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Liquid configurations generated by Metropolis Monte Carlo simulations are used in time-dependent
density functional theory calculations of the spectral line shifts of atomic impurities in rare-gas
environment. Consistent results are obtained for the Xe 5p — 6s excitation in Ar environment in all
thermodynamic conditions considered, with densities varying from 0.15 to 1.40 g/cm?, thus ranging from
the low to the high-density situation, including supercritical condition. The results reproduce very well
the dependence of the spectral shift with the density, giving also good quantitative results for the low,
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1. Introduction

The Xe-Ar is one of the most important cases of liquids com-
posed by rare-gas atoms, and exemplifies an impurity state in
condensed phase. The theoretical study of such systems is a chal-
lenge for present quantum chemical methods. The most natural
approach is the use of methods for dealing with solvent effects. In
the last decade we have witnessed a large advance in the theoret-
ical description of solvent effects in molecular and bio-molecular
systems [1,2]. This is a natural consequence of the simple fact
that most spectroscopic studies of organic molecules are in solu-
tion or are diluted in a specific solvent. Theoretical methodologies
have then been developed and great progress has been obtained
with continuum models [1,3], where the solvent is described in
some average way and represented by its macroscopic constants.
Because of its simplicity it is the method of choice, used in sev-
eral applications. There are, however, known limitations and the
two most usually quoted are (i) the difficulties in dealing with
specific interactions and (ii) the lack of a proper thermodynamic,
hence statistical, condition. There is another one that may be cru-
cial when dealing with atomic systems. Neutral atoms lacking the
electrostatic moments become a great problem for the continuum
methods. The interaction involving the environment and the ref-
erence atom is thus non-electrostatic such as dispersion and ex-
change. This is the case of neutral Xe and Ar atoms where all
the electrostatic moments are null (charge, dipole, quadrupole, oc-
topole moments, etc.). An alternative that has also attracted atten-
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tion is the standard bubble model [4,5], but this lacks a detailed
consideration of the thermodynamic condition. This challenging
situation requires the explicit use of the environment atoms in-
teracting to one another and with the reference impurity atom.
In addition, as the results depend on the thermodynamic condi-
tion a proper consideration of the liquid state must be used. The
combined and sequential use of liquid simulation and quantum
mechanics can meet these requirements. A simulation of the liquid
(such as Monte Carlo or molecular dynamics) can be performed
in the proper thermodynamic condition and the subsequent use of
quantum mechanics (QM) can be performed in sampled configura-
tions. The properties are statistical averages and it is important to
ensure statistical convergence. This sequential use of Monte Carlo
and quantum mechanics has been successfully used to describe
molecular properties in different solvents [6-8], including the su-
percritical condition [9].

In this study we are interested in describing the low-lying ex-
cited states of Xe ('P; and 3Pq) in Ar ('S,) environment. Previous
experimental studies were performed for Xe in different thermo-
dynamic conditions of liquid Ar. These include normal liquids as
well as supercritical fluids, above the critical point (T = 150.8 K,
P =48.1 atm). The condition we aim here is the excited state im-
purity in a rare-gas liquid or supercritical fluid. This may be of in-
terest also in giving some basic understanding for the development
of the green chemistry where solvents are replaced by supercritical
fluids, less harmful to the environment. The absorption spectrum
of low pressure Xe gas very clearly exhibits the known doublet
[10]: the singlet 1S, — Py and triplet 'S, — 3P; transitions, lo-
cated at 130 nm and 147 nm, respectively. It is known experimen-
tally that both transitions in Ar environment suffer a blue shift
compared to the gas phase situation [10-12]. The size of the blue
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shift depends on the thermodynamic condition and increases with
the density. For very low densities (below ~ 0.2 g/cm?3) the shift
becomes very small and negative before turning into zero [11]. For
instance, if T =93 K and P = 142 atm (corresponding to a den-
sity of 1.40 g/cm3) the 'S, — 3P; transition is located at 0.4 eV
to the higher energy side, compared to the same transition in Xe
gas. The nature of this shift has been of interest for some time and
has been studied by different approaches [10-13]. In this work we
will initially focus on describing the electronic excitations of Xe in
Ar environment in the above thermodynamic condition. Later on
we will consider also other situations and will analyze the spec-
tral shifts as a function of the liquid density. In line with the
experiments available these thermodynamic conditions cover low,
intermediate and high-density regimes with some entering into
the supercritical region [11]. We will then consider six thermo-
dynamic situations corresponding to densities varying from 0.15
to 1.40 g/cm3. We will make special consideration for the case of
0.15 g/cm> where the shift may change sign.

2. Methods

A proper treatment of liquid systems should consider its sta-
tistical nature [14] as there are many possible geometrical ar-
rangements accessible to the system at nonzero temperature. Thus,
liquid properties are best described by a statistical distribution
[6-8,14], and all properties are obtained from statistical averages.
It is thus important the use of statistical mechanics, with some sort
of computer simulation of liquids [6-9], combined with quantum
mechanics to obtain the electronic properties of interest.

In this Letter we use the sequential Monte Carlo quantum
mechanics (S-MC/QM) methodology ([6], see also Chapter 7 of
Ref. [2]). We first generate the structure of the liquid using
Metropolis Monte Carlo. Next, statistically relevant configurations
are systematically sampled for the quantum mechanical calcula-
tions. Several QM calculations are necessary to obtain the ensem-
ble average that is necessary to characterize the statistical nature
of the liquid. We sample statistically uncorrelated configurations
[6-9] and statistically converged results are obtained in all cases.

The Monte Carlo (MC) simulations are performed in the NVT
ensemble [15] which is more convenient for the analysis of the re-
sults as a function of the density. We use the image method com-
bined with the periodic boundary conditions of a cubic box [15].
We use one Xe atom surrounded by 500 Ar atoms. In the case of
p =1.4 g/cm?3, for instance, this corresponds to a cubic box of size
L =28.8 A. The atoms interact by the conventional Lennard-Jones
potential with parameters & = 0.2339 kcal/mol and o = 3.401 A
for Ar and & = 0.4330 kcal/mol and o = 3.935 A for Xe, as sug-
gested by Verlet and Weis [16]. All MC simulations were performed
with the DICE program [17]. After the MC simulation, 150 statisti-
cally uncorrelated configurations [6-9] are separated for the sub-
sequent QM calculations. These configurations are composed of the
central Xe atom surrounded by 13 explicit Ar atoms, correspond-
ing to the first solvation shell in the thermodynamic condition of
T =151 K and density p = 1.05 g/cm>. The use of the Xe + 13Ar
configurations in the QM calculations allows the wave function to
delocalize over the impurity and the environment.

Quantum mechanical calculations are then performed on these
configurations generated by the MC simulations. Six different ther-
modynamic conditions are used, with a systematic change in the
density but corresponding to actual experimental conditions used.
In each case 150 QM calculations are performed to ensure statis-
tical convergence. Hence, this study reports the result of 900 QM
calculations. In every case considered the experimental bands are
relatively broad [11] and do not resolve the different components
of the P or 3P states. The line broadening will also be consid-
ered in this theoretical study. All QM calculations are made at
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Fig. 1. Pair-wise Xe-Ar radial distribution functions for different thermodynamic
conditions.

the time-dependent density functional theory (TDDFT) [18]. We
have used the Becke three-parameter functional [19] with the ex-
change correlation due to Lee, Yang and Parr [20], combined with
the SDD effective-core potential basis set [21,22], B3LYP/SDD. The
SDD basis in the effective core potential approximation includes
one-component relativistic energy correction [22]. The use of two
dispersion-corrected DFT, the B97-D [23] and wB97X-D [24] func-
tionals, will also be considered for comparison and the results
briefly discussed. All QM calculations were made using the Gaus-
sian 09 program [25].

3. Results and discussions

We first analyze the distribution of Ar around the central Xe
atom. Fig. 1 shows the pair-wise radial distribution function ex-
hibiting the coordination of Ar atoms. The first is the case of
T =93 K and p =1.40 g/cm> experimentally [11] corresponding
to the situation of T =93 K and P = 142 atm, thus in the super-
critical region. As Fig. 1 shows there are well defined solvation
shells. The first, starts at a distance of 3.45 A and ends at about
5.51 A, with a maximum located at 3.95 A. For an increased tem-
perature of T =151 K and a corresponding decreased density of
1.05 g/cm? (corresponding to P = 173 atm) a similar distribution
is found with the first solvation shell starting at 3.35 A and end-
ing at 5.78 A, with a maximum at 4.05 A. Spherical integration of
this first maximum up to 5.78 A of the radial distribution gives
the coordination of 13 Ar atoms. The distribution functions for
the different thermodynamic conditions are also shown in Fig. 1.
In the low-density regime the liquid is not well structured and
for p =0.26 g/cm> only one solvation shell is discernible. This is
more typical of a gaseous system. The first solvation shell starts at
3.35 A and ends at 6.50 A, with a maximum at 4.05 A and includes
only 5 Ar atoms. As the density increases the liquid becomes bet-
ter structured and in the high-density regime (p = 1.40 g/cm?3)
three solvation shells are easily defined. Interesting, however, the
position of the first maximum is relatively stable, and close to 4 A.
Fig. 2 shows the coordination number of the Xe atom for the dif-
ferent thermodynamic conditions. When the Xe atom resides in Ar
environment there is a cavity formed that is stable due to the Pauli
repulsion and its theoretical radius becomes of interest. It is one
ingredient for the possible use of the standard bubble model [4,5,
26]. Looking at the beginning of the first peak of the distribution
function this radius changes only slightly with the thermodynamic
condition. In the cases considered here this value changes between
3.35 and 3.45 A. Thus we estimate the general size of the cavity
formed around the Xe atom as 3.4 A. Fig. 3 illustrates the situa-
tion and depicts the cavity around the Xe impurity. The minimum
average distance between Xe and Ar for every thermodynamic con-
dition is thus close to 3.4 A. Considering the small interaction
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Fig. 2. Calculated coordination number of Xe in the different thermodynamic condi-
tions considered.
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Fig. 3. lllustration of the configuration composed by central Xe atom surrounded by
Ar atoms. Different configurations are superimposed to show the central cavity.

between these two rare-gas atoms the vibrations of the liquid are
expected to give a negligible contribution to the shift in the spec-
tral region we are considering.

We now analyze the triplet transition in the thermodynamic
condition of T =93 K and p = 1.40 g/cm?. In this condition it
has been found experimentally [11] that the 'S, — 3Py transi-
tion blue shifts by 0.40 eV. In similar condition of T = 105 K but
much lower pressure of P ~ 4 atm, the same transition shifts by
0.36 eV [10]. The gas phase 'S, — 3P; transition of Xe is calculated
here using B3LYP/SDD at 149 nm (8.339 eV) in good agreement
with the experimental value of 147 nm. Now we consider the
transition shift. Using 150 statistically uncorrelated configurations,
sampled from the MC simulation at this thermodynamic condition,
QM calculations are made for one Xe atom surrounded by 13 Ar
atoms. Again, the calculations are made using B3LYP/SDD using
the Kohn-Sham approximation [27] with a reference wave func-
tion that is anti-symmetric with respect to all valence electrons
(Xe and 13 Ar). The average result for the transition energy is then
obtained as 8.681 eV =+ 0.080 eV. This corresponds to a blue shift
compared to the gas phase of 0.341 4 0.080 eV, in good agree-
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Fig. 4. Convergence of the calculated 'S, — 3P; transition with respect to the
number of statistically uncorrelated configurations sampled from the Monte Carlo
simulation.

ment with experiment (0.36-0.4 eV). For comparison the same
calculations using the dispersion-corrected B97-D functional [23]
give the blue shift value of 0.377 & 0.061 eV, similar to the B3LYP
results. A larger result of 0.425 £ 0.077 eV is obtained with the
wB97X-D functional. A population analysis using the B3LYP indi-
cates that there is charge migration of 0.11e from the Ar atoms to
the impurity; i.e., the average charge on Xe is calculated as —0.11e.
This migration reduces with the density of the Ar liquid and in
the low-regime case of p = 0.26 g/cm?> it is five times less, only
~ 0.02e. To verify the statistical convergence of the result Fig. 4
shows the average value as a function of the number of configura-
tions used. About 120 QM calculations are necessary for obtaining
converged values. There is an early and interesting theoretical re-
sult based on the determination of the excited state Ar + Xe (°P;)
potential. For T =105 K and p = 1.40 g/cm’ the resulting value
[13] for the shift is found to be 0.41 4+ 0.16 eV, also in good ac-
cord with experiment. For the singlet 'S, — 'P; we have obtained
a similar but slightly larger blue shift of 0.37 + 0.08 eV but the
singlet state is apparently not considered in the previous experi-
ments in rare-gas liquids. In addition to the line shift the inclusion
of the Xe atom in a liquid environment leads also to an inhomo-
geneous broadening changing the line profile. The full width at
half maximum is obtained from the standard deviation o using
FWHM = 20 (2In2)'/2. In this case o = 0.08 eV and our estimate
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Fig. 5. Variation of the calculated average spectral shift with respect to the liquid
density for both the triplet (top) 'S, — 3P; and singlet (bottom) 'S, — 'P; transi-
tions. The variance is also shown.

of the FWHM is 0.19 eV. This inhomogeneous broadening is de-
rived from the ensemble of different configurations of the three
p — s transitions due to the breakdown of the degeneracy of the
5p orbital. The p — s transition splits with separations that vary
between 0.004 eV and 0.10 eV depending on the density.

Having obtained a good description of the spectral shift of the
1S, — 3Py transition in the high-density regime we consider the
more systematic analysis of the dependence with the liquid den-
sity. This aspect has been studied experimentally and it is found
that the shift increases with increased density [11], as expected.
The increase, however, is faster than linear and for obtaining this
theoretically signifies that the calculation must present a good
representation from the low to the high-density regime situation.
Then we now report the spectral shift as a function of the density.
The results are shown in Fig. 5 and are in complete qualitative
agreement with experiments [11]. The error bars shown are, in
fact, the variance of the distribution. The statistical error is es-
sentially zero in all cases. This variance is related to the band
broadening as discussed above. For p = 1.05 g/cm? a spectral shift
of 0.164 eV, corresponding to 1320 cm~! is in very good accord
with the experimental value of 1400 cm~! [11,12]. In the moder-
ate case of p =0.49 g/cm3 we obtain a shift of ~ 500 cm~!, still
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Fig. 6. Histograms showing the distribution of calculated energy shifts. For the
low-density case the distribution is asymmetric showing a distinction between the
average and the most probable values.

in good agreement with the experimental value close to 400 cm~!.

In this spectral region these correspond to an accuracy of less than
~ 2 nm.

In the very low-density regime the situation is typical of a gas
and the shift should go to zero. But before this for densities below
~0.2 g/cm? a more difficult situation appears where the experi-
mental shift is very small and changes sign (red shift) [11,12]. We
find for p =0.26 g/cm? an average blue shift of 200 cm~!. Fig. 4
shows the statistical convergence in this case of low-density situ-
ation. However, for the low-density cases the histogram of calcu-
lated transition energies is largely non-symmetric and the average
differs from the most probable value. The value to be associated
with experiment is the most probable value, the maximum of the
distribution. For high and intermediate densities this is immate-
rial. Indeed Fig. 6 shows that for p = 1.4 g/cm? the average is also
the most probable value. However, in the case of p =0.15 g/cm?
a different picture emerges. The maximum of the distribution is
close to zero and some negative values are also obtained, in agree-
ment with experiment. Figs. 4 and 6 show that the width of the
distribution of the calculated values for the spectral shifts is con-
siderably smaller in the low-density regime, due to the decrease in
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the interatomic interaction. This explains the increased values of
the variance with increased densities as seen in Fig. 5.

4. Summary and conclusions

A combined and sequential use of Monte Carlo simulation and
quantum mechanical calculations is a viable procedure for calcu-
lation of the structure, electronic properties and spectral changes
of atomic impurities in rare-gas in different thermodynamic con-
ditions with varying densities. In this work consistent results are
obtained for Xe in Ar environment in all thermodynamic condi-
tions considered. The emphasis here has been the theoretical de-
scription of the spectral shift of the Xe 5p — 6s excitation in Ar
environment.

The results reproduce very well the dependence of the spec-
tral shift with density, giving good quantitative results for the low,
intermediate and high-density cases.
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