermediate and
long times a clear trend is observed, i.e., the higher the molecular dipole
moment, the slower the reorientation. All the models give 7; values that are
slightly larger than the data resulting from Raman [28] and infrared [29]
band shapes and from NMR [25] experiments.

According to our findings, a common defect of the different three-site
interaction potentials for acetonitrile is that they lead to a dynamics which is
slower than that observed in the real liquid. The disagreement is specially
significant in the case of the translational motion. On the other hand, with
the six site model of Bohm et al. [27] the experimental D and 7, values were
almost reproduced. We could then conclude that it should be necessary to
consider explicitly the hydrogen atoms of the Me group in order to improve
the single particle dynamics.

o
t/ps
FIGURE 5 Reorientational correlation functions. —— ab initio model, - - - - OPLS model,

— — — — Edwards et al., model.
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6. DIELECTRIC PROPERTIES

For a system with long-range interactions treated by the Ewald method with
conducting boundary conditions, the static dielectric constant ¢4 is given
by [30]

502500+3ka (11)

where e, is the dielectric constant at optical frequencies, y = 4npu’/9KzT
is the dimensionless dipolar strength and G, is the finite system Kirkwood
g factor

(M?)

Gy =1
k N2

(12)
which measures the equilibrium fluctuations of the total dipole moment of
the sample M = Zi\; | ;. Because we are assuming rigid non-polarizable
molecules, in the case of the MD simulations it is ., = 1. Once ¢ has been
obtained from Eq. (11), the Kirkwood factor g, which describes orienta-
tional correlations in an infinite sample may be calculated by means of the
relationship

_ 2e0 + €00

. 1
30 Gi (13)

8k

The values of Gy, ¢y and g, found in this way are given in Table I'V. The
indicated errors were determined with the blocking method of Ref. [31]. Our
results for the OPLS and Edwards ef al., models are in close agreement with
those reported by Mountain, g = 18 £ 1 and €5 =28 & 1, respectively [8). The
go value obtained with the ab initio potential clearly improves that resulting
from the OPLS model, and it approaches that computed by using the model of
Edwards et al. Nevertheless, both ab initio and Edwards et al., models give
a static dielectric constant which is a little low compared with the value

TABLE 1V Dielectric properties

Ab initio model OPLS model Edwards et al., model Exptl [32]
Gy 1.37 £ 0.05 1.22 4 0.03 1.48 £ 0.06
y 6.07 4.58 6.57
£y 262+ 0.7r 175+ 04 30.2+09 35.84
€0 Eoo 252 16.5 29.2 32.33
Lk 0.93 0.84 1.00
To/Ps 34 2.9 44
Tp/ps 33 2.6 43 34

TolT) 0.87 0.73 1.10
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obtained by Barthel and co-workers from dielectric relaxation measure-
ments [32]. Since part of these discrepancies are due to the value of the high-
frequency dielectric constant e, (the value reported by Barthel ef al., is
€0 = 3.51 [32]), we find more significant to compare the difference ¢ —e.
Table IV shows that in this case the discrepancies are effectively reduced.

To get further insight into the model dependence of ¢, we have analysed
the radial decomposition of the Kirkwood factor G,(R), defined by

R =—{ S i (14)
Ny

r,»jSR

Apart from a normalization factor, G;(R) is the average dipole moment of a
sphere of radius R around a reference molecule. For R — +/3/2L (L is the
length of the simulation box), G,(R) tends to the values given in Table IV.
Gi(R) can be evaluated using

Gr(R)=1+ ?/OR 3gcm(r){cos B(r))ridr (15)

where gcas(r) is the centre of mass radial distribution function and 6(r) is the
angle between the dipole moments of two molecules separated a distance r.
Figure 6 shows that the qualitative behaviour is the same for the three

2.0 — T T T

3
Vx
o
0.0 1 | ! -
2 4 6 8 10 12
R/A
FIGURE 6 R-dependent finite system Kirkwood g factor. —— ab initio model, - - - - OPLS

model, - — ~ — Edwards et al., model.
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models. The oscillatory shape of G(R) indicates that there is an antiparallel
arrangement of near neighbouring molecules. This feature was already
observed in the pioneering work of Edwards and co-workers [4]. In the full
R range, we observe that the degree of molecular ordering systematically
increases as the molecular dipole moment increases.

The relaxation of the collective orientational ordering can be studied
through the total dipole moment autocorrelation function

=) (16)

which is the collective analogue of the single particle reorientational
function C\(1) (see Eq. (9)). The functions ®(¢) obtained for the different
models are shown in Figure 7. It is interesting to consider the short time
behaviour. For acetonitrile we do not see the oscillatory “libration”
characteristic of strongly associated H-bonded liquids such us water [34, 35]
and methanol [36]. Instead of that, we observe a nearly Gaussian initial
decay, similar to that found for liquid chloroform [37]. The collective

1.0 I T T —
1.0 7
NS
\\ \
\ s S .
08F "\ N _
AN ~ N ~ ~
N N N 0.9¢ N
\ ~ NN
\\\ AN 3 N LN
0.6 F \\ ~N ~ 0.0 0.4 |
\\ ~
N ~
LS/ . ~ o
\\ ~ -
0.4 - S ~ -
\\\ ~ -
\\‘ = \\
02} ‘\\\ n
0.0 1 1 ! 1
0 1 2 3 4 5
t/ps
FIGURE 7 Total dipole moment autocorrelation functions. —— ab initio model, - - - - OPLS
model, - — — — Edwards et al., model. The insert shows the short time behaviour of the ®(?)

functions.



Downloaded by [University of Minnesota Libraries, Twin Cities] at 06:08 14 May 2013

LIQUID ACETONITRILE 301

analogue of the single particle reorientational time can be determined by
fitting an exponential function to ®(), i.e., at long times

(1) = exp(—t/7e)- (17)

As can be seen from Table IV, 74 increases as the molecular dipole moment
increases. The influence of the assumed model is significantly more im-
portant for 74 than for 7, (see Tab. III).

40 T T T TTTT1T T T T 1111
B * oy *
VpF-—————==-=a
S 20+
B I e inietod o DO
10 -
0 Lot [ I B
1 10 100
o/GHz
40 T T T TTTII T T T T TTTT
30 4
3
%)
o/GHz
FIGURE 8 Frequency dependent dielectric constant. —— ab initio model, - - - - OPLS model,

— _ — — Edwards et al., model, » * » experimental data [32].
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FIGURE 9 Same as Figure 8 with the real and imaginary parts of the frequency dependent
dielectric constant scaled as (¢'(w) — £.0)/(€0 — £) and " (W)/{eo — £x0), respectively.

The real and imaginary parts of the frequency-dependent dielectric
constant e(w) = ¢'(w) —ie"(w) are given by [33, 34]

e'(w) =€p — (€0 — r-:oc,)u.:/o(xj O(2) sinwedt, (18)

o0

e"(w) = (go — ew)w/o (1) coswtdt. (19)
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Once e(w) has been obtained, the so-called Debye relaxation time may be
determined from the low-frequency behaviour,

. g0 —e(w)

= TrEmEy 2
Since dielectric relaxation of acetonitrile is dominated by one single process
[32], 7p should be essentially identical to 7¢. As shown in Table 1V, it
is Tp~7ge for all the models (we estimate a statistical uncertainty of
approximately 5% in the reported values). The calculated 7 value for the
ab initio model is in very good agreement with the experimental dielectric
relaxation time, whereas the values for the OPLS and Edwards et al., models
are clearly too low and too high, respectively. On the other hand, the re-
lation between the total and single particle relaxation times is important
from a theoretical point of view (see, for instance, Ref. [38]). For all the
models, we find rp/r;~g,. The same relationship was obtained by
Neumann for liquid water [34].

The MD results for £'(w) and £”(w) are compared with the experimental
findings of Barthel et a/. [32] in Figure 8. The dependence of the permittivity
with frequency is qualitatively reproduced by the MD simulations, although
some quantitative disagreements can be observed. These disagreements are
partly due to the discrepancies in the values of g and ... In Figure 9, this
is overcome by plotting the quantities (£'(w)—cx)/(Eo—€x) and &’(w)/
(e0—£o0). These scaled functions are mainly determined by the dielectric
relaxation time 7 and, in accordance with the discussion given above, the
ab initio model fits very well the experimental curves. For the other models,
we still observe some discrepancies in the decay of the (€'(w) — £40)/(€0 — €00)
function as well as in the position of the peak of &” (w)/(e0—£0)-

7. CONCLUDING REMARKS

The ab initio potential for acetonitrile derived in this work reproduces fairly
well a variety of experimental properties of liquid acetonitrile, including
thermodynamic, X-ray and dielectric relaxation data. The agreement is not
so satisfactory in the case of the single particle dynamics and we obtain a
self-diffusion coefficient significantly slower than that corresponding to the
real liquid. The same deficiency is observed when the other three-site
interaction potentials are assumed. The ab initio potential clearly improves
the thermodynamic and dielectric properties resulting from the OPLS
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model. Both ab initio and Edwards et al., models give results for the static
dielectric constant in reasonable agreement with the experimental data. The
agreement is slightly closer in the case of the potential of Edwards et al. The
ab initio model also reproduces the experimental dielectric relaxation time
whereas for the potential of Edwards ef al., a too high value is obtained.
The comparison among the results obtained with the different interaction
potentials shows the influence of the assumed model on the different
properties. Although the structure and the short time dynamics are not very
sensitive to the assumed interaction potential, major differences appear when
the long time dynamics and dielectric properties are considered. We observe
that both the static dielectric constant and the Debye relaxation time sys-
tematically increase as the molecular dipole moment increases. We think this
is an important conclusion that should be taken into account when deriving
interaction potentials explicitly including molecular polarizability.
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