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We probe the linear optical properties of the neat liquid acetonitrile (CH3CN) at ambient conditions using ab
initio density functional theory. Uncorrelated structures extracted from Monte Carlo simulation are employed
to efficiently calculate average electronic properties. It becomes evident that condensation leads to a conduction
band with a large degree of dispersion, which is consistent with the description of dipolar liquids. This allows
an interpretation of the dielectric spectrum based on the electronic structure of liquid CH3CN, and clearly
shows the influence of intermolecular interactions in the absorption features. We find that the lowest-lying
excitation of the condensed phase occurs at 7.8 eV, which is reasonable as compared to the 8-9.5 eV absorption
region measured in the gas phase.

Introduction

Akin to water, acetonitrile (CH3CN) forms a highly polar
liquid phase at ambient conditions, which is capable of
dissolving a variety of materials and promoting diverse organic
synthesis.1,2 Furthermore, neat liquid CH3CN has been recog-
nized as an important dielectric medium to investigate excess
electron localization.3-5 Although the solvation process relies
on the dielectric behavior of the liquid, the dielectric function
of acetonitrile is not yet fully understood in the electronic
absorption region. To date, high resolution photoabsorption
experiments have been carried out only in the gas phase with
different pressure conditions.6 Also, computational simulations
of its condensed phase have focused on the molecular static
electric properties.7,8 For this reason, complementary information
on the dielectric spectrum of the CH3CN fluid phase in the
optical region is timely and fundamental for advances in these
research fields.9

From a theoretical point of view, the grand challenge is to
generate the appropriate liquid structure of a complex disordered
system such as acetonitrile. Therefore, the most common
procedures to compute the electric susceptibilities of solutions
and pure liquid CH3CN have considered ab initio methods
developed in the continuum approach.10,11 These models,
however, ignore the structural features of the medium, missing
effects due to long-range intermolecular interactions. On the
other hand, polar and aprotic liquids such as CH3CN can give
rise to local structures,7,12 as pointed out by hyper-Rayleigh
scattering experiments.13 Fortunately much of the structural
effects of liquid acetonitrile may be tackled via atomistic
simulations.14-16

As state-of-the-art procedures in condensed matter theory,
fully ab initio schemes based on density-functional-theory (DFT)
approaches17-20 have been employed to obtain, for example,
diverse properties of liquid water, using small supercells and
sampling the Brillouin zone (BZ) at the Γ-point. Nevertheless,
as demonstrated by Prendergast et al.,17 the electronic density
of states of liquid water is sensitive to finite size effects. In the
case of acetonitrile, these calculations would require a very large

unit cell, leading to a prohibitive computational cost. A viable
procedure has been to employ DFT, within the generalized
gradient approximation (GGA), to compute the electronic
properties of selected configurations using classical trajectories
to represent the liquid. In this way, Garbuio et al.21 have
successfully calculated the optical spectrum of liquid water.

In this paper, our strategy is to perform a large scale efficient
computational simulation to unveil the electronic structure and
the linear optical properties of liquid acetonitrile. We employ a
sequential protocol,22,23 combining Monte Carlo (MC) simulation
and first-principles DFT calculations to describe the electronic
structure of the whole liquid acetonitrile at ambient conditions.
Thus, within the linear response theory,24 we obtain the
frequency-dependent polarizability and the imaginary part of
the dielectric function of the condensed phase from the ground-
state electron density.

Computational Approach

The ground-state electronic structure of the condensed phase
is calculated with the Perdew, Burke, and Ernzerhof GGA
exchange-correlation functional (PBE)25 with norm-conserving
pseudopotentials.26 The Kohn-Sham (KS) eigenstates are
expanded on a basis set of atomic orbitals with double-� quality
and polarization function, as implemented in the SIESTA code.27

Hence, the electronic properties of the liquid state are obtained
using a single k-point (k ) 0) to approximate the BZ integration.
An equivalent plane-wave cutoff radius of 200 Ry for the grid
integration is utilized to represent the charge density.

As input of the DFT calculations, we use statistically
uncorrelated configurations generated from a standard NPT
Metropolis MC simulation28 carried out over 500 CH3CN
molecules at T ) 300 K and atmospheric pressure. Using the
energy autocorrelation function (further details are found in ref
23), we select configurations with less than 15% correlation.
During the simulation,29 each CH3CN molecule is assumed to
be in a rigid C3V geometry having a six-site potential model14,15

and the intermolecular interactions are described with the usual
Lennard-Jones plus Coulomb potential. Both static and dynami-
cal properties have been well reproduced in the literature using
these potentials.14,16 From the calculated center-of-mass radial
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distribution function (Figure 1a), we extract samples containing
100 CH3CN molecules, which include the bulk extrapolation,
to represent the condensed phase.

The optical response of the liquid system is investigated using
the approximate dielectric function, which is calculated from
the matrix elements of the position operator between occupied
and unoccupied eigenfunctions of the self-consistent KS Hamil-
tonian at the first-order time-dependent perturbation theory.
Corrections due to nonlocality of the pseudopotentials are
usually introduced27 in these calculations. In this way, we obtain
the imaginary part of the dielectric function, ε2, and calculate
the real part, ε1, using Kramers-Kronig transformations.

Results and Discussion

In Figure 1b, we examine the convergence of the band gap
with respect to the number of uncorrelated configurations
included in the averaging. Within this scheme, the configuration-
averaged HOMO-LUMO gap30 turned out to be 4.95 ( 0.08
eV, over a Markov chain containing 40 configurations. As
expected in KS-DFT calculations, and as we shall see in the
following, this value of ∼5 eV should underestimate the optical
gap of liquid acetonitrile. Nonetheless, correcting the KS energy
levels to include many-body effects21,31 in the electronic
excitations of acetonitrile is not feasible here, because of the
large number of explicit molecules in the samples (i.e., 1600
valence electrons) and different configurations of the liquid
phase (ca. 40 sequential DFT calculations on average).

We emphasize that the average density of states (DOS) of
the liquid phase is completely converged (see Figure 2). We
also observe a large dispersion in the conduction band and no
separation of the LUMO from the rest of the unoccupied KS
states, as calculated for the isolated CH3CN molecule. In the
case of the isolated monomer, this separation is of ∼1.8 eV.
Our observation is consistent with other DFT results obtained
for liquid water considering very large supercells. As discussed

in ref 17, small supercell calculations with k ) 0 lead to a
separate LUMO from the conduction band of the liquid system.
This artifact can be overcome, however, by increasing the
k-point sampling, which is an accurate approximation of the
DOS for larger supercells computed using a single k-point. In
our case, considering several configurations with 100 CH3CN
molecules sampled at the Γ-point, we obtain a fine description
of both the valence and conduction band of the liquid acetonitrile
(Figure 2). This indicates that our average DOS is sufficiently
accurate to treat the electronic unoccupied states of the liquid
and, therefore, a suitable starting point to compute its absorption
and dielectric response.

To understand the features of the optical absorption spectrum
of the liquid, we examine first the charge density distribution
related to the KS eigenstates near the Fermi level for a random
configuration extracted from the MC simulation, as shown in
Figure 3. We notice that the HOMO of the liquid phase (Figure
3a) is entirely delocalized over the simulation cell and dominated
by π states with CtN bonding character mixed with lone pairs
(n) of the nitrogen atoms with contribution of all CH3CN
molecules. This delocalization of the HOMO is typical for each
of the uncorrelated MC configurations examined here.

Interestingly, the HOMO-2 and HOMO-3 of the isolated
molecule have merged together in the liquid (Figure 3b) to give
a disperse band in the range -11 to -7 eV (see the DOS in
Figure 2). In contrast, the LUMO of the liquid system (Figure
3c) is delocalized on the molecules, although dominated by π*
states with C-N antibonding character. Also, the LUMO+1 is
delocalized on the molecules and presents σ* states with C-C/
C-H antibonding character. Although the unoccupied KS-
eigenstates subspace is similar to the one calculated in the gas
phase, we note that the conduction band in the liquid presents
a large degree of dispersion without separation of the lowest
conduction band. These findings are consistent with the descrip-
tion of dipolar liquids and will be valuable to interpret the
transition bands in the calculated optical spectrum (Figure 3d).

The optical response is obtained from the dipolar transition
matrix elements between occupied and unoccupied self-
consistent KS eigenstates, considering corrections due to the
nonlocality of the pseudopotentials.27 Although this formalism
is a first approximation for the excited-state properties,32 we
have to stress here that our aim has been to compute the average
absorption spectrum taking into account several uncorrelated
structures converging to represent the liquid. The lower energy
feature of the condensed phase is mainly associated with π f

Figure 1. Calculated (a) center-of-mass radial distribution function
of liquid acetonitrile from the MC simulation and (b) convergence of
the configuration-averaged HOMO-LUMO band gap with DFT/PBE.

Figure 2. Convergence of the computed DFT/PBE electronic structure
and DOS of liquid acetonitrile using only the Γ-point. Our zero energy
scale is adjusted using the Fermi energy level EF (dashed line).
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π* and nf π* orbital promotions, giving a strongly absorbing
peak at 7.8 eV. This spectral region contains the bulk of the
valence transition bands and is consistent with the trends
observed experimentally in photoabsorption spectra of gaseous
CH3CN from low to high pressures.6 However, the intermo-
lecular interactions in the liquid induce a significant broadening
of the energy levels relative to the isolated molecule, leading
to absorption peaks more red-shifted in comparison to the gas
phase absorption, which is measured in the 8-9.5 eV region.6

Usually, the assignment of the observed bands is not a simple
task and analysis is complicated by some mixing of valence
and Rydberg transitions.6 Thus, we can not assign all of these
transitions from occupied to unoccupied bands at this level of
calculation. Figure 3d shows the calculated optical spectra for
the liquid and gas phases. The absorption intensity decreases
by increasing the photo energy with no noticeable absorption
peak beyond 12.5 eV. Features at higher energy in the liquid
phase could correspond to π f σ* and n f σ* transitions or
bands from more internal orbitals.

The positions of the two peaks at 11.2 and 12.5 eV in the
liquid are not the same as calculated for the isolated molecule.
This suggests either that similar transitions are occurring at
different energy regions in the liquid and gas or probably that
other transitions are involved in the condensed phase. This
analysis becomes more complicated in the liquid, where
excitonic and intraband transitions mediated by finite temper-
ature are likely to occur.33 Our treatment does not permit

Figure 3. Isosurfaces (0.08 au) of the probability density of the Kohn-Sham eigenstates near the Fermi level calculated at the Γ-point for a single
MC configuration containing 100 CH3CN molecules: (a) the 2-fold degenerate HOMO; (b) the merged HOMO-2 + HOMO-3; (c) the 2-fold
degenerate LUMO. CH3CN molecules are indicated using gray (carbon), white (hydrogen), and blue (nitrogen) ball-and-stick models. (d) Calculated
optical spectra of liquid (black line) and gaseous (gray line) acetonitrile.

Figure 4. Calculated electronic dielectric spectra of liquid acetonitrile
at ambient conditions. The real (top) and imaginary (bottom) parts of
the complex function ε ) ε1 - iε2 are obtained as an average over 40
MC uncorrelated configurations, each one containing 100 CH3CN
molecules.
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identifying these processes, since it is expected that they will
depend strongly on the dynamical many-body effects.

Still within the linear-response theory of the optical absorp-
tion, the complex dielectric function ε ) ε1 - iε2 has a central
role in excited states and provides a means of deducing the
screened Coulomb interaction that is essential in the GW
approximation.31,33 Further, the ε(ω) spectra supply information
about time and space scales of molecular events in fluids at
thermal equilibrium. To evaluate the frequency dependency of
the dielectric properties of liquid CH3CN, we perform an average
calculation over all 40 uncorrelated configurations. With this
procedure, we include the polarization effects due to reorienta-
tion of the molecules, which is very important to describe the
dielectric function of dipolar liquids.

The real part of the dielectric function ε1 is obtained from the
imaginary part ε2 through the Kramers-Kronig relations. The
behavior of both ε1 and ε2 as a function of the photon energy is
outlined in Figure 4. The relative permittivity (ε1) presents a
damping around the valence transition energy, which can be
attributable to the finite lifetime of the excited states. More
importantly, the dielectric loss factor (ε2) confirms that absorp-
tions at this region are far from the static HOMO-LUMO gap,
presenting a maximum at 7.8 eV.

Concluding Remarks

In the present study, we give an electronic-structure-based
description of the dynamical dielectric response of liquid
acetonitrile from ab initio calculations. Our findings reveal that
the impact of intermolecular interactions leads to a decrease of
the transition energies relative to the gas phase, which is
consistent with condensed phase systems. Consequently, such
effects produce differences in electron populations of the
innermost states and differences in the mixing between valence
and core states in the liquid phase. More generally, the
calculations suggest that the features of the optical absorption
spectrum of liquid CH3CN depend on both their intermolecular
interactions and ground-state electronic properties. Concerning
the current method, we provide an efficient means to explore
the dielectric properties of condensed phase systems consisting
of large molecules.
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