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Competing effects of rare gas atoms in matrix isolation spectroscopy:
A case study of vibrational shift of BeO in Xe and Ar matrices

Akira Nakayama,a) Keisuke Niimi, Yuriko Ono, and Tetsuya Taketsugu
Division of Chemistry, Graduate School of Science, Hokkaido University, Sapporo 060-0810, Japan

(Received 3 December 2011; accepted 11 January 2012; published online 3 February 2012)

We investigate the vibrational shift of beryllium oxide (BeO) in Xe matrix as well as in Ar matrix
environments by mixed quantum-classical simulation and examine the origin of spectral shift in
details. BeO is known to form strong chemical complex with single rare gas atom, and it is predicted
from the gas phase calculations that vibrational frequencies are blueshifted by 78 cm−1 and 80 cm−1

upon formation of XeBeO and ArBeO, respectively. When the effects of other surrounding rare
gas atoms are included by Monte Carlo simulations, it is found that the vibrational frequencies are
redshifted by 21 cm−1 and 8 cm−1 from the isolated XeBeO and ArBeO complexes, respectively.
The vibrational shift of XeBeO in Ar matrix is also calculated and compared with experimental data.
In all simulations examined in this paper, the calculated vibrational frequency shifts from the isolated
BeO molecule are in reasonable agreement with experimental values. The spectral shift due to the
rare-gas-complex formation of RgBeO (Rg = Xe or Ar) is not negligible as seen in the previous
studies, but it is shown in this paper that the effects of other surrounding rare gas atoms should
be carefully taken into account for quantitative description of the spectral shifts and that these two
effects are competing in vibrational spectroscopy of BeO in matrix environments. © 2012 American
Institute of Physics. [doi:10.1063/1.3680562]

I. INTRODUCTION

Matrix isolation spectroscopy is a powerful tool to mea-
sure various properties of chemical species by isolating them
in an ideal condition for spectroscopic measurements, and
therefore sometimes it allows us to obtain valuable informa-
tion even on unstable molecules.1 Since these spectra are usu-
ally obtained at very low temperatures, they are almost free
from perturbations due to thermal fluctuations, thus enabling
one to perform highly precise measurements. Rare gas atoms
are almost exclusively used as a matrix medium, and since
they are chemically inert, it is naturally assumed that the effect
of surrounding rare gas atoms is marginal and in fact spectral
shifts due to the presence of rare gas atoms are typically less
than 0.5%.

However, there have been several studies which reported
that the rare gas atoms can form chemical complexes with
some molecules,2–4 and in some cases their interactions are
strong enough that they are regarded as more like chemical
compounds. In these situations, non-negligible spectral shifts
are observed upon formation of rare gas complexes, and it is
necessary to take into account this shifts when analyzing the
spectroscopic data if obtained in matrix environments.

Beryllium oxide (BeO) has long been studied in this
context since it is known to form chemical complexes with
rare gas atoms (Rg = Ar, Kr, Xe).5 When the RgBeO
complex is formed, the blueshift in vibrational spectrum is
observed.6 Veldkamp and Frenking performed ab initio cal-
culations on these complexes and found that charge-induced

a)Author to whom correspondence should be addressed. Electronic mail:
akira-n@sci.hokudai.ac.jp.

dipole interaction is the source of these complex formation.7

They reproduced the vibrational shift to higher wave num-
ber observed in the experiments. In their calculations, the
shifts upon formation of XeBeO and ArBeO were estimated
to be 110 cm−1 and 122 cm−1, respectively. However, the
shift in XeBeO (ArBeO) complex is larger than that ob-
served in the Xe (Ar) matrix experiments,8 which was about
34 (62) cm−1, and it is anticipated that the effect of
surrounding media may not be negligible. At the best of our
knowledge, there is no report which investigates the effects
of surrounding rare gas atoms on vibrational shifts for these
complexes quantitatively. The spectroscopic data obtained ex-
perimentally for BeO and RgBeO in various rare gas matrices
are tabulated in Table I.

In this paper, we investigate the vibrational shift of BeO
in Xe matrix as well as in Ar matrix environments with mixed
quantum-classical simulation and examine the origin of spec-
tral shift in details from the viewpoints of complex-formation
and perturbations from surrounding atoms. In particular, we
examine the vibrational shift of XeBeO in Xe and Ar matri-
ces and ArBeO in Ar matrix, where the experimental data are
available.

II. SIMULATION METHODS

In this section, we briefly describe the simulation method
used to obtain the vibrational spectra of a target molecule in
rare gas matrix environments. The total system is divided into
quantum and classical parts, where the quantum part consists
of the target molecule represented by Nq normal coordinates
while the classical part is composed of N rare gas atoms. The
hybrid quantum-classical Hamiltonian of the whole system is

0021-9606/2012/136(5)/054506/8/$30.00 © 2012 American Institute of Physics136, 054506-1
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TABLE I. Vibrational frequency (in cm−1) of Be-O stretching motion of
RgBeO complexes observed in various rare gas matrices.

BeO ArBeO KrBeO XeBeO

Gas phase 1464a . . . . . . . . .
In Ar matrix . . . 1526b 1522b 1517b

In Kr matrix . . . . . . 1512c . . .
In Xe matrix . . . . . . . . . 1498c

aReference 9.
bReference 6.
cReference 8.

then assumed to have the following pairwise-additive form:

H =
Nq∑
i=1

1

2
p̂2

i +
N∑

i=1

1

2
P(i) + Vqm(q̂) +

N∑
i=1

Vqm-Rg(q̂, R(i))

+
N∑

i<j

VRg-Rg(|R(i) − R(j )|) (2.1)

where q̂ = {q̂i ; i = 1, . . . , Nq} and p̂ = {p̂i ; i = 1, . . . , Nq}
represent the normal coordinates and their conjugate mo-
menta of the target molecule, respectively. R = {R(i); i = 1,
. . . , N} and P = {P(i); i = 1, . . . , N} are the coordinates and
momenta of rare gas atoms, respectively. Here the center-of-
mass and rotational motions of the molecule are treated clas-
sically and they are not included in the above Hamiltonian. In
this work, vibrational-rotational coupling is neglected. Vqm-Rg

is the interaction potential between the molecule and rare gas
atoms and it is obtained from the high-level ab initio calcu-
lations described below. VRg-Rg is an interaction potential of
rare gas atoms and this part is also determined by ab initio
calculations.

The target molecule, which is treated quantum mechan-
ically, is first set as a BeO molecule and the validity of the
above pairwise-additive form to describe the total potential
is examined in the case of BeO-XeN complexes. The BeO-
Xe interaction potential is obtained by ab initio calculations,
which will be described below, with BeO distance fixed at
an equilibrium value, and the two-dimensional contour plot
of the potential energy surface for BeO-Xe is shown in Fig-
ure 1. As seen in the figure, there is a deep minimum on the
Be side in collinear geometry, which has a binding energy of
19.65 kcal/mol. When we employ the following pairwise-
additive form for the potential of a BeO-Xe2 complex,

VBeO-Xe(R(1)) + VBeO-Xe(R(2)) + VXe-Xe(|R(1) − R(2)|),
(2.2)

the minimum energy structure becomes Y-shaped, where two
Xe atoms are equidistant from the Be atom as shown in
Figure 2, and the total interaction energy is estimated to be
29.14 kcal/mol. Ab initio calculation predicts the interaction
energy of 20.17 kcal/mol for this Y-shaped configuration and
it is far different from the energy given by (2.2). On the other
hand, for the collinear configuration, which is determined by
the ab initio method as a local minimum structure, the inter-
action energies are calculated to be 20.12 and 20.56 kcal/mol
by the pairwise-additive form and ab initio method, respec-
tively, and they agree well with each other (see also Figure 2).

FIG. 1. Two-dimensional contour plot of the potential energy surface (in
units of kcal/mol) for BeO-Xe. The internal coordinates of BeO are fixed
at the equilibrium values and the origin is set to the center-of-mass of BeO.
The positions of Be and O are (−0.85, 0.0) and (0.48, 0.0), respectively.

As can be apparently seen from the energies of the Y-shaped
structure, potential energy defined by (2.2) is not appropriate
to represent the interaction for BeO-XeN complexes.

From these results, it is found that the electronic structure
of the Xe atom that is bound to the Be atom is strongly per-
turbed by the BeO molecule and a stable chemical complex
XeBeO is formed, as was predicted in the previous work.7

The electronic structure of the Xe atom in this complex would
be very different from the other surrounding Xe atoms. Sim-
ilar observations are seen for BeO-Ar2, and therefore we set
the XeBeO (or ArBeO) complex as a QM part in our simu-
lation and the total potential energy term for the RgBeO-RgN

complexes is represented as

VRgBeO(q̂) +
N∑

i=1

VRgBeO-Rg(q̂, R(i)) +
N∑

i<j

VRg-Rg(|R(i) − R(j )|)

(2.3)

FIG. 2. Minimum energy structures of Xe2BeO obtained by (a) the pairwise-
additive model and (b) ab initio calculations. Bond lengths are given in unit
of Å.
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The validity of the above expression will be examined in
Sec. III B.

A. Ab initio calculations

All ab initio potential energies are calculated by the
coupled-cluster singles and doubles including the perturba-
tive contributions of connected triple excitations [CCSD(T)]
method. The excitations from Be 1s orbital are also included
in the calculation. The cc-pCVQZ basis set is used for Be
and the aug-cc-pVQZ basis sets are employed for O and Ar
atoms. For Xe atoms, Stuttgart RLC ECP is employed.10 As
a preliminary calculation, the Xe-Xe potential energy curve
is computed with this method. The equilibrium distance and
binding energy are calculated to be rmin = 4.561 Å and
De = 0.430 kcal/mol, respectively. These values are in good
agreement with those of the Lennard–Jones parameters,11 rmin

= 4.602 Å and De = 0.442 kcal/mol, which are commonly
used in simulations of solid xenon. The basis set superposi-
tion error (BSSE) corrected binding energy that is obtained by
the counterpoise method becomes De = 0.265 kcal/mol and
it is much smaller than that of the Lennard–Jones param-
eters, therefore the BSSE correction is not applied to the
XeBeO-Xe interaction. For Ar-Ar interaction, the poten-
tial energy curve with the BSSE correction exhibits rmin

= 3.827 Å and De = 0.238 kcal/mol, which agree well
with the reported values of Lennard–Jones parameters rmin

= 3.822 Å and De = 0.238 kcal/mol. Therefore, XeBeO-Ar
and ArBeO-Ar interactions are corrected by the counterpoise
method. The XeBeO-Xe, XeBeO-Ar, and ArBeO-Ar interac-
tion potential energies are calculated for every normal coor-
dinates of RgBeO (q) at predetermined points represented by
polar coordinates (r, θ ), where r is the distance of Rg from the
center-of-mass of RgBeO and θ is the angle measured from
the molecular axis of RgBeO. The grid points are in the range
of 2 to 8 Å and 0 to 180◦ with a spacing of 0.2 Å and 4.5◦

for r and θ , respectively. The interaction potential energies of
Xe-Xe and Ar-Ar are also evaluated in the range of 3 to 20 Å
and 2 to 19 Å, respectively, with a grid spacing of 0.1 Å. These
energies are tabulated for use in the subsequent Monte Carlo
(MC) simulations where the potential energy is evaluated by
the Lagrange polynomial interpolation. All ab initio calcula-
tions are carried out by the MOLPRO2008.1 package.12

B. Potential-optimized discrete variable
representation

The vibrational energy levels for the target molecule Xe-
BeO and ArBeO are solved in the presence of surrounding Rg
atoms by the discrete variable representation (DVR) method13

using the Hamiltonian composed of the first, third, and fourth
terms in the right-hand side of Eq. (2.1). Since we need to
solve this equation in each configuration of Rg atoms which
is sampled by the MC method, it is important to reduce the
computational cost of this task. For this purpose, we employ
the potential-optimized DVR (PO-DVR) method to reduce the
size of the basis set.14 The optimized one-dimensional basis
set is obtained by the sinc-DVR method15 using each nor-

mal coordinate of RgBeO with other normal coordinates set
to zero. After obtaining these one-dimensional basis sets, the
vibrational energy levels for the RgBeO complex in the pres-
ence of surrounding Rg atoms are solved using the basis set
which is composed of direct products of each optimized one-
dimensional basis set.

For RgBeO, there are three normal coordinates which
correspond to Be-O stretching (q1), Rg-Be stretching (q2),
and bending motion (q3). In obtaining the optimized one-
dimensional basis set, the sinc-DVR calculation is first per-
formed for each normal coordinate using 200 grid points
in the range of [−1.1, 1.1], [−1.9, 1.9], and [−2.0, 2.0]
Å · (amu)1/2 for q1, q2, and q3, respectively. After solving the
above equations, we employ the first ten eigenfunctions as an
optimized one-dimensional basis set for each q1, q2, and q3.
This size of the basis set is large enough to obtain a converged
value of fundamental frequency of Be-O stretching motion in
both XeBeO and ArBeO. In the MC simulations, we use two
normal modes that correspond to Be-O (q1) and Rg-Be (q2)
stretching motions, and in this case five and three optimized
one-dimensional basis functions are employed for q1 and q2,
respectively, to save computational time. This reduced size of
the basis set is still large enough to obtain a converged value
when only q1 and q2 are used (referred to 2D-DVR below).

C. Monte Carlo simulation

The MC calculations are performed to obtain vibrational
spectra of RgBeO complex in the matrix environment at finite
temperatures. The sampling is performed according to the dis-
tribution ρ(R) ∝ exp (−βV(R)), where the potential energy is
represented by

V (R) = E0
qm(R) +

N∑
i<j

VRg-Rg(|R(i) − R(j )|). (2.4)

In the above equation, E0
qm(R) is the vibrational ground

state energy in the presence of surrounding Rg atoms, which
is obtained as the lowest eigenenergy in the PO-DVR equa-
tion. In the conventional MC sampling, the PO-DVR equation
must be solved in each step, even if a single Rg atom that is far
from the molecule is chosen to move, which gives only slight
modification of the potential used for solving the PO-DVR
equation.

In order to further enhance the efficiency of MC sam-
pling, we employ the multiple Markov chain method, which
is also known as the approximate potential method.16, 17 In
this work, an auxiliary MC sampling is performed using the
approximate potential defined by

Vap(R) =
N∑

i=1

Vqm-Rg(q̂ = 0, R(i)) +
N∑

i<j

VRg-Rg(|R(i) − R(j )|),

(2.5)
and after a certain number of steps on this approximate po-
tential, the difference between the original and approximate
potential is used as a criterion to restore sampling with re-
spect to the original potential. The acceptance probability in
this procedure for a trial move R → R′ is therefore given as
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P (R → R′) = min[1, exp{−β[(V (R′) − Vap(R′)) − (V (R) − Vap(R))]}]

= min

[
1, exp

{
−β

[(
E0

qm(R′) −
N∑

i=1

Vqm-Rg(q̂ = 0, R′(i))

)
−

(
E0

qm(R) −
N∑

i=1

Vqm-Rg(q̂ = 0, R(i))

)]}]
. (2.6)

With this method, correlation in the Markov chain on
the original potential is significantly reduced. The sampling
on the approximate potential is much less expensive than the
original potential, since one does not need to solve the PO-
DVR equation. In fact, when the number of sampling on the
approximate potential is Ns = 100, we obtained around 95%
acceptance probability in the trial move defined in Eq. (2.6).
We do not investigate the systematic comparison regarding
the efficiency in this paper, but from our experience signifi-
cant computational saving has been achieved.

The vibrational spectra are obtained by the following
simple form as

I (ω) =
∫

dRδ(E1
qm(R) − E0

qm(R) − ω)ρ(R), (2.7)

where E1
qm(R) is the first vibrational excited-state energy of

Be-O stretching motion in RgBeO complex.

III. RESULTS AND DISCUSSION

A. Ab initio calculations for BeO, XeBeO, and ArBeO

The potential energy surfaces of BeO, XeBeO, and Ar-
BeO were computed by the CCSD(T) method, and the ge-
ometry optimization and vibrational frequency calculations
were also performed. Table II summarizes equilibrium bond
lengths, harmonic and fundamental frequencies of Be-O
stretching motion in BeO, XeBeO, and ArBeO. The binding
energy of Xe to BeO was calculated to be 19.65 kcal/mol
and it is much stronger than that of the Xe-Xe interaction
(0.433 kcal/mol) by two orders of magnitude. The binding
energy of Ar to BeO is found to be 11.67 kcal/mol, and
it is also quite strong compared to the Ar-Ar interaction
(0.238 kcal/mol). The vibrational energy levels were calcu-
lated using potential-optimized basis sets, and 1D-DVR rep-
resents the calculation using a basis set only for q1 (Be-O
stretching). The results denoted by 2D-DVR were obtained
using basis sets for both q1 and q2 (Xe-Be or Ar-Be stretch-

TABLE II. Equilibrium bond lengths (in Å), harmonic and fundamental fre-
quencies (in cm−1) of Be-O stretching motion for BeO, XeBeO, and ArBeO.

re(Be-O) re(Rg-Be) Harmonic Fundamental

1D-DVR 2D-DVR 3D-DVR

BeO 1.333 . . . 1483 1459 . . . . . .
XeBeO 1.333 2.350 1558 1543 1537 1535
ArBeO 1.331 2.068 1560 1545 1539 1536
BeO (expt.)a 1.331 . . . 1487a 1464b

aReference 9.
bFundamental frequency.

ing), while 3D-DVR indicates that all three basis sets were
employed.

The fundamental frequency for BeO molecule was calcu-
lated to be 1459 cm−1 and is in good agreement with exper-
imental data of 1464 cm−1.9 Upon formation of the XeBeO
complex, the equilibrium bond length of re(Be-O) remains al-
most unchanged. However, spectral shifts of Be-O stretching
motion by 75 cm−1 for harmonic frequency and 78 cm−1 for
fundamental frequency in 2D-DVR calculation are observed.
This blueshift can be attributed to the increased charge sepa-
ration that is caused by the strong charge-induced dipole in-
teraction, as was found in Ref. 7. As was pointed out previ-
ously, the frequency shift of 78 cm−1 is larger than that of
34 cm−1 measured experimentally in Xe matrix. The funda-
mental frequency obtained by 3D-DVR was calculated to be
1535 cm−1, and the difference between the 2D-DVR and 3D-
DVR methods is only ∼2 cm−1, which means that the inclu-
sion of the bending motion affects the fundamental frequency
of Be-O stretching motion only marginally. This leads us to
neglect the bending motion in the MC simulations, since it is
highly expensive to construct the XeBeO-Rg potential energy
surface when all vibrational modes of XeBeO are included.
The fundamental frequency for ArBeO is blueshifted by
80 cm−1 from BeO in 2D-DVR calculations, and it is slightly
larger than that of XeBeO, which is consistent with the pre-
vious work.7 This shift is relatively close to the experimen-
tal value of 62 cm−1, which was measured in Ar matrix (see
Table I), and it may be predicted that the effect of surrounding
Ar atoms is small. The bond length of Be-O is again almost
unchanged upon formation of ArBeO. From the same reason
as above, the MC simulations for ArBeO-ArN are performed
using 2D-DVR for solving the vibrational energy levels of
ArBeO.

B. Potential energy surfaces for XeBeO-Xe, XeBeO-Ar,
and ArBeO-Ar

Figure 3 shows the two-dimensional contour plots of
the potential energy surfaces for XeBeO-Xe, XeBeO-Ar, and
ArBeO-Ar, where the internal coordinates of XeBeO and
ArBeO are fixed at the equilibrium values. As can be seen
in the figure, three local minima were located for each poten-
tial, where two of them are on both side of the molecule in
collinear geometry. The binding energies of Xe to XeBeO for
these collinear configurations are 0.906 and 1.893 kcal/mol on
the Xe (Structure-I) and O sides (Structure-II), respectively.
Another minimum is located between and almost equidistant
from Be and O atoms with a binding energy of 1.653 kcal/mol
(Structure-III). The binding energies of Ar to XeBeO and Ar-
BeO for these three minima are tabulated in Table III. These
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FIG. 3. Two-dimensional contour plots of the potential energy surfaces (in
units of kcal/mol) for (a) XeBeO-Xe, (b) XeBeO-Ar, and (c) ArBeO-Ar. The
internal coordinates of RgBeO (Rg = Xe or Ar) are fixed at the equilibrium
values and the origin is set to the center-of-mass of RgBeO. The positions of
the Xe, Be, and O are (−0.51, 0.0), (1.84, 0.0), and (3.17, 0.0), respectively,
for XeBeO, and those of the Ar, Be, and O atoms are (−1.12, 0.0), (0.94,
0.0), and (2.27, 0.0), respectively, for ArBeO.

values at three local minima for XeBeO-Xe (XeBeO-Ar or
ArBeO-Ar) are almost in the same order as in the Xe-Xe (Ar-
Ar) interaction.

The validity of the pairwise-additive description of the
potential energy for RgBeO-RgN system, as is given in
Eq. (2.1), should of course be examined. For this purpose,
the interaction energy of XeBeO-Xe6 cluster is compared
between the ab initio method and pairwise-additive model.
We randomly choose several configurations from the MC
simulations of XeBeO-Xe500 cluster (which will be detailed
later) and the nearest six Xe atoms to XeBeO are taken to
form XeBeO-Xe6 clusters. As a result of comparison, dif-
ferences between the interaction energies by the ab initio
method and the pairwise-additive model were calculated to be

TABLE III. Binding energies (in kcal/mol) of Xe or Ar to RgBeO.

XeBeO-Xe XeBeO-Ar ArBeO-Ar

Structure-I 0.906 0.481 0.449
Structure-II 1.893 0.761 0.715
Structure-III 1.653 0.752 0.787

∼0.1 kcal/mol for all cases, which shows a good agreement
with each other. More importantly, the fundamental frequen-
cies were compared between these two potentials and the
differences were only ∼0.2 cm−1 for 2D-DVR calculations,
which gives confidence in the reliability of the pairwise-
additive model for RgBeO-RgN systems.

C. Monte Carlo simulations for XeBeO-XeN,
XeBeO-ArN, and ArBeO-ArN

The MC simulations were performed for XeBeO in solid
Xe and Ar and for ArBeO in solid Ar under the periodic
boundary condition (PBC) at temperature of T = 30 K. The
fcc lattice was taken as a starting point for the initial con-
figuration and 500 Xe (500 Ar) atoms were placed in a cu-
bic box with a cell length of 30.6 Å (26.6 Å), which yields
a density of 3.78 g/cm3 (1.76 g/cm3) and is close to the ex-
perimental value at the saturated vapor condition.18 There are
several possible sites at which Rg atom(s) can be substituted
by RgBeO. As shown in Figure 4, one or two Rg atoms along
the three possible orientations were replaced with a single
RgBeO and these configurations were used to initiate MC
simulations. The number of substituted Rg atoms was deter-
mined from a sensible choice based on the distance between
the adjacent atoms along each orientation and it is shown in
Table IV. After equilibrating the system, a total of 106 MC
steps were taken to obtain statistical averages. Here, in each
MC step, 100 steps were used on the approximate potential
that is given in Eq. (2.5).

The MC results are summarized in Table IV, where the
peak positions of Be-O vibrational spectra of RgBeO are
given, along with the full width at half maximum (FWHM)
values of the vibrational spectra. We also evaluate the inter-
action energies between RgBeO and other surrounding Rg
atoms in order to compare the stability of each site. The

FIG. 4. Fcc lattice structure of solid Xe or Ar. The three possible orienta-
tions of RgBeO are depicted as 〈100〉 (four-atomic window), 〈110〉 (nearest
neighbor), and 〈111〉 (three-atomic window).
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TABLE IV. Peak positions of vibrational spectra (in cm−1) of Be-O stretch-
ing motion of RgBeO and interaction energy (in kcal/mol) in solid Xe and Ar
under PBC. The FWHM values (in cm−1) of the vibrational spectra are also
shown. Nr is the number of rare gas atom(s) replaced with a single RgBeO.
The shifts from the gas phase values (1537 cm−1 for XeBeO and 1539 cm−1

for ArBeO) are shown in the last column.

Nr Frequency FWHM Vint Shift

XeBeO in solid Xe
〈100〉 1 1543 8 − 18.7 +6
〈110〉 2 1516 3 − 20.0 − 21
〈111〉 1 1513 7 − 19.2 − 24

XeBeO in solid Ar
〈100〉 1 1544 7 − 11.0 +7
〈110〉 2 1529 3 − 13.1 − 8
〈111〉 1 1538 7 − 11.2 +1

ArBeO in solid Ar
〈100〉 1 1560 7 − 9.6 +21
〈110〉 2 1531 3 − 12.4 − 8
〈111〉 1 (1531) (3) ( − 12.4) ( − 8)

interaction energy is simply defined as

〈Vint〉 = 〈
E0

qm(R)
〉 − E0, (3.1)

where E0
qm(R) is the vibrational ground state energy of

RgBeO that includes the interaction with surrounding Rg
atoms, which is given in Eq. (2.4), and E0 is that in the gas
phase. The Rg atoms whose distances from the center-of-mass
of RgBeO are within the half of the length of the unit cell are
taken into account to calculate the above interaction energies.
In an ideal simulation, one could discuss the stability of each
site by exploring all possible configurations in a long MC run,
but at this low temperature, once RgBeO is inserted in one
site, it is practically impossible to observe the migration be-
tween the sites within a routinely used number of MC steps.
By using more sophisticated approaches such as the multi-
canonical algorithms, it may be possible to compare the sta-
bility of each site directly, but in this paper we simply use the
interaction energy as a measure of the stability.

In the simulations of XeBeO in solid Xe, the different
spectral shifts were observed depending on the substituted
sites, as shown in Table IV. When comparing the interaction
energies, the 〈110〉 site exhibits the lowest one, and this con-
figuration would be most likely observed. Of course, we can-
not exclude the possibility that the 〈111〉 site is observed since
the difference in the interaction energy is only 0.8 kcal/mol.
The redshifts from the gas phase value of XeBeO were ob-
served for the 〈110〉 and 〈111〉 sites, while the blueshift was
seen for the 〈100〉 site. Figure 5 shows the contour plots of
two-dimensional distribution function of the Xe atoms around
XeBeO, where the x axis is taken as the molecular axis of Xe-
BeO and r is the radial distance from the x axis. Here the
origin is set to the center-of-mass of XeBeO. As seen in the
figure, the positions of the Xe atoms are quite localized. Ap-
parently wider distribution in the 〈110〉 site compared to the
other two sites is attributed to the larger fluctuations of the
molecular axis of XeBeO in the 〈110〉 site. When comparing
the peak positions of the Xe atoms, a significant difference be-

tween the sites is the locations of the Xe atoms in the collinear
geometry. In the 〈100〉 site, one Xe atom is positioned on the
O side at x ≈ 6.5 Å, while it is x ≈ 8.0 Å and 9.5 Å for the
〈110〉 and 〈111〉 site, respectively. As seen in the potential en-
ergy surface of XeBeO-Xe given in Figure 3(a), this Xe atom
in the 〈100〉 site is slightly pushed toward the O atom from
the minimum of the potential energy surface and is close to
the repulsive region. This makes the potential energy surface
of XeBeO for solving the vibrational energy levels slightly
narrower, especially along the Be-O vibration coordinate (q1),
resulting in the blueshift in the spectra. The observed redshifts
in the 〈110〉 and 〈111〉 sites would be simply attributed to the
attractive interactions between XeBeO and surrounding Xe
atoms. Similar observations were seen in the simulations of
XeBeO and ArBeO in solid Ar, where the 〈110〉 sites exhibit
the lowest interaction energies. In the simulation of ArBeO
in solid Ar, it is seen that an MC run starting from the 〈111〉
site resulted in the same configuration as the 〈110〉 site af-
ter equilibration. In both simulations, the redshifts from the
gas phase values of RgBeO were observed in the 〈110〉 site,
while the blueshifts were seen in the 〈100〉 site. The observed
blueshift is also due to the mild packing of neighboring Ar
atoms along the 〈100〉 direction, and the redshift is owing to
the attractive interactions.

In order to investigate in more detail how the Rg atoms
are distributed around RgBeO during the crystallization, we
performed MC simulations for XeBeO-XeN, XeBeO-ArN,
and ArBeO-ArN clusters with N = 500. A total of ten inde-
pendent simulations were performed at T = 30 K. Prior to
each simulation, the system was heated up to 150 K under the
confinement potential and after a sufficient number of steps at
150 K where the cluster exhibited liquid-like behavior, it was
cooled down to 30 K gradually with a decrement of 10 K. The
confinement potential has a functional form of V = (r/Rconf)20,
where r is the distance of Rg from the center-of-mass of the
cluster and Rconf is a parameter to determine the size of the
confinement potential. Note that this confinement potential is
added to prevent the evaporation of Rg atoms at 150 K and
is removed at 30 K. At this low temperature of 30 K, once
the atomic configurations are determined, the atoms do not
change their positions frequently because the clusters are in
the solid phase. As expected, the clusters exhibit a somewhat
amorphous-like structure, and the configurations of the Rg
atoms around RgBeO were different in each simulation due
to the technical difficulty of crystallization in MC simulations,
also because the existence of the impurity made it more dif-
ficult to form the crystal structure around it. Since there are a
huge number of stable structures even for clusters with small
number of Rg atoms, each MC run is trapped in one of these
configurations. Thus, the peak positions of vibrational spectra
from different MC runs scattered to some extent, but it was
observed that they were within a relatively narrow range, ex-
cept for two MC runs in the XeBeO-XeN clusters.

In Table V, the average values of peak positions of vi-
brational spectra and their standard deviations from ten MC
runs are shown. As seen in the table, the standard deviations
are small for all three types of clusters. In the simulations
of XeBeO-XeN clusters, the above-mentioned two MC runs
are excluded when calculating the averages. These two runs
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FIG. 5. Contour plots of two-dimensional distribution functions of the Xe atoms around XeBeO for the (a) 〈100〉, (b) 〈110〉, and (c) 〈111〉 sites. The positions
of XeBeO are the same as those in Figure 3.

have peak frequencies of 1544 and 1542 cm−1 and interac-
tion energies of −19.0 and −18.9 kcal/mol, and these values
are close to the ones at the 〈100〉 site. When inspecting the
two-dimensional distribution functions for these two runs, it
was found that the Xe atom was located around x = 6.5 Å
in the collinear geometry, which is typical of the 〈100〉 site.
For the other eight runs, the vibrational frequencies and inter-

TABLE V. The average values of peak positions of vibrational spectra
(in cm−1) and interaction energies (in kcal/mol) from ten independent MC
simulations. The standard deviations are shown in parenthesis.

Frequency Vint

XeBeO-XeN 1513 (1.9) −20.6 (0.31)
XeBeO-ArN 1530 (1.6) −13.2 (0.15)
ArBeO-ArN 1532 (1.3) −12.5 (0.23)

action energies are close to the ones at the 〈110〉 and 〈111〉
sites. When we examine the configurations of the Xe atoms
around XeBeO, however, it was difficult to distinguish which
sites were formed inside the cluster since in some cases the
Xe atoms were not found in collinear geometry of XeBeO
as was observed in the simulations of solid Xe. Judging by
the distribution functions, some runs could be assigned to the
〈110〉 site, but in some other runs, they were found to be more
like the 〈111〉 site. On the other hand, in the simulations of
XeBeO-ArN and ArBeO-ArN clusters, the average values of
frequency and interaction energy are in good agreement with
those at the 〈110〉 site and the distribution functions of each
simulation bear a close resemblance to those of the 〈110〉 site.
It is safe to say that the 〈110〉 site is most likely formed for
these clusters. In all three types of clusters, at least it was con-
firmed that the redshifts were observed, and the interaction
energies are close to those at the 〈110〉 site. From the above
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TABLE VI. Summary of the present work and experimental data on vibra-
tional frequency (in cm−1). The frequencies shown as solid Xe and Ar are
taken from the 〈110〉 site. The vibrational shifts from the gas phase values of
BeO are included in parenthesis.

BeO XeBeO XeBeO in solid Xe XeBeO in Xe cluster

This work 1459 1537 (+78) 1516 (+57) 1513 (+54)
Expt. 1464 . . . 1498 (+34)

XeBeO in solid Ar XeBeO in Ar cluster
This work 1529 (+70) 1530 (+71)
Expt. 1517 (+53)

ArBeO ArBeO in solid Ar ArBeO in Ar cluster
This work 1539 (+80) 1531 (+72) 1532 (+73)
Expt. . . . 1526 (+62)

simulations on clusters and also those under PBC, it would be
naturally expected that the 〈110〉 site would represent a plau-
sible configuration inside the matrices.

In summary, the vibrational shift from the isolated BeO
was calculated to be 57, 70, and 72 cm−1 for XeBeO in
solid Xe, XeBeO in solid Ar, and ArBeO in solid Ar, respec-
tively, at the 〈110〉 site, and 54, 71, and 73 cm−1 from the
calculations of clusters (see Table VI). These values are in
reasonable agreement with experimental data of 34, 53, and
62 cm−1. We note, however, that these shifts depend strongly
on the quality of the potential and it would improve the agree-
ment by performing more accurate ab initio calculations. Of
course, there is also room for improvement in the methodol-
ogy. As shown in the gas phase calculation of RgBeO, the
inclusion of Rg-Be-O bending motion slightly lower the vi-
brational frequency, therefore if we perform 3D-DVR MC
simulation, it would predict more closer value to the exper-
imental one. However, given the quality of the interaction po-
tential employed in this study, we believe that it successfully
reproduces the experimental observations.

IV. CONCLUSION

In this study we performed mixed quantum-classical sim-
ulations for vibrational spectra of BeO in the Xe and Ar ma-
trix environments and investigated the origin of spectral shift
in detail. The high-level ab initio calculations were carried out
to determine the interaction potential needed to construct the
total potential of the system, and the MC simulations were
performed using this potential in order to obtain vibrational
spectra in the presence of surrounding rare gas atoms.

It was found that the BeO molecule forms stable XeBeO
or ArBeO complex inside the rare gas matrices, which alone
induces the blueshift in the vibrational spectra of 78 cm−1 and
80 cm−1. When the effect of other surrounding rare gas atoms
is included, the vibrational frequency is redshifted from that
of XeBeO complex by 21 cm−1 in solid Xe and 8 cm−1 for
ArBeO in solid Ar. The calculated shifts were in reasonable
agreement with experimental results.

In conclusion, it is already known that the spectral shift
due to the formation of RgBeO complex is not negligible,
but the vibrational shift originating from the other surround-
ing rare gas atoms should be carefully taken into account for
quantitative description of the spectral shifts, and therefore
the observed shifts are the outcome of the competing effects
of rare gas atoms in matrix environments. We are now investi-
gating these effects on other molecules and examine whether
this finding also applies to other systems. Also, we are inter-
ested in vibrational spectroscopy of exotic molecule HXeCl
or HXeBr,19–21 where pronounced complexation effects are
observed due to the relatively weak bonding and large dipole
moments.22 The peculiar matrix shift of H-Xe stretching mo-
tion in HXeCl, which was observed in neon,19 kryption,20 and
xenon20 matrices, is still not well understood, and we are cur-
rently working to scrutinize the origin of the matrix shift in
these systems.
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